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Abstract
The use of cereal crops for the dual-purposes of livestock forage and grain
production is increasing in farms of southern Australia. Field and modelling
studies were conducted to investigate the agronomic and physiological
responses of winter wheat crops to sheep grazing. Field experiments were
carried out in 2007 and 2008, and growing season rainfall (GSR) in both years
was below average. Light and heavy grazing intensities conducted for one
month did not affect total shoot dry matter (SDM) accumulation or maximum
post-grazing growth rates (GR) but light grazing for two months significantly
reduced both variables. Mean grain yields (GYs) were approximately 380 g nv2
in both seasons and were not significantly affected by grazing treatment or
cultivar. SDM production per unit evapotranspiration was not affected by
grazing. Canopy light interception and post-grazing GRs were reduced by
grazing. In 2008, mean post-grazing radiation-use efficiency (RUE, SDM
produced per unit radiation intercepted) was 44% greater than that of ungrazed
crops, but grazing did not affect RUE in 2007. A grazing-induced transient
increase in photosynthesis for 3-4 weeks after the end of grazing was associated
with a reduction of crop water stress. During this period, leaves on grazed
plants had greater specific leaf area, stomatal conductance, intercellular CO2
concentrations and Rubisco activity compared with leaves on ungrazed plants.

A wheat-grazing model (WHTGRAZ) was derived and calibrated using the
field measurements, then validated using data from four independent seasons.
Validation showed that accurate modelling of ungrazed crop dynamics is a
crucial prerequisite for accurately simulating the behaviour of grazed crops. A
fundamental element of models designed to simulate crop grazing is the
grazing-induced delay in phenological development. Grazing increased SDM
allocated to leaves at the expense of stems, which was implemented in
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WHTGRAZ by delaying development. This delayed the onset and reduced the
duration of stem DM accumulation, and decreased the stem DM retranslocated
to kernels after anthesis. Developing kernels of grazed crops were thus more
reliant on current photosynthesis whereas retranslocation from stems was more
important in ungrazed crops. Simulation analyses using 121 years of weather
data revealed that GY penalties were small if less than 90 g SDM n r2 was
consumed during grazing. Above this level of SDM consumption, GY losses
were greater as grazing pressure increased. The effects of grazing intensity
versus duration on GY were similar on average, provided grazing was
terminated before stem elongation. Lower SDM removal rates during light
grazing allowed longer grazing durations than heavy grazing. Consequently,
more crop growth occurred so that total SDM removal was greatest for light
grazing. Productivity of grazed crops was typically greater than controls when
GSR was less than 300 mm, but progressively less than controls as GSR
increased above 300 mm. Varying the SDM threshold for the start of grazing
altered the trade-off between SDM consumption and GY, particularly in wetter
seasons. These results advance current knowledge of (1) crop physiology after
grazing and (2) crop-grazing models, and will be of use to farmers, scientists
and policy-makers.
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Growth rate of LAI
Green leaf tolerance to SR
Rate of green leaf trampling
Grazed Mackellar in 2008
Grazed Naparoo in 2008
Net growth rate of DM
Growth rate of SDM
Day of year that the nth grazing
period is ended
Rate of SDM removal
Rate of DM removal of each shoot
fraction, (sf= WLV, WLVD, WLVG,
WST)
Day of year that the n* grazing
period is started
Crop growth stage (see Zadoks et al.
1974)

g kernels m 2ground

g DM m 2ground d'1

pmol CO2 m ol1air
g DM n r2ground d 1
°Cd
°Cd
°Cd
m2 leaf n r2 ground d 1
m2DSE-1
g green leaf DM n r2ground
d'1
DSE ha-1
DSE ha-1
g DM n r2ground d'1
g SDM n r2ground d 1
d
g SDM m 2ground d 1
g shoot fraction m 2 ground d 1

d
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List of abbreviations
GSR

G r o w in g s e a s o n r a in f a ll (1 M a r c h -

mm

31 O c to b e r )
£w

S to m a ta l c o n d u c ta n c e to w a t e r

m o l H 2 O m 2 le a f s 1

vapour
GY

G r a in y ie ld

H

H e a v y g ra z in g tre a tm e n t (c h a p te r 6

g g r a in D M n r 2 g r o u n d
DSE h a 1

o n ly )
HF

H e ig h t f a c to r

HGHT

C ro p h e ig h t

HI

H a rv e s t in d e x

HMX

M a x im u m c r o p h e i g h t

HS

H e a v y s h o rt g ra z in g tre a tm e n t

ID S L R

I n itia l n u m b e r o f d a y s s in c e la s t

m
g g r a in D M g 1 S D M
m
D S E h a -1
d

r a in
ID V S

I n itia l d e v e lo p m e n ta l s ta g e

IGR

I n s t a n t a n e o u s S D M g r o w t h r a te

IL A I

I n itia l L A I

IN T C

I n t e r c e p t i o n c a p a c ity p e r l a y e r o f

g S D M n r 2 g ro u n d d 1
m 2 le a f n r 2 g r o u n d
m m d"1

le a v e s
1PAR

In te rc e p te d P A R

M J P A R n r 2 le a f d 1

LIPAR

C u m u la ti v e I P A R i n t e r c e p t io n

IR U E

In s ta n ta n e o u s R U E of S D M

g S D M M J-1 I P A R

J

R a te o f e le c tr o n t r a n s p o r t p e r u n i t

p m o l e- n r 2 le a f s 1

k

L ig h t e x tin c tio n c o e f f ic ie n t f o r I P A R

m 2 g r o u n d n r 2 le a f

Kc

M ic h a e lis - M e n te n c o n s t a n t f o r C C h

p m o l C O 2 m o l '1 a ir

Ko

M i c h a e lis - M e n te n c o n s t a n t f o r O 2

M J I P A R n v 2 le a f

le a f a r e a

KW

K e r n e l w e ig h t

L

L ig h t g r a z i n g t r e a t m e n t ( c h a p t e r 6

m m o l O 2 m o l 1 a ir
mg
DSE h a 1

o n ly )
LAI

L e a f a r e a in d e x

m 2 le a f n v 2 g r o u n d

L A IC R

C r itic a l g r e e n LA I , b e y o n d w h i c h

m 2 le a f n v 2 g r o u n d

s e n e s c e n c e d u e to s e l f - s h a d i n g
b e g i n s to o c c u r
L A IE X P

G r e e n L A I u p to w h i c h le a f a r e a

m 2le a f n r 2 g r o u n d

e x p a n s io n r e m a i n s e x p o n e n ti a l
LAT

L a t i t u d e o f s ite

LDMs

L eaf d ry m a ss o f s u b s a m p le

LI

ra d ia n s
g le a f D M

F r a c tio n o f i n c i d e n t lig h t
in t e r c e p t e d

LL

L ig h t l o n g g r a z i n g t r e a t m e n t

LMA

L e a f d r y m a s s p e r u n i t le a f a r e a

LS

L ig h t s h o r t g r a z i n g t r e a t m e n t

M DRATE

M a x i m u m d r a i n a g e r a te o f th e

"

D S E h a -1
g le a f D M n r 2 le a f
D S E h a -1
m m d '1

s u b s o il
M NTM P

M i n i m u m d a i l y d r y b u lb

°C

te m p e ra tu re
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M NTM PW B

M in im u m d a ily w e t b u lb

°C

te m p e r a tu r e
M XTM P

M a x im u m d a ily d r y b u lb

°C

te m p e r a tu r e
M XTM PW B

M a x im u m d a ily w e t b u lb

Na

N itr o g e n c o n te n t p e r u n it leaf are a

NGD

T o ta l n u m b e r o f g ra z in g -d a y s p e r

°C

te m p e r a tu r e
m m o l N n r 2 le a f
D S E .d h a 1

u n it g r o u n d a re a
NRAD

N e t r a d ia tio n

NRM SD

R o o t m e a n s q u a r e d e v ia tio n

MJ ra d ia tio n n r 2 g ro u n d d 1

n o rm a lis e d b y th e m e a n of
o b s e r v e d d a ta
N RM SD

cy

N RM SD

sdm

R M SD n o r m a lis e d b y th e m e a n of

-

o b s e r v e d GY d a ta

o

R M SD n o rm a lis e d b y th e m e a n of

-

o b s e r v e d S D M d a ta
O x y g e n c o n c e n tra tio n in su b -

m m o l O 2 m o b 1 air

s to m a ta l s p a c e s

ov

'O t h e r ' v a r ia b le u s e d in W H T G R A Z

-

p

P a r a m e te r u s e d in W H T G R A Z

-

p

Soil w a te r d e p le tio n fra c tio n

PAR

P h o to s y n th e tic a lly - a c tiv e ra d ia tio n

P A R IN T

PAR

PENM AN

P e n m a n re fe re n c e v a lu e fo r

in te r c e p te d in W H T G R A Z

MJ m 2 g ro u n d d 1
M J P A R n r 2 g ro u n d d 1
mm d 1

p o te n tia l e v a p o tr a n s p ir a tio n
PEVAP

P o te n tia l soil e v a p o r a tio n ra te

Pr

P re c ip ita tio n

*
PSY CH

L ea f w a te r p o te n tia l
P s y c h ro m e tric c o n s ta n t

mm d 1
mm
M Pa
k P a ° C 1 a t a n e le v a tio n of
610 m a b o v e sea level
mm d 1

PTRANS

P o te n tia l tr a n s p ir a tio n ra te

R

Soil w a te r ru n o f f

Rd

D a rk r e s p ir a tio n ra te p e r u n it leaf

RDR

R e la tiv e d e a th r a te o f le a v e s

d -1

R e la tiv e d e a th ra te d u e to

d -1

mm
p m o l C O 2 n r 2 leaf s_1

a re a
RDRDV

d e v e lo p m e n ta l a g e in g
RDRDVM X

M a x im u m r e la tiv e d e a th ra te d u e to

d -1

d e v e lo p m e n ta l a g e in g
RDRSH

R e la tiv e d e a th ra te d u e to self-

d"1

s h a d in g a t h ig h L A I
RD RSH M X

M a x im u m r e la tiv e d e a th ra te d u e to

RDRT

T a b le o f R D R a s fu n c tio n of

d “1

s e lf- s h a d in g a t h ig h L A I
d -1

DAVTM P
RGR

R e la tiv e g r o w th ra te o f S D M

d '1
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RGRJ

R e la tiv e g r o w t h r a te o f le a f a r e a

°C 1d 1

d u r i n g th e le a f j u v e n i l e s ta g e
RLAI

D a ily c h a n g e in L A I

RLW N

N e t lo n g -w a v e ra d ia tio n

RM SD

R o o t m e a n s q u a r e d e v ia tio n

RNS

N e t s h o rt-w a v e ra d ia tio n

R R A IN

R a te o f r a in f a ll

RSO

C le a r - s k y s o la r r a d i a t i o n

R SR

R e la tiv e s h o r t - w a v e r a d i a t i o n

RUE

R a d i a t i o n - u s e e f f ic ie n c y

m 2le a f m 2 g r o u n d d 1
M J m 2 g r o u n d d '1
M J n r 2 g r o u n d d '1
m m d _1
M J n r 2 g r o u n d d '1
g S D M M J 1IPAR

RV

R a te v a r ia b le u s e d in W H T G R A Z

R W L 1 -4

R e la tiv e r a te o f in c r e a s e in W L 1 -4

RW LVG

R e la tiv e g r o w t h r a t e o f g r e e n le a f

SC

S o la r c o n s t a n t o f th e s u n

SDM

S h o o t d ry m a tte r

g S D M n r 2 g ro u n d

LSDM

C u m u la ti v e S D M

g S D M n r 2 g ro u n d

SDMc

T o ta l S D M c o n s u m e d o v e r th e

DM

mm

d 1

g g r e e n le a f D M n r 2 g r o u n d
d _1
M J n r 2g r o u n d m i n 1

g S D M co n su m ed n r 2 g ro u n d

g r a z i n g p e r io d
S D Mu

F in a l S D M

g S D M n r 2 g ro u n d

SDM,

I n itia l S D M

g S D M nv2 g ro u n d

SDM s

T o ta l S D M in s u b s a m p l e

g S D M n r 2 g ro u n d

SDMsc

T o ta l S D M a t th e s t a r t o f g r a z i n g

g S D M m 2 g ro u n d

SEM

S ta n d a r d e r r o r o f th e m e a n

-

SH A

S u n s e t h o u r a n g le

SLA

S p e c ific le a f a r e a

SLA A

S p e c ific le a f a r e a o f c r o p a t a n t h e s i s

m 2 le a f g 1le a f D M

SLAE

S p e c ific le a f a r e a o f c r o p a t

m 2 le a f g 1le a f D M

ra d ia n s
m 2 le a f g 1 le a f D M

em erg en ce
S L A o f g r a z e d le a v e s

m 2 le a f g 1 le a f D M

SLAuc

S L A o f u n g r a z e d le a v e s

m 2 le a f g _1 le a f D M

SLOPE

T a n g e n t o f th e r e la t io n s h i p b e t w e e n

SLAc

kPa ° C 1

s a tu ra te d v a p o u r p re s s u r e a n d
a v e ra g e d a ily te m p e r a tu r e
SR

S to c k in g r a te

D S E h a -1

SRV

V e c to r s h o w i n g S R o n e a c h d a y o f

D S E h a -1

th e y e a r
SU CRO S2

C r o p m o d e l a d a p t e d to g r a z i n g in

“

c h a p te r 5
SV

S ta te v a r ia b l e u s e d in W H T G R A Z

SVP

-

S a tu ra tio n v a p o u r p re s s u re

kPa

SVPM N

S a tu ra tio n v a p o u r p re s s u r e

kPa

c a lc u la te d u s i n g th e m i n im u m d a ily
d ry - b u lb te m p e r a tu r e
SVPM N W B

S a tu ra tio n v a p o u r p re s s u re

kPa

c a lc u la te d u s i n g th e m i n im u m d a i l y
w e t- b u lb t e m p e r a t u r e
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SVPMX

SVPMXWB

t

T
TADRW
TAEVAP
TATRAN
TC

TDRW
TEc
TE d m

TEFF

TE g y

TEVAPD

TEVAPR
TKL1-4
TKLT
T leaf

fm

TNASS
TNASSI
TPENM
TPEVAP
TPTRAN
Tr

TRANSC

TRANSL

Saturation vapour pressure
calculated using the maximum
daily dry-bulb temperature
Saturation vapour pressure
calculated using the maximum
daily wet-bulb temperature
Day of year beginning 1 January
Total canopy transpiration
Total above-ground dry weight
(WHTGRAZ only)
Total actual cumulative soil
evaporation
Total actual cumulative
transpiration
Temporary count of the number of
grazing periods. Begins and is
incremented by one.
Total crop dry weight
Transpiration efficiency coefficient
Transpiration efficiency of SDM
Factor accounting for the effect of
tem perature on maintenance
respiration
Transpiration efficiency of grain
Cumulative potential soil
evaporation due to the drying
pow er of the air
Cumulative potential soil
evaporation due to radiation
Thickness of soil layers 1-4
Thickness of soil profile
Leaf temperature
Day of maximum GR
Total net CO 2 assimilation
Initial value of TNASS
Cumulative potential
evapotranspiration
Total potential cumulative soil
evaporation
Total potential cumulative
transpiration
Transpiration rate of the canopy
Transpiration rate at which the
critical soil water content is halfway
between wilting point and field
capacity
Translocation rate

kPa

kPa

d
mm
g SDM n r2ground
mm
mm

g total DM n r2ground
Pa g SDM g_1 water
g SDM n r2 ground m m 1

g grain DM n r2 ground m m 1
mm

mm
mm
mm
°C
d
g CO 2 n r2 ground d_1
g CO 2 n r2 ground d 1
mm
mm
mm
mm d 1
mm d 1

g stem DM n r2ground d 1
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TRC

T r a n s p ir a t i o n c o e ffic ie n t

TRFBT

T e m p e r a t u r e r e d u c t i o n f a c to r ta b le

k g H 2 O k g '1 D M
~

f o r b io m a s s p r o d u c t i o n
T R le a f

T r a n s p ir a t i o n r a te o f le a v e s

TRRM

P o te n tia l r a te o f w a te r u p t a k e p e r

m m o l H 2 O m 2 le a f s _1
d '1

m m o f e f fe c tiv e r o o t d e p t h
T R W L 1 -4

R a te o f t r a n s p i r a t i o n f r o m so il

m m d '1

l a y e r s 1-4
TSF

T e m p e r a t u r e s tr e s s f a c to r f o r D M

“

a c c u m u l a t io n
V cm ax

M a x im u m in v iv o r a te o f

p m o l C O 2 r r r 2 le a f s 1

c a r b o x y la tio n p e r u n i t le a f a r e a
VPD

V a p o u r p r e s s u r e d e f ic it

W (L V ,R T ,S O ,

T o ta l d r y w e ig h t o f e a c h c r o p o r g a n

ST)

(L V = le a v e s , R T = r o o ts , S O =

kPa
g o r g a n D M n r 2g r o u n d

s t o r a g e o r g a n s , S T = s te m s )
WC

S o il w a t e r c o n t e n t

W C A D 1 -4

V o lu m e tr ic w a t e r c o n t e n t o f so il

mm
m m 3 w a t e r m m -3 s o il

l a y e r s 1-4 w h e n a ir d r y
W C C R 1 -4

C r itic a l v o l u m e t r i c w a t e r c o n t e n t in

W C F C 1 -4

V o lu m e tr ic w a t e r c o n te n t o f s o il

m m 3 w a t e r m m 3 s o il

s o il la y e r s 1-4
m m 3 w a t e r m m 3 so il

l a y e r s 1-4 a t f ie ld c a p a c ity
W C L I1 -4

I n itia l w a t e r c o n te n ts in so il l a y e r s

W C S T 1 -4

V o lu m e tr ic w a t e r c o n te n t o f s o il

m m 3 w a t e r m n r 3 so il

1-4
m m 3 w a t e r m n r 3 s o il

l a y e r s 1-4 a t s a t u r a t i o n
W CUM I

I n itia l c u m u l a t i v e w a te r c o n t e n t in

W C W E T 1 -4

V o lu m e tr ic w a t e r c o n te n t o f so il

m m w a te r

th e so il p r o f ile
m m 3 w a t e r m m 3 so il

l a y e r s 1-4 w h e n w a t e r lo g g in g
b e in g s
W C W P 1 -4

V o lu m e tr ic w a t e r c o n t e n t o f so il

m m 3 w a t e r m n r 3 so il

l a y e r s 1-4 a t w i l t in g p o i n t
WDS

W in d s p e e d

W HTGRAZ

W h e a t - g r a z i n g m o d e l d e v e lo p e d in

m s 1
”

c h a p te r 5
W L 1 -4

V o lu m e tr ic w a t e r c o n te n t in s o il

m m 3 w a t e r m n r 3 s o il

l a y e r s 1-4
W L F L 1 -4

I n f iltr a tio n a n d d r a in a g e r a te s f o r

W LVD

T o ta l d r y w e i g h t o f d e a d le a v e s

mm d 1

e a c h s o il la y e r
g d e a d le a f D M m 2 g r o u n d

W LVDI

I n itia l d r y w e i g h t o f d e a d le a v e s

g d e a d le a f D M n r 2 g r o u n d

W LVG

T o ta l d r y w e i g h t o f g r e e n le a v e s

g g r e e n le a f D M n r 2 g r o u n d

W LVGTRM P

T o ta l d r y w e i g h t o f t r a m p l e d le a v e s

W LVI

I n itia l d r y w e ig h t o f le a v e s

g d e a d le a f D M n r 2 g r o u n d
g le a f D M n r 2 g r o u n d

W RTI

I n itia l d r y w e i g h t o f r o o ts

g r o o t D M n r 2g r o u n d
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w sc
W S C

m a x

W SE1-4

W a te r-s o lu b le c a r b o h y d r a te

m g c a rb o h y d ra te g 1ste m D M

c o n c e n tra tio n o r contem t

o r g c a rb o h y d ra te m 2 g ro u n d

M a x im u m W S C m e a s u r e d over th e

m g c a rb o h y d ra te g 1ste m D M

g r o w in g s e a so n

o r g c a rb o h y d ra te m 2 g ro u n d

F a c to r a c c o u n tin g fo r tlhe effect of
u p ta k e a v a ila b ility o f s;oiH w ater in
so il la y e rs 1-4

W SER T

S w itc h to c a lc u la te w h e th e r ro o t

"

e x te n s io n p ro c e e d s o r (ceases
W SF

W a te r s tre s s fa c to r fo r l e a f area a n d

“

D M a c c u m u la tio n
W SOI

In itia l d ry w e ig h t o f s to ra g e o rg a n s

g s to ra g e o rg a n D M n r 2
g ro u n d

W STI

In itia l d ry w e ig h t o f stem is

W U Edm

W a te r-u s e efficien cy of SD M

g S D M n r 2 g ro u n d m n r 1

g s te m D M n r 2 g r o u n d

W UEgy

W a te r-u s e e fficien cy of girain

g g ra in D M n r 2 g ro u n d m n r 1

YP

Y ield p o te n tia l

g g ra in n r 2 g r o u n d

ZR T

R o o t d e p th

mm

ZR T 1-4

R o o t d e p th in soil la y e rs 1-4

mm

ZR T I

In itia l ro o t d e p th a t e m e r gence

mm

ZRTM

M a x im u m p o s s ib le roo't d e p th

mm

ZRTM C

M a x im u m p o s s ib le r o o t d e p th

mm

a llo w e d b y c ro p c h a ra c te ristic s,
m e a s u r e d a t a n th e s is
ZRTM S

M a x im u m p o s s ib le r o o t d e p th

mm

a llo w e d b y soil p ro p e r tie s ,
m e a s u r e d a t a n th e s is
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CHAPTER 1
General Introduction
"Scientific principles and laws do not lie on the surface of nature. They are hidden, and
must be wrested from nature by an active and elaborate technique of inquiry."

John Dewey

Chapter 1: General Introduction

1

Dual-purpose cereal crops

The use of cereal crops for the dual purposes of animal forage and grain
production has been practised for over a century (Shelton 1888; Georgeson et al.
1892), occurring in countries such as Argentina (Arzadun et al. 2003), Australia
(Zhu et al 2004; Virgona et al. 2006), Canada (Poysa 1985), Israel (Benjamin et al.
1978), Italy (Francia et al. 2006), Lebanon (Yau 2003), New Zealand (Scott and
Hines 1991), Spain (Bonachela et al. 1995a; Royo 1997), Syria (Anderson 1985),
the United States (Winter and Thompson 1987; Redmon et al. 1995; MacKown
and Carver 2005), the United Kingdom and Uruguay (Holliday 1956). Dualpurpose cereals include rye (Holliday 1956), oats (Holliday 1956; Bortolini et al.
2005; Francia et al. 2006), triticale (Scott and Hines 1991; Royo et al. 1994; Royo et
al. 1997) and barley (Yau 2003; Francia et al. 2006; Lovegrove and Wheeler 2008),
but the most common dual-purpose cereal reported in the literature is winter
wheat (e.g. Pumphrey 1970; Davidson et al. 1990; Winter and Thompson 1990;
Winter et al. 1990; Worrell et al. 1992; Redmon et al. 1995; Epplin et al. 2000; Lyon
et al. 2001; MacKown and Carver 2005; 2007).

A brief history provided by Virgona et al. (2006) indicated that commercial and
scientific interest of dual-purpose wheat has fluctuated with the relative
profitability of grain and livestock systems (Redmon et al. 1995), and the release
of new crop varieties (Pugsley 1983; MacKown and Carver 2005). Grazing of
wheat crops was common during the 1930-70 period (e.g. Swanson 1935;
Stansel et al. 1937; Hubbard and Harper 1949; Sprague 1954) but popularity of
dual-purpose crops waned with the development of short-season and semidwarf cultivars (Pugsley 1983). These varieties had relatively early maturity and
thus early stem elongation, restricting the potential duration of grazing. Release
of new semi-winter dual-purpose wheat varieties near the end of the 20th
century renewed farmer interest since these crops had relatively long
vernalisation requirements (Dove et al. 2002) and potential to meet the high
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protein milling-wheat category (Khalil et al. 2002b; Holman et al. 2009).
Australian farmer interest in dual-purpose wheat intensified after 2005 with the
introduction of the Grain and Graze research development and extension
program

(see http://www.grainandgraze.com.au/About Us/index.htm) that

was designed to increase net farm income whilst maintaining sustainability of
farms in southern Australia.

Dual-purpose wheat crops have important national economical value. The total
Australian wheat production forecast for 2010-11 is 22 million tonnes and
accounts for more than 70% of total winter grain and oilseed production
(ABARE 2010). Predicted sheep and cattle numbers for 2010-11 are 69 and 26
million respectively (ABARE 2010). Given that 90% of properties in the mixedfarming zones of southern Australia have some combination of grain, wool and
meat production (Grain and Graze 2003), the grazing of wheat crops in
Australia represents an important agricultural commodity.
Dual-purpose wheat crops are valuable to farmers at least three key reasons.
First, grazing of crops provides an alternative source of feed during winter
when growth of pastures is generally less than livestock requirements (Doole et
al. 2009; Moore et al. 2009). Second, wheat forage has high digestibility and
crude protein content (greater than 80% and 20%, respectively) and is therefore
conducive to relatively rapid livestock weight gains (Lyon et al. 2001; Dove et al.
2002; Dove and McMullen 2009). Third, winter grazing of cereal crops in highly
productive environments can reduce shoot dry matter (SDM) and stubble
remaining after grain harvest, thus facilitating sowing in the following season
(Baumhardt et al. 2009; Nuske et al. 2009).
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Previous studies of dual-purpose cereals have focussed on variation in dry
matter (DMA) or grain yield (GY) with grazing intensity or frequency (Hubbard
and Harper 1949; Benjamin ct al. 1978; Christiansen et al. 1989; Arzadun et al.
2003; Virgona ct al. 2006), cultivar (Sprague 1954; Lovett and Matheson 1974;
Dann et al. 1977; Davidson ct al. 1990; Francia ct al. 2006; Kelman and Dove
2007), soil nitrogen availability (Dann et al. 1983; Anderson 1985; Virgona et al.
2006; MacKown and Carver 2007), sowing date (Dann ct al. 1977; Bonachela et
al. 1995a; Yau 2003), timing of defoliation (Cutler et al. 1949; Dunphy ct al. 1982;
Lyon ct al. 2001; Zhu ct al. 2004), yield components (Sharrow and Motazedian
1987) or the economics of livestock and grain production (Doole et al. 2009;
Millar et al. 2009; Zhang 2010). Many studies also document animal
performance or in vitro digestibility of grazed cereals (e.g. Hubbard and Harper
1949; Lovett and Matheson 1974; Dann ct al. 1983; Kelman and Dove 2007).
There is less information on changes that grazing causes to crop phenology.
There are even fewer data detailing the influence of abiotic factors on the
physiological mechanisms of plant recovery. These changes are important since
they may hold the key to differences in DM accumulation and GY after grazing.
For example, crop regrowth and GY after grazing may depend on the rate of
leaf area development (Winter and Thompson 1987; Winter and Musick 1991),
which in turn is contingent upon soil water availability (Milroy and Goyne
1995). This review attempts to elucidate mechanisms governing regrowth after
grazing, drawing on results from crop and pasture grazing studies as well as
results from experiments performed under controlled conditions.

AAbbreviations used in all chapters are listed at the beginning of the thesis
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2

Effects of grazing on grain yield

2.1

Overall effects

In general, increasing the intensity or duration of grazing (Holliday 1956; Dann
et al. 1977; Miller et al. 1993; Virgona et al. 2006; Kelman and Dove 2009) or
delaying the end date of grazing (Stansel et al. 1937; Dann et al. 1977; Miller et al.
1993; Royo et al. 1994; Ramos et al. 1996; Royo 1999; Zhu et al. 2004) penalises
GY. GY penalisation is mitigated if the final clipping or end of grazing occurs
before stem elongation or the appearance of the first hollow stem (Forster and
Vasey 1931; Swanson 1935; Hubbard and Harper 1949; Redmon et al. 1996;
Edwards et al. 2007; Taylor et al. 2010). In phenological scales, these crop
developmental stages (DVS) coincide with Zadoks stage 30 (Zadoks et al. 1974)
or Feekes stage 5.0 (Large 1954). With these factors in mind, the effects of
defoliation on GY in 33 experiments from a range of locations were reviewed in
Table 1.1. Values reported are from 278 of the least intensive or earliest
completed treatments. Overall, defoliation reduced GY by an average of 7%,
with a standard deviation of 25%. Results varied widely both within and across
studies, ranging from a 36 ± 11% reduction in GY with sheep grazing in Victoria
(Hacking 2006) to a 52 ± 21% increase in GY following clipping in Louisiana
(Miller et al. 1993).

2.2

Mode and rate of defoliation

There were no clear differences between GYs of treatments subjected to
different defoliation methods in Table 1.1, though 11 of the 14 reports of
increased yield involved livestock grazing as opposed to clipping. Virgona et al.
(2006) conducted a brief review and similarly noted that some of the largest
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Table 1.1
Percentage change in grain yield (GY) of wheat crops relative to
undefoliated controls. ‘Contrasts’ column refers to the number of experiments
conducted in each study. Data are means ± one standard deviation (SD) and were
calculated for the earliest or least intensive treatments (C = cattle grazing, Cl =
mechanical clipping, H = horse grazing and S = sheep grazing).___________________
G Y ± SD Contrasts Defoliation Location
Reference
Method
(%)
VIC
Nicholson (2006)
-36 ± 11 7
S
Winter and Musick (1991)
-28 ± 14 11
C
Texas
Oregon
2
Pumphrey (1970)
-26 ± 6
Cl, c, s
ACT
Kelman and Dove (2007)
s
-25 ± 19 4
ACT
Dann et al. (1977)
-21 ± 28 30
S, Cl
-19 ± 2 7 36
Oklahoma Khalil et al. (2002a)
c
Winter and Thompson (1990)
c
Texas
-18 ± 11 13
ACT
Davidson et al. (1990)
-17± 17 6
Cl
Dunphy et al. (1982)
Texas
-17± 13 6
Cl
VIC
Hacking (2006)
-17± 12 12
Cl
ACT
Dann et al. (1983)
-16± 15 8
s
NSW
Dann (1968)
-16± 13 2
Cl
Indiana
Cutler et al. (1949)
-7 ± 2 9
6
Cl
VIC
Nuske et al. (2009)
-6 ± 3
2
s
Kansas
Holman et al. (2009)
-5 ± 9
24
s
OLD
Asgharand Ingram (1993)
-5
1
Cl
OLD
Zhu et al. (2004)
-4 ± 12
4
Cl
Nebraska
Lyon et al. (2001)
-3 ± 4
6
Cl
NSW
Muir et al. (2006)
-1
1
s
Winter, Thompson and Musick (1990)
Texas
1 ± 18
10
c
Oklahoma Hubbard and Harper (1949)
1 ± 17
19
Cl
ACT
2±3
2
s
Dove et al. (2002)
5 ±22
3
c
Oklahoma Christiansen et al. (1989)
24
6 ± 17a
s
NSW
McMullen and Virgona (2009)
7 ± 12
H
Swanson (1935)
10
Kansas
Virgona et al. (2006)
13 ± 15
10
s
NSW
16 ±49
2
Cl
TAS, WA
Dean et al. (2006)
ACT
16 ±32
3
s
Kelman and Dove (2009)
Oregon
Sharrow and Motazedian (1987)
17 ± 9
3
c
Arzadun et al. (2003)
17
1
c
Argentina
18 ±29
4
c
New Jersey Sprague (1954)
23 ± 4
4
TAS
Miller (2010)
s
2
Louisiana
Miller (1993)
52 ±21
Cl
A Grazed winter wheat compared with ungrazed spring wheat

increases in GY occurred when sheep were the grazing animal. They postulated
that sheep grazed selectively and so avoided removing apical meristems.
However, similarity of the results found by Virgona et al. and those reported
here are probably coincidental, since many experiments specifically designed to
compare crop responses to grazing or clipping have shown otherwise. In a two
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year trial contrasting defoliation methods on dual-purpose oats and barley,
Francia et al. (2006: 163) comment that "simulation of grazing by cutting plots was
highly comparable for crop growth and production with that of the grazing of sheep".
Although the experiments of Francia et al. (2006) were carried out under 'crash'
conditions (342 sheep grazed plots over 1 h), other grazing studies performed
for longer periods have found similar results. Pumphrey (1970) showed that
continuous grazing by sheep or cattle for 14 days produced similar yield
penalties to crops clipped twice over two weeks. A series of Australian
experiments found that sheep grazing for a month reduced GY to a similar
extent to that caused by clipping or grazing, and that the effects of sheep and
cattle grazing on GY were similar (Dann 1968; Dann et al. 1977; Dann et al. 1983).
From these studies and other results in Table 1.1 it appears that variation in the
effects of defoliation on GY may not have been caused by the rate of defoliation.
However, the studies in Table 1.1 were typically performed over a limited
number of growing seasons. Simulation analyses encompassing several years
could be used to elucidate whether there are any consistent effects of grazing on
GY over the long-term (see section 8.3).

2.3

Abiotic influences on the growth and grain yield of grazed crops

Causes ascribed by authors for the effects of grazing on GY in Table 1.1 are
shown in Fig. 1.1. Soil water content was the most common factor attributed to
yield variation, having both positive (e.g. Sharrow and Motazedian 1987;
Arzadun et al. 2003) and negative effects (e.g. Dann et al. 1977; Dann et al. 1983;
Hacking 2006). Air temperature was cited in 21% of studies and also had
beneficial and detrimental effects on GY (e.g. Cutler et al. 1949; Sprague 1954;
Christiansen et al. 1989). For example, yield penalties were caused when
temperatures were either sub-optimal during winter months, limiting crop
growth (e.g. Lyon et al. 2001), or supra-optimal at the end of the growing
35

Chapter 1: General Introduction

Air
temperature
21%

Soil water
content

29%

Freeze
damage

Other
11%
Disease
7%

7%

Leaf area
14%

Lodging
11%

Fig. 1.1
Primary reasons ascribed to differences in grain yield after defoliation as
a proportion of the total number of treatments in Table 1.1. Note that ‘differences’ refer
to both positive and negative effects of defoliation (see text for details). ‘Other’ fraction
includes livestock trampling, weed smothering and photoperiod.

season, inducing premature ripening or damage during pollination (Kelman
and Dove 2009). Other studies of dual-purpose crops including barley and
triticale have also shown that GYs were reduced when grain filling occurred
during high temperatures or drought (Royo and Pares 1996; Royo and Tribo
1997b). Around 7% of studies in Table 1.1 ascribed yield penalties to crops
experiencing freezing damage during regrowth or at anthesis (e.g. Davidson et
al. 1990; Winter and Musick 1991; Khalil et al. 2002a; Dean et al. 2006). In
summary, almost 60% of studies in Table 1.1 attributed yield differences after
grazing to soil water content or temperature.

In many cases in Table 1.1, GYs of grazed crops were increased compared with
controls due to reduced lodging (Fig. 1.1). Lodging was primarily reported in
American studies (e.g. Swanson 1935; Sprague 1954; Christiansen et al. 1989;
Winter and Musick 1991; Miller et al. 1993), and generally occurred after prolific
biomass accumulation. Compared with ungrazed crops, grazed crops generally
have fewer leaves and tillers (Swanson 1935), and reduced height (Winter et al.
1990). These characteristics decrease plant mass and reduce wind-induced
leverage (Berry et al. 2003; Sylvester-Bradley and Riffkin 2008), reducing the
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likelihood of lodging and enabling more spikes to be gathered by machine
harvesters at maturity (Winter ct a\. 1990).

Mitigation of disease was another reason ascribed to increased GYs observed
after grazing (Dann ct al. 1977; Miller et at. 1993). Dann ct at. (1977) found that
grazing reduced the incidence of septoria leaf spot (Septoria tritici), leaf and
stem rust (Puccinia triticina, P. graminis respectively) in wheat, but did not
explain why. Miller ct al. (1993) commented that damage to unclipped triticale
by bacterial streak (Xanthomonas campestris), septoria glume blotch (Stagonospora
nodorum) and barley yellow dwarf virus (Luteovirus spp.) was rife in seasons
with high rainfall. They noted that defoliation reduced leaf damage due to (1)
repeated removal of disease inoculum and (2) delayed spike development.

Other factors suggested for differences in GY of grazed crops in Table 1.1
included livestock trampling (Christiansen ct al. 1989), smothering of weeds
(Davidson ct al. 1990), hailstone damage (Winter ct al. 1990; Lyon ct al. 2001), or
sub-optimal photoperiod (Royo et al. 1994). Many of these factors were
associated with delays in phenological development (section 3). Effects of leaf
area and light interception on regrowth and GY are discussed in section 5.

2.4

Effects of defoliation on grain yield components

Over the 278 treatments in Table 1.1 there were no consistent effects of
defoliation on yield components. Of the studies reporting positive effects on
GY, 78% were due to increased kernels per unit ground area and the remainder
were caused by increased kernel weight. Only the study by Sprague (1954)
reported increased GY due to both yield components. Reports of decreased GY
after grazing in Table 1.1 were almost equally attributed to changes in kernel
weight (52%) or kernels per unit ground area (48%).
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Kernels per unit ground area may be computed as the product of kernels per
spike and spikes per unit ground area. GYs after grazing were more commonly
correlated with kernels per spike, with positive or negative changes equally
likely. These results partially agree with those of Sharrow and Motazedian
(1987), who showed that increased GY of winter wheat after grazing was
mainly due to increased kernels per spike.

Effects of defoliation on the number of fertile tillers or spikes per unit ground
area were variable. Del Moral (1992) observed that yields were mainly
decreased after cutting due to reduced number of spikes, while El-Shatnawi et
al. (2004) and Kelman and Dove (2007) found that grazing increased the number
of tillers per unit ground area. Others (e.g. Dunphy et al. 1982; Dann et al. 1983;
Sharrow and Motazedian 1987; Royo 1997; Virgona et al. 2006) noted that
grazing or clipping did not significantly effect the number of fertile spikes per
unit ground area or that this yield component was the least affected by
defoliation.

Yield components are determined sequentially, with tiller number first,
followed by spikelets per spike, kernels per spikelet and finally kernel weight
(Evans et al. 1975). Since the developmental stage of crops during defoliation
and the weather conditions following defoliation in the studies above were
diverse, it is not surprising that defoliation acted on different yield components,
even when the overall effects of defoliation on GY were similar.
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3

Phenological delays associated with
grazing

3.1

Effects of grazing regime on the length of phenological delay

Delayed phenological development of crops after grazing or cutting is common
(Holliday 1956; Dann 1968; Dann et al. 1983; Winter and Thompson 1987;
Davidson et al. 1990; Royo and Romagosa 1996; Hacking 2006; Virgona et al.
2006; Kelman and Dove 2009; Miller et al. 2010), and the delay length is usually
measured by the difference in the timing of anthesis. Virgona et al. (2006)
observed that moderate grazing intensities of rainfed wheat crops caused about
one days' delay in anthesis for every four or five days of grazing. Miller et al.
(2010) found that light intensity rotational or continuous grazing of irrigated
winter wheat caused about 10 days' delay in anthesis. Davidson et al. (1990)
found that frequent, severe cutting of rainfed winter wheat delayed spike
emergence by about one week, and the review by Holliday (1956) suggested
that grazing generally delayed maturity of wheat crops by between four and
eight days. Dann (1968) and Dann et al. (1983) observed that late or intense
clipping increased phenological delays, but differences diminished after
defoliation so that by maturity, the developmental stages of plants clipped to 1
inch were only three days behind those clipped to 3 inches.

3.2

Implications of delayed development for grain yield and quality

In most cases in Table 1.1 delayed development after grazing or clipping was
associated with decreased GY or reduced grain quality. These effects were
particularly evident in experiments that were rainfed and experienced dry
finishes to the growing season (Hacking 2006; Virgona et al. 2006). Later
maturity delays harvest and prolongs grain exposure to the environment,
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increasing chances of weather damage to grain. Amjad et al. (2006) found that
grain quality traits such as screenings, fungal staining and falling numbers were
a major problem in long-season winter wheats when their development was
delayed.

Although effects of delayed development on GY were primarily negative in
studies reported in Table 1.1, there were some cases when the delay was
beneficial. For example, anthesis of grazed crops was less likely to experience
late seasonal frosts (Dann et at. 1977). Frost during grain filling may damage
developing florets, causing yield penalty and loss of grain quality (Boer et at.
1993; Cromey et al. 1998). Grazed crops were also more capable of using late
rainfall (Holliday 1956; Redmon et al. 1995), and later ripening lowered
susceptibility to pre-harvest grain sprouting (Holman et al. 2009).

3.3

Causes of delay

Reasons in the literature for delayed development after defoliation vary. Some
authors postulate that decreased photosynthetic activity reduces the supply of
assimilate to the developing apex (Sprague 1954; Dann 1968; Dann et al. 1983;
Davidson et al. 1990; Bonachela et al. 1995a; Virgona et al. 2006). Evans (1960)
suggested that laminae area remaining after defoliation may be insufficient to
generate the long-day stimulus required to accelerate development. Royo et al.
(1994) attributed delays in anthesis to lower radiation interception and suboptimal photoperiod. Insufficient photoperiod has also been associated with
delayed development in ungrazed crops (Masle et al. 1989; Slafer and Rawson
1994; Kernich et al. 1996; Gonzalez et al. 2002) and pasture grasses (Evans 1960;
Hay 1990). Virgona et al. (2006) comment that the delay may be caused by
cooler temperatures surrounding the developing apex, though other studies of
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have revealed that grazing tends to elevate soil temperature maxima
(Fahnestock and

Knapp

1994; Vermeire et al. 2005) which increases

developmental rates (Rice and Parenti 1978), particularly when the apical
meristem is close to the soil surface (Meinke 1996; Stone et al. 1999). An
increased ratio of red to far-red (R-FR) light at the base of the canopy after
defoliation may increase tillering and prevent the onset of stem elongation
(Hofstede et al. 1995; Gautier et al. 1999). However, increased R-FR light ratios
perceived by younger tissues after defoliation have also been associated with
more advanced inflorescence development (Wan and Sosebee 1998), implying
that development rates of crops may increase after grazing.

It is clear from the information above that the defoliation-induced phenological
delay will be governed by a suite of abiotic variables and that effects of
defoliation on crop development should not be generalised across studies.

4

Effects of grazing on crop water-use
efficiency and transpiration efficiency

Although some agricultural regions use irrigated land for crop grazing (e.g. the
Texas High Plains; Winter and Musick 1991), most dual-purpose crops are
grown under rainfed conditions e.g. southern Australia (Doole et al. 2009;
McMullen and Virgona 2009; Moore 2009), the US Central and Southern Great
Plains (Dunphy et al. 1984; Christiansen et al. 1989; Pinchak et al. 1996), southern
Italy (Francia et al. 2006) and southern Spain (Bonachela et al. 1995a).
Maximising GY per unit water used in rainfed regions is crucial since rainfall
and soil water are frequently limiting production in these environments.

Two common indices for assessing crop productivity per unit water used
include water-use efficiency (WUE) and transpiration efficiency (TE) (Richards
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1991;

Passioura

2006),

calculated

as

crop

DM

produced

per

unit

evapotranspiration (ET) or transpiration (T), respectively (Fischer 1979). The
upper limit of WUE for grain (WUEcy) of well-managed disease-free waterlimited cereal crops is 20-22 kg grain h a 1mm"1or 2.0-2.2 g nr2 m m 1(French and
Schultz 1984; Passioura 2006; Sadras and Angus 2006). In general however
WUEgy values are much lower due to stresses caused by weeds, diseases, poor
nutrition or inhospitable soils (Passioura 2006). Indeed, Sadras and Angus
(2006) showed that typical values for rainfed wheat grown in dry environments
range from 0.53 g m 2 m m 1in the US Central and Southern Great Plains to about
1.0 g n r2 mm*1in south-eastern Australia. Estimates of TE for grain

(T E g y )

range

from 2.2-5.9 g n r2 m nr1 (Condon et al. 1993; Sadras and Angus 2006; discussed
further below). Some authors have suggested that since TE is a function of
atmospheric saturation vapour pressure deficit (VPD), it is more useful to
compute the transpiration efficiency coefficient (TEc = TE/VPD) since this
parameter accounts for differences in humidity between environments and is
generally more conservative than TE (Tanner and Sinclair 1981; Meinke et al.
1997). However, later work has shown that TEc can range from 3.0-5.9 Pa g
SDM g 1water in barley and 2.8-6.7 Pa in wheat (Kemanian et al. 2005).

Given the body of literature on WUE and TE in rainfed crops grown only for
grain, computation of these indices for grazed crops should allow useful
comparisons between the efficacy of grain-only and dual-purpose cropping
systems in terms of biomass production per unit water used. Moreover since
comparisons of GY across sites are often confounded by water availability
and/or VPD between sites and seasons (French and Schultz 1984; Meinke et al.
1997; Sadras and Angus 2006), comparisons of water-use provide a sound basis
for yield benchmarking and thus present an ideal tool for contrasting grazed
and ungrazed crops.
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Despite their utility, published estimates of ET, WUE and TE of grazed crops
are rare and conclusions from available reports have been unclear. In a paper
contrasting the effects of forage removal on the water-use of barley and triticale
crops in southern Spain, Bonachela et al. (1995b) found no significant
differences between ET and soil water depletion at maturity between
genotypes, sowing date or growing season. In the first of three experiments
they showed that WUE for

DM

(W U E d m )

and

W UEgy

were significantly

enhanced by clipping, yet in the remaining two seasons clipping caused
significant reductions in

W U E dm

and

W UEgy.

They attributed differences in

WUE to weather conditions and crop water-use between seasons. In the first
growing season they suggested that a prolonged drought period between the
end of clipping and anthesis heightened water stress of unclipped crops. Forage
removal conserved soil water and decreased crop water stress, as shown by
measurements of leaf water potential at noon. Water stress observed in
unclipped plots may have been caused by the combination of high winter
rainfall then poor spring rainfall (Bonachela et al. 1995b). Under these
conditions, prolific early growth may cause rapid accumulation of biomass, but
the later lack of rainfall and soil water leads to premature leaf area senescence
and loss of photosynthesis. Such phenomena are known as 'haying-off and
result in GYs that are much less than those normally observed for a given
vegetative biomass (van Herwaarden 1996; van Herwaarden et al. 1998; Angus
and van Herwaarden 2001).

A generally accepted notion for the conservation of soil water caused by crop
grazing is that leaf area removal reduces T and decreases the rate of soil wateruse (Bonachela et al. 1995b; Virgona et al. 2006; Kelman and Dove 2009;
McMullen and Virgona 2009; Moore 2009). However, other than the study of
Bonachela et al. (1995b) there are few reports that provide numerical evidence of
concurrent changes to leaf area, SDM and soil water content during and after
defoliation. Furthermore the effects of crop or pasture defoliation on soil water
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content in past experiments are dissimilar, ranging from a conservation of soil
water (Swanson 1935; Stansel et al. 1937; Zhu et nl. 2004; Virgona et al. 2006;
Baumhardt et al. 2009) to having no appreciable effect (Coronato and Bertiller
1996; Chapman et al. 2003a; Bird et al 2004) to using more soil water than
undefoliated plots (Naeth et al. 1991; Donkor et al. 2006; Kelman and Dove
2009).

Fundamental to the effects of grazing on WUE and TE is the rate with which
soil water is depleted over the growing season. As a corollary, management of
grazing to manipulate temporal dynamics of crop water-use in temperate
environments such as those in south-eastern Australia poses an intriguing
puzzle. On the one hand, TE for

D M (T E d m )

is increased the earlier full canopy

closure is established (Passioura 2006). This reduces water lost to soil
evaporation (E) and allows greater growth during winter when temperatures
are cool and VPDs are low (Richards et al. 2002). Increasing canopy cover
during times of low VPD allows greater proportions of ET to pass through crop
leaves as T, thereby increasing

TEdm

(Richards et al. 2002; Dunin and Passioura

2006; Richards 2006). On the other hand, conserving soil water before anthesis
so that greater quantities are available during grain filling increases DM
partitioned to grain and ultimately GY (Richards et al. 2002). Temporal studies
of soil water extraction by wheat crops have demonstrated that conversion
efficiency of water into grain is high after anthesis, such that TE for grain

(T E g y )

may be up to 5.9 g grain n r2 mm*1 (Condon et al. 1993; Angus and van
Herwaarden 2001; Kirkegaard et al. 2007). This value is more than double the
upper

TE g y

limit of 2.2 g n r2 m nr1 averaged over the crop lifetime (Sadras and

Angus 2006).

By removing shoot biomass, grazing reduces canopy cover and increases £,
increasing the rate of water loss from the soil surface (Murphy et al. 2004).
Alternatively, since grazing can delay crop growth (Winter and Thompson
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1987), it is possible that early-season soil water conservation will allow more
water to be used after anthesis and thus enhance GY, but there appears to be
only one study that has numerically confirmed this phenomenon (see
Bonachela et al. 1995b). These phenomena may also explain why Kelman and
Dove (2009) observed greater water use of wheat crops grazed at low and
medium intensities compared with ungrazed crops. In light of these differences
in temporal patterns of crop soil water-use, it is difficult to project whether crop
grazing will decrease or increase WUE and TE. The dynamics of soil water-use
after crop grazing, and its consequences for biomass accumulation and GY
deserve further investigation.

5

Canopy light interception and postgrazing growth rates

5.1

Relationships between leaf area indices, canopy light interception and
crop growth rates

Leaf area per unit ground area (leaf area index, LAI) determines the fraction of
incident sunlight intercepted by the canopy (/) and the relationship between
these variables follows Beer's Law,

/= 1 - exp(-k x LAI)

(1.1)

assuming full canopy cover and a homogenous leaf distribution that does not
scatter sunlight. In Eqn. 1.1 k is the light extinction coefficient and takes values
ranging from 0.3-0.7 in row crops such as wheat and maize (Shearman et al.
2005; Tahiri et at. 2006) to 0.6-2.0 in pasture grasses (Madakadze et al. 1998;
Fagundes et al. 2001). Large values of k mean that high proportions of incident
light are intercepted in the upper layers of the canopy, k values of pastures
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vary with time of day, canopy development and level of defoliation (Simpson
and Culvenor 1987). Hofstede et al. (1995) found that moderate to heavy grazing
of tussock grass resulted in smaller, greener and more erect canopies, and de
Mello and Pedreira (2004) found that Tanzaniagrass leaves became more
decumbent after grazing, allowing greater light interception per unit leaf area.

Canopy interception of photosynthetically-active radiation (IPAR, 400-700 nm)
is determined by LAI and/(Sim pson and Culvenor 1987). Since IPAR is a key
determinant of crop growth rate (GR), LAI and IPAR represent two of the most
important parameters underlying growth responses after grazing (Atwell et al.
1999). Indeed defoliation experiments using perennial ryegrass or orchardgrass
(Milthorpe and Davidson 1966), bromegrass (Vanesbroeck et al. 1995), timothy
(Smith 1974; van Oijen et al. 2005) and Tanzaniagrass (de Mello and Pedreira
2004) have shown that the ability of pastures to regrow after defoliation
depends on residual LAI and the rate of leaf area expansion in the postdefoliation period. As LAI increases the slope of Eqn. 1.1 (df/dLAI) decreases, so
above a certain LAI increases in /a n d IPAR will be relatively small, and changes
in GR negligible. Simpson and Culvenor (1987) defined the LAI at which
maximum GR was obtained as the 'critical LAI' and assumed it was reached
w hen/becam e greater than 0.95. They noted that canopies with LAIs above the
critical value had GRs that were either independent of LAI, or in some cases,
began to decline with increasing LAI. Fischer (1993) later showed that the
relationship between shoot GR and LAI of irrigated ungrazed spring wheat was
curvilinear, having similar form to that given by Eqn. 1.1.

Around 14% of studies in Table 1.1 attributed differences in GY of grazed crops
to LAI and canopy light interception, though most were inferences rather than
measured values (e.g. Swanson 1935; Davidson et al. 1990; Royo and Pares 1996;
Holman et al. 2009; Kelman and Dove 2009). Such attribution is problematic
since relationships between both / and LAI, and LAI and canopy GR are
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nonlinear. Reductions in shoot biomass caused by grazing will not necessarily
translate into proportional reductions in LAI, much less IPAR and GR. If the LAI
remaining after grazing is greater than the critical value, defoliation may not
have appreciable effects on IPAR or GR. There is a distinct need for a more
thorough analysis of the effects of grazing on LAI, IPAR and their implications
for GRs in dual-purpose crops, as demonstrated by following discussion.

5.2

Effects leaf area on growth rates of dual-purpose crops

Past studies of leaf area removal and post-defoliation recovery in dual-purpose
cereals have been insightful. Winter and Thompson (1987) found that later
grazing of winter wheat by cattle limited regrowth of leaf area, biomass
accumulation in spring consequently GY. Similar findings were presented by
Ramos et al. (1996) for clipped spring triticale. They concluded that genotypes in
dry environments need to be capable of regenerating leaf area rapidly after
cutting to prevent loss of GY. Royo and Romagosa (1996) showed that postclipping development of barley and triticale was strongly affected by
defoliation intensity. They found that LAIs of clipped crops at anthesis were
37% lower than controls. They also found that forage removal resulted in less
DM accumulation of leaves, stems and spikes, though maximum GRs between
clipping and anthesis were not significantly different to undipped plots. These
results indicate that the duration of growth was truncated by grazing. Dunphy
et al. (1984) removed forage from winter wheat during the early, mid or latejoint stages of development, and were careful not to remove apical meristems.
They found that a 42% reduction in leaf area at anthesis was associated with a
45% reduction in GY and concluded that GY "was limited by the potential of the
plant to rapidly produce new leaf area and prevent tiller senescence during the period
between jointing and anthesis". These findings were confirmed by Redmon et al.
(1995), who suggested that reduced leaf area of semi-dwarf wheat cultivars at
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anthesis was highly correlated with reduced GY. Finally, in an experiment of
irrigated winter wheat, Winter and Musick (1991) observed that green leaf area
removal beyond certain limits could cause abortion of primary culms, reduced
GR, delayed morphological development and possibly reduced durations of
grain filling.

Overall, these studies indicate there may be a trade-off between LAI remaining
after final defoliation and the ability of the crop to recover and prevent yield
penalty. Greater severity of defoliation appears to have adverse effects on GR
and biomass accumulation, though this would also be affected by post-grazing
weather conditions and cultivar. Many studies above were conducted by
clipping and examined responses of barley, triticale or American winter wheat
varieties. Further work is necessary to clarify the extent to which GRs of
Australian winter wheat cultivars grazed by sheep are related to LAI, f, and
IPAR.

6

Effects of grazing on radiation-use
efficiency and dry matter partitioning

6.1

Yield potential: a framework for understanding the physiological
determinants of grain yield

A useful route for separating the main determinants of GY lies in the yield
potential (YP) formula (Eqn. 1.2). YP may be defined as the attainable GY of a
cultivar grown in environments to which it is adapted, with nutrients and water
non-limiting, and with pests, diseases, weeds, lodging and other stresses
effectively controlled (Evans and Fischer 1999). YP can be expressed as the
product of cumulative interception of PAR (LIPAR, MJ IPAR n r2 leaf),
radiation-use efficiency (RUE, g DM MJ'1IPAR), and harvest index (HI, the ratio
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of grain DM to SDM at crop maturity), such that

YP = LIPAR x RUE* HI

( 1 . 2)

Increasing any term on the right-hand side of the identity in Eqn. 1.2 will
increase YP, assuming the other terms remain constant. Factoring YP into the
three terms in Eqn. 1.2 allows identification of the relative contribution of each
component to GY. Eqn. 1.2 provides a framework of readily measured
parameters that may be used identify how grazing affects the YP or GY of crops
through light interception, RUE and DM partitioning.

6.2

Cumulative radiation interception may be increased by longer green
area durations

Extension of the duration with which SDM remains green (the 'green area
duration') may be one way to increase LIPAR and thus GY. Jenner and Rathjen
(1975) showed that DM accumulation of wheat was improved by maintaining
IPAR until late stages of grain filling. Siddique et al. (1989) found that modern
wheat cultivars had greater LIPAR than older cultivars due to longer green area
durations after anthesis. Similar trends were observed by Thomas and Howarth
(2000) in a range of crop species. They attributed the extended green area
duration to delayed deconstruction of the photosynthetic apparatus during
crop senescence. Borrell et al. (2000) showed that retention of green leaf area
near maturity was positively correlated with increased post-anthesis biomass
accumulation and GY when crops were under terminal water stress.
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6.3

Radiation-use efficiency

Strong, positive linear correlations between cumulative DM (LDM) and LIPAR
are often found for crops grown under favourable conditions (Kiniry et al. 1989;
Sinclair and Muchow 1999; Reynolds et al. 2005). The slope of this relationship
is the RUE (Monteith 1977; Gallagher and Biscoe 1978; Fischer 1983; Gregory
and Eastham 1996; Sinclair and Muchow 1999). RUE values of wheat crops
grown with non-limiting water and nitrogen typically range from 2.5 to 3.2 g
total biomass M J1 IPAR (Gallagher and Biscoe 1978; Green 1987; Kiniry et al.
1989; Sinclair and Horie 1989; Whitfield and Smith 1989; Fischer 1993). Water,
temperature or nitrogen stresses, frost, pests, diseases and/or senescence all
may reduce RUE (Fischer 1983; Siddique et al. 1989; Gregory et al. 1992; Giunta
et al. 1995; O'Connell et al. 2004; Muurinen and Peltonen-Sainio 2006; Bingham
et al. 2007).

RUE is influenced by light distribution within canopies (Sinclair and Muchow
1999) which in turn is affected by leaf angles (Duncan 1971; Gallagher and
Biscoe 1978; Campbell 1986; Richards 2000) and canopy height (Green 1987;
Miralles and Slafer 1997; Muurinen and Peltonen-Sainio 2006; Hammer et al.
2010). Leaf angles determine the light exposure of upper canopy leaves and
their level of light-saturation (Green 1987), as well as the shading of lower
leaves (Green 1987; Shearman et al. 2005). Muurinen and Peltonen-Sainio (2006)
compared growth responses of old and modern cultivars and suggested that
differences in RUE were caused by leaf angle and k. Miralles and Slafer (1997)
found that reduced internode lengths of modern lines of wheat were related to
lower pre-anthesis RUE. Whaley et al. (2000) found that RUE of winter wheat
was greater when crops were sown at relatively low densities. They proposed
that greater RUE was caused by better radiation distribution through the
canopy and greater nitrogen content per unit area of canopy. Shearman et al.
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(2005) found greater RUE of modern wheat cultivars compared with older
cultivars and noted that modern cultivars had flag leaves that were smaller and
more erect.

RUE is inherently linked with photosynthetic activity (Monteith 1977; Sinclair
and Horie 1989; Fischer et al. 1998; Sinclair and Muchow 1999; Kemanian et al.
2004; Luque et al. 2006; Fischer 2007). RUE impacts on DM accumulation are
particularly noticeable in the weeks surrounding anthesis. Sinclair and Horie
(1989) showed that wheat RUE increased linearly with increasing N application
when leaf N content was low, but then saturated when leaf N content became
high. Gallagher and Biscoe (1978) assumed that decreased RUE after anthesis
was due to a decline in photosynthetic activity associated with leaf ageing.
Finally, Kiniry et al. (1989) suggested that decreases in the RUE of maize and
sorghum crops were related to photosynthetic depressions caused by high VPD.

6.4

Effects of grazing on cumulative radiation interception and radiationuse efficiency

Grazing of cereal crops could affect many of the aforementioned mechanisms,
though information on grazing-induced changes to LIPAR and RUE in dualpurpose cereal crops is scarce. First, leaf angles may change during or after
grazing (Hofstede et al. 1995; de Mello and Pedreira 2004). Second, defoliation
can reduce canopy height at maturity (Dann 1968; Winter and Thompson 1987;
Winter et al. 1990) by decreasing the length of the main stem or tillers (Royo
1999). Both of these factors would affect light distribution within the canopy
and possibly RUE. Third, grazing and clipping can delay development (section
3 above), which may affect the duration of crop growth and green area (Royo
and Romagosa 1996; Royo 1997; Royo and Tribo 1997a), so grazing may
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increase LIPAR. Alternatively if terminal abiotic stresses occurred then the
LIPAR of grazed crops may be prematurely reduced.

Many experiments have shown that leaves regrowing after defoliation have
increased specific leaf area (SLA, leaf area per unit leaf mass) (Meyer 1998a;
Little et al. 2003; Zhao et al 2009). Since the product of SLA and canopy leaf
biomass determines LAI and ultimately IPAR, it is possible that increased SLA
over an extended duration after defoliation may increase LIPAR. Richards
(2000) observed that SLA was crucial in governing the early vigour of young
wheat plants, as crops with high SLA generally had high IPAR prior to canopy
closure. However, grazing reduces LAI, so there may be a trade-off between
decreased IPAR due to leaf area removal and the relative increase in IPAR due
to greater SLA. This relationship would largely depend on the rate of canopy
closure after grazing and the duration with which SLA was perturbed.

Since grazing may have positive (e.g. extended green area duration, increased
SLA) or negative (e.g. reduced IPAR) impacts on LIPAR and/or RUE, the overall
effect of defoliation on crop productivity is difficult to predict. The
physiological parameters discussed in this section underpin crop biomass
accumulation rates, so their quantification in a grazing scenario should reveal
their importance in crop recovery.

6.5

Dry matter partitioning

The third avenue with which YP or GY may be affected by grazing in Eqn. 1.2 is
through HI. His may be increased by allocating greater proportions of SDM to
developing spikes, particularly around anthesis (Fischer 1975; Richards 2000;
Reynolds et al. 2005; Shearman et al. 2005). In general, DM or assimilate
partitioned to developing grain may be derived from (1) carbohydrate
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produced after anthesis and translocated directly to developing grain, (2)
carbohydrate produced after anthesis, stored temporarily in the stem then
retranslocated to grain, or (3) carbohydrate produced before anthesis, stored
mainly in the stem then retranslocated during grain filling (Gallagher et a\. 1975;
Shearman et ah 2005; Ehdaie et ah 2006). Mode 3 depends on the assimilate
storage capacity of the crop, which is largely a function of stem DM (Austin et
at. 1980). Assimilate used during grain filling in modes 1 and 2 is derived
mainly from current photosynthesis and therefore depends on green area
duration after anthesis (Welbank et ah 1966; Siddique et ah 1989; Garcia del
Moral 1992; Royo and Romagosa 1996).

Effects of grazing on DM partitioning and its consequences for GYs are unclear.
Other than via changes to green area duration discussed above, defoliation may
affect DM accumulation and by implication the assimilate available for
retranslocation. Indeed, defoliation treatments of barley and triticale conducted
by Royo (1999) caused significant reductions in leaf, stem and spike DM by
anthesis. However, although the contribution of pre-anthesis assimilates to
grain of clipped barley was lower than that of unclipped barley, the
contribution of pre-anthesis assimilates to grain of clipped triticale was greater
than that of undipped triticale (Royo 1999). Similar results were found by Royo
and Tribo (1997a). Other studies of DM partitioning in barley have shown that
HI may increase (Scott and Hines 1991), decrease (Bonachela et ah 1995a) or
remain unchanged after defoliation (Royo et ah 1997; Yau 2003). Moreover,
Kelman and Dove (2009) showed that grazing had different effects on the His of
winter wheat in different seasons. Overall these results imply that grazing may
not consistently affect DM partitioning either within or across cultivars. Such
discrepancies make it difficult to unravel the degree to which DM partitioning
is responsible for changes in GY after grazing.
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7

Effects of grazing on photosynthesis

The previous section identified photosynthesis as an important driver of RUE,
but studies of either variable in winter wheat after grazing are limited. The
following briefly reviews the effects of grazing or clipping on the
photosynthetic responses of other species, then attempts to predict the effects of
livestock grazing on the photosynthetic responses of winter wheat.

7.1

General effects of defoliation on photosynthesis across a range of
species

Reports of the effect of defoliation on CO2 assimilation rate per unit leaf area (A)
across species are mixed. Defoliation of pines (Vanderklein and Reich 1999),
white birch (Oleksyn et al. 1998) and red clover (Kelly et al. 2005) caused
depressions or no significant changes in A. In contrast, studies of herbs (von
Caemmerer and Farquhar 1984), grey and black alder (Oleksyn et al. 1998),
perennial forbs (Meyer 1998b), understory palms (Anten and Ackerly 2001),
grape vines (Petrie et al. 2003), apple trees (Zhou and Quebedeaux 2003) and
eucalyptus trees (Pinkard et al. 1998; Pinkard et al 2007; Turnbull et al. 2007)
have shown that A increases after defoliation.

Photosynthetic responses of grasses to defoliation also vary. Fahnestock and
Detling (2000), Mehaffey et al. (2005) and Zhao et al. (2009) observed no effect of
defoliation on CO2 assimilation rates. Others (Nowak and Caldwell 1984;
Wallace et al. 1984; Senock et al. 1991; Doescher et al. 1997; Anderson et al. 2006)
have found that A of grass leaves increases after defoliation or grazing.
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7.2

Mechanisms underlying photosynthetic changes after defoliation

Three pathways by which A may increase after defoliation include (1) improved
leaf water status, (2) increased leaf nitrogen content and (3) increased activity of
photosynthetic enzymes. First, defoliation may improve plant water status by
increasing the root-leaf area ratio (Fay et al. 1993; Reich et al. 1993) and
decreasing the subsequent rate of soil water use. Improved water availability
increases stomatal conductance, which in turn increases CO2 supply to the sites
of carboxylation and thus stimulates photosynthesis (Flexas et al. 2009).
Doescher et al. (1997) attributed increases in A and conductance of Idaho fescue
to an improvement in leaf water status, which in itself was caused by greater
soil water availability in grazed sites.

The second means by which A may increase after defoliation is via an increase
in leaf nitrogen, which reflects greater soluble leaf protein (Wareing et al. 1968;
Nowak and Caldwell 1984; Ovaska et al. 1993). This is associated with increased
Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) content (Evans
1989), which in turn increases A. Indeed, increased photosynthesis after
defoliation has been attributed to changes in nitrogen concentration or soluble
protein in short-lived perennial forbs (Morrison and Reekie 1995), perennial
bunchgrasses (Nowak and Caldwell 1984) and trees (Lavigne et al. 2001).

The third possibility for a defoliation-induced increase of A is an increase in the
biochemical activity or the activation state of photosynthetic enzymes (Ovaska
et al. 1993; Anderson et al. 2006). Ovaska et al. (1993) and Anderson et al. (2006)
showed that A increased in white birch and perennial bunchgrasses,
respectively, due to an increase in Rubisco activity. More recently, Turnbull et
al. (2007) showed that the transient increase in photosynthesis following partial
defoliation of Eucalyptus leaves was largely a result of increased enzyme
55

Chapter 1: General Introduction

activity, rather than the amount of photosynthetic machinery (which would be
indicative of increased leaf nitrogen content).

7.3

Photosynthetic responses of winter wheat after grazing are unknown

Most previous studies have examined photosynthetic responses under
laboratory conditions (von Caemmerer and Farquhar 1984), using mechanical
defoliation (Pinkard et al. 2007; Turnbull et al. 2007) or in perennial grass species
(Fahnestock and Detling 2000; Anderson et al. 2006). This makes drawing
general conclusions regarding the effect of defoliation on A problematic and
underscores the need to measure the photosynthetic responses of winter wheat
during and after grazing.

8

Modelling crop responses to grazing

The preceding sections have shown that biomass removed during grazing has
implications for phenological development, soil water-use and canopy light
interception.

The

combination

of

these

factors

governs

post-grazing

photosynthetic responses and biomass accumulation. Interactions between
these variables make it hard to pinpoint the primary drivers underlying the
outcome of a given field experiment. Indeed, the historical range over which
field studies of crop grazing have been conducted gives an indication of the
inconsistency between results under different conditions (Shelton 1888;
Georgeson et al. 1892; Swanson 1935; Hubbard and Harper 1949; Dann 1968;
Pumphrey 1970; Benjamin et al. 1978; Sharrow and Motazedian 1987; Winter
and Thompson 1990; Dove et al. 2002; Holman et al. 2009; Miller et al. 2010).
Notwithstanding the value of field experiments, greater understanding of the
interactions between crops and livestock or crops and microclimate might be
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achieved using a modelling approach.

8.1

Utility of crop and pasture models

Past modelling of crop and pasture growth has been conducted for a number of
reasons. Early simulation models were constructed primarily as tools to
facilitate understanding of physiological processes and interactions between
biological hierarchies (e.g. cells, organs, plants, ecosystems; Penning de Vries
and van Laar 1982; de Wit and Penning de Vries 1985). Recent crop and pasture
models are still used for this purpose (e.g. van Keulen et at. 1997; Yin and van
Laar 2005), though applications are now more widespread. Current models are
used for scientific investigation, decision-support, education programs, policy
evaluation and integration of knowledge across disciplines (Boote et al. 1996;
Hammer et al. 2002; van Ittersum et al. 2003; Bryant and Snow 2008).
Crop and pasture models provide an avenue for studying interactions and
feedbacks between components of multivariate systems. For studies of crop
systems, models offer a framework whereby experimental data and hypotheses
can be combined in a useful manner (Porter et al. 1993; Goudriaan and van Laar
1994; Hammer et al. 2010). However, a synergy exists between field
experimentation and simulation modelling: experiments are necessary for
setting realistic bounds and enabling calibration of models, but are too
expensive and time consuming to allow factorial analyses of individual effects
of different variables. Models allow broader analyses to be conducted with
greater time and cost-efficiency, but must be calibrated with field data so that
parameters are realistic and outputs are sensible. Experiments can therefore be
used in a reductionist sense to decipher the effect of a particular variable,
whereas models provide a more holistic view of the system (Meinke 1996).
Understanding of the interactions occurring within complex agricultural
systems is greatest when model development and experimentation are
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conducted as complementary processes and are mutually supportive (Porter et
al. 1993; Yin and Struik 2010).

8.2

Modelling the grazing of dual-purpose crops

Previous agricultural models have been designed to simulate either (1) crop
growth, development and yield with no grazing (e.g. Williams et al. 1989;
O'Leary and Connor 1996; Boote et al. 1998; Brisson et al. 2003; Jones et al. 2003;
Keating et al. 2003; Stockle et al. 2003; Yin and van Laar 2005; Aggarwal et al.
2006) or (2) pasture DM production during and after grazing but not GY (e.g.
Mohtar et al. 1997; Moore et al. 1997; Riedo et al. 1998; Herrmann and Schachtel
2001; McCall and Bishop-Hurley 2003; Baumont et al. 2004; Barrett et al. 2005;
Herrmann et al. 2005; Lazzarotto et al. 2009). Rather than deriving a complete set
of new algorithms and 'reinventing the wheel', a more appropriate choice in the
context of crop grazing would be to adapt and link a number of existing
models. This approach would allow selection of algorithms best suited to the
current aim, avoid repeating past mistakes, incorporate previous research and
take advantage of continued validation, extension and improvements made to
previous models (e.g. Berntsen et al. 2004; Romera et al. 2009).

Currently there are two published models designed to simulate grazing of
winter wheat (Rodriguez et al. 1990; Zhang et al. 2008). There are many reasons
why neither model is suitable for examining the effects of sheep grazing on
winter wheat crops in southern Australia. First, both models were developed
using data from the US Southern Great Plains; a land mass that experiences
different weather conditions to grazing regions in southern Australia (e.g. snow
during winter is common in the former but rare in the later). Second, both
models simulate cattle grazing. Cattle and sheep have different metabolic
requirements (Freer et al. 1997) and therefore different rates of herbage intake.
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The diet selection (e.g. leaves cf. stems) and rate of herbage trampling of sheep
and cattle also differ (Matches 1992; Albon et al. 2007), so crop growth responses
may depend on the grazing animal. Third, Rodriguez et al. used data from
separate animal and plant experiments to calibrate their model. This may have
caused parameter inaccuracies and limited the model capacity to accurately
simulate how feedback effects from biomass removal and altered microclimate
influenced grazed plants. Calibration of parameters using data from separate
experiments may explain why Rodriguez et al. found large discrepancies
between observed and simulated forage biomasses. Fourth, neither model was
calibrated with temporal measurements of LAI. Since key processes such as
light interception and transpiration are predominantly driven by LAI, it is
crucial that effects of grazing on LAI over the course of the growing season are
used in model calibration. Fifth, both models used empirical factors directly
linking grazing to observed GY reductions (REDUCE in Rodriguez et al., YG in
Zhang et al.). Such empiricisms severely restrict understanding of crop
behaviour after grazing since they 'short-circuit' how underlying physiological
mechanisms are perturbed by grazing and how they interact with crop
microclimate. Yield reduction factors blur the distinction between the extent to
which GYs are reduced by removal of shoot biomass and inhibition of
carbohydrate supply or by removal of apical meristems. Rodriguez et al.
conceded that the factor REDUCE in their model needed further evaluation.
Finally, neither model included the delay in phenological development
commonly

observed

after

grazing

(section 3),

which

has

important

ramifications on post-grazing DM accumulation and partitioning, the timecourse of LAI and GY (Garcia del Moral 1992; Royo et al. 1999).

Better understanding of the physiological mechanisms occurring in dualpurpose winter wheat after sheep grazing through a modelling approach would
help identify key drivers of growth and interactions between abiotic variables.
Development of a crop model specifically for simulation of regrowth after
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sheep grazing may enable greater comprehension of the trade-offs between
forage removal, crop regrowth and GY.

8.3

Simulating grazing of dual-purpose crops over multiple seasons

A key advantage of a mechanistic crop-grazing model would be the ability to
simulate crop responses to defoliation over multiple growing seasons. Such
analyses would be beneficial since many physiological processes occurring after
grazing may be governed by weather or abiotic conditions (Fig. 1.1). Abiotic
factors often have greater influence on regrowth and GY than grazing treatment
per se (Christiansen et al. 1989; Brelsford et al. 1998).

In contrast to one or two years of expensive and labour intensive field
experimentation with consistent treatment protocols, in silico experiments can
be conducted with identical treatment conditions over decades of weather data,
to formulate best management practices over the long-term. Since growing
season rainfall (GSR) is one of the most influential drivers of rainfed crop yields
in southern Australia (Stephens and Lyons 1998; Zhang et al 2010), it represents
a foremost variable upon which simulation analyses of the effect of grazing on
GY should be based. Greater comprehension of the importance of GSR,
management and crop variables in mixed-farming systems would facilitate
decision-making for farmers and graziers at the outset of the growing season.
Use of a mechanistic model to perform simulation analyses in this manner
would enable better forecasts of the effect of grazing on crop behaviour,
improve production efficiency (Millar et al. 2009) and increase the probability
that practices applied in a given year would be profitable.
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8.4

Effects of grazing treatment and shoot dry matter at the start of grazing
on crop recovery

Two variables that warrant further attention in the context of multi-year
simulations include (1) the rate of defoliation at constant grazing pressure
(where grazing pressure is measured as the number of livestock per unit
ground area * number of grazing days, e.g. dry sheep equivalent (DSE) days
per ha), and (2) the shoot dry matter at the start of grazing (SDMsc,). Although
many reports indicate that yields decrease as grazing intensity increases
(Holliday 1956; Redmon et al. 1995; Arzadun el al. 2003; Kelman and Dove
2009), such results are confounded by the fact that grazing pressure increases
with increasing grazing intensity. A more objective analysis would be to
contrast grazing intensities for the same grazing pressure, e.g. 30 DSE ha-1
imposed for twice as long as 60 DSE h a 1.

Addressing point (2), numerous studies have shown that longer durations
between crop emergence and first defoliation allow greater SDM accumulation
and greater harvest of forage (Pumphrey 1970; Martin and Knight 1987;
Davidson et al. 1990; Bonachela et al. 1995a). Results from these studies
generally agree that delaying the start of defoliation or increasing the
vegetation removal increase the GY penalty, which implies a negative
relationship between SDM sg and GY of defoliated crops. However, field
experiments that have quantified SDMsc and GY have not observed any distinct
trends (Dove et al. 2002; Kelman and Dove 2009; McMullen and Virgona 2009).
These results may have been caused by differences in cultivar responses to
grazing or to weather conditions during crop recovery. From a farmer's
perspective, the relationship between SDMsc and GY is of utmost importance
because it influences not only feed availability and management commitments
to other paddocks but also potential GY and profitability in that year. Further
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investigations using a modelling approach with many growing seasons are
required to clarify whether results observed in the studies above should be
generally expected or were aberrant. This would provide information on the
SDMsc that would maximise SDM availability but minimise GY penalty.

9

Thesis aim and outline

The overarching aim of this thesis is to determine the effect of sheep grazing on
the growth dynamics and GYs of winter wheat crops using a hierarchy of
underlying physiological mechanisms. The consequences of grazing-induced
perturbations to crop microclimate on physiological processes are also
examined. Specific aims are given in the introduction of each chapter.

This thesis is composed of field and modelling studies. The first part describes
field experiments that were conducted in two growing seasons with
management conditions similar to current crop-grazing practices in southeastern Australia. Chapter 2 deals primarily with soil water relations, detailing
temporal changes in soil water content, ET, WUE and TE, and their overall
consequences for SDM accumulation. Chapter 3 focuses on how grazing affects
canopy architecture and light interception, including changes to LAI, IPAR and
their consequences for crop GRs. An appraisal of RUE, SDM partitioning and
stem carbohydrate content is also given in chapter 3. Chapter 4 examines
physiological effects of grazing at the leaf level, giving an account of
photosynthesis, leaf water potential and nitrogen content, and Rubisco activity.

The second part of the thesis is modelling and simulation analyses. Chapter 5
presents the derivation of a wheat-grazing model called WHTGRAZ.
Calibration of model parameters is performed using field measurements and
data from the literature. Knowledge of crop processes generated from model
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derivation are discussed. Chapter 6 is divided into two sections. The first
validates WHTGRAZ using data collected from four previous growing seasons
to assess model capacity of simulating SDM and GY of grazed wheat crops. The
second section harnesses principles learned from field experimentation, model
derivation and validation to determine the effects of grazing over the long-term.
Simulation analyses examining crop responses to different grazing intensities
using 121 years of weather data are conducted. Trade-offs between grazing
intensity and duration at constant grazing pressure, and the effect of

S D M sg

are

also examined. Chapter 7 presents a general discussion of the main findings
and possibilities for future research.
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CHAPTER 2
Effects of grazing on crop growth rate,
grain yield and water-use efficiency
"No amount of experimentation can ever prove me right; a single experiment can prove
me wrong."

Albert Einstein

Chapter 2: Effects of grazing on crop growth rate and consequences for water-use efficiency

1

Abstract

The grazing of dual-purpose wheat crops has long been practised but
information on post-grazing crop growth rates and their implications for grain
yield (GY) are limited. The extent to which post-grazing shoot dry matter
(SDM) accumulation of dual-purpose wheat interacts with soil water content is
also unknown. In 2007, the dual-purpose winter wheat cultivar Mackellar was
grazed at light-short (LS), heavy-short (HS) or light-long (LL) intensitydurations, where light and heavy intensities were 33 and 67 DSE h a 1
respectively and short or long durations represent one or two months. In 2008,
cultivars Mackellar and Naparoo were grazed at the HS intensity-duration.

Maximum absolute and relative growth rates of SDM (GR, RGR, respectively)
and above-ground net primary production (ANPP) of ungrazed Mackellar
crops were 24 g n r2 d 1, 0.034 d 1and 1235 g m 2 in 2007 and 10 g nr2 d 1, 0.020 d 1
and 1127 g m 2 in 2008. The LS treatment did not significantly affect GR, RGR or
ANPP. The HS treatment in 2007 did not affect maximum GR, but in 2008
significantly increased the maximum GR and RGR (14.2 g nv2 d'1and 0.044 d 1in
Mackellar). ANPP was not influenced by HS grazing in either year. The LL
treatment significantly reduced the maximum GR and ANPP (11 g nv2 d'1 and
1140 g nv2 respectively), and delayed the time of maximum GR by 19 d
compared with controls. In 2008 grazing delayed the time of maximum GR by
19 d in Mackellar and 34 d in Naparoo. Mean GY across treatments in both
growing seasons was 381 g n r2 and was not significantly affected by grazing
treatment, cultivar or timing of nitrogen application.

Heavy or long grazing treatments did not affect total evapotranspiration (ET,
mean values 325 mm in 2007 and 270 mm in 2008) but significantly increased
soil water evaporation (E) and decreased transpiration (T) by the end of the
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growing season (mean E for HS-grazed Mackellar was 111 mm in 2007 and 103
mm in 2008, compared with control values of 73 and 38 mm, respectively).
Water-use efficiencies for SDM and grain

(W L/E d m , W U E g y )

averaged 3.6 g SDM

m 2 mm'1 and 1.2 g grain DM nv2 m m 1 in 2007, and 4.6 g SDM nr2 mm'1 and 1.4
g grain DM m 2 m m 1 in 2008 and were not significantly affected by grazing.
Mean transpiration efficiencies for SDM and grain

(T E d m , TE g y )

of ungrazed

Mackellar were 5.0 g SDM n r2 m m 1 and 1.4 g grain DM n r2 m m 1 in 2007, and
4.7 g SDM m 2 m m 1 and 1.5 g grain DM n r2 m m 1 in 2008. Heavy or long
grazing treatments increased

TE dm

by 16-49% and

TE g y

by 27-50% by reducing

T. Mackellar crops subjected to HS grazing resulted in storage of significantly
more soil water during winter than ungrazed Mackellar in the surface 225 mm
soil layer, but there were no other consistent trends in soil water storage. From
the end of grazing to anthesis in 2007, conditions were dry and crops subjected
to LL grazing extracted significantly less soil water than controls from the
uppermost 225 mm soil layer. During 2008, spring rainfall was even further
below average, and the HS treatment Mackellar and Naparoo crops extracted
more water from upper soil layers and less from deepest soil layers (525-1800
mm) than ungrazed controls.

Overall the HS treatment was conducive to greater regrowth and SDM
accumulation than the LL treatment after grazing, though both treatments
demonstrated that over 2000 DSE.d ha'1 of grazing can be imposed with little
affect on GYs or WUE. Results suggest that temporal patterns of soil water-use
after crop grazing are very much dependent on seasonal conditions, and that
further analyses across a larger number of growing seasons would be required
to enable deduction of more general conclusions.
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2

Introduction

Past experiments of integrated crop-livestock farming systems have focussed
primarily upon agronomic crop responses to grazing, particularly SDM at
maturity and GY. Information on post-grazing crop GR and soil water
dynamics is much more limited (see section 4 in chapter 1). Such knowledge
should enable better comprehension of interactions between driving variables
and crop growth, and would equip farmers with more reliable information
regarding the consequences of biomass removal for crop recovery and GY.

Most dual-purpose cereal crops are grown under rainfed conditions (see section
4 in chapter 1), so maximising productivity per unit water used is critical since
water supply is not only limited but uncertain. Water-use efficiency (WUE) and
transpiration efficiency (TE) are two indices often used to assess crop
productivity per unit water used in ungrazed rainfed crops. Hence, an ideal
opportunity exists to compare dual-purpose and grain-only systems in terms of
biomass production per unit water used or transpired.

A further quandary is the effect of grazing on the temporal dynamics of crop
soil water-use (section 4 in chapter 1). On the one hand, TE for DM (TEdm)
increases the earlier full canopy closure is established (Passioura 2006), since
greater proportions of evapotranspiration (ET) pass through leaves as
transpiration (T) and less is lost as soil evaporation (E). On the other hand
conservation of soil water during the growing season allows greater soil water
availability during grain filling and may raise GY (Richards et al. 2002). Crop
grazing delays canopy closure, increases E and therefore may reduce TEdm
during the season. Alternatively grazed crops may conserve soil water (Virgona
et al. 2006), which would increase soil water availability during grain filling.
These phenomena appear to have counteractive effects on crop growth after
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grazing and are worthy of further attention.

Work in this chapter describes wheat grazing experiments that were conducted
near Canberra over two growing seasons. Experiments were designed to
determine the effect of grazing intensity or duration on crop GRs, soil water
dynamics, WUE and TE in different cultivars or with different timings of
nitrogen application. Specifically, the aims of this chapter were to determine
how sheep grazing of rainfed winter wheat affected

1.

SDM accumulation and GRs;

2.

ET and its components E and T;

3.

The temporal dynamics of soil water during the growing season, and

4.

WUE and TE for DM and grain.

3

Materials and Methods

3.1

Site description

All experiments were conducted at the CSIRO Ginninderra Experiment Station
near Canberra (35°12'S 149°03'E, 610 m above sea level, growing season rainfall
(GSR, 1 March-31 October) 384 mm), ACT, Australia. The site was relatively flat
and had deep yellow-red Podzolic soils (Yellow Chromosols) (Sleeman 1979;
Isbell 2002). Soil A horizons were fine sandy-loam that changed abruptly at
0.30-0.50 m to B horizons composed of medium-hard clay (Sleeman 1979). Soil
chemical analyses conducted in 2004 (W. Kelman pers. comm.) indicated that A
horizons were moderately acidic (ranging across the site from pH 5.4 to 4.4 in
CaCh).
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3.2

Weather conditions

April-November rainfall was 351 mm in 2007 and 248 mm in 2008, both of
which were much less than the 398 mm long-term site average. Monthly rainfall
in the first half of the 2007 growing season was close to average, though June
was exceptionally wet (Fig. 2.1 A). The spring of 2007 was much drier than
average such that rainfall in August, September and October were less than half
the long-term average of each month. In 2008, rainfall was much lower than
average for all months except July (Fig. 2.1A), so crops experienced dry
conditions both at the beginning and end of the growing season. Temperatures
during winter were generally lower than long-term averages, but those during
October 2007 were greater (Fig. 2.IB). Average daily vapour pressure deficits
(VPD) during both growing seasons were similar, declining to a minimum in
winter months and increasing more than three-fold as temperatures increased
towards the end of October (Fig. 2.1C).

3.3

Experimental design

Grazing treatments were based on farming systems representative of those in
south-eastern Australia (H. Dove, pers. comm.) and were performed using large
plots (0.210 and 0.275 ha in 2007 and 2008 respectively) so that stocking rates
and durations could be realistic. In 2007, treatments were designed to test the
effect of grazing intensity or duration on wheat regrowth, whilst those in 2008
focussed on responses of different wheat cultivars and the timing of nitrogen
application (section 3.4). Since there were no significant differences in above- or
below-ground crop responses to nitrogen applications, results were averaged
across nitrogen treatments. In 2007 treatments were conducted on the winter
wheat cultivar Mackellar (Triticum aestivum L.) and included a Tight' grazing
intensity for a relatively 'short' or 'long' period (LS, LL) and a 'heavy' intensity
for a 'short' period (HS). In 2008 the FiS treatment was conducted on Mackellar
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Fig. 2.1
(A) Monthly rainfall, (B) average monthly temperature and (C) ten-day
moving-average vapour pressure deficit during 2007, 2008 and over the long term
(Canberra Airport averages, 1939-2008). Arrows represent dates of emergence (E),
anthesis (A) and physiological maturity (M) of ungrazed Mackellar crops during 2007
(7) and 2008 (8).

and the winter wheat cultivar Naparoo. Merino hoggets (each one dry sheep
equivalent, DSE) aged 12-24 months were fasted for 24 h before weighing
(mean ± one standard deviation = 30 ± 3 kg treatm ent1) then allowed to graze
plots for one or two months in the short or long treatments, respectively. In all
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cases sheep were removed before cereal growth stage 30 (Zadoks et al. 1974),
preventing decapitation of apical meristems. Grazing treatments were
contrasted with ungrazed cropped controls (C) and ungrazed uncropped bare
(B) treatments. The latter were conducted on two (2007) or six (2008) 4.0 m2bare
plots that were situated adjacent to cropped plots. B treatments were kept clean
by regularly removing weed seedlings by hand from 1 January each year.
Control and grazing treatments were conducted on three replicate plots within
completely randomised blocks. Further treatment details are shown in Table
2 . 1.

3.4

Crop management and ontogeny

On 21 March 2007, 1.2 L h a 1Roundup® (active constituent glyphosate) and 1.6 L
h a 1 Duet® (active constituents oryzalin and trifluralin) were applied to plots
before sowing cultivar Mackellar at 100 kg ha-1 with a commercial combine that
had 0.18 m row spacings. Seed was sown with 110 kg ha'1 of diammonium
phosphate (DAP) fertiliser (N:P:K = 15:13:10.3). Average seedling density ± one

Table 2.1
Treatments conducted in 2007 and 2008. Bare treatments were
ungrazed and uncropped; controls were ungrazed and cropped, and all other
treatments were grazed with Merino hoggets.
Year Treatment
Grazing Total
Grazing
Grazing
grazingI intensity
end
pressure
date
time
(DSE h a 1) (DSE.d ha'1)
(d)
2007a Bare (B)
0
0
Control (CB)
0
0
Heavy short (HSC)
19 Jul
31
67.3
2086
Light long (LL)
62
33.7
20 Aug
2086
Light short (LS)
33.7
19 Jul
31
1045
2008a Bare (B)
0
0
Control Mackellar (CMB)
0
0
Control Naparoo (CN)
0
0
Grazed Mackellar (GMC)
31 Jul
30
65.5
1965
31 Jul
30
65.5
1965
Grazed Naparoo (GN)
-

A All grazing treatments began on 18 June in 2007 and 1 July in 2008
B c For clarity, the first letter of each treatment has been used for abbreviation, but note that C in
2007 is comparable to CM in 2008, and similarly HS is comparable to GM.
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standard error of the mean (SEM) was 170 ± 5 plants n r2 at emergence (1 April
2007). The herbicide Dual® (active constituent metalachlor) was applied at 0.30 L
ha-1on 24 March 2007 for control of broad-leaf and grass weeds. On 8 May 2007,
the herbicides Topik® (active constituents cloquintocet-mexyl, clodinafoppropargyl) and Lontrel® (active constituent clopyralid) were applied at 0.21 and
0.30 L h a 1 respectively, for control of annual ryegrass (Lolium rigidum) and
capeweed (Arctotheca calendula). To prevent nitrogen deficiencies, crops were
top-dressed with 110 kg h a 1 and 80 kg h a 1urea (46% w/w N) on 21 May and 10
September 2007, respectively (total N = 104 kg h a 1).

As far as possible, crop management in 2008 was conducted in a manner
consistent with that during 2007. Differences in 2008 included: (1) Mackellar
and Naparoo were sown on 1 April 2008 with 105 kg h a 1 of DAP fertiliser and
treated with 1.2 L h a 1 Roundup®, 1.6 L h a 1 Duet® and 30 g h a 1 Logran® (active
constituent triasulfuron) pre-emergence, (2) average emergence density ± one
SEM on 10 April 2008 was 217 ± 8 plants n r2, (3) urea was applied either as a
split-application (85 kg h a 1on 14 May at growth stage 22-23 (Zadoks et al. 1974)
then 35 kg ha*1on 6 August at growth stage 30), or as a single application of 120
kg ha'1 on 6 August (total N for 2008 crops = 71 kg h a 1), and (4) 0.7 L h a 1of lowvolatile ester MCPA 500® (active constituent 2-ethyl hexyl ester) and 0.075 L ha'1
Lontrel® were applied on 28 August 2008 for control of dicotyledonous weeds.

In both years anthesis was recorded as the date when 50% of primary tillers had
50% extruded anthers (growth stage 65), and physiological maturity as the date
when plants had finished grain filling (growth stage 86). Phenological dates are
shown in Table 2.2.
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Table 2.2
Observed dates of anthesis and physiological maturity of the control and
grazed treatments in 2007 and 2008. Abbreviations are as for Table 2.1._____________
Year
Treatment
Physiological maturity
Anthesis
18 October
10 December
2007
C

2008

3.5

HS
LL
LS
CM
CN
GM
GN

22
24
20
20
15
23
20

October
October
October
October
October
October
October

10 December
10 December
10 December
5 December
30 November
5 December
5 December

Soil water content

Soil water counts were measured using a neutron moisture meter (503 DR
Hydroprobe, CPN Corporation, Martinez, CA, USA). Two aluminium tubes (50
mm outside diameter) were evenly distributed along the centre-line of each
cropped plot (six tubes per treatment) to a depth of 1.80 m. One tube was
installed in the centre of each bare plot (two and six tubes per treatment in 2007
and 2008, respectively). Gravimetric soil moisture was determined by ovendrying soil samples at 110°C for 72 h. Samples were taken during tube
installation and after harvest. Soil bulk densities measured on A and B horizons
in every other plot were used to convert moisture content values from
gravimetric to volumetric.

Calibration curves were constructed by regressing volumetric values with
neutron probe counts measured for the corresponding site and season. Neutron
counts were measured at 0.15 m increments from 0.15 to 0.90 m, and at 1.15,
1.40 and 1.70 m every three-four weeks during the 2007-8 growing seasons.
Total water content (WC, mm) for each layer was calculated as the product of
volumetric soil moisture and layer depth.
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3.6

Canopy light interception

Photosynthetically-active radiation (PAR, 400-700 nm) was estimated above and
below the crop canopy at 16 random locations in each plot in 2007 and 2008
using a ceptometer (Sunfleck Ceptometer, Decadon Devices, Washington,
USA). The order of plot sampling was randomised between measurement
dates. The fraction of incident PAR intercepted by the canopy (J) was estimated
as one minus the proportion of incident PAR reaching ground level. All
measurements were made between 10:00 and 14:00 h on clear, sunny days by
holding the ceptometer horizontal to the ground and perpendicular to crop
rows.

3.7

Shoot biomass and grain yield

Shoot biomass cuts were made every two-three weeks by taking eight randomly
sampled one-metre row quadrats per plot (4.32 m2 per treatment) situated at
least two metres away from plot edges. In each case herbage was cut to ground
level with electronic shears (Makita 100 mm Cordless Grass Shear, UM1000D,
Japan). Samples were thoroughly mixed in the laboratory to ensure that 500 g
subsamples were representative then divided with scissors into leaf, stem plus
sheath and spikes (after growth stage 50). Each fraction was dried at 70°C for 48
h in a forced-air oven then weighed. Plot-average SDM was computed as the
shoot dry mass harvested from the 1.44 m2 quadrat. At physiological maturity a
further two one-metre row quadrats of shoot biomass were harvested per plot
(ten altogether) to gain additional precision in the estimation of GY. Bulk
samples and subsamples at harvest were oven-dried as for shoot biomass taken
during the growing season. After drying spikes were threshed and passed
through an aspirator to separate grain from chaff. The ratio of grain to
subsample dry mass was used to determine the equivalent grain mass retained
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from the 1.80 m2 quadrat and thus plot-average GY. For consistency with later
chapters, all shoot biomass- and GY-related variables (e.g. WUE, TE) are
expressed in terms of g nr2 rather than kg h a 1.

3.8

Dry matter removed during grazing and above-ground net primary
production

SDM consumed by livestock during each grazing treatment was estimated
using Eqn. 2.1,

SDMc = (SDMu g f+i —SDMu g t) + (SDMc t - SDMc

where

S D M vg

f+i)

(2.1)

and SDMc. represent the shoot dry matter of the ungrazed and

grazed treatments respectively, and t and t+1 represent the dates corresponding
to the start and end of each grazing treatment, respectively. The first term in
Eqn. 2.1 represents the growth of the control treatment and the second the
reduction in SDM of the grazed treatment over the grazing interval. Aboveground net primary production (ANPP) of each treatment was calculated as the
sum of the maximum SDM measured over the growing season and that
removed during grazing. Estimating SDM removal and ANPP in this way is an
approximate approach that does not account for growth inhibition or
compensation during grazing. However, there are inherent biases in most
methods of estimating ANPP during and after grazing (McNaughton et nl.
1996). The method adopted here could be justified since accounting for growth
inhibition or compensation after grazing would be difficult and would most
likely add uncertainty to measured values.
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3.9

Relative and absolute growth rates of shoot dry matter

Plot-level SDM time-courses were modelled using Eqn. 2.2,

SDM = SDMj +

SDMf - SDMj
(l + d x exp(- b x ( t - t m)))'ld

( 2. 2)

where SDM> and SDMt represent the measured initial and final SDM on the
days over which SDM was modelled (Fig. 2.2) and t is the number of days since
1 January each year. SDM, and SDMt were set as measured values to reduce the
number of parameters fitted. Positive constants b, d and tm represent the rate of
change, initial slope, and day of maximum SDM growth, respectively, and were
optimised for each plot by minimising the sum of squared differences between
measured and simulated SDM. Modelled curves were used to determine the
maximum absolute and relative shoot growth rates (GR, RGR, respectively) and
the day of year that each maximum occurred. The day of maximum GR (or
curve inflexion point) was calculated by setting the second derivative of Eqn.
2.2 with respect to t equal to zero, then solving for t. The SDM at maximum GR
was determined by substituting the inflexion point into Eqn. 2.2. Instantaneous
SDM RGRs of each plot were modelled using Eqn. 2.3 (Blackman 1919), where
the second term represents the rate of change of Eqn. 2.2 with respect to t (or the
shoot GR).

RGR =

1 dSDM
SDM dt

(2.3)

The maximum RGR was found numerically by iteratively searching the values
given by Eqn. 2.3 over the domain that Eqn. 2.2 was fitted. The day of
maximum RGR was determined by back-substituting the maximum RGR into
Eqn. 2.3 and solving for t. This value was substituted into Eqn. 2.2 to ascertain
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the SDM at the time of maximum RGR. All calculations and curve-fitting
procedures were performed using the algebraic and numerical routines in
MATLAB Version 7.4.0.287 (The MathWorks Inc., R2007a, USA).

3.10

Evapotranspiration, water use- and transpiration-efficiency

Total E (mm) between sowing and first soil water measurement (28 and 20 days
after sowing in 2007 and 2008, respectively) was assumed equal to that from
bare uncropped soil (Es, mm) between the first two measurement dates in each
year, similar to the approach of Condon et al. (1993). Total T (mm) during these
intervals was omitted as it was assumed small relative to E. After the first soil
WC measurement each season, ET (mm) and Es between contiguous WC

measurements were estimated using Eqn. 2.4,

ET = W C - WG+i + P r - R - D

(2.4)

where WCi and WG+i represent the total soil water content to 1.80 m on
measurement dates i and i+1 respectively, Pr is the precipitation, R is surface
runoff and D is drainage below 1.80 m. Both R and D were omitted from
calculations as there was no evidence to suggest that runoff occurred, and
changes in WC from 1.55-1.80 m were very small. ET was partitioned into E and
T in Eqn. 2.5 which was adapted from Cooper et at. (1983),

E = Es (1 - / )

(2.5)

where f is the mean f of all values that were linearly interpolated between
contiguous measurements. T from cropped plots was calculated as the
difference between ET and
and cropped

(E r ,

E.

Evaporation rates from soil on bare

mm d 1) plots, and canopy transpiration rates

(T r ,

(E s r ,

mm d ')

mm d 1) were
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calculated as £ or T divided by the number of days between measurement
dates, respectively. Crop water-use efficiencies for SDM and GY (W U E d m ,
W U Egy)

were calculated as the ratio of SDM at maturity or GY to ET.

Transpiration efficiencies for SDM and GY

(T E d m , TE c y )

were calculated as for

WUE but with T in place of ET.

3.11

Statistical analyses

Differences between treatment means for a given date or contrast (maximum
GR, RGR and their time of occurrence, rainfall storage as soil water, soil water
extraction, E, ET, GY, ANPP, T, TE,

T E d m, T E c y , W U E d m

and

W UEgy)

were tested

for significance using linear residual maximum likelihood (REML) mixed
models with treatment as the fixed factor and block as the random factor, where
appropriate. Differences were deemed significant if they were greater than the
Fischer's least significant difference (LSD) between corresponding means.
and

TE g y

TEd m

for 2008 data were square-root transformed to meet the variance-

homogeneity requirements of REML models. Differences between treatment
means within time series (SDM,

E r, Tr

and WC) were similarly analysed but

using repeated-measures REML models. For these analyses, correlations within
treatments across time were fitted with city-block metric power models
allowing for heterogeneity across time. For each measurement date in repeatedmeasures analyses, differences between treatment means were deemed
significant if they were greater than the corresponding treatment x time
interaction LSD. The 0.05 level of significance was adopted for all statistical
tests, unless otherwise stated. Statistical analyses were performed using GenStat
Release 12.1 (Lawes Agricultural Trust, Rothamsted Experimental Station,
Oxford, UK).
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4

Results

4.1

Growth rates and grazed dry matter during 2007 and 2008

4.1.1 2007

Growth was approximately linear from emergence to the beginning of grazing
in 2007, having an average rate (± one SEM) of 3.6 ± 0.3 g nv2 d 1(Fig. 2.2). By the
end of short grazing, only the HS treatment had significantly less SDM than the
control. In contrast, all treatments had significantly less SDM than the control
on 20 August after the long grazing treatment was completed, and SDM of both
the HS and LL treatments was significantly less than the LS treatment (Fig. 2.2,
end of grey shaded region). Between 13 June and 23 July, the average changes
in SDM of the control and LS treatments were not significantly different from
zero (45 ± 115 g nv2 and -34 ± 73 g nv2, respectively), whereas average changes
in the HS and LL treatments were -235 ± 112 g nr2 and

-123 ± 85 g m 2

respectively. Accounting for the growth of the control, the average SDM
removed was 79 ± 73 g n r2 from the LS treatment, 280 ± 161 g nv2 from the HS
treatment and 311 ± 146 g nr2 from the LL treatment.

SDM of the HS and LL treatments did not statistically differ until 17 September,
29 days after the end of the LL treatment, even though the HS treatment had
not been grazed for almost two months. Thus grazing at different intensities but
for the same overall grazing pressure resulted in similar amounts of SDM
remaining at the end of grazing (Table 2.1, Fig. 2.2). However, the maximum GR
of the HS treatment in the post-grazing period was greater than that of the LL
treatment (17.7 and 10.9 g nr2 d 1respectively, P = 0.06, Table 2.3), even though
the SDM at each maximum GR was not significantly different.
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LS

HS, LS

■

CM

Month
Fig. 2.2
Shoot dry matter (SDM) during 2007 and 2008. Shaded regions
represent the grazing duration and thin lines show SDM trends of each treatment
(abbreviations as per Table 2.1). Solid and open points show the mean of three
replicate ungrazed and grazed plots, respectively. Vertical bars are least significant
differences (LSDs) between treatment means at each sampling date in each year, and
are shown only where significant (P < 0.05). The time of maximum relative growth rate
(Ö control,0 grazed) and the time of maximum growth rate (©control,®grazed) for
each treatment were calculated from modelled sigmoidal curves (thick lines).
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Table 2.3
Maximum absolute and relative growth rates (GR, RGR respectively)
and corresponding dates of occurrence in 2007 and 2008. Shoot dry matter (SDM) of
each treatment (abbreviations as per Table 2.1) at the maximum GR is also shown for
comparison. Means followed by the same letter within each column are not significantly
different. LSDs are at the 0.05 level of probability and were calculated for contrasts
within each season.
Max GR
SDM at max
Max RG R
Date of
TrtA
Date of
max GR
max
RGR
GR (g m'2)
(9 m'2 d'1)
(d 1)
23.7 a
0.034 b
31-08 a
C
07-09 a
760 a
442 b
0.056 a
29-08 a
HS
17.7 ab
12-09 a
LL
0.038 ab
10-09 b
10.9 b
26-09 b
416 b
29-08 a
LS
17.0 ab
08-09 a
633 a
0.031 b
LSD
8.7
7 days
170
0.020
11 days
25-07 a
CM
10.1 b
16-09 a
686 a
0.020 b
CN
0.021 b
19-07 a
11.3 b
03-09 a
730 a
0.044 a
GM
14.2 a
05-10 b
459 b
18-09 b
GN
14.7 a
492 b
0.039 a
20-09 b
07-10 b
LSD
1.4
121
15 days
15 days
0.015

A The first four treatments were conducted in 2007; the second four were in 2008

Maximum GR of the HS treatment occurred significantly earlier in the season
than that of the LL treatment (Fig. 2.2, Table 2.3). Maximum GR of the LL
treatment occurred significantly later than all other treatments, and SDM
accumulation of the LL treatment by 12 November was significantly less than
all other treatments (penultimate measurement in Fig. 2.2).

To normalise GR for treatment differences in SDM, maximum relative growth
rates (RGR) and their times of occurrence were calculated from sigmoidal
curves fitted to data (Table 2.3). The times of maximum RGR are shown in Fig.
2.2 as © and S for the control and grazed treatments, respectively. Similar to
GR, the time of maximum RGR in the LL treatment was later than all other
treatments (10 September), indicating that longer grazing significantly delayed
the time of crop recovery. The maximum RGR of the FiS treatment was
significantly greater than the control and LS treatment (Table 2.3), indicating
peak SDM accumulation per unit of shoot biomass of intensely grazed crops
was greater than those grazed more leniently.
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4.1.2 2008

GRs of Mackellar and Naparoo cultivars from emergence to the beginning of
grazing averaged 2.2 ± 0.1 g n r2 d 1 (Fig. 2.2). Lower rainfall and cooler
temperatures early in the growing season probably explain why initial GRs in
2008 were much less than those in 2007 (Fig. 2.IB). GRs of control Naparoo (CN)
became greater than those of control Mackellar (CM) around mid-July, so CN
had significantly greater SDM than CM for most dates between 5 August and
28 October. Conversely, there were no occasions when the SDM of grazed
Mackellar (GM) or grazed Naparoo (GN) were significantly different (Fig. 2.2).
This indicates that GN had greater recovery per unit SDM removal than GM
(SDM removed during grazing was 442 ± 39 g n r2 and 306 ± 21 g n r2 for GN and
GM, respectively).

From the end of grazing to physiological maturity in 2008, SDM of grazed crops
remained significantly less than those of controls (Fig. 2.2). GRs immediately
after grazing were low (< 2 g nv2 d 1), resulting in significantly later occurrences
of maximum GRs in grazed crops (® in Fig. 2.2) compared with controls (Ö in
Fig. 2.2). SDM of grazed crops at maximum GR were also significantly less than
those of controls (Table 2.3). In contrast to 2007, GR maxima of grazed crops in
2008 were significantly greater than those ungrazed (Table 2.3). Maximum
RGRs of both grazed cultivars in 2008 were also significantly greater than those
of controls, but maximum RGRs of grazed crops in 2008 occurred significantly
later than controls (Table 2.3, ® and © in Fig. 2.2, respectively).

In summary, grazing later in the growing season significantly reduced postgrazing GR. All HS treatments (FiS in 2007, GM and GN in 2008) had
significantly greater RGR maxima than controls in the post-grazing period,
suggesting that intense grazing over a short period promoted greater growth
per unit SDM compared with ungrazed controls. These results indicate that it
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may be possible to increase RGR maxima if grazing management is strategically
planned.

4.2

Above-ground net primary production, grain yield, water-use
efficiency and transpiration efficiency

4.2.1

2007

ANPP of both the HS and LS treatments were significantly greater than that of

the LL treatment (Table 2.4). Given this result it was surprising that differences
in GYs were not significant. The LS treatment had significantly greater

than

ET

any other treatment (Table 2.4). Greater removal of SDM in the HS and LL
treatments compared with the LS treatment significantly increased £ and
reduced
W U E gy

and

T

in the former treatments (Fig. 2.2A, Table 2.4). Neither

W U Edm

were significantly influenced by grazing in 2007. In contrast, both

T E gy

nor

TE dm

of the HS and LL treatments were significantly greater than those

Table 2.4
Above-ground net primary production (ANPP), grain yield (GY), total
evapotranspiration (ET), evaporation (E), transpiration (T), water-use efficiency for
shoot dry matter and grain (WUEDM, WUEGY) and transpiration efficiency for shoot dry
matter and grain (TEDM, TEgy) of treatments conducted in 2007 and 2008
(abbreviations as per Table 2.1). Means followed by the same letter within each column
are not significantly different. LSDs are at the 0.05 level of probability and were
calculated for contrasts within each season.
T
w u e dm
W U E qv
TE dMu
t e gS
GY
TrtA A N P P *
ET
E
n
mm
g
m-2
g m'2 mm'1
4.97 b
1.44 b
325 b 73 b 253 a 3.82
C
1235 ab 361
1.11
1.84 a
397 327 b 111 a 216 b 3.95
1.22
6.00 a
HS
1287 a
5.74 a
LL
365 323 b 123 a 200 b 3.54
1.83 a
1140 b
1.14
4.62 b
407 362 a 89 b 273 a 3.50
1.13
1.50 b
LS
1255 a
LSD 107
22
34
NS
NS
0.63
0.33
NSU 26
1.52 b
1127 b
1.33
4.72 b
CM
365
278
38 a 239 a 4.07 b
1.45
5.46 b
1.65 b
CN
1285 a
389
269
33 a 236 a 4.79 a
7.04 a
1.39
2.28 a
GM
1149 b
372
268
103 b 166 b 4.30 b
1.48
7.57 a
2.23 a
GN
1337 a
393
266
88 b 178 b 5.04 a
LSD 98
19
0.45
NS
0.83
0.30
NS
NS
15

AThe first four treatments were conducted in 2007; the second four were in 2008
B Includes estimated SDM removed during the grazing period (see section 3.8)
c Values in 2008 were square-root transformed; back-transformed values are LSD shown
DNot significant
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measured for the LS and control treatments (Table 2.4). In all cases, TE
increased due to decreased T, not increased DM or grain production.

4.2.2

2008

As growing season rainfall and ET during 2007 were greater than in 2008, it was
unexpected that ANPP and GY were similar across seasons, with the GY of
ungrazed Mackellar approximately 360 g n r2 in both years (Fig. 2.1 A, Table 2.4).
Similar to 2007, there were no significant effects of grazing on GY in 2008.
Effects of grazing on water-use, SDM production and yield in 2008 were similar
to those during 2007. ET was not significantly affected by grazing or cultivar,
and grazing caused significant increases in E and reductions in T. There were
no differences in £ and T between cultivars, but Naparoo produced
significantly more SDM and therefore had greater

W U Edm

than Mackellar,

irrespective of whether it was grazed or not (Table 2.4). In contrast

W U E gy

was

not significantly different between treatments or cultivars. Decreased T due to
SDM removal and a null effect of grazing on ANPP caused significant increases
in

TEdm

and

TEgy

for both Mackellar and Naparoo (Table 2.4).

4.3

Temporal variation in soil evaporation and transpiration during 2007-8

4.3.1

Soil evaporation rates from bare (E s r ) and cropped (E r ) surfaces

Soil evaporation rates from bare soil
from cropped plots

(E r )

(E s r )

were significantly greater than those

on all measurement days during 2007 and after 18 June

in 2008, irrespective of grazing treatment (Figs. 2.3A, B). Average

E sr

in 2007

was 1.4 mm d 1, greater than the average 1.0 mm d 1 recorded in 2008. These
differences were likely due to the higher frequency of rainfall events in 2007
and the generally greater VPD in 2007 compared with 2008 (Fig. 2.1C).
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M

J

J A S O N D
Month in 2008
Month in 2007
Fig. 2.3
(A, B) Soil evaporation rates from cropped plots (ER) and (C, D)
transpiration rates (7R) during 2007 (left panels) and 2008 (right panels). Circles in (A)
and (B) represent uncropped bare soil evaporation rates (ESR) and shaded regions
show grazing durations. Each point represents the mean rate of soil water loss from
three replicate plots over the preceding measurement interval. LSD bars are for
contrasts between means at each date and are shown where significant differences
exist (P < 0.05). Treatment abbreviations are as per Table 2.1.

Seven days after the end of the short grazing treatments on 19 July 2007, the
mean

Er

of all grazed treatments was 0.8 ±0.1 mm d 1, significantly greater than

the 0.5 ± 0.1 mm d 1 on the control at the same time (Fig. 2.3A).

£ r

decreased

after the end of the short grazing treatments due to regrowth and declining
evaporative demand, so by 27 August

Er

of the LS treatment was not

significantly greater than that of the control (cf. diamonds and solid squares in
Figs. 2.2 and 2.3A). Later grazing of the LL treatment significantly elevated its
£r

above that of the C and LS treatments by 27 August, and the LL treatment
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had significantly greater

Er

than the control after 31 October.

Er

of the HS and

LL treatments were significantly greater than those of the control late in 2007
due to increased exposure of soil to sunlight in the grazed treatments (PAR
intercepted by grazed canopies between the two final two measurement dates
was 0.79 ± 0.01, compared with 0.93 ± 0.01 on the controls).

Similarly to 2007, the imposition of grazing in 2008 significantly elevated

Er

after sheep were removed (Fig. 2.3B). Given that residual SDM on the grazed
treatments on 7 August 2008 was not significantly different (68 and 70 g n r2
respectively, LSD = 50 g n r2, Fig. 2.2), it was unexpected that the

Er

of GM

treatment was significantly greater than that of the GN treatment on the same
date (Fig. 2.3B).

Er

of the GM and GN treatments remained significantly greater

than that of controls for the remainder of the 2008 growing season until
physiological maturity.

4.3.2

Transpiration rates (T r )

In general,

Tr

of ungrazed crops gradually increased from sowing to anthesis as

a result of expansion of green leaf area, increasing root depth and (in the later
phases of the growing season), increasing VPDs (Figs. 2.3C, D). In both growing
seasons,

Tr

were greater than

Er

by mid-winter and remained so until early

November, after which crop senescence generally caused

Tr

to decline.

Tr

peaked near the end of October in 2007 and mid-September in 2008 for two
reasons. The first was increased VPD near the end of the season (Fig. 2.1C,
indirectly shown by increased

E sr

from bare plots in Figs. 2.3A, B). The second

was evaporation of intercepted rainfall from leaves, since interception losses are
added to

Tr

in the method used to partition ET into components

Er

and

Tr

(Cooper et al. 1983). By 26 July 2007, all grazing treatments had significantly
lower

Tr

than controls (Fig. 2.3C). By 27 August only the LL treatment

Tr

was

significantly less than that of controls and this difference had disappeared by 11
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October. Similar

Tr

significantly lower
in 2008.

Tr

trends were evident in 2008 (Fig. 2.3D). Grazed crops had
Tr

than those ungrazed between 7 August and early October

of grazed crops reattained those of ungrazed crops when SDM

reached approximately 500 g n r2 (cf. open and closed points in Figs. 2.2 with
those in Figs. 2.3C, D, respectively).

4.4

Temporal changes in soil water during 2007

4.4.1

Mean soil water contents

Temporal changes in total WC to 1.8 m during 2007 are shown in Fig. 2.4A and
those in the upper, middle and lower soil layers are shown in Figs. 2.4B-D.
Intra-layer WC variance was generally high so in most circumstances this
precluded significant differences between treatments at a given time.
Significant differences were only found in the upper layer (Fig. 2.4B). These
occurred between B and LS treatments on 11 October; between B and all other
treatments on 31 October; and between B and all treatments except LL on 19
November.
4.4.2

Soil water storage during winter and extraction over spring

Compared with the B treatment, grazed treatments stored significantly more
soil water to 1.8 m between 21 June and 26 July (final column in Table 2.5). Soil
water storage to 1.8 m of control and grazed treatments in this period were
similar, excepting the HS treatment which stored significantly more soil water.
This phenomenon was likely to have been caused by initial differences in WC
(Fig. 2.4A). Water storage in soil layers of cropped plots varied between
treatments. Water storage in the upper, middle and deepest layers of the HS
treatment were always amongst the greatest, whereas that in each layer of the
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J
A
S
O
N
D
Month in 2007
Month in 2007
Fig. 2.4
Soil water contents (WC) in the (A) total, (B) upper (0-225 mm), (C)
middle (225-525 mm) and (D) lower soil layers (525-1800 mm) during 2007. Shaded
regions represent short and long grazing treatment durations. Points represent mean
WC of three replicate cropped plots or two replicate bare plots. LSD bars between
means at each date are shown where significant (P < 0.05) and treatment
abbreviations are as per Table 2.1. Note that ordinate axes differ between panels and
do not begin at the origin.

B treatment was always amongst the lowest. There were no significant
differences in intra-layer storage between other grazed treatments and the
control (Table 2.5).

Relatively dry conditions during the 2007 spring (Fig. 2.1A) provided an ideal
opportunity to study the effect of grazing on soil water extraction between 26
July and 31 October (Fig. 2.4). The 44 mm of water extracted in the B treatment
could be attributed to evaporative losses, assuming there was no runoff and
91

Chapter 2: Effects of grazing on crop growth rate and consequences fo r water-use efficiency

>

CO
cr

o
CO

<

Table 2.5
Net rainfall storage between 21 June and 26 July and net soil water
extraction between 26 July and 31 October 2007 of the upper, middle, lower and total
soil layers of each treatment (abbreviations as per Table 2.1). Means followed by the
same letter within each column are not significantly different. LSDs were calculated at
the 0.05 level of probability and are for contrasts between treatments within each layer.
Storage (mm)
Period
Trt
0-225 mm
225-525 mm 525-1800 mm
Total
-2 cA
-2 bA
21-6 to 26-7-07 B
27 be
C
4 ab
8a
15 b
11 a
HS
7a
30 a
48 a
LL
2 be
7a
28 ab
37 ab
8a
27 ab
37 ab
LS
2 be
LSDA
4 (6 )
5(7)
17 (21)
18 (26)
Extraction (mm)
24 bA
44 cA
26-7 to 31-10-07 B
2 cA
18 cA
32 ab
44 ab
108 ab
C
33 a
104 ab
36 a
33 a
35 b
HS
LL
27 b
27 b
39 b
93 b
27 b
35 a
59 a
122 a
LS
l sda
6 (9)
20 (30)
22 (31)
6(9)
A LSD values not in parenthesis are for contrasts between all treatments except B; LSD within
parenthesis are for contrasts between B and other treatments

that drainage below 1.8 m was negligible (Fig. 2.4A, final column in Table 2.5).

The greatest proportion of water extracted in the B treatment came from the
upper soil layer, with progressively less extraction from deeper layers (Figs.
2.4B-D). In contrast extraction of soil water from cropped plots during the 2007
spring were significantly greater than those from bare plots (Table 2.5),
particularly in the deepest soil layers (Fig. 2.4D). It is possible that LL grazing
caused crops to use less water from surface layers, but such trends require
further validation.

4.5

Temporal changes in soil water during 2008

4.5.1

Mean soil water contents

At all stages after 18 June 2008, total WC of the B treatment was significantly
greater than that of cropped treatments (Fig. 2.5A). This was caused primarily
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Month in 2008
Month in 2008
Fig. 2.5
Soil water contents (WC) in the (A) total, (B) upper (0-225 mm), (C)
middle (225-525 mm) and (D) lower soil layers (525-1800 mm) during 2008. Shaded
regions represent the duration of grazing. Points represent mean WC of three replicate
cropped plots and six replicate bare plots. LSD bars between means at each date are
shown where significant (P < 0.05) and treatment abbreviations are as per Table 2.1.
Note that ordinate axes differ and do not begin at the origin.

by increased WC in the upper soil layers (Figs. 2.5B-C). In contrast to the
extraction of deep soil water by cropped plots, the deepest soil layer of the B
treatment gained soil water over the growing season (Fig. 2.5D). There were no
significant differences in total WC between all other cropped treatments,
suggesting that grazing had little effect on soil water dynamics during 2008
(Fig. 2.5A). However, treatment differences between WC trends in the total
profile (Fig. 2.5A) were concealed by counteracting intra-layer WC trends (Figs.
2.5B-D). For the duration between 18 July and 5 November, the GM treatment
had significantly greater WC than CM in the upper soil layer (cf. open and
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closed squares in Fig. 2.5B). The effect of grazing on WC was not as apparent for
Naparoo, but there was also evidence to suggest that GN had greater WC than
CN in the uppermost soil layer (cf. open and closed triangles in Fig. 2.5B). For
both cultivars, the greatest WC differences in the upper layer between grazed
and ungrazed treatments occurred near the end of winter (Fig. 2.5B). Mean WC
of the middle soil layer (225-525 mm) of grazed and ungrazed treatments did
not differ at any stage after 7 August, though the WC of GM was greater than
that of CM near the end of July (Fig. 2.5C). Treatment differences between mean
WC in the deepest layer (525-1800 mm) of cropped treatments were the reverse
of those in the top layer (e.g. grazed plots had less soil water in deepest layers
but more in upper layers, cf. Figs. 2.5B, D). From the beginning of June to the
end of August, mean WC of the deepest layers of the CM treatment were
greater than those of the GM treatment (Fig. 2.5D). Thus, post-grazing WC
differences between treatments in entire profile (Fig. 2.5A) were largely
insignificant because ungrazed crops had greater WC in the deepest layers (Fig.
2.5D), whereas grazed treatments had greater WC in the top layers (Fig. 2.5B).

4.5.2

Soil water storage during winter and extraction over spring

In 2008 grazing of different cultivars did not consistently affect soil water
storage in the top layer (Table 2.6). GM stored significantly more soil water than
CM between 18 June and 21 July, but the opposite occurred between CN and
GN. The middle layers of the GM and GN treatments gained significantly more
soil water than controls, similar to that of the B treatment (Table 2.6). When
summed over the entire profile, the GM and B treatments stored more soil
water between 18 June and 21 July than all other treatments. Between 21 July
and 5 November 2008, more soil water was extracted from the uppermost and
deepest layers of cropped treatments compared with the B treatment (Table
2.6). Grazing of Mackellar resulted in significantly greater soil water extraction
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Table 2.6

Net rainfall storage between 18 June and 21 July and net soil water
extraction between 21 July and 5 November 2008 of the upper, middle, lower and total
soil layers of each treatment (abbreviations as per Table 2.1). Means followed by the
same letter within each column are not significantly different. LSDs were calculated at
the 0.05 level of probability and are for contrasts between treatments within each layer.

Period

18-6 to 21-7-08

Trt

B
CM
CN
GM
GN

LSD

0-225 mm
14 ab
13 b
1 6a
17a
12 b

Storage (mm)
225-525 mm 525-1800 mm

4

16 a
6 b
5 b
16a
12a

6
3
5
1
1

5

NS a

Total
36
22
25
35
24

a
b
b
a
b

11

Extraction (mm)
21-7 to 5-11-08

LSD

B
CM
CN
GM
GN

13c
19 b
20 ab
23 a
17 b
4

11
16
15
27
19
6

c
be
be
a
b

-4 c
17a
18a
7 b
4 b

21
53
54
56
40

8

13

c
a
a
a
b

A Not significant

from the top and middle layers compared with CM, but these trends were not
observed in Naparoo. The effect of grazing on soil water extraction was most
apparent in the deepest soil layer, with both GM and GN extracting
significantly less water than controls.

5

Discussion

The core theme of this thesis is an exploration of the effects of grazing on crop
dynamics using a hierarchy of underlying explanatory mechanisms. The first
level of investigation in this chapter was of crop biotic processes, including
growth rates (RGR, GR), and above-ground net primary production (ANPP).
The second level of hierarchy - conducted both in the current chapter and those
following - was how abiotic drivers governed growth behaviour observed in
the previous level. These include irradiance, soil water content,

air

temperatures and soil nitrogen availability. The importance of soil water on
crop recovery dynamics is discussed below. There were no significant
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differences caused by the timing of nitrogen application on RGR, GR, ANPP, or
GY (data not shown), so effects of soil nitrogen availability on crop recovery are
not discussed. The affect of irradiance and canopy light interception on
recovery dynamics is examined in chapter 3.

5.1

Effects of grazing on grain yield

Across cultivars and grazing treatments, there were no significant effects of
grazing on GY (Table 2.3). Further, the 2007 GY grand mean was not
significantly different to that in 2008 (382 cf. 380 g n r2, P = 0.90). Although
similar effects of grazing on GY have been found in past wheat grazing studies
(Swanson 1935; Winter et al. 1990; Dove et al. 2002), the vast majority of
previous studies report moderate to large yield reductions after grazing (Dann
1968; Dann et al. 1977; Dunphy et al. 1982; Dann et al. 1983; Davidson et al. 1990;
Winter and Musick 1991; Lyon et al. 2001; Khalil et al. 2002b; Kelman and Dove
2007; also see Table 1.1). Since the effects of grazing on GY in the current study
differ from those of most past studies, the current results provide an excellent
platform upon which a more detailed examination of mechanisms acting at the
whole plant- and organ-levels may be conducted (e.g. see Passioura 1979).

The fact that significantly different amounts of SDM were removed by
alternative grazing treatments but that GY was unaffected may be interpreted
in a number of ways. In grazed crops, it is likely that the contribution of SDM
produced in early ontogeny to GY was relatively minor. In ungrazed crops the
contribution of SDM to GY is complex and depends on seasonal conditions,
stored soil moisture and soil nitrogen availability, particularly in the weeks
preceding anthesis (Fischer 1979; 1985; Papakosta and Gagianas 1991; Asseng
and van Herwaarden 2003). Since crop DM at anthesis determines the amount
of stem assimilate and thus the assimilate available for retranslocation, biomass
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accumulated before anthesis normally has important implications for GY
(Fischer 2007). However, the HS, LL, GM and GN treatments all had
significantly less SDM than their respective controls at anthesis (Fig. 2.2), and
yet their GY was unaltered. This suggests that the relative contribution of postanthesis SDM to GY in crops grazed at high intensities or over long durations
was greater than those ungrazed (or those grazed at a light intensity for a short
period). This hypothesis is supported by the results of Muir et al. (2006), who
showed that as grazing intensity increased growth of wheat grain was
increasingly supported by post-anthesis assimilation. The corollary is that
grazed crops may increase assimilate allocation to grain relative to other shoot
biomass over the post-grazing period, resulting in greater harvest indices (His).
Indeed, past studies have shown strong, positive associations between crop
yield potential and HI (Richards et al. 1998; Evans and Fischer 1999; Fischer
2007). Effects of grazing on HI and the importance of SDM partitioning in
mitigating GY losses after grazing are examined in the following chapter.
5.2

Recovery dynamics after grazing: growth rates and net productivity

A second interpretation of the null effect of grazing on GY is that grazed crops
simply continued growth from the vegetative to the reproductive phases as
they would have had they not been grazed. When SDM removed by grazing is
accounted for, this hypothesis is supported by the ANPP of all grazing
treatments except that of LL (Table 2.4). However, to achieve a final ANPP that
was commensurate with that of the ungrazed crops, either (1) growth of
residual SDM per unit SDM of grazed crops would have had to increase, and/or
(2) growth of grazed crops would have had to continue for longer. Both of these
mechanisms occurred in crops that had significant amounts of SDM removed
during grazing and were manifest as delayed anthesis and increased maximum
RGR (Tables 2.2, 2.3). Furthermore, maximum GRs of grazed Mackellar and
Naparoo crops in the post-grazing period were significantly greater than their
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respective controls, so (at the plant level at least) crop recovery was not a simple
case of 'continue as if ungrazed'.

Different grazing durations and intensities had unique consequences for crop
GRs and productivity. In general the LS treatment had little effect on any
measure of crop productivity. Neither GR, RGR, ANPP nor the SDM at which
the maximum GR occurred differed significantly from those of the controls in
2007. These results may be explained by the relatively small removal of SDM
during the LS grazing treatment which (statistically) did not differ from zero.
However, sheep in the LS treatment subsisted for a month and gained an
average 177 g d 1 (data not shown) indicating they consumed crop biomass. In
terms of dual-purpose crops, such findings demonstrate that relatively light
and short grazing regimes during winter can be performed with minor changes
to crop growth dynamics and allometry. This conclusion is partially supported
by similar GR responses of wheat to LS grazing intensities (20 DSE h a 1 for one
month) observed in past studies (Kelman and Dove 2009). An alternative
possibility is that GRs of LS treatment crops were not significantly affected
because SDM removed was compensated by lower maintenance respiration
requirements.

Increased grazing pressure (i.e. greater DSE.d h a 1) had significant ramifications
for RGR and GR. First, the GRs and RGRs of all crops subjected to HS
treatments initially declined after grazing (data not shown) but eventually
recovered and attained greater GR and RGR maxima than those in ungrazed
treatments (Table 2.3). Comparable growth behaviour has been observed after
clipping shoot biomass of Themeda triandra at different intensities (Oesterheld
and McNaughton 1988). Increased above-ground RGR after defoliation has
been suggested as a major determinant of a plant species' capacity to regrow
and compensate for defoliated tissues (Wandera et al. 1992) and has been
documented in many grass species after defoliation (Semmartin and Oesterheld
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1996; van Staalduinen and Anten 2005). However, most of these studies have
concentrated on perennial grasses that have often co-evolved with large grazing
herbivores (Oesterheld and McNaughton 1991). Until now it has been unclear
whether an annual grass species like Triticum would show similar qualitative
growth responses to perennial grasses adapted to grazing. It appears that the
recovery dynamics across a diverse array of grass species may respond to
grazing in a comparable manner.

Greater stimulation of post-grazing GR in 2008 compared with 2007 (Table 2.3)
was most likely due to a greater grazing-induced alleviation of stress in 2008.
Hilbert et al. (1981) mathematically demonstrated that plants growing slowly
before defoliation were more likely to increase shoot productivity after
defoliation compared with those having high RGR before defoliation. Stressed
plants were more amenable to increasing productivity after grazing because (1)
the amount of up-regulation required by grazed plants to equal the shoot
productivity of ungrazed plants decreases as the RGR of ungrazed plants
decreases, and (2) the margin for increasing the RGR of grazed plants decreases
when ungrazed plants are already growing close to their maximum RGR
(Hilbert et al. 1981). Rainfall between stem elongation and anthesis (GS 31-65)
was much less in 2008 than 2007 and this was reflected in WC (cf. differences
between controls and grazed treatments in Figs. 2.4A and 2.5A). Further,
maximum GR of the control Mackellar crop in 2007 was more than double that
of CM in 2008 (24 cf. 10 g n r2 d 1, Table 2.3). These data indicate that the
predominant stress experienced by crops was related to soil water availability
and was greater in 2008. Hence, it is argued that grazing in 2008 diminished
crop water stress to a greater degree than in 2007 and evoked greater GR
responses.

This study has shown that crop recovery is greater when grazing is conducted
at relatively heavy intensities over short durations, rather than lighter
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intensities for longer periods. Previous studies have shown that either grazing
later into the growing season or reducing the SDM remaining after grazing
significantly reduce GY (Redmon et al. 1995; Kelman and Dove 2007; Holman et
al. 2009), but the relative importance of each mechanism has been largely
undocumented. Given that developmental stages and SDMs at the end of the
HS and LL treatments were not significantly different, these results imply that
post-grazing crop productivity was governed more by the timing of sheep
removal and therefore recovery time, rather than SDM remaining at the end of
grazing. This contention is partly supported by both the results of Virgona et al.
(2006), who found that later grazing treatments progressively reduced final
SDM and GY, and Noy-Meir and Briske (2002), who showed that a second
clipping of wild wheat (Triticum dicoccoides) severely reduced plant survival,
reproductive biomass and seed quantity. However, results from both previous
studies cannot unequivocally distinguish between the effect of recovery time
and residual SDM since later removal of biomass was conducted during later
phases of the growing season. Although the results of this study confirm that
HS grazing is more conducive to crop recovery than LL grazing, further work is
required to validate these results over a greater number of growing seasons
with alternative weather scenarios. Such investigations are performed in
chapter 6.

5.3

Effects of grazing on water-use efficiency and transpiration efficiency

Neither

W U E dm

nor

W U Egy

were affected by grazing in this study, so how did

crop productivity per unit water-use compare with regional benchmarks of
grain-only crops? Mean

W U E gy

values were 1.2 and 1.4 g n r2 m m 1 in 2007 and

2008 respectively (Table 2.4). The regional benchmark for grain-only rainfed
crops in temperate environments can be estimated as GY divided by growing
season rainfall less soil evaporation (French and Schultz 1984). Growing season
100

Chapter 2: Effects of grazing on crop growth rate and consequences for water-use efficiency

soil evaporation in southern Australia was originally presumed 110 mm
(French and Schultz 1984) and later revised to about 60 mm (Sadras and Angus
2006). Assuming a mean GY of 381 g n r2 and a growing season rainfall of 351
mm, estimated

W U E cy

benchmarks are around 381/(351 - 110) = 1.6 g nr2 mnv1

or using recent data 381/(351 - 60) = 1.3 g n r2 mnv1. These benchmarks indicate
that

W U E cy

values obtained in the current experiment were to be expected. In

terms of crop biomass, mean

W U Edm

values for Mackellar were 3.6 and 4.2 g n r2

mnv1 in 2007 and 2008 respectively, and that for Naparoo in 2008 was 4.9 g nv2
mnv1 (Table 2.4). These figures are also close to the 3.1-4.0 g nv2 mnv1 range
calculated from previous studies of rainfed wheat in this region (Condon et al.
1993). Since WUE values obtained in the current study were commensurate
with those in past studies of wheat in southern Australia, the reason grazing
had no effect on WUE cannot have been due to abnormalities in management,
environment or genotype.

Grazing treatments that were relatively light-long (LL) or heavy-short (HS, GM,
GN) significantly increased

TEd m

and

TEg y

(Table 2.4). The

T £ dm

of these crops

(5.7-7.6 g nv2 mnv1) falls in the higher end of the 3.7-6.1 g nv2 mnv1 range
reported for ungrazed crops grown in similar rainfed environments (Cooper et
al. 1983; Siddique et al. 1989; Condon et al. 1993). The differences between the
effects of grazing on WUE and TE may be explained using the relationship
between

W U Edm

and

TEd m

in Eqn. 2.6 (Richards 1991):

WUEd m

TE d m

1 + E/T

( 2 . 6)

Although grazing increased TEdm it also increased E relative to T, so the
efficiency gained by greater SDM production per unit water used was equally
offset by an increase in the E/T ratio. Put another way, for the same total ET, the
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grazing-induced perturbations to £ and T relative to
W U Edm

TEdm

were such that

remained unchanged.

The reason that grazing did not affect ET might be explained by Passioura's
(2006) comment that in temperate regions marginal changes in ET caused by
changes in leaf area can approach zero, for the evaporative demand by the
environment may be met no matter what the ratio of T to £. However,
Passioura's notion assumes that the distribution of rain is such that the soil
surface remains wet during much of the crop's vegetative phase and this
assumption was void many times during 2007 and 2008. Indeed, other
experiments have shown that during periods of below-average rainfall, grazing
decreases ET by allowing the soil surface to dry (Bremer et al. 2001). Since the
division of ET into £ and T during and after grazing depends on rainfall
distribution, further experiments are required to draw consistent conclusions
regarding the effects of grazing on crop water use.
The result that grazing increased TE seems counterintuitive. Given the inverse
relationship between VPD and TE (Richards 1991; Angus and van Herwaarden
2001), one would expect that delaying SDM accumulation to later phases of the
growing season by grazing would decrease TE, since more growth has to occur
under greater temperatures and higher VPD (e.g. Figs. 2.IB, 2.1C, 2.2). In both
growing seasons, TE increased after grazing due to decreases in the amount of
water transpired, not increases in SDM accumulation. The SDM removed
during grazing decreased / , increased £, and (since ET was not affected by
grazing) decreased T (see Eqn. 2.5). The corollary of these results implies that
grazing increases not only TE but also radiation-use efficiency, since grazed
crops intercepted less light but had similar SDM accumulation to ungrazed
crops. This possibility is dealt with in chapter 3.
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5.4

Effects of grazing on soil water storage and extraction

In environments where rainfall is winter dominant, earlier seasonal closure of
crop canopies so as to intercept more radiant energy generally increases T as a
proportion of ET and enhances the probability of greater GY (Richards 1991;
Passioura 2006). However, earlier canopy closure also results in greater rainfall
interception and reduced replenishment of soil water (Leuning et al. 1994). To
investigate this trade-off, the effects of grazing on soil water storage during
winter were investigated in the present study. Between 21 June and 26 July
2007, the HS treatment stored more water than the control in the deepest soil
layer (525-1800 mm, Table 2.5). In the total soil profile the same treatment
stored significantly more water than both the bare and control treatments. In
2008 grazing of Mackellar crops allowed storage of more soil water in the
middle layer (225-525 mm, Table 2.6), but the effects of grazing on WC in other
layers were inconsistent. As measurements of soil bulk density were not made
after grazing, the possibility of soil trampling by sheep cannot be ruled out. If
present this phenomenon may have compacted soil and prevented infiltration
(Proffitt et al. 1993). However, this possibility was unlikely since the most
intense grazing treatments of Mackellar crops in both years had greater soil
water gains than respective controls in the top layer (Table 2.5, 2.6).

Given that grazing increased

Er

and decreased

Tr,

it was hypothesized that

more water would be extracted from upper layers and less from deeper layers
of grazed plots, since the ET of grazed and ungrazed treatments were similar
(Table 2.4). Realisation of these trends would have been observed as an increase
in the WC of deep layers in grazed plots. However, there was no clear evidence
to support this contention. During the relatively dry 2007 spring, soil water
extraction by crops subjected to the HS treatment did not differ from the control
in any layer (Table 2.5). Moreover soil water extraction from upper layers in the
LL and LS treatments was significantly less than that of the control, implying
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that grazing conserved soil water in the upper layers. Only the soil water trends
of crops subjected to the GM treatment supported this hypothesis, with
significantly greater water use from upper layers and significantly less from the
deepest layer, although the GN treatment also had significantly lower soil
water use from the deepest layer (Table 2.6).

Trends in soil water extraction after grazing described in the literature are
mixed. Measurements of soil water content of mixed-grass prairies subjected to
cattle grazing in semi-arid regions showed that grazing reduced total ET and
conserved soil water (Frank 2003). Virgona et al. (2006) found that crop grazing
may conserve soil water, although only for a short period during the growing
season. Virgona et al. showed that grazed wheat crops used less water than
ungrazed crops soon after the grazing period, deferring soil water use until
after anthesis. In contrast to the present study, the reduced T by removal of leaf
area in the study by Virgona et al. was not offset by concurrent increases in £.
Contrary to the studies by Frank (2003) and Virgona et al. (2006), Kelman and
Dove (2009) did not observe significant effects of sheep grazing on soil water
use of wheat or oat crops. Kelman and Dove (2009) showed that light grazing
(20-30 DSE ha*1) significantly increased soil water depletion in layers below 0.60
m, in contrast to the present study which found no effect of either LS or LL
grazing on soil water extraction below 0.53 m (Table 2.5).

A primary cause of disagreement between previous and present results might
be attributed to the stochasticity of rainfall distribution. Another main cause
was related to differences in WC between replicates. This factor was one of the
main reasons that effects of grazing on crop water use were not significant (e.g.
see LSD bars in Fig. 2.5). Overall, this study has uncovered several important
effects of crop grazing on soil water use, such as altered ratios of T to ET and
reduced soil water extraction from deeper layers during spring. To confirm
these results and determine whether temporal deferment of soil water use is
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rule or exception (e.g. Virgona et al. 2006), subsequent studies encompassing
more growing seasons would be required.

6

Conclusions

Irrespective of grazing treatment, growing season or cultivar, grazing did not
significantly affect ANPP or GY. Post-grazing crop growth rates and soil water
use were not significantly influenced by LS grazing. HS grazing mostly
increased GR and RGR maxima compared with controls, and was more
conducive to crop recovery than LL grazing. The majority of grazing treatments
increased TEdm and TEcy by reducing T, though there were no main effects of
grazing on total ET. Trends in soil water extraction were inconsistent but
implied that HS grazing may increase soil water use from upper layers and
decrease water use from deepest layers during dry recovery periods.
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CHAPTER 3
Effects of grazing on canopy light
interception, radiation-use efficiency and
dry matter partitioning
"A scientific truth does not triumph by convincing its opponents and making them see
the light, but rather because its opponents eventually die and a new generation grows
up that is familiar with it."

Max Planck
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1

Abstract

Crop grazing removes leaf area and reduces the fraction of sunlight intercepted
by the canopy (/). This reduces carbohydrate production and may have adverse
consequences for growth rates and GY. Alternatively, removing SDM when leaf
area indices (LAI) are high may facilitate light distribution within the canopy
and allow greater radiation-use efficiency (RUE, DM produced per unit light
intercepted). Changes in DM partitioning of crops after grazing that mitigate
processes affected by lost biomass and prevent GY penalisation are also
unknown. The current study was designed to advance understanding of the
effects of grazing on /, RUE and DM partitioning, and their implications for
growth and GY. Wheat grazing experiments were conducted in 2007 and 2008
with different grazing regimes and on different cultivars, as described in
chapter 2.
In 2007 grazing reduced LAI and / b y up to 90% and 75%, respectively. Earlier
completion of grazing allowed canopies to recover more rapidly. In 2008,
grazing reduced LAI and / by up to 89% and 87%, respectively. The light
extinction coefficient for photosynthetically-active radiation (PAR) was not
affected by grazing and averaged 0.43 ± 0.01. LAI maxima of controls were 6.5 ±
0.3 m2 n r2 in 2007 and 5.9 ± 0.1 m2 n r2 in 2008. Growth rates (GRs) of SDM in
2007 were low during winter and reached maximum values in early September.
The GR of the HS treatment crop after grazing was significantly lower than the
control due to a reduction of intercepted PAR (IPAR). By contrast, the GR of the
LL treatment was not significantly different to that of the control despite having
significantly lower IPAR. In 2008, grazing decreased IPAR and significantly
decreased GR. Data in both years indicated that IPAR was a governing factor of
GRs when LAIs were below about 2 m2 n r2; above this LAI other factors exerted
greater influence on GR. During the post-grazing period before anthesis in 2007,
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mean RUE was 1.1 g SDM M J1 IPAR and was not affected by grazing. In 2008,
HS grazing of crops increased mean post-grazing RUE by as much as 44% due
to a reduction in cumulative IPAR. Instantaneous RUE (1RUE) estimated using
two different methods revealed that grazing did not have significant temporal
effects on RUE. The quantity of green leaf DM was reduced by up to 90%
relative to controls at the time grazing was terminated. The fraction of senescent
SDM significantly increased during grazing then decayed over two-three weeks
after the end of grazing. The greatest reductions of peak leaf, stem and spike
DM caused by grazing were 62%, 49% and 35%, respectively. After anthesis
mean spike DM of grazed crops remained relatively constant, in contrast to
mean losses of 77-100 g spike DM n r2 in ungrazed crops. Grazing reduced the
proportion of stem DM retranslocated to grain by up to 75%. There were no
effects of grazing on stem water-soluble carbohydrate concentrations measured
at the time of maximum stem DM.

These data indicate that under rainfed conditions LAIs of Mackellar and
Naparoo cultivars may be grazed as low as 0.5 m2 nv2 without penalising GY,
provided grazing is conducted whilst crops are vegetative and recovery time is
adequate. Grazing of crops with high LAIs may enhance light distribution
within canopies and improve RUE between the end of grazing and anthesis, but
more data are required to confirm this hypothesis. The delay in crop ontogeny
caused by grazing is a central mechanism governing a crop's ability to recover
and prevent GY penalty. Delayed ontogeny and reduced GR after grazing
hamper the onset and reduce the duration of stem DM accumulation, and by
implication reduce the assimilate available for retranslocation to grain after
anthesis.

Consequently

grazed

crops

are

more

reliant upon

current

photosynthesis to supply assimilate to developing grain compared with
ungrazed crops. These effects are observed in grazed crops as increased green
area duration and increased mean kernel weight.
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2

Introduction

Grain yield (GY) can be expressed as the product of cumulative interception of
photosynthetically-active radiation (L1PAR), radiation-use efficiency (RUE),
and harvest index (HI, the ratio of grain to shoot dry matter (SDM) at
physiological maturity), i.e.
GY = LIPAR x RUE x HI

(3.1)

Eqn. 3.1 provides a quantitative framework of readily measured parameters
that may be used to identify how grazing influences GY through light
interception and SDM partitioning (see section 5 in chapter 1). Daily 1PAR can
be expressed as the product of total daily radiation (Q) and the daily fraction of
incident sunlight intercepted (/). The value of / i n turn is determined by EAL
Since grazing reduces SDM and EAI, the capacity of the crop to intercept light
may also be reduced. However, effects of grazing on light interception and GR
are not intuitive. Nonlinear relationships between / and LAI, and GR and LAI
mean that grazing of crops with high LA/s may cause only minor reductions i n /
and therefore GR. Further, grazing may delay development and prolong green
area duration (Garcia del Moral 1992) which could increase crop growing time.
On the other hand large LAI reductions may reduce/to an extent that GR is also
decreased, slowing the rate of crop recovery. Relationships between LAI and /
and their implications for crop GRs after grazing deserve further attention, so
they form part of the main foci of this chapter.
RUE can be estimated from the slope of the relationship between cumulative
DM (LDM) and LIPAR (see section 6 in chapter 1). Previous work has shown
that RUE is influenced by changes in light distribution within the canopy
(Sinclair and Muchow 1999) which in turn is affected by leaf angle distribution
(Duncan 1971) and canopy height (Green 1987). Since grazing may perturb leaf
angle (Hofstede et al 1995) or alter canopy height (Dann 1968), it is possible that
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grazing may also change RUE. Given that RUE provides both a useful measure
of DM production per unit light intercepted and a benchmark with which lightuse efficiency may be compared across experiments, it forms the second main
focus of this chapter.
The third avenue for manipulating GY in Eqn. 3.1 is by changing HL EU may be
increased by allocating additional SDM to developing grain around anthesis
(see section 6 in chapter 1). In general, SDM or assimilate partitioned to
developing grain may be assimilated (1) before or (2) after anthesis. The first
depends on the assimilate storage capacity of the crop and is largely a function
of stem DM (Austin et aE 1980). The second is primarily derived from current
photosynthesis and therefore depends on green area duration after anthesis
(Garcia del Moral 1992). Since grazing removes SDM and may affect
photosynthesis (Parsons et aE 1983) and green area duration (Winter and
Thompson 1987), it is not surprising that grazed crops have different EU to
those ungrazed (Scott and Hines 1991; Bonachela et aE 1995a). Elucidating the
effects of grazing on stem DM accumulation and SDM partitioning would be
enlightening since such information would reveal how EU is perturbed by
grazing and its consequences for GY. This information would increase
mechanistic understanding of the physiological effects of grazing and could be
used to provide better guidance in commercial grazing practises.

The aims of this chapter were to determine the degree to which grazing affects
1.

Leaf area indices, light interception and their implications for postgrazing shoot growth rates;

2.

Post-grazing shoot radiation-use efficiency, and

3.

Shoot dry matter partitioning and harvest indices, and the source of
grain dry matter (before or after anthesis).
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3

Materials and methods

Details of site characteristics, experimental design and grazing treatments, crop
management and measurement of f and GY were given in section 3 of chapter 2.

3.1

Daily photosynthetically-active radiation and light interception

Daily total global short-wave radiation (DTR) measurements were taken at the
CSIRO Ginninderra Experiment Station. Following the approach of Monteith
(1977) and later studies (Gregory and Eastham 1996; Muurinen and PeltonenSainio 2006), daily PAR (MJ nv2 d 1) was assumed equal to 0.5DTR.
Instantaneous spot measurements of the fraction of incident PAR interception
(f) by control and grazed canopies were made using the protocol described in
section 3.6 of chapter 2. Measurements were made between 10:00 and 14:00 h
when solar angles were high. The effect of solar angle on / is not of major
importance since although / increases as solar angles decrease, the latter also
coincides with decreased irradiance (O'Connell et al. 2004). It has also been
shown that spot-measurements of noontime / are an accurate surrogate of
accumulated daily / and that the effect of seasonal solar angle is minimal for the
vegetative phases of crops grown in southern Australia (Caviglia and Sadras
2001; O'Connell et al. 2004). Since the number of cloudy days during the MarchOctober growing seasons in 2007 and 2008 were low (mean 10 days per month),
/ measurements were predominantly conducted under clear sky conditions
(Bureau of Meteorology Canberra Airport data, www.bom.gov.au).
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3.2

Cumulative PAR interception, light extinction coefficient and
radiation-use efficiency

LIPAR was estimated in two stages following the methods of recent studies
(Caviglia and Sadras 2001; O'Connell et al. 2004; Muurinen and Peltonen-Sainio
2006). First, daily /w a s estimated by linear interpolation between consecutive /
measurements. Second, LIPAR was approximated as the sum of the products of
0.5DTR and interpolated daily /. The extinction coefficient for IPAR (k) was
optimised for / measurements prior to anthesis by minimising the sum of
squared errors between measured values and those computed by Eqn. 1.1 in
chapter 1. Time constraints prevented conducting / and LAI measurements
concurrently, so interpolated / values were taken on the days LAI was
measured, k values were estimated for grazed treatments and controls
individually as well as across all data pooled across seasons, treatments and
cultivars. Average RUE (g SDM MJ1 IPAR) was estimated as the final ratio of
SDM accumulation to LIPAR. Calculations were made for the periods (1) from
emergence to the start of grazing and (2) between the end of grazing and
anthesis.

3.3

Specific leaf area

Each bulk shoot biomass sample was subsampled by grab sampling
(approximately 50 g fresh weight), since the mixture of leaf sizes in each bulk
sample was relatively homogeneous. Subsamples were separated into green
leaf laminae excised at the ligule (defined as green if less than 50% of leaf area
was

senescent),

stems

(including

leaf

sheaths),

senescent

biomass

(predominantly leaves) and spikes (after GS 51). For each shoot biomass
measurement in 2007 approximately 30 leaves were passed through a leaf area
meter (L3100, LI-COR Inc., Lincoln, NE, USA). In 2008 three representative
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leaves from each plot were copied at 600 DPI on a flatbed scanner (Epson
Expression 1680, Model G780B, Singapore) against a white background and the
projected leaf area calculated using digital imaging software (Image],
http://rsbweb.nih.gov/ii/index.htmh. All bulk and subsampled shoot fractions
were dried at 70°C for 48 h in a forced air oven. Specific leaf area (SLA) was
calculated as the projected leaf area to leaf mass quotient.

Large fluctuations in SLA across sample dates during 2007 raised concern for
the precision of leaf area measurements in that year. To accurately estimate the
ungrazed crop LAI in 2007, a function was used to smooth the time-course of
SLA. The function assumed that SLA was linearly related to ontogeny,
beginning at 0.020 m2 g 1 at emergence, decreasing to 0.016 m2 g 1 by anthesis
and remaining at this value thereafter. These values were adopted from the
mean SLA measurements taken for Mackellar in 2008, which were
comparatively smoother over time and were consistent with the 0.016 -0.029 m2
g 1 range reported in previous winter wheat experiments (Weaver et al. 1994;
Katterer et al. 1997; van Delden et al. 2000; Kelman and Dove 2007).

The SLA of grazed crops in 2007 increased significantly after each grazing
treatment had finished (Fig. A3.1, Appendix 3.1). Although the magnitudes of
SLA values were questionable, these trends were considered real because such
phenomena have previously been observed after defoliation (Meyer 1998;
Lattanzi et al. 2004; Zhao et al. 2009). Further, any error implicit to SLA
measurements during 2007 would have been applied equally to all leaves and
should not have introduced treatment differences on a given measurement
date. Thus for the period between the end of grazing and anthesis in 2007, SLA
of grazed leaves (SLAc) was determined using Eqn. 3.2:
SLAg

= measured

SLAg

- measured

SLA ug

+ smoothed SLA

( 3. 2)
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where the subscript UG denotes ungrazed and the smoothed SLA term was
calculated using the linear function described above. The computation of SLAc
in this manner was necessary to minimise uncertainty yet retain the real effects
of grazing on SLA. Smoothed SLA values for the ungrazed treatment and those
estimated for grazed treatments using Eqn. 3.2 are shown in Appendix 3.1.

3.4

Leaf area indices

Plot-level LAI was calculated using Eqn. 3.3:
LDMS SDM rj .
LAI = -------- x -------xSLA
SDMs 1.44

(3.3)

where LDMs and SDMs represent the leaf and SDM in the subsample and SDM
represents the total shoot biomass harvested from the 1.44 m2 quadrat.

3.5

Instantaneous radiation-use efficiency

Instantaneous radiation-use efficiency (IRUE, g SDM MJ1 IPAR) was estimated
in the post-grazing pre-anthesis period using two methods to gain an
appreciation of the temporal changes in RUE and the uncertainty inherent to
values computed using a given method. Method (1) estimated IRUE as the ratio
of instantaneous SDM growth rate (IGR) to IPAR. IGR was estimated on each
LAI measurement day as the slope of the sigmoidal curve fitted to measured
SDM (chapter 2, section 3.9, Fig. 2.2). Since computation of IGR in this manner
gives an account of crop growth in the period proximal to the measurement,
IPAR was estimated using measurements in the 10 days preceding and
following the day of measurement (i.e., as a 21 day moving-average). This
interval was deemed sufficiently long for smoothing the stochastic variability of
daily IPAR and at the same time sufficiently small to be commensurate with the
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interval over which 1GR was estimated. Method (2) estimated 1RUE as the ratio
of the change in measured SDM to the cumulative 1PAR between successive
samples. When plotted over the growing season (e.g. Fig. 3.5 below), 1RUE
values of each method were not aligned in time since those of method (2) were
plotted at the mid-point of successive measurements, whereas those calculated
in method (1) were plotted on LAI measurement days.

3.6

Stem water-soluble carbohydrates

Additional shoot biomass samples were taken prior to and at anthesis (2
October and 28 October 2007, respectively), to determine stem water soluble
carbohydrate (WSC) concentrations. Samples were transported to the laboratory
on ice then washed, separated into shoot fractions (section 3.3) and placed in
the oven (70°C for 48 h) as soon as possible to minimise WSC losses by
respiration. Oven-dried stem samples were ground in a Cyclotec mill (Tecator,
1093 Sample Mill, Hoganas, Sweden) to pass a 1 mm sieve. Stem WSC
concentrations were measured using anthrone methods similar to those of van
Herwaarden et al. (1998) and Ruuska et al. (2006), which involved three
extractions of total WSCs. The first extraction was from 50 ± 5 mg of tissue in 4
mL of 80% (v/v) ethanol at 80°C. The second two extractions were performed
with 4 mL of water at 80°C. After each 30 min extraction the homogenate was
centrifuged at 2500 g for 10 min and the supernatants combined. Samples were
stored at -20°C until the day of WSC assay. The difference in WSC concentration
due to oven- and freeze-drying samples has been shown to be less than 1%
(Judel and Mengel 1982; Kiniry 1993). This protocol was considered to extract
mainly fructans and some low molecular-mass compounds. Similar studies
have shown that more than 98% of WSCs are removed in the first extract
(Borrell et al. 1989; Schnyder and de Visser 1999). On the day of measurement a
solution containing 70% (v/v) H 2SO4 and 0.2% (w/v) anthrone was prepared.
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One millilitre of this solution was added to each sample tube (containing 10 pL
of sample supernatant) and each standard tube (containing 0-100 pL of 200 pg
m L1 fructose or glucose solution). All standards and samples were heated in a
95°C water bath for exactly 12 min then plunged into cold water. 280 pL of
sample or standard solution was loaded into a 96-well microtitre plate and the
absorbance read at 630 nm (SpectraMax340PC Microplate Spectrophotometer
Molecular Devices, Sunnyvale, CA, USA) then analysed using Softmax Pro 3.0
software. Sample and standard values were computed from the mean of three
replicates only when the standard deviation was less than 5%, otherwise the
anthrone assay for that treatment was repeated. Stem WSC concentrations (mg
WSC g 1 stem DM) were converted to WSC contents (g WSC n r2 ground) by
multiplying the former by stem DM and dividing by 1000.

3.7

Apparent retranslocation of stem dry matter

Apparent retranslocation of stem dry matter (DMr ) was estimated as the
difference between the maximum stem DM near anthesis (DMm a x ) and that at
maturity, similar to the approach of Ehdaie et at. (2006). Retranslocation
efficiency was estimated as the proportion of retranslocated DM relative to the
maximum value. The contribution of stem DM to GY was calculated as the ratio
of DMr to GY, following Ehdaie et at. (2008).

3.8

Grain yield components and grain protein

Spikes from subsamples taken at physiological maturity were counted, ovendried (70°C for 48 h) then threshed, allowing determination of the ratio of
spikes to subsample mass. This ratio was used to calculate first the number of
spikes in the bulk sample from the 1.80 m2 quadrat and second the spikes per
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unit ground area. Harvest index (HI) of each subsample was estimated as the
ratio of grain to SDM. Average kernel weight (KW) was determined from five
replicate measurements of 200 kernels per plot. The number of kernels per unit
ground area for each plot was determined as the quotient of GY and KW. This
value was divided by the number of spikes per unit ground area to give the
number of kernels per spike. Kernel screenings were estimated as the
proportion of a 300 g kernel subsample passing a 2 mm sieve after 40
oscillations on a standard Australian grain-receival shaker. Each test was
conducted at 0.6 oscillations s 1 using two subsamples from each plot.
Additional kernel subsamples were ground to pass a 1 mm sieve in the Cyclotec
mill described above. Average kernel nitrogen concentration for each plot was
calculated from three 7.5 mg replicates of ground material using an elemental
analyser (EA 1110 CHNO; Carlo-Erba Instruments, Milan, Italy). These values
were multiplied by 5.8 to convert to kernel protein concentration (FAO
Document Repository http://www.fao.org/docrep/006/Y5022E/ y5022e03.htm).

3.9

Statistical analyses

Differences between treatment means

(D M r,

DM max , RUE, LDM, LIPAR,

WSCmax and yield components) were tested using REML linear mixed models
with treatment as the fixed factor and block as the random factor. Differences
were deemed significant if they were greater than the Fischer's LSD between
corresponding means. Measurements of / (2007 only) and SDM fractions (2008
only) were logit (e.g. ln[//(l -/)]) and square-root transformed respectively to
meet the variance-homogeneity requirements of REML mixed models, however
all graphical data are presented pre-transformation for clarity. Treatment k
values were optimised using nonlinear regression models by minimising the
sum of squared errors between measured f values and those computed using
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Eqn. 1.1 in chapter 1 (see section 3.2 above). Differences between treatment
means within time series (DM partitioning,/, IGR, 1PAR, IRUE and LAI) were
analysed using repeated-measures REML models with city-block metric power
algorithms accounting for heterogeneity across time. For each measurement
date in these analyses differences between treatment means were deemed
significant if they were greater than the corresponding treatment

x

time

interaction LSD. Results were considered significant at the 0.05 level of
probability. All statistical analyses were performed using GenStat Release 12.1
(Lawes Agricultural Trust, Rothamsted Experimental Station, Oxford, UK).

4

Results

4.1

Daily total global short-wave radiation

Daily total global short-wave radiation (DTR) trends during 2007 and 2008 were
similar, except for around anthesis, where values in 2007 were higher before
anthesis and lower between anthesis and maturity (Fig. 3.1). DTR was greatest
in the summer months of December and January and smallest at the beginning
of winter in June. In both seasons, grazing was conducted when DTR was
between 5 and 12 MJ n r2 d 1.

4.2

Leaf area indices and canopy light interception

Prior to grazing in 2007, LAI ranged from 3.3 to 4.4 m2 nv2and /fro m 0.68 to 0.79
over the experimental site (Figs. 3.2A, C) but differences within each variable
were not significant. Between 13 June and 23 July 2007, mean LAI of the light
intensity grazing treatments (LS, LL) were reduced by 32% to 2.3 ± 0.7 m2 n r2,
the HS treatment by 90% to 0.5 ± 0.4 m2n r2, and the mean LAI of the control
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Fig. 3.1
Daily total radiation (DTR) during 2007 and 2008 shown as 10 day
moving-averages. Horizontal bars show the timing of each grazing treatment (GM =
grazed Mackellar, GN = grazed Naparoo, HS = heavy short, LS = light short, and LL =
light long). Arrows show dates of emergence (E), anthesis (A) and physiological
maturity (M) in 2007 (7) and 2008 (8).

increased by 18% to 4.5 ± 0.7 m2 nv2 (Fig. 3.2A). The LL treatment reduced LAI
by 70% to 1.0 ± 0.5 m2 nv2 14 days before the end of grazing on 6 August. Over
similar intervals mean / of the light intensity grazing treatments were reduced
by 31% to 0.49 ± 0.08, the HS treatment by 75% to 0.19 ± 0.08, whilst / of the
control increased by 16% to 0.79 ± 0.08 (Fig. 3.2C). The LL grazing treatment
reduced/by 55% to 0.31 ± 0.05 after the end of grazing (Fig. 3.2C).

All grazing treatments in 2007 had significantly lo w er/th an the control on 19
July but only the LL treatment was significantly less than the control by 3
September (Fig. 3.2C). Rapid recovery o f / b y HS crops occurred even though
their LAI was significantly less than controls for most measurements between
the end of grazing and 17 September, when peak LAI was recorded (Figs. 3.2A,
C). In contrast to the HS treatment, / of the LL treatment was significantly less
than that of the control until at least 18 September, and LAIs of the LL treatment
were significantly lower than those of the control from 19 July to 12 November
(Fig. 3.2A).
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Leaf area indices (LAI) and fraction of incident PAR interception ( f)
during 2007 (A, C) and 2008 (B, D). Shaded regions represent the duration of grazing
and abbreviations are as per Fig. 3.1. Solid and open points are the mean of three
replicate ungrazed and grazed plots, respectively. Vertical arrows mark the mean date
of anthesis (MDA) in each year. Vertical bars show least significant differences (LSDs)
between means at each measurement date in each year, where significant differences
exist (P < 0.05).

Fig. 3.2

In 2008 there were no differences in LAI or / before the start of grazing, with
mean values of 3.3 ± 0.6 m2 n r2and 0.84 ± 0.10 respectively (Figs. 3.2B, D). LAIs
of the GM and GN treatments were reduced by 85% and 89% respectively to the
same value of 0.4 ± 0.1 m2 n r2 over the 1-31 July grazing period, and / of the
same treatments were reduced by 87% to 0.10 ± 0.03 and 81% to 0.16 ± 0.03,
respectively (Figs. 3.2B, D). Although LAI of the CN treatment was significantly
greater than that of the CM treatment between 14 July and 28 August 2008, / of
both controls were close to their upper maxima and did not differ significantly
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after the start of grazing (Fig. 3.2D). LAI and / values of both grazed cultivars
displayed similar recovery trends as canopy cover was re-established. L A ls of
grazed crops remained significantly less than those of controls until at least 9
October when peak values of grazed treatments were reached, whilst / of both
grazed cultivars remained significantly less than those of controls indefinitely.

4.3

Light extinction coefficient for photosynthetically-active radiation

The light extinction coefficient (k) was 0.42 ± 0.02 for the grazed treatments and
0.45 ± 0.03 for the ungrazed treatments, but the difference was not significant (P
= 0.11). Pooled across treatments and seasons, the linear regression had an
average k of 0.43 ± 0.01 (R2= 0.87, Fig. 3.3).

^

0.5

•

Modelled f
Ungrazed
Grazed

LAI(nf nO

Fig. 3.3
Relationship between the fraction of photosynthetically-active radiation
intercepted by the canopy (f) and leaf area index (LAI) for measurements taken before
anthesis in the growing seasons of 2007 and 2008. Solid and open points are the mean
of three replicate ungrazed and grazed plots, respectively. The regression curve (f - 1
- exp(-0.43 x LAI)) was fitted to all points.
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4.4

Average radiation-use efficiency

Before grazing, treatment differences in SDM accumulation (LSDM), LIPAR
and shoot RUE across the experimental site were not significant (pre-grazing
columns, Table 3.1), likely due to large variation between replicate plots of each
treatment. There was no effect of the LS treatment on LSDM or LIPAR in the
post-grazing period. Late grazing (LL) reduced LSDM by around 43% and
LIPAR by 39% compared with the ungrazed treatment. In contrast, LSDM of
the HS, GM and GN treatments were not significantly different to their
respective controls. LIPAR of the same treatments in the post-grazing preanthesis periods were reduced relative to controls by 15%, 34% and 31%
respectively (Table 3.1). The reductions in LIPAR relative to LSDM had little
effect on the mean post-grazing RUE of the HS treatment in 2007, but increased
that of the GM and GN treatments by 44% and 24%, respectively.
Table 3.1
Cumulative shoot dry matter (1SDM), cumulative intercepted
photosynthetically-active radiation ( I IPAR) and average radiation-use efficiency (RUE)
of each treatment in the pre- and post-grazing periods during 2007 and 2008. Means
followed by the same letter within each column are not significantly different. Least
significant differences (LSD) are at the 0.05 level of probability and were calculated for
contrasts between treatments within each season.
Post-grazing
Pre-grazing
LS D M
Z IP A R
Treatment6 I S D M
Z IP A R
Rue*
RUF
(MJ m'2)
(MJ m'2)
(q MJ-1)
(q nV2)
(g M J 1)
(g m 2)
302
711 a
711 a
1.00
C
145
2.11
2.02
719 a
HS
370
182
601 b
1.20
407 b
0.97
LL
290
1.93
437 c
151
1.74
716 a
680 ab
1.06
LS
281
161
LSD
97
NS
NS
NS
NS
118
CM
184
737 a
0.90 b
101
1.83
655 ab
1.07 b
CN
189
111
1.73
792 a
740 a
GM
84
490 b
1.30 a
183
2.16
636 b
GN
217
111
1.95
678 ab
510 b
1.33 a
LSD
152
37
NS
NS
NS
0.23
ACalculated from emergence to the final pre-grazing SDM measurement (13 June 2007 or 27
June 2008).
BAbbreviations are as per Fig. 3.1.
c Estimated as the 1SDM to IIPAR ratio immediately prior to grazing (13 June in 2007 and 27
June in 2008)
D Estimated as the 1SDM to I IPAR ratio between the end of grazing (C, HS, LS = 23 July 2007
and LL = 20 August 2007; CM, CN, GM, GN = 5 August 2008) and anthesis
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4.5

Instantaneous shoot growth rates and intercepted PAR

IGRs of the LS and HS treatments immediately after the end of grazing were

less than 2.0 g nv2 d 1 (initial points in Fig. 3.4A). IGR increased between 30 July
and the beginning of September due to the onset of stem elongation (GS 31-39,
Fig. 3.4A) and increasing temperatures (chapter 2, Fig. 2.1B). The IGR of HS

LS

■

CM

r1
'■ o
(VI

3

5T
o

T3

GM, GN

Nov Aug
Month in 2007
Month in 2008
Fig. 3.4
(A, B) Instantaneous shoot growth rates (IGR2), (C, D) 21-day movingaverage intercepted photosynthetically-active radiation (IPAR, points) and total PAR
(grey lines) over the post-grazing pre-anthesis periods during 2007 (A, C) and 2008 (B,
D). Open and closed points represent the mean of three replicate grazed and ungrazed
plots, respectively, and treatment abbreviations are as per Fig. 3.1. Arrows show the
remaining duration of the LL, GM or GN treatments. Vertical bars show LSDs between
means at each measurement date, where significant differences exist (P < 0.05).

2 IGR values in this figure differ from the GR maxima in chapter 2 because the domain of the
former was restricted to S D M measurement days whereas that of the latter was interpolated so
included all daily values
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treatment crops were significantly less than those of controls between 30 July
and 20 August due to delayed ontogeny and stem elongation, and significantly
lower IPAR (Fig. 3.4C). There were no significant differences between IGR
maxima of any treatment in 2007, which occurred around 3 September (mean
value 14.4 ± 3.9 g n r2 d 1), even though the IPAR of the LL treatment was
significantly lower than those of all other treatments at that time (Figs. 3.4A., C).
Although IPAR and total PAR continued to increase after 3 September 2007, IGR
decreased due to the completion of stem elongation.

In 2008, the GM and GN treatments had significantly lower IGR than the
ungrazed controls from the end of grazing until at least 27 August (Fig. 3.4B)
most likely due to significantly lower IPAR of grazed treatments (Fig. 3.4D).
IGR of controls declined after 27 August 2008 whereas IGRs of grazed crops
increased to peak values of around 13.8 ± 0.4 g n r2 d 1 on 9 October. At that
point the mean IGR of grazed crops was 192% greater than that of controls,
probably because of delayed development of grazed crops. Although both GM
and GN had greater shoot growth rates than controls in early October, they had
significantly lower IPAR (9.1 ± 0.2 MJ nr2 d 1compared with near complete PAR
interception of 10.7 ± 0.1 MJ m 2 d 1 on the controls; see points and grey line in
Fig. 3.4D).

4.6

Instantaneous radiation-use efficiency

To determine how grazing influenced shoot RUE over time, instantaneous RUE
(IRUE, g SDM MJ'1 IPAR) was estimated in the post-grazing pre-anthesis
periods using two methods. These consisted of (1) the ratio of IGR and the 21day moving-average IPAR (data in Fig. 3.4, plotted in Figs. 3.5A, B) and (2), the
ratio of the change in SDM to the change in IPAR between measurement
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Fig. 3.5
Instantaneous radiation-use efficiency (IRUE) over the post-grazing preanthesis periods during 2007 (A, C) and 2008 (B, D), calculated as (A, B) the ratio of
IGR to IPAR (see Fig. 3.4) or (C, D) the ratio of the change in SDM to the cumulative
IPAR over each sampling interval. Open and closed points represent the mean of three
replicate grazed and ungrazed plots, respectively. Points in (A) and (B) were estimated
on SDM measurement days whereas those in (C) and (D) represent the mean IRUE in
each sampling interval and are plotted mid-way between measurements. Arrows show
the remaining duration of LL, GM or GN treatments. Vertical bars show LSDs between
means at each measurement date, where significant differences exist (P < 0.05).

intervals (Figs. 3.5C, D). The temporal dynamics of IRUE were very much
dependent on the method of computation.

In 2007, IRUE calculated using (1) reflected trends in IGR (cf. Figs. 3.4A, 3.5A),
being initially low after grazing then rising to a peak at the beginning of
September. Method (2) estimates of IRUE were more variable and similarly to
method (1) did not reveal consistent differences between treatments (Fig. 3.5C).
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Temporal increases in 1RUE after grazing identified by method (1) were not
apparent when estimated using method (2) (e.g. mean IRUE in method (2) was
1.1 g MJ1 on 2 August and 2.8 g M J1on 10 September, LSD = 2.2 g MJ % Both
methods showed that IRUE declined between early September and anthesis in
2007 (mean reductions across all treatments were 81% and 92% in methods (1)
and (2), respectively), and such trends were caused mainly by decreasing IGR
(Fig. 3.4A).
In 2008, method (1) suggested that the GM and GN treatments had significantly
lower IRUE than ungrazed controls immediately after grazing on 5 August and
significantly greater IRUE on 9 and 28 October (Fig. 3.5B). However, most
differences between control and grazed treatment IRUEs were not significant
when calculated using method (2) (Fig. 3.5D). As in 2007, IRUE estimated using
method (2) was more variable, both within and between measurements.

4.7

Dry matter partitioning

Grazing affected green leaf DM in a similar fashion to LAI (cf. Figs. 3.2A, B with
3.6A, B). Prior to the start of grazing in 2007 mean leaf DM was 203 ± 34 g n r2
(Fig. 3.6A). By the end of the HS, LL and LS treatments, leaf DM was reduced
by 90%, 76% and 12% respectively, to 23 ± 15, 46 ± 29 and 157 ± 22 g n r2
respectively. By 3 September 2007 leaf DM of the LS treatment crops were not
significantly different to those of the control. By 2 October leaf DM of the HS
treatment was similar to that of the control, whereas leaf DM of the LL
treatment was always less than that of the control (Fig. 3.6A). Compared with
the maximum leaf DM of the control on 17 September, the HS and LL
treatments reduced peak leaf DM by 35% and 51% respectively. Between 17
September and 2 October, leaf DM of the HS and LL treatments were stable (or
increasing), whereas those of the control and LS treatments were decreasing.
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I >I M I I I

GM, GN|<—>j

A

M

J J A S O
Month in 2008
Fig. 3.6
(A, B) Leaf, (C, D) stem, (E, F) spike dry matter (DM) measured during
2007 (left column) and 2008 (right column). Shaded regions represent the duration of
grazing and abbreviations are as per Fig. 3.1. Open and closed points represent the
mean of three replicate grazed and ungrazed plots, respectively. Vertical arrows mark
the mean date of anthesis (MDA) each year. Vertical bars show LSDs between means
at each measurement date, where significant differences exist (P < 0.05).
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Fig. 3.6 cont. (G, H) Senescent dry matter {DM) measured during 2007 and 2008.

A verage stem D M w as 106 ± 26 g nv2 at the start of grazing in 2007 (Fig. 3.6C).
G razing reduced stem D M of the HS,. LL and LS treatm ents by 82%, 80% and
37% respectively, to 22 ± 7, 37 ± 12 and 62 ± 14 g nv2, respectively. At no stage in
the post-grazing period before anthesis did stem DM on the LS treatm ent differ
significantly from the control (Fig. 3.6C). In contrast, stem DM of the HS and LL
treatm ents w ere alw ays less th an that of the control from 30 July onw ards. The
tim e-courses of stem DM in Fig. 3.6C reveal that intense or longer grazing
delayed the onset of stem elongation from 6 A ugust to 20 A ugust in the HS
treatm ent or from 6 A ugust to 3 Septem ber in the LL treatm ent, and that
m axim um stem DM

(D M

max

)

of the same treatm ents w ere reduced by 34% and

49%, respectively. The delayed onset of stem DM grow th caused by grazing
w as also apparent in spike DM accum ulation, w here both the HS and LL
treatm ents had significantly low er spike DM than the control on 23 O ctober and
12 N ovem ber (Fig. 3.6E). Peak spike DM of the HS and LL treatm ent crops w ere
20% and 35% less than the control, respectively. Between anthesis and m aturity,
spike DM of grazed treatm ents w as relatively stable (23 ± 35 g n r 2), in contrast
to an average loss of 77 ± 35 g n r 2 for the controls. The reason for the spike DM
loss of the controls is unclear, but may have been due to tiller senescence and
loss of viable spikes. G razing caused transient pulses of senescent DM in all

131

Chapter 3: Effects of grazing on light interception, radiation-use efficiency and dry matter partitioning

treatments, particularly in the HS treatment (Fig. 3.6G). Senescent DM was
predominantly leaf litter that appeared to decay over a two-three week period
after grazing had finished. By 17 September all crops had began to senesce
lower canopy leaves, particularly crops that had large quantities of leaf DM
(viz. controls and the LS treatment, cf. Figs. 3.6A and G).

Leaf DM of all crops immediately preceding grazing in 2008 averaged 154 ± 19 g
nv2. Grazing reduced leaf DM of both Mackellar and Naparoo by 85% to 23 ± 5 g
nv2 (Fig. 3.6B). Between 16 September and 2 October, mean leaf DM of the
controls decreased by 30 ± 5 g n r2, in contrast to no significant change in that of
grazed crops over the same interval. Peak green leaf DM of the GM and GN
treatments was 47% and 62% less and occurred 4-5 weeks later than the peak of
CM and CN, respectively (Fig. 3.6B). Only on 27 August 2008 was leaf DM of
the two control cultivars significantly different, and that of grazed cultivars
never differed significantly. Mean stem DM at the start of grazing was around
38 ± 5 g nv2and constituted less than 15% of total SDM at that point (Fig. 3.6D).
In contrast to the small differences in leaf DM between cultivars, stem DMs of
ungrazed Naparoo crops were significantly greater than those of Mackellar
from 14 July onwards, but there were no differences in stem DM of grazed
treatments. In general Naparoo crops were taller than Mackellar crops (data not
shown), so this may have accounted for the greater stem DM of the former
cultivar. DMma x of the GM and GN treatments were reduced by 28% and 40%
relative to respective controls, and stem DM elongation of grazed treatments
(observed as stem DM accumulation) was delayed from 14 July to 27 August, a
period of around 6 weeks (Fig. 3.6D).

Spike DM of the GN treatment was significantly less than that of the control
between anthesis and 17 November, and the same trend was evident for
Mackellar on 28 October and 17 November (Fig. 3.6F), implying that grazing
delayed spike DM accumulation. Peak spike DM accumulation was reduced by
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23% and 30% in the GM and GN treatments respectively. Between anthesis and
maturity, spike DM of grazed treatments were relatively stable and showed a
small gain of 29 ± 22 g n r2, in contrast to an average loss of 100 ± 22 g n r2 for the
controls. Senescent DM of the GM and GN treatments were not affected during
grazing, but significantly decreased between 5 and 27 August indicating decay
of soluble leaf litter (Fig. 3.6H). The conversion of green SDM to senescent DM
in the GM and GN treatments was significantly less than that of ungrazed
controls for Naparoo after 27 August and Mackellar after 16 September.

4.8

Contribution of stem dry matter and carbohydrate to grain yield

The quantity of stem DM and carbohydrate at anthesis is known to contribute
directly to GY (Rawson and Evans 1971; Pheloung and Siddique 1991). Since all
heavy or long grazing treatments caused significant reductions in the maximum
stem DM (DMma x , Figs. 3.6C, D), the relative contribution of stem reserves to
GY was assessed (Table 3.2). In 2007 total apparent stem DM retranslocation
Table 3.2
Apparent stem DM retranslocation (DMR) between the point of maximum
DM (D/W ma x ) and physiological maturity; proportion of DMR relative to DM max and grain

yield (GY); and maximum stem water soluble carbohydrate concentration or content
( W S C ma x )- Means followed by the same letter within each column are not significantly
different. LSDs are at the 0.05 level of probability and were calculated for contrasts
between treatments within each season.

C
HS
LL
LS

LSD

CM
CN
GM
GN

LSD

DM m^x
(g m 2)

726
481
373
651
138
540
694
387
416

~(Tr

a
b
b
a

(23) bu
(26) a
(20) c
(20) c

d mrb

(g

m -2)

277 a
109 be
82 c
246 ab
148
230 (1 5 )a u
285 (17) a
124 (11) b
146 (12) b

13r

D/Wr /D/W ma x

d m r/ g y

(-)
0.37
0.22
0.18
0.37
NS
0.42
0.40
0.32
0.35
NS

(-)
0.76
0.27
0.19
0.62
0.35
0.63
0.73
0.34
0.37
0.23

a
b
b
a
a
a
b
b

W S C ma x ü
( m g g 1)

477
494
513
563
NS

>rr

TrtA

IV S C ma x
m '2)

(g

345
238
195
368
126
NA

ab
b
b
a

A Abbreviations are as per Fig. 3.1.
B Estimated as the difference between DMmax and that at maturity
c Values measured at the time of D/WMAx
DSquare-root transformed values shown in parenthesis
E Not available
F LSD corresponds to square-root transformed values shown in parenthesis
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(DMr ) of the ungrazed control and LS treatments were 277 and 246 g DM n r2
respectively and were not significantly different. DMr of the HS and LL
treatments were reduced by 61% and 70% relative to the control, respectively
(Table 3.2). Although

D M m ax

was significantly reduced by grazing, the

retranslocation efficiency, or the ability of crops to retranslocate stem DM as a
proportion of DMm a x

(D M r /D M ma x ),

was unaffected by grazing in 2007. The

stem DM contribution to GY (DMr /GY) was reduced by 64% and 75% in the HS
and LL treatments, respectively. Water-soluble carbohydrate concentrations of
stems at DM m ax

(W S C ma x )

did not differ between treatments when expressed on

a concentration basis, but were significantly different when expressed on a
content basis (per unit ground area, see Table 3.2). The reduced

W S C m ax

content

of the HS and LL treatments were thus attributed to differences in DMm ax rather
than differences in stem carbohydrate concentrations.

In 2008

DMr

of GM and GN treatments were reduced by 46% and 48% relative

to ungrazed crops, respectively (Table 3.2), but

D M r /D M ma x

values were not

affected. The proportional contributions of stem DM to GY were reduced by
46% and 49% for grazed Mackellar and Naparoo, respectively.

4.9

Yield components and grain protein

Neither the number of spikes or kernels per square metre, nor the number of
kernels per spike were affected by grazing in 2007 (Table 3.3). The LL treatment
significantly reduced the number of small kernels, recorded as a reduction in
the percentage screenings passing a 2 mm sieve. Interestingly, this result did
not lend itself to an increased kernel weight (KW) of crops subjected to the LL
treatment, nor were KW values of other treatments affected by grazing. His of
the HS and LL treatments were 0.43 and 0.46 respectively, significantly greater
than the 0.35 recorded for the control in 2007. Grain protein of the same
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Table 3.3
G rain yield com ponents fo r treatm ents conducted during 2007 and
2008. KW and HI represent kernel w eight and harvest index, respectively. Means

follow ed by the sam e letter w ithin each colum n are not significantly different. LSDs are
at the 0.05 level of probability and were calculated for contrasts between treatm ents
w ithin each season.
TrtA
Spikes Kernels Kernels Screenings K W
HI
Grain
C
HS
LL
LS

(m-2)

504
495
449
585
LSD
NS
CM
429 b
CN
418 b
GM
478 ab
GN
519 a
LSD
75
AAbbreviations are

(spike1)

(% w/w)

(m-2)

25
12809
29
14149
27
11912
25
14366
NS
NS
39 a
16536
32 b
12875
30 b
14276
24 c
12337
4
1558
as per Fig. 3.1

a
be
b
c

8.9 a
8.2 a
5.3 b
8.1 a
2.0
30.6 a
6.9 c
16.3 b
5.2 d
1.7

(mg)

28.2
28.0
30.4
28.4
NS
22.1
30.2
26.2
31.9
1.4

d
b
c
a

(-)
0.35
0.43
0.46
0.38
0.07
0.37
0.37
0.45
0.45
0.02

protein (%)

c
ab
a
be
b
b
a
a

15.3
15.7
15.5
16.1
0.5
15.8
16.1
12.2
13.1
1.5

b
ab
b
a
a
a
b
b

treatments were unaffected by grazing, averaging 15.5 ± 0.2%, whereas that of
the LS treatment was significantly greater than the control value (Table 3.3). In
2008 there were no effects of grazing on the number of spikes m 2 in Mackellar,
but grazing increased the number of spikes m 2 by 24% in Naparoo (Table 3.3).
The number of kernels spike1 were reduced by 23 and 25% in the GM and GN
treatments compared with their respective controls. Kernels n r2 of Mackellar
crops in 2008 were greater than those of Naparoo but there were no effects of
grazing on kernels rrr2. In 2008 Mackellar crops had very high proportions of
grain screenings and low KW. Grazing reduced the percentage screenings and
increased mean KW in both cultivars, and HI of both cultivars increased by 22%
as a result of grazing. Grain protein of the GM and GN treatments were
reduced by 23% and 19% relative to controls, respectively.
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5

Discussion

5.1

Effects of grazing on canopy light interception and its implications for
post-grazing shoot growth rates

The first aim of this experiment was to determine how different grazing
regimes affected LAI and IPAR, and what implications this held for IGR. Soon
after the end of the HS treatment, LAI and IPAR were significantly less than
those of the control (Figs. 3.2A, 3.4C), and comparable trends were apparent in
IGR (Fig. 3.4A). Similar recovery dynamics were seen for the GM and GN
treatments (Figs. 3.2B, 3.4B, D). Collectively, these data indicate that for LAI
values less than (approximately) 2 m2 rrr2, a close correlation exists between
IPAR and IGR and that light intercepted plays a dominant role in determining
the magnitude of IGR.

Canopies with LAIs of 2.0 m2 nv2 intercept about 0.58 of incident PAR (Fig. 3.3).
As / rises above this value, IGR may be increasingly affected by factors other
than IPAR. This observation is supported by similar IGR values between grazed
and ungrazed crops after a certain degree of regrowth (the LL treatment after 20
August 2007 and the GM and GN treatments after 16 September 2008, Figs.
3.4A, B), as well as the fact that IPAR of the LL, GM and GN treatments were
significantly less than those of controls at all times (Figs. 3.4C, D). Decreasing
IGR with increasing IPAR typically occurred after mid-September and was
likely associated with the onset of spike emergence (GS 50). Past experiments
have shown that spike emergence coincides with a reduction in the efficiency of
canopy photosynthesis since (1) no new leaves are produced, (2) photosynthetic
activity declines and (3) respiration per unit photosynthesis tends to increase
(Gallagher and Biscoe 1978; Fischer 1983).
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Importantly, this experiment has shown that IGRs of grazed crops may be
greater than corresponding IGRs of ungrazed crops for up to a month prior to
anthesis (Fig. 3.4B). This result was most likely caused by grazing delaying crop
development and is a significant finding, since GRs in the window surrounding
anthesis are a key determinant of GY (Fischer 1975; Dunphy ct al. 1984; Fischer
1985; 1993; Richards 2000; Horie et al. 2005; Fischer 2007). Indeed, Fischer (2007)
reported that recent breeding progress associated with increased yield potential
(YP) of wheat, rice and maize has arisen via increased photosynthetic activity,
sink size and DM accumulation around anthesis. It is possible that the
maintenance of increased IGR in later phases of the growing season allowed
grazed crops to compensate for lost biomass (see LSDM of HS treatments in
Table 3.1) and produce GYs similar to those of ungrazed crops.

5.2

To what extent can LAI be reduced before a limitation of IPAR restricts
SDM accumulation and potential grain yield?

Several authors have stressed the importance of rapid leaf area regeneration
after forage removal to regain sufficient photosynthetic capacity to minimise
GY penalty (Dunphy et al. 1984; Winter and Thompson 1987; Sharrow 1990;
Garcia del Moral 1992; Royo 1999). In view of this it is surprising that few data
showing temporal LAI after grazing have been published. The trajectory of LAI
over time after grazing is important since it not only governs IPAR,
carbohydrate synthesis and IGR (for low LAI), but also determines water lost by
transpiration and soil evaporation and thus has implications for soil water
availability during grain filling (see chapter 2).

Past studies of the relationships between leaf area dynamics, crop recovery and
GY provide useful contrasts to results of the present study. Royo (1999) showed
that LAIs of barley and triticale at anthesis were progressively reduced by later
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clipping. Similar trends were observed after the LL treatment in the current
study, which reduced peak LAI and leaf DM by 49% and 51%, respectively
(Figs. 3.2A, 3.6A). However, other studies of leaf area dynamics of clipped
barley and triticale (Royo and Tribo 1997a) oppose those observed in the
present study. Royo and Tribo (1997a) clipped spring and winter cultivars
during two seasons and found no significant differences between LAIs of
clipped and control crops at anthesis. In a subsequent paper reporting the same
experiments, Royo and Tribo (1997b) recorded reductions in GY that ranged
from 7-70% in spring barley, 10-21% in spring triticale and 8-24% in winter
triticale. In contrast, the LAI of the LL treatment at anthesis (Fig. 3.2A) was
significantly less than that of the control, yet the effect of grazing on GY was not
significant (Table 2.4 in chapter 2). Similarly in 2008 LAIs of Mackellar and
Naparoo crops one week before anthesis were significantly less than those of
ungrazed controls (Fig. 3.2B), but grazing did not significantly affect GY (Table
2.4). These results are all the more puzzling knowing that the studies of Royo
and Tribo (1997a; 1997b) were performed under irrigated conditions, in contrast
to the rainfed environments of the present study. One explanation for these
differences may be that winter wheat responds differently to defoliation than
spring and winter cultivars of barley and triticale. For example, wheat may
have greater plasticity in its ability to alter DM partitioning to mitigate GY
losses at reduced LAI, but confirmation of such hypotheses requires further
work. Alternatively, the lack of effect of grazing on GY in either year of the
current study suggests that the ungrazed crop failed to utilise all available
resources and that GY was sink- rather than source-limited. This hypothesis is
confirmed by the relatively low HI in both years (Table 3.3).

The apparent contradictions between past and present studies discussed above
underscore the need for more comprehensive investigations of both the extent
to which LAI can be removed and the time required between the end of grazing
and anthesis so GY is not compromised. The fractional light interception (/) of
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the HS treatment in 2007 was not significantly different to that of the control by
25 August, and the LL treatment /"values were similar to those of the control by
late September (Fig. 3.2C). Commensurate with these dates, LAIs of grazed
crops were 2.2-2.8 m2 n r2 compared with control values of 5.4-6.4 m2 n r2 (Fig.
3.2A). In 2008, 85% of incident PAR was intercepted in early October by grazed
crops with LAI values between 2.4 and 2.7 m2 nv2 (Figs. 3.2B, D). These data
indicate that scope may exist to remove LAIs greater than the critical value
(approximately 3.0 m2 n r2; see Fig. 3.3) without significantly reducing/.

The magnitude of LAI that may be removed will depend on the current LAI, the
phenological stage and the time of growing season, since these factors govern
the rate of leaf area regrowth and are highly correlated with GY (Davidson
1965; Lovett and Matheson 1974; Dunphy et al. 1984; Garcia del Moral 1992).
One way to place a quantitative framework on the minimum regrowth period
required to avoid GY penalty may be to specify a minimum growing degreeday (GDD) threshold between defoliation and anthesis or maturity. Royo and
Tribo (1997b) demonstrated that GYs of barley and triticale were not
significantly affected by clipping if the number of GDDs between cutting and
maturity were above 1000. GYs fell sharply if clipping was conducted with less
than 1000 GDDs before crop maturity. These results would depend on the time
required for defoliated crops to reattain complete light interception. Fischer
(1985) stipulated that to maximise potential kernel number and GY, complete
light interception should be established from the time of penultimate leaf
appearance to anthesis (GS 37-65). For the spring wheat cultivar Yecora,
Fischer's guide was the equivalent of about 300 GDDs before anthesis.
Imposing artificial shading during this period caused large yield penalties
(Fischer 1975; 1985). In 2007, the LL treatment attained near complete light
interception by 3 October (f ~ 0.84, Fig. 3.2C), which was about 314 GDDs before
anthesis. In 2008, peak light interception of grazed crops was attained on a
similar date, allowing full interception for approximately 285 GDDs before
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anthesis. Hence it is possible that the number of GDDs required for complete
interception before anthesis to avoid GY penalisation was just above the
minimum threshold in this study. Subsequent experiments investigating the
trade-offs between recovery time and GY may provide further insights.

5.3

Mean post-grazing radiation-use efficiency

The second purpose of this experiment was to determine whether grazing
influenced instantaneous or average shoot radiation-use efficiency (IRUE and
RUE, respectively) in the post-grazing period. Such information would be
beneficial because it could be implemented in future grazing regimes as a
management tool. For example, if it were possible for grazing to increase IRUE
then opportunities might exist to tailor management of grazing regimes (e.g.
continuous or rotational) to maximise IRUE at a given stage in the growing
season. Assuming gains during grazing were not counteracted between the end
of grazing and crop maturity, such manipulation of IRUE should result in
increased average post-grazing RUE. Overall, results in this study did not
uncover any definitive effect of grazing on IRUE but average post-grazing RUE
values in 2008 showed that the prospect of manipulating grazing regimen to
maximise IRUE is promising.

Irrespective of grazing intensity, removing livestock from crops earlier as
opposed to later may be more conducive to increasing post-grazing preanthesis RUE (Table 3.1). In 2007 there were 867 GDDs between the end of the
short grazing treatments and anthesis, in contrast to 712 GDDs for the LL
treatment. The additional growing time and greater leaf area increased the
LIPAR of the LS and HS treatment crops (680 and 601 MJ nv2 respectively)
compared with the LIPAR of the LL treatment (437 MJ n r2). Increased GDDs
and greater LIPAR after grazing permitted crops grazed for a shorter duration
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to produce 410 g SDM n r2 more than those grazed for a longer period. Postgrazing RUE of the GM and GN crops in 2008 were both significantly greater
than those of ungrazed crops because LIPAR was reduced but ESDM was
unaffected by grazing. It is unlikely that post-grazing RUE increased due to
changes in canopy architecture such as leaf angle (which may improve light
distribution within the canopy, e.g. see Reynolds et al. (2000)), since k was not
affected by grazing (Fig. 3.3). Other reasons for increased RUE after grazing
may include increased photosynthesis (chapter 4) or increased allocation of DM
to shoots at the expense of that normally allocated to roots (chapters 5, 7).
Collectively these data imply that increasing RUE through tactical grazing
management is a possibility that will most likely be achieved by increasing the
number of GDDs and LIPAR between the end of grazing and anthesis.

Across treatments, post-grazing RUE averaged 1.1 ±0.1 g MJ1 in 2007 and 1.2 ±
0.2 g MJ1 in 2008, expressed in terms of SDM and IPAR. These values are the
equivalent of RUE expressed as total DM and absorbed PAR (APAR), since the
conversion factor is 1.1 (total/SDM) x 0.9 (APAR/IPAR) » 1.0, following Fischer
(1993). Thus a comparison of RUE values obtained in previous experiments (2.53.2 g total DM MJ'1APAR; see Gallagher and Biscoe 1978; Green 1987; Kiniry et
al. 1989; Sinclair and Horie 1989; Whitfield and Smith 1989; Fischer 1993) with
those in the current experiment (Table 3.1) suggests that the latter are less than
half those potentially attainable. There are two main causes for these
differences. First, RUE values in previous experiments were determined for
irrigated or well-watered crops receiving high nitrogen fertilisation. Although
crops of the current experiment were not limited by nitrogen, they were rainfed
and experienced water stress in spring, a phenomenon known to reduce RUE
(Siddique et at. 1989; Gregory et al. 1992; Giunta et al. 1995; Muurinen and
Peltonen-Sainio 2006). RUE values in the current experiment compare more
favourably with the 1.2-1.8 g M J1 range measured in dry or semi-arid
environments (Siddique et al. 1989; Gregory et al. 1992; Giunta et al. 1995;
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O'Connell et al. 2004). The second cause for the comparatively lower postgrazing RUE observed in the present study was that estimates excluded the
periods from emergence to mid-winter. In contrast RUE estimates of past
studies are generally made from emergence to anthesis. VPD and water stress
during the early growing season are normally low so that conditions are
conducive to greater RUE (Siddique et al. 1989; O'Connell et al. 2004; Muurinen
and Peltonen-Sainio 2006). This is confirmed by greater pre-grazing RUE
compared with post-grazing RUE in both 2007 and 2008 (Table 3.1).

5.4

Methods of estimating post-grazing instantaneous radiation-use
efficiency

Computing 1RUE using alternative methods revealed that caution is warranted
in the interpretation of 1RUE dynamics. IRUE was estimated using two different
methods (see section 4.6 and Fig. 3.5). Trends that were distinct when calculated
using method (1), such as reduced IRUE immediately after grazing, were not
evident when calculated using method (2). The latter method produced more
variable estimates both within and between measurements, because IRUE
calculations included four sources of measurement error (two in each of SDM
and 1PAR) compared with only two sources of measurement error in method
(1), (SDM and IPAR at a given point in time).

The only consistent trends in Fig. 3.5 were that mean IRUE of most treatments
declined between mid-September and anthesis. These trends occurred near the
time of spike emergence (GS 51) and were likely related to senescence (Figs.
3.6G, H), decreased irradiance of lower canopy leaves, increased maintenance
respiration and declining photosynthetic capacity (Gallagher and Biscoe 1978;
Fischer 1983; Green 1987).
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5.5

Grazing-induced changes in shoot dry matter partitioning and its
consequences for grain yields

The final aim of this experiment was to determine whether grazing affected
SDM partitioning between shoot components and if so, whether changes in
allocation patterns had ramifications for GY (e.g. see Eqn. 3.1). Grazing did not
significantly affect GY (Table 2.4, chapter 2) but significantly decreased postgrazing LIPAR in all heavy or long grazing treatments (Table 3.1). From Eqn.
3.1, to maintain GY after grazing has reduced LIPAR requires an increase in HI.
Indeed, all heavy or long grazing treatments increased HI (Table 3.3). In
addition, grazing increased post-grazing RUE in 2008. Consequently, plants
compensate for grazing losses by increasing the proportion of SDM allocated to
grain and to a lesser extent by increasing RUE.

5.6

What mechanisms allowed grazed crops to increase harvest index?

HI can be increased either by increasing grain DM and holding total SDM
constant, by decreasing total SDM while holding grain DM constant, or both.
His of grazed crops in these experiments were increased mainly by the second
mechanism. By maturity, heavy or long grazing treatments had caused
consistent reductions in leaf, stem and senescent DM relative to controls, but
the effects of grazing on spike DM by maturity were generally small (Fig. 3.6).

A foremost mechanism allowing grazed crops to increase HI was the delays in
crop ontogeny. It is well known that grazing delays crop development (Sprague
1954; Davidson et al. 1990; Royo et al. 1994; Redmon et al. 1996; Amjad et al. 2006;
Virgona et al. 2006), but little information on post-grazing ontogeny exists under
field conditions. Delayed ontogeny was associated with the reduction of green
SDM, later evidenced as a reduction of peak green leaf DM (Figs. 3.6A, B; also
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see Hassiotou et al. (2010)). The combination of these factors reduced GRs
immediately after grazing (Figs. 3.4A, B). Delayed ontogeny also inhibited the
onset of stem DM accumulation by two weeks in the HS treatment, four weeks
in the LL treatment and an average of six weeks for the grazed treatments in
2008 (Figs. 3.6C, D). These events in turn truncated the period of stem DM
accumulation and hence the number of GDDs between the end of grazing and
anthesis, especially in LL treatment crops (see above).

Grazing reduced stem DM accumulation at anthesis

(D M

m ax

)

by up to 49% in

2007 and up to 40% in 2008. Though largely undocumented in grazed wheat,
similar reductions in stem DM at anthesis have been shown in clipped barley
and triticale (Royo 1999), particularly when cutting was delayed. Stem watersoluble carbohydrate concentrations

( W S C m ax )

of grazed crops near anthesis

were not significantly different to those of ungrazed crops (Table 3.2), but
reduced stem DM meant that there were fewer stem WSCs and assimilates per
unit

ground

area

available

for

retranslocation.

Apparent

stem

DM

retranslocation between the time of DMma x and anthesis of grazed crops was
46-70% less than controls (DMr , Table 3.2). These values should be considered
upper bounds since labelled carbon studies (14CC>2 ) have shown that Total DM'
approaches tend to overestimate retranslocation due to decay of non-grain
tissue after anthesis and stem respiration (Austin et al. 1977; Bidinger et al.
1977). Indeed, Rawson and Evans (1971) showed that up to one-third of total
stem DM losses may be due to respiration. Regardless of whether losses of stem
DM in the current experiment were due to retranslocation or respiration, these
data demonstrate that grazed crops lose significantly lower proportions of stem
DM after anthesis than ungrazed crops.

The corollary of grazed crops having decreased DMr but similar GY to
ungrazed crops is that grazed crops photosynthesise more than controls after
anthesis. Delayed phenology of grazed wheat crops and retention of green
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leaves maintains current photosynthesis and reduces the need for stem
retranslocation. Many authors have highlighted the close association between
green area duration and GY (Welbank ct al. 1966; Fischer 1983; Richards 1991;
Evans 1993; Richards 2000), especially with respect to the genetic improvement
of YP in modern crop cultivars (Siddique et al. 1989; Russell 1991). In grazed
barley, Royo and Tribo (1997a) demonstrated that there was a strong positive
correlation between GY after forage removal and leaf area duration after
anthesis, and that the capacity of the crop to maintain green leaf tissue after
anthesis was crucial for avoiding GY penalisation after cutting. Processes
allowing greater green area duration of grazed crops deserve further attention
and may differ between cultivars. Possible explanations include that grazed
crops grow more leaves per stem (i.e. so the average leaf age per plant is lower
than ungrazed controls) or that grazed crops have slower rates of senescence
(greater retention of green area), which may also affect rates of nitrogen
retranslocation and therefore grain protein. Future experiments should consider
the effects of defoliation on individual leaf dynamics, such as leaf appearance,
expansion and senescence, to clarify how grazing may extend leaf area
duration.

Other than effects on stem DM, there are two further lines of evidence
suggesting that grazed crops supplied developing kernels with more current as
opposed to retranslocated photosynthate. The first is kernel size and weight. In
2007 the percentage of small grain screenings in the LL treatment was
significantly less than that of controls, and in 2008 the average KW of all grazed
crops were significantly greater than those of the ungrazed (Table 3.3). Both
observations support the idea that extended green area duration allowed kernel
filling to occur over a longer period, thereby increasing average kernel size.
Fischer (1993) observed similar phenomena in irrigated trials of spring wheat,
and Virgona et al. (2006) showed that light intensity grazing of wheat decreased
the percentage of grain screenings. The second line of support is shoot moisture
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content (measured here as one minus the proportional loss of fresh weight after
oven drying). On 28 October, 17 November and 4 December in 2008, the
average moisture contents of SDM of grazed crops were 0.58, 0.47 and 0.09, all
of which were significantly greater than the corresponding moisture content of
the controls (0.52, 0.39 and 0.07) on the same dates. Assuming moisture content
of SDM is an adequate surrogate for green tissue, these data further
demonstrate that grazed crops in 2008 remained greener after anthesis, even
though dates of maturity were similar (Table 2.2).

5.7

Effects of grazing on grain yield components and grain protein

Finally, it is worth noting that grazing caused differential responses in yield
components of Mackellar and Naparoo (Table 3.3). Grazed Naparoo crops had
significantly more spikes per square metre compared with controls, but effects
of grazing on spikes per square metre of Mackellar crops were not significant.
Yield components have been widely reported but there seems to be little
conformity across studies. For example, in a high intensity grazing experiment
conducted on Mackellar wheat in 2005, Kelman and Dove (2009) showed that
although GY was not affected by grazing, the number of spikes per square
metre significantly increased, and kernels per spike were unaffected. In the 2008
experiment conducted here, GY of grazed Mackellar was similarly unaffected
by a high grazing intensity, but in contrast to the results of Kelman and Dove
(2009), the number of spikes per square metre were unchanged and the number
kernels per spike decreased (Table 3.3). In other experiments reporting
reductions in wheat GY after grazing or defoliation, decreases have been
attributed to any or all of (1) spikes per square metre (Pumphrey 1970; Dunphy
et al. 1982; Christiansen et al. 1989), (2) kernels per spike (Dunphy et al. 1982;
Virgona ct al. 2006) or (3) KW (Cutler et al. 1949; Miller et al. 1993; Khalil et al.
2002a).
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The range of yield component responses to crop grazing may be explained by
the extent and timing of defoliation, as well as the weather conditions in the
post-grazing period. The components of GY are determined sequentially, with
tiller number first, followed by the number of fertile spikes, spikelets per spike,
kernels per spikelet and lastly KW (Evans et al. 1975). Yield components are
also influenced by the weather, especially during grain filling (Garcia del Moral
et al. 2003). Since defoliation or grazing was conducted at different stages of
crop ontogeny and under different weather conditions in the experiments
reported above, it is reasonable to expect that yield components would be
affected in different ways.

Grain protein was not affected by heavy or long grazing treatments in 2007, but
grazing reduced grain protein in 2008. Reduced grain protein of grazed crops is
generally observed in rainfed experiments (Aggarwal et al. 1990; Asghar and
Ingram 1993; Zhu et al. 2004). Since grazing treatments in 2008 caused
significant reductions in SDM, it can be assumed that considerable amounts of
shoot nitrogen were removed. This may have resulted in lower amounts of
shoot nitrogen at anthesis and by implication reduced nitrogen availability for
retranslocation to developing kernels. Moreover grazing can delay crop
ontogeny which may inhibit nitrogen retranslocation, restricting formation of
grain protein (section 5.6 above). Effects of grazing on grain protein are a
complex issue and warrant further study (Virgona et al. 2006).
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6

Conclusions

Grazing reduced LAI and / by up to 90%, but regrowth of SDM was more
dependent on the time between the end of grazing and anthesis rather than the
extent of defoliation. It is possible that LAIs of up to 3.0 m2 n r2 may be removed
by grazing, or alternatively that LAIs may be reduced to 0.5 m2 n r2 without
significantly reducing GY. These guidelines are provisional that grazing is
conducted whilst crops are vegetative and recovery time is adequate. Allowing
grazing of crops when LAIs are greater than 3.0 m2 nv2 may facilitate light
distribution through the canopy and increase post-grazing pre-anthesis RUE. A
key mechanism governing crop recovery after grazing is the extent to which
grazing affects crop development. Delayed development and lower GRs
decrease the duration of stem DM accumulation and the assimilate available for
retranslocation to grain. As a result grazed crops are more reliant upon current
photosynthesis (as opposed to stem retranslocation) for assimilates during grain
filling. This tends to lengthen the green area duration and may increase the His
and KWs of grazed crops.
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CHAPTER 4
Grazing winter wheat relieves plant water
stress and transiently enhances
photosynthesis
"The strongest arguments prove nothing so long as the conclusions are not verified by
experience. Experimental science is the queen of sciences and the goal of all
speculation.''

Roger Bacon

As part of the author's PhD, this chapter was published as:
Harrison MT, Kelman WM, Moore AD, Evans JR (2010) Grazing winter wheat
relieves plant water stress and transiently enhances photosynthesis. Functional
Plant Biology 37, 726-736.
WMK provided assistance with gas exchange and leaf water potential
measurements in the field. ADM and JRE assisted with analyses and
interpretations of physiological data.
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1

Abstract

To gain a better understanding of phenomena observed at the canopy level in
previous chapters, work in the present chapter focussed on photosynthetic
processes occurring at the leaf level. Grazing may affect photosynthesis as a
consequence of changes to leaf water status, nitrogen content per unit leaf area
(Na) or photosynthetic enzyme activity. While light-saturated
rates

(A a t)

of Mackellar were unchanged during grazing,

CO 2

A sat

assimilation
transiently

increased by 33-68% compared with ungrazed leaves over two to four weeks
after the end of grazing. Grazing reduced leaf mass per unit area (LMA),
increased

stomatal

conductance

(gw)

and

increased

intercellular

CO 2

concentrations (G) by 36-38%, 88-169% and 17-20%, respectively. Grazing did
not alter Na. Using a photosynthesis model it was demonstrated that the
increase in Asat after grazing required an increase in Rubisco activity of up to
53%, whereas the increase in G could only increase Asat by up to 13%. Increased
Rubisco activity was associated with a partial alleviation of leaf water stress. A
68% increase in leaf water potential of grazed plants was attributed to reduced
leaf area index (LAI) and canopy transpiration, as well as to increased rainfall
infiltration into soil. These results suggest that winter grazing of rainfed wheat
may be tailored to relieve crop water stress during spring and enhance leaf
photosynthesis.
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2

Introduction

Discussion in section 7 of chapter 1 revealed that the effects of grazing on the
photosynthetic responses of winter wheat are unknown. If leaf-level CO2
assimilation rates (A) of crops during grazing were quantified, grazing regimes
might be tailored so that optimal photosynthetic and, potentially, growth and
yield responses could later be achieved.

Reports of the effect of defoliation on leaf photosynthesis in other species are
inconsistent. For instance defoliation of red clover did not significantly affect A
in the study of Kelly et al. (2005), yet other studies using grasses (e.g. Nowak
and Caldwell 1984) have shown that A may increase after defoliation. The
variation in results across studies makes it difficult to draw general conclusions
regarding the effects of defoliation on A. Further, most previous studies have
examined

photosynthetic

responses

under

laboratory

conditions

(von

Caemmerer and Farquhar 1984), using artificial defoliation (Pinkard et al. 2007)
or in perennial species (Fahnestock and Detling 2000). The current study was
conducted since there is limited information on the photosynthetic responses of
rainfed winter wheat to livestock grazing.

Pathways by which A may increase after defoliation were outlined in section 7.2
of chapter 1. Briefly, these included (1) improved leaf water status, (2) increased
leaf nitrogen content and (3) increased activity of photosynthetic enzymes. First,
defoliation may improve plant water status by increasing the root-leaf area ratio
(Fay et al. 1993), leading to increased stomatal conductance

(gw)

and A (Flexas et

al. 2009). Second, A may increase after defoliation due to changes in leaf
nitrogen, which in itself may be a result of changes in soluble leaf protein
(Wareing et al. 1968). Third, defoliation may enhance A via changes to the
activation state of photosynthetic enzymes. For example, Turnbull et al. (2007)
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showed that increased A following partial defoliation was largely a result of
increased enzyme activity rather than the amount of photosynthetic enzymes.

This chapter reports the effects of grazing on leaf-level processes, including
light-saturated CO 2 assimilation rates (Aat), leaf water potential (1p), gas
exchange and leaf nitrogen content (Na). Selected results from chapters 2 and 3
(crop soil water use, LAI) were repeated here to aid interpretation of the present
data. The final section of this chapter was a sensitivity analysis using a
biochemical model of photosynthesis. This was conducted to identify which of
the three physiological mechanisms outlined above were responsible for the
observed results.

Specifically, the aims of this chapter were
1.

To determine whether grazing affects leaf photosynthesis in field-grown
winter wheat and, if so,

2.

To determine whether photosynthetic differences are due to leaf water
status, the amount of leaf nitrogen or photosynthetic enzyme activity.

3

Materials and Methods

Details of site characteristics, crop and animal management, soil water
measurements and experimental design were given in sections 3.1-3.4 of
chapter 2. Measurement protocols of specific leaf area (SLA) and leaf area index
(LAI) were given in sections 3.3 and 3.4 of chapter 3.
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3.1

Seasonal leaf photosynthesis

Asat was measured in 2007 and 2008, but over a greater duration and at a higher
frequency in the second year. Saturating irradiance was estimated from
irradiance response curves as 2000 and 1800 pmol PAR photons n r 2 s_1 in 2007
and 2008 respectively. Measurements were made on 10 similarly aged leaves
per plot (30 per treatment) on 14 August, 28 August, 10 September and 16
October in 2007, and on eight leaves per plot (24 per treatment) on 30 July, 4
August, 11 August, 20 August, 2 September, 10 September, 29 September and
29 October in 2008 using an infra-red gas analyser (IRGA) (LI-6400, LI-COR
Inc., Lincoln, NE, USA) open gas exchange system. All measurements were
made on randomly sampled fully emerged non-necrotic leaves, as the aim was
to assess the difference in the mean representative leaf photosynthetic state
between treatments across time. Different plants were selected for each
measurement. Cereal growth stages between the end of grazing and anthesis
were not recorded, but the number and age of leaves on grazed and ungrazed
plants at each measurement time were similar. In both years, seasonal
measurements were taken with two IRGAs concurrently to reduce the diurnal
measurement period and to allow cross-checking of calibration consistency.
Steady-state Asat measurements were made on leaves at an ambient CO2
concentration

(C a )

of 380 pmol mob1, between 1000 and 1400 hours on clear

sunny days. Flow rates were set to 500 pmol s-1 and the relative humidity of air
entering the leaf chamber was allowed to follow ambient levels. All leaves in
each block of plots were measured at a constant leaf temperature

( T ie a f ) ;

these

were set at 2°C above the ambient temperature at the beginning of each block.
Mean Tieaf (± 1 SEM) over the season varied from 14.4 ± 0.3°C to 28.5 ± 0.2°C in
2007 and 14.9 ± 0.2°C to 23.6 ± 0.1°C in 2008. Each IRGA was calibrated daily,
and sample and reference IRGAs were matched before each leaf measurement.
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3.2

Diurnal leaf photosynthesis

A diurnal time-course of A was measured on three independent representative
leaves per treatment at 0600, 0800, 0930, 1030, 1120, 1230, 1330 and 1430 hours
on 27 August 2008. The IRGA was fitted with a clear chamber head so that
leaves were exposed to ambient irradiance and the IRGA temperature
controller was turned off so that diurnal variation in

T ieaf

was representative.

The relative humidity of air entering the chamber was allowed to follow
ambient conditions.

3.3

Sensitivity analysis of biochemical parameters

A sensitivity analysis was performed to determine the relative influence of gw
(via G) and the maximum in vivo rate of carboxylation (Vanax) on /bat in grazed
plots, /bat is limited either by Vcmax or the rate of electron transport (/), which
determines the rate of ribulose-l,5-bisphosphate (RuBP) regeneration. The G at
the transition from a Kmax to a / limitation of /bat depends on

T ieaf,

irradiance

and, to a lesser extent, the concentration of oxygen in the sub-stomatal cavities,
O (von Caemmerer and Farquhar 1981). The main variable affecting the G

transition point was temperature. O was assumed to be constant. Because G
values for /bat were generally below the transition point, Vcmax was calculated for
each Asat measurement using Eqn. 4.1 (von Caemmerer and Farquhar 1981):
Vam . Ua+fi dXCi+rcQ + O/ g. ) )

Cj_ r*

(4.D

with kinetic constants of Rubisco (Kc and Ko, the Michaelis-Menten constants
for CO2 and O 2, respectively, and T*, the CO2 compensation point in the absence
of dark respiration,

R d)

adopted from von Caemmerer et a\. (1994) assuming

infinite internal conductance. Temperature dependence functions were taken
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from von Caemmerer (2000) and were calculated at the measured TW. Rd was
assumed equal to O .lA sat.

To determine the sensitivity of A s a t to

Vcmax

or

G ,

either the mean

Vcmax

or

G

from

the grazed treatment was substituted into Eqn. 4.2 whilst holding all other
variables as for the ungrazed control:

A sat =

K m a\ (C ~ r . )

(ci + Kc(i+o/ K0))

The ratio of recalculated A s a t
(A u n g raz ed )

(4.2)

d

from Eqn. 4.2 to the measured ungrazed

A sat

was compared with the ratio of the measured grazed to ungrazed

A sat

(A recaic)

at each date. The recalculated ratio
relative influence of \4-max or

3.4

J,

G

(A recaic: A u n g razed )

allowed inspection of the

on A s a t in grazed treatments across time.

Leaf nitrogen content

Following each gas exchange measurement, the section of leaf in the IRGA
chamber was outlined with an indelible marker and the leaf detached at the
ligule. Leaves were sealed in airtight plastic bags and stored on ice until daily
measurements were completed. In the laboratory, marked leaf sections were
excised and passed through a leaf area meter (L3100, LI-COR Inc.) before being
dried at 80°C for 48 h. The ratio of leaf dry mass to its segment area was used to
calculate the leaf mass per unit leaf area (LMA, the inverse of SLA, see section
3.3 in chapter 3). Each dried leaf segment was then separately ground in a ball
mill. The nitrogen concentration of 1.2 mg of dried material was assayed using
an elemental analyser (EA 1110 CHNO; Carlo-Erba Instruments, Milan, Italy).
Na was calculated as the product of nitrogen concentration and LMA. Nitrate
content of grazed and ungrazed leaves on 20 August and 2 September 2008
were measured using the method of Cataldo et al. (1975).
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3.5

Leaf water potential

Leaf water potentials (ip) of four representative leaves per plot were measured
on 29 July, 12 August, 19 August, 21 August and 4 September 2008. The
purpose of these measurements was to contrast ip values between treatments at
the same time of the day when Asat was measured, so measurements were
conducted between 1000 and 1300 hours on clear, sunny days. Approximately
20 mm of leaf segment was detached, sealed in a custom-built brass
thermocouple-psychrometer and equilibrated at 20°C for 4 h. Dew point was
measured using a microvolt meter (Westcor Inc., Model HR-33T, Logan, UT,
USA) and ip was calculated using the calibration and measurement protocols
described by Morgan (1980).

3.6

Statistical analyses

Temporal differences between means were analysed using repeated-measures
residual maximum likelihood (REML) models, with grazing treatment as a
fixed factor. Correlations within treatments across time were fitted with firstorder ante-dependence models.

A s a t, g w

and LMA values in 2007 were square-

root transformed; in 2008, seasonal and diurnal

gw

data were square-root and

natural-logarithm transformed, respectively, to meet the homogeneity of
variance assumptions of statistical tests. Differences between means at each
time were deemed significant if they were greater than the corresponding
treatment * time interaction using Fischer's least significant difference (LSD).
Mixed-linear REML models were used to test treatment differences between (1)
the change in mean A s a t over the period between 1 and 20 August 2008, (2) mean
LMA over the period between 1 and 20 August 2008, (3) the change in soil water
content between 18 June and 21 July 2008, (4) soil water extraction between 21
July and 7 October 2008, and (5) mean leaf nitrate content on 20 August and 2
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September 2008. The 0.05 level of significance was adopted for all statistical
tests unless otherwise stated. Statistical analyses were performed using GenStat
Release 12.1 (Lawes Agricultural Trust, Rothamsted Experimental Station,
Oxford, UK).

4

Results

4.1

Seasonal gas exchange, LMA, Na and LAI trends during 2007

On 14 August (approximately four weeks after the end of the HS grazing
treatment) the Asat of representative regrowing leaves on grazed plants
(hereafter termed 'grazed leaves') was greater than that of controls (Fig. 4.1A).
LL plants were still being grazed at this time and their Asat was not significantly
different to those of controls. Following the end of LL grazing on 18 August, the
Asat of this treatment transiently increased for two-four weeks (Fig. 4.1A). The
Asat of all treatments dropped substantially between 14 September and 16

October due to senescence of ageing leaves, diminishing water supply (total
water under the control decreased from 76 ± 6 mm to 52 ± 6 mm) and increasing
temperatures (average Tieaf increased from 17.7 ± 0.6°C to 26.2 ± 0.3°C).

There was a tendency for a conservation of soil water in the uppermost soil
layer after each grazing treatment ended (Figs. 2.4B, 2.5B). Stomatal
conductances

(gw)

of both grazing treatments were greater than those of the

ungrazed treatment on 14 August, but the difference between grazing
treatments was not significant (Fig. 4.1B). This suggests that the Asat difference
between the HS and LL treatments on this date was not due to gw. Trends in

G

were similar to those in gw (Fig. 4.1C), with the G of both grazing treatments
being greater than that of the control on 14 August.
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Fig. 4.1
Seasonal trends in (A) light-saturated net C 02 assimilation (/\sat), (B)
stomatal conductance to water vapour (gw), (C) intercellular C 02 concentration (Q), (D)
leaf mass per unit area of leaf (LMA), (E) leaf nitrogen content per unit leaf area (A/a)
and (F) average leaf area index (LAI) of the light long (LL) and heavy short (HS) and
control (C) treatments during 2007. The shaded region shows the final part of the LL
grazing treatment. Points represent means ± one SEM for n = 30. Different letters
indicate significant differences between means within each measurement period (P <
0.05).

LMA was significantly reduced during both grazing treatments, and the LMA of

LL plants continued to decrease after the end of this treatment (Fig. 4.1D). There
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were no consistent shifts in

Na

after grazing was terminated, nor were there

consistent differences in Na between treatments over the season (Fig. 4.1E). At
the end of the HS and LL treatments on 19 July and 19 August, LAIs were 89%
and 66% less than the ungrazed treatment, respectively (Figs. 3.2A, 4.IF,
respectively). Maximum LAIs occurred around 17 September in the HS and
control treatments, but peaked around 2 weeks later in the LL treatment.

4.2

Seasonal gas exchange, LMA, N a and LAI trends during 2008

In most cases,

A sat

trends of grazed Mackellar (GM) in 2008 confirmed results

observed in 2007, with a transient increase in A s a t after sheep were removed on 1
August that continued until around 20 August (Fig. 4.2A, LSD = 3.3 pmol m~2
S'1).

The difference in

A sat

between GM and control Mackellar (CM) leaves

declined to a minimum on 10 September, but the

A sat

of GM leaves was again

greater than controls by 31 October. Twelve days after the end of grazing (11
August), gw and G of GM leaves had increased by 85% and 6% respectively
(Figs. 4.2B, C). Mean LMA was reduced during grazing and continued to
decline after grazing until 11 August (Fig. 4.2D). In the fortnight after grazing,
the time-averaged LMA of GM leaves was lower than that of CM (59 compared
to 88 g m-2; LSD = 5 g m~2), but differences were not consistent from 1 September
onwards.

Tieaf

varied from 11.7°C on 11 August to 23.6°C on 29 September, but

was not significantly different between treatments on any day.

Na

was not

affected by grazing except for the first and last measurements (Fig. 4.2E). On 20
August and 2 September 2008, leaf nitrate represented less than 10% of total leaf
nitrogen and did not differ between grazed and control leaves. By the end of
grazing, LAI was reduced by 82% from 2.8 ± 0.3 to 0.5 ± 0.3 m2 nv2, compared
with an increase in the control from 2.9 ± 0.2 to 3.9 ± 0.2 m2 irr2 (Figs. 3.2B, 4.2F,
respectively).
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Fig. 4.2
Seasonal trends in (A) light-saturated net C 02 assimilation (Asa{), (B)
stomatal conductance to water vapour (gw), (C) intercellular C 02 concentration (Q), (D)
leaf mass per unit leaf area (LMA), (E) leaf nitrogen content per unit leaf area (A/a) and
(F) average leaf area index (LAI) of grazed and control Mackellar leaves (GM, CM
respectively) during 2008. The shaded region represents the final part of the GM
treatment and the arrow marked DP shows the date of diurnal photosynthesis
measurements. Points represent means ± one SEM for n = 24. Asterisks (*) indicate
significant differences between means at each date (P < 0.05).

162

Chapter 4: Grazing winter wheat relieves plant water stress and transiently enhances photosynthesis

4.3

Seasonal trends in leaf water potential and soil water during 2008

Leaf water potential (ip) was not altered during grazing but increased for 3
weeks after the end of grazing until around 19 August (Fig. 4.3A), coinciding
with the period of increasing Asat in grazed leaves (Fig. 4.2A). Before grazing,
soil water contents of the GM and CM plots were similar (Fig. 4.3B), so later
differences in soil water were attributed to grazing. A greater quantity of the 28
mm rainfall between the measurement dates on 18 June and 21 July was stored
in soils of GM plots compared with controls (27 and 17 mm respectively; LSD =
7 mm). It is possible that canopy rainfall interception of the CM treatment was
greater as its LAI was more than four times that of the GM treatment in early
August (Fig. 4.2F). Moreover, rainfall events between 18 June and 21 July were
small and numerous (rainfall was recorded on 10 days and all but one were less
than 5 mm), which enhanced the possibility that intercepted rain evaporated
from the leaves of CM crops. The conservation of soil water in plots of the GM

■g -0.8

1-Aug

8

29 4-Sep

Month in 2008

1-Jul

1-Aug

1-Sep 1-Oct

1-Nov

Month in 2008

(ip), (B) cumulative five-day rainfall (bars) and
soil water content (squares) in the top 375 mm of soil in crops subjected to the GM and
CM treatments (abbreviations as per Fig. 4.2). The shaded region denotes the duration
of grazing and DP marks the date of diurnal photosynthesis measurements. Points
represent means ± one SEM (n = 12 and three in A and B respectively). Asterisks (*)
indicate significant differences between means at each date (P < 0.05).
Fig. 4.3

(A) Leaf water potential
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treatment persisted throughout much of the remainder of the growing season
(Fig. 4.3B). GM plots extracted 37 mm of water from the upper soil layer
between 21 July and 7 October, compared with 28 mm from the CM plots
(marginally significant; P = 0.07, LSD = 11 mm).

4.4

Diurnal trends in leaf photosynthesis during 2008

Since seasonal Asat was always measured on clear, sunny days between 1000
and 1300 hours under saturating light (Figs. 4.1, 4.2), additional measurements
were made on 27 August 2008 using a clear chamber on the LI-COR head to
assess diurnal trends in photosynthesis (A) under ambient light. There was no
difference between treatments at 0630 hours, but A of GM leaves was greater
than that of controls at 0930, 1230 and 1330 hrs (Fig. 4.4A). The maximum
difference between GM and CM treatment A values occurred around noon,
similar to differences in gw (Fig. 4.4B). In contrast to the greater G observed in
GM leaves when measured over the season, there were no consistent
differences in G between treatments when measured diurnally (Figs. 4.2C,
4.4C). Leaf transpiration rates

( T r is at)

in the GM treatment were greater than

those in the CM treatment at 1230 and 1330 hours (Fig. 4.4D), consistent with
TRieaf values measured over the growing season during 2007 (data not shown).
Increased plant available water in GM plots (see arrow marked DP in Fig. 4.3B)
resulted in higher leaf ip, enabling greater gw,
coincided with maximum daily

T ie a f

TRieaf

and A. Peak diurnal A

and PAR (Figs. 4.4E, F).

T ie a f

of the GM

treatment ranged from 2 to 25°C, and incident PAR reached a maximum of 1800
pmol photons n r2 s~\ The gradual closure of stomata during the day (Fig. 4.4B)
was associated with diurnal increases of air temperature and

T iea f.
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Fig. 4.4
Diurnal trends in (A) net C 02 assimilation (A), (B) stomatal conductance
to water vapour (gw), (C) intercellular C 02 concentration (Q), (D) leaf transpiration
(TRieaf). (E) leaf temperature (7]eaf) and (F) photosynthetically-active radiation (PAR)
measured on representative, independent GM and CM leaves on 27 August 2008, 27 d
after the end of grazing. Points represent means ± one SEM for n = 3. Asterisks (*)
indicate significant differences between means at each date (P < 0.05).
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4.5

Physiological mechanisms underlying increased photosynthesis in
grazed leaves and their relative importance

Both

seasonal

and

diurnal

measurements

revealed

that

increased

photosynthesis of GM treatment leaves were not always associated with
increases in G (Figs. 4.1C, 4.4C) or Na (Figs. 4.1 E, 4.2E). The impact of greater
V cm ax

or G on

was assessed assuming that

A sat

A sat

section 3.3). The ratio of the recalculated ungrazed
the mean
A sat

V cm ax

A u n g ra z e d )

A sat

(after substituting either
A re c a ic )

A g ra z e d )

to

A u n g ra z e d

after grazing was associated with increased

V cm ax

A sat

(Fig. 4.5). In most cases,

increased G. The two occasions when the sensitivity of
than that of

to the original CM

was compared with the ratio of the measured

from the GM treatment (denoted
increased

A sat

or G from the GM treatment, denoted

value (denoted

was Rubisco limited (see

A sat

(10 and 29 September) occurred when the

V cm ax

rather than

to G was greater
A sat

of GM leaves

was not significantly greater than that of controls (cf. Figs. 4.2A, 4.5). Results in
2007 were comparable. The increased

A sat

(Fig. 4.1 A) was primarily attributable to

of HS treatment leaves on 14 August

\A m a x

rather than to G

1-Sep
1-0
Month in 2008

( A r e c a i c : A u n g ra z e d

1-Nov

Fig. 4.5
Sensitivity analysis of the effect of Vcmax or Q on the increase in Asa,
(Arecaic/Aungrazed) observed in GM relative to CM leaves during 2008. Squares represent
the ratio of measured grazed to ungrazed Asat. Arecaic values were determined by
replacing either the mean Vcmax (circles) or Q (triangles) from the GM treatment with
that of the control. The arrow shows the date of diurnal photosynthesis (DP)
measurements.
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values were 1.24 and 1.12 respectively). Similarly on 28 August 2007, the greater
Asat of the LL treatment was primarily a consequence of increased Vcmax, rather
than increased

G

:

(A e c a ie A n g l e d

values were 1.29 and 1.08, respectively).

In summary, results from both seasons suggested that the increased

A sat

after

grazing was associated with increased Rubisco activity. The contribution of
increased

gw

and thus

G

to increased

The calculated increase in

Vcmax

A sat

in grazed leaves was relatively minor.

was not associated with an increase in N a .

5 Discussion
5.1

Asat transiently increases after grazing

In 2007, the maximum ratio of grazed to ungrazed

A sat

was 1.33; in 2008, this

value was 1.68. Assuming that the maximum increase in grazed leaf

A sat

was

reasonably well captured by the measurement frequency, the most obvious
mechanisms underlying the differential responses between seasons are LAI and
soil water content. Previous studies have shown that greater removal of
biomass tends to induce greater

A sat

responses (Pinkard et al. 2007), so the mean

LAI value of 1.8 m2 m-2 remaining after the LL grazing treatment in 2007
compared with 0.5 m2 m~2 at the end of the GM treatment in 2008 may have
been partially responsible for the differences between seasons. However, given
that the LAI at the end of the HS treatment was not significantly different to that
at the end of the GM treatment, there must have been another factor involved.
Difference in sizes of the transient increases of

A sat

between seasons were most

likely associated with differences in soil water content, and these are discussed
below.
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5.2

Grazing relieves crop water stress

In some growing seasons, grazing crops may conserve soil water. Before the
start of grazing soil water contents of the CM and GM plots were similar, yet
after grazing soil water contents of GM plots were significantly greater than
those of CM plots (Fig. 4.3B). The increased

A sat

of grazed leaves relative to

controls was probably associated with the increased soil water content. Greater
LAIs of ungrazed canopies intercepts more rainfall and increases evaporative
losses from leaf surfaces, thereby reducing soil water infiltration compared with
grazed canopies. Grazed canopies may intercept less rainfall and have reduced
transpiration relative to controls, so the combination of these factors could lead
to greater storage of soil water. Indeed, past studies using wheat (Virgona ct al.
2006) have confirmed that grazing-induced reductions of leaf area promote
accumulation of soil water after grazing.

In all grazing regimes in this study,

A sat

did not increase during grazing but

increased over two-four weeks after the termination of grazing. In 2008, leaf
water stress decreased in GM plots between the end of grazing and midAugust, coinciding with the transient increase in A s a t . The reduced stress level in
GM crops disappeared by late August as i/; of grazed leaves substantially
decreased and returned to levels observed in ungrazed leaves, followed by a
decline in

A s a t.

The combination of increased soil water and reduced

transpiration of grazed canopies may have increased the supply-demand ratio
of soil water and relieved water stress. As grazed canopies regrew and
approached full ground cover (LAI ~ 3), the supply-demand ratio of soil water
probably decreased, leading to the observed reduction in A s a t .

Differences in the magnitude of Asat responses to grazing between 2007 and
2008 may be attributed to a greater grazing-induced relief of water stress in
2008. Yang and Midmore (2004) observed large increases in the photosynthetic
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rates of water-stressed cotton after defoliation, compared with no significant
changes of cotton that was given adequate water. An increased supply of soil
water has been shown to increase g w (Shimada et al. 1992) and may thus reduce
stomatal limitation of photosynthesis (Fay et al. 1993). Although the relationship
between

gw

and photosynthesis after defoliation has been measured in many

studies, results are inconsistent. These are examined below.

5.3

Grazing increases stomatal conductance (gw)

Grazed wheat leaves had significantly greater gw both during and after grazing.
Transient increases in

gw

have been observed in previous defoliation studies

(Toft et al. 1987; Doescher et al. 1997) and have been linked with increased
photosynthesis (Fay et al. 1993). Such trends may be caused by increased rootleaf ratios, which may improve the supply of water or nutrients to existing
leaves and/or increase root to leaf hydraulic conductivity (Fay et al. 1993). On
the other hand, both the present study (the HS treatment on 14 August 2007)
and previous reports (Turnbull et al. 2007) have shown that it is possible to
observe increased photosynthesis after defoliation but no changes in

gw .

These

differences indicate that increased stomatal aperture after grazing cannot be the
sole factor responsible for increased

A s at.

Two other possible mechanisms for

increased photosynthesis after grazing include increasing (1) the abundance or
(2) the activation state of Rubisco. These possibilities are observed as increased
Na or Vcmax respectively, and are discussed in the following sections.

5 .4

Effects of N a and LMA on A s a t after grazing

This study showed that grazing did not significantly affect

Na

(Figs. 4.IE, 4.2E),

similar to the results of previous defoliation experiments (Oleksyn et al. 1998;
Pinkard et al. 1998). However, contrary results have also been observed
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(Caldwell et at. 1981) and some reports have attributed increased leaf nitrogen
after defoliation as the reason for increased photosynthesis (Lavigne ct ah 2001).

The apparent contradiction between results may be explained by the
dimensions of leaf nitrogen measurements. Experiments reporting increased
photosynthesis after defoliation typically express nitrogen per unit foliage dry
mass (e.g. Hamilton and Frank 2001; Little et ah 2003), yet experiments that do
not reveal changes in leaf nitrogen after defoliation usually measure the trait on
an area basis (e.g. Pinkard et ah 1998). Results in Figs. 4.ID, 4.2D and other
studies (Little et at. 2003; Pinkard et at. 2007) have shown that LMA of regrowth
may decrease during or after defoliation. Consequently, increased leaf nitrogen
concentration does not necessarily mean there should be concurrent changes in
N a.

Since light capture is governed by leaf area and not leaf mass, it is more
appropriate to express both photosynthesis and nitrogen on an area basis. This
assertion was exemplified by Teixeira et ah (2008), who showed that 68% of the
variation in photosynthesis of grazed lucerne could be explained by changes in
N a,

whereas there was no systematic effect of leaf nitrogen concentration on

photosynthesis.

5.5

Increased

A sa t

increased

G

was mainly associated with increased

V cm ax

rather than

Given that Na did not change after grazing, the increase in Asat must have been
due to increases in either

gw,

the activation state of Rubisco, the proportion of

leaf nitrogen allocated to Rubisco, or a combination of these three possibilities.
To assess the relative importance of each mechanism on

A sat

in grazed leaves, a

sensitivity analysis was conducted (section 3.3). This revealed that Vcmax
170

Chapter 4: Grazing winter wheat relieves plant water stress and transiently enhances photosynthesis

accounted for greater proportions of photosynthetic increases after grazing than
did C (Fig. 4.5). Similar results were found by Turnbull et al. (2007) after
defoliating Eucalyptus globulus seedlings. They showed that -87% of the
transient increase in leaf photosynthesis after defoliation was due to
whereas only 13% of the increase was due to

gw.

Vcmax,

Future research may include

Rubisco assays to determine whether the increased Vcmax observed here was due
to an increased activation state of existing Rubisco or to an increased
partitioning of leaf nitrogen to Rubisco.

5 .6

Increased A s a t after defoliation may be caused by reduced
source-sink ratios

Having gained some insight as to how Asat increases after defoliation, the
question remains as to why the increase occurs. A common theory is that
defoliation perturbs the source-sink balance, where organs that produce
assimilate are known as sources and those that require assimilate are known as
sinks. An accumulation of the primary end-products of photosynthesis is
thought to inhibit the CO2 assimilation rate (Layne and Flore 1995). Previous
evidence suggests that a reduction in the source-sink ratio by defoliation
upregulates photosynthesis on remaining leaf area through an increased sink
demand for carbohydrate (Oleksyn et al. 1998). The upregulation occurs as
storage reserves decline after defoliation (Zhou and Quebedeaux 2003) and one
mechanism by which this can be achieved is by increasing Vcmax in remaining
leaves (Lavigne et al. 2001). Conversely, experiments that have reduced priority
sinks (e.g. stem girdling or fruit spikelet removal) have documented reductions
in photosynthesis,
downregulates

implying that decreased

photosynthesis

and

assimilate

demand

for carbohydrate

production

(Zhou

and

Quebedeaux 2003).
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Changes in

5 .7

A sa t

were not due to altered canopy irradiance or leaf age

structure

Two other factors associated with increased photosynthesis after defoliation
include increased irradiance (Anten and Ackerly 2001) or altered leaf age
structure (Caldwell et al. 1981). Increases in

A sa t

in this study were not due to

increased irradiance, since all leaves had similar sunlight exposure before and
during measurement (e.g. Fig. 4.4F). Increased

A sa t

in grazed leaves was also

unlikely to have been caused by changes in leaf age structure. Gas exchange
measurements conducted on regrowing leaves within a row of clipped plants in
control plots showed that
and

adjacent plants

A sat

was not statistically different between clipped

in undefoliated

rows

(data not shown).

measurements were performed on 20 August 2008 when

A sa t

These

differences

between CM and GM leaves were large. CM plants were clipped at the same
time and to the same extent as those in adjacent GM plots, so it is reasonable to
assume that the phyllochrons and leaf ages of the two sets of defoliated plants
were similar. Since the

A sa t

of clipped plants were not affected, these results

imply that the transient increase in

A sa t

in grazed plots was not due to leaf age,

nor an increase in the root-leaf area ratio of individual plants, but rather an
alleviation of crop water stress.

6

Conclusions

The first aim of this experiment was to determine whether grazing affected
in rainfed winter wheat crops.

A sa t

A sa t

was unchanged during grazing but became

greater than that of leaves in ungrazed treatments over two-four weeks after
grazing was completed. The second aim was to determine whether the changes
in

A sa t

were due to leaf water status,

Na

or

V cm ax. A s a t

in grazed plots increased

relative to controls as ip and the soil water difference between treatments
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increased, so leaf water status was closely associated with increases in As* after
grazing. The transient increase in Asat after grazing was mainly explained by
increases in Vcmax rather than G. Since N a was not affected by grazing, increased
Kmax implied an increased allocation of nitrogen to Rubisco or an increased
activation state of Rubisco, but further work is required to distinguish between
these possibilities. This study has demonstrated that under rainfed conditions,
grazing of dual-purpose wheat can relieve crop water stress and enhance
photosynthesis.

Provided judicious

management is maintained,

future

rotational grazing regimes of cereal crops might be designed so that successive
bouts of increased photosynthesis are realised over the course of the growing
season.
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CHAPTER 5
Derivation and calibration of a wheatgrazing simulation model
“A model like a map cannot show everything. If it did it would not be a model but a
duplicate. Thus the classic definition of art as the purgation of superfluities also applies
to models and the model-maker's problem is to distinguish between the superfluous and
the essential."

Anonymous

Journal of the American Medicinal Association
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1

Abstract

Existing canopy-scale plant models relevant to integrated crop-livestock
systems can largely be separated into two groups. The first are those that
simulate processes relating to crop growth, development and grain yield (GY)
with no grazing. The second are those that simulate pasture production during
and after grazing, but do not simulate GY. There are no published models that
allow investigation of physiological processes occurring during regrowth of
winter wheat after sheep grazing. The purpose of this chapter was to derive
such a model. WHTGRAZ is a wheat-grazing model of intermediate detail that
can be used to study the effects of fundamental environmental drivers on the
physiological mechanisms underlying regrowth after grazing.

WHTGRAZ was based primarily upon an existing crop model (SUCROS2, van
Keulen et al. 1997) which was adapted with the defoliation subroutine of a
pasture grazing model (GRAZPLAN, Moore et al. 1997). Derivation was
performed using minimal assumptions and adding as little complexity to the
original SUCROS2 framework as possible. Deriving WHTGRAZ in this manner
was of heuristic value per se. By simulating the grazing of an annual crop within
existing SUCROS2 framework, the capacity of WHTGRAZ to realistically
simulate regrowth could be assessed. This method allowed identification of
regrowth processes that changed as a result of grazing perturbations to abiotic
variables (e.g. soil water), and those that changed due to crop physiology (e.g.
dry matter partitioning).

Modifications to SUCROS2 framework were made to reduce complexity, to
update existing formulae or parameter values in accordance with the current
literature, to account for cultivar-specific differences, or to allow simulation of
additional processes that were not originally defined in SUCROS2. The Penman
178

Chapter 5: Derivation and calibration of a wheat-grazing simulation model

approach to simulating evapotranspiration was changed to the more recent
FAO Penman-Monteith method (Allen et al. 1998). Dry matter (DM)
accumulation was changed from a leaf-level photosynthesis approach to a
canopy-level radiation-use efficiency (RUE) approach. Specific leaf area (SLA)
was simulated as a function of crop ontogeny as opposed to using a constant
value. A subroutine for the decomposition of dead leaves was added to account
for the temporal reduction of this shoot fraction after anthesis.

The rate of shoot DM (SDM) removal during grazing was calculated as a
function of herbage availability and the relative time spent grazing using
representative behavioural parameters for sheep. Effects of trampling by sheep
were included to account for losses of green leaf DM and leaf area during
grazing. Delays in phenological development caused by grazing were modelled
as a function of the ungrazed crop developmental rate and the rate of SDM
removal by grazing.
WHTGRAZ was calibrated using measurements of phenological development,
soil water content, leaf, stem and kernel DM, and leaf area index (LAI) from
experiments described in chapters 2 and 3. Calibration was conducted for two
winter wheat cultivars (Mackellar and Naparoo) and four treatments (ungrazed
control; and light short, heavy short and light long grazing treatments). To test
calibration accuracy, the performance of each subroutine was evaluated by root
mean square deviation and regression techniques. It was concluded that a
reasonable degree of confidence can be placed in model outputs, provided
future model simulations are conducted in environments similar to those used
in WHTGRAZ calibration. The model is capable of realistically simulating crop
dynamics during and after grazing and may be used to interpret physiological
phenomena.
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Two primary insights resulted from deriving WHTGRAZ. First, accurate
modelling of SDM removal and growth during grazing is a necessary precursor
of accurately simulating SDM accumulation during the post-grazing period.
This relies upon reasonable estimation of green leaf removal and trampling by
livestock, since in WHTGRAZ green leaf DM determines leaf area, light
interception and subsequent growth rates. Second, delayed phenological
development of grazed crops allows a greater proportion of SDM to be
allocated to leaves during later periods of the growing season, decreasing the
fraction of SDM that would otherwise be partitioned to stems. These findings
confirm chapter 3 results, indicating that grazing increases the proportion of
kernel DM that is sourced from current photosynthesis compared with that
retranslocated from stems.
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2

Introduction

Growth and GY of dual-purpose wheat crops depends not only upon climatic
and crop physiological variables as in grain-only systems, but also livestock
variables such as stocking rate (SR) and the duration of grazing. Plant
interactions within these systems occur between crops and microclimate as well
as between crops and animals, and both of which continuously adapt according
to the severity of grazing. The possibility of so many interactions makes it
difficult to pinpoint the primary drivers underlying the outcomes of a given
field experiment.

Multivariate systems involving dynamics of crops and/or livestock can be
studied with simulation models. For studies of crop systems, models provide a
framework whereby experimental data and hypotheses can be combined in a
useful manner (Porter et al. 1993; Goudriaan and van Laar 1994). It is important
that field experimentation and simulation modelling be performed in concert,
for models require experimental data for reliable calibration, whilst field
experiments are not amenable to rapid exploration of multiple scenarios (see
section 8 in chapter 1).

There are many existing agro-ecosystem models in the literature (e.g. see van
Ittersum et al. 2003; Bryant and Snow 2008) but few have been specifically
derived for the purpose of examining physiological and agronomic effects of
sheep grazing on rainfed wheat. There are only two published models designed
to simulate wheat grazing (see Rodriguez et al. 1990; Zhang et al. 2008) and both
are unsuited to the current study for many reasons (see section 8.2 in chapter 1).

To derive a new model for simulation of wheat grazing, the question is whether
to adapt a crop model to defoliation or to adapt a grazing model to crop
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growth, development and yield. The former approach was chosen since it was
assumed that grazing and associated processes should be easier to implement
within a crop model, rather than modifying the phenological, physiological and
morphological traits of a pasture species in a grazing model so it could simulate
kernel development and GY. The crop model SUCROS2 (van Keulen et al. 1997)
was selected for its simplicity, applicability across environments and continued
development (e.g. Penning de Vries and van Laar 1982; Bannayan and Crout
1999; Bouman et al. 1999; Aggarwal et al. 2006).

The overarching aim of this chapter is to use data from field experiments in
chapters 2 and 3 to derive and calibrate a new crop grazing model, (hereafter
referred to as WHTGRAZ) capable of realistically reproducing crop behaviour
after grazing. The following sections describe the scope, derivation, calibration
and evaluation of WHTGRAZ. Section 4 shows the modifications to and
calibration of existing SUCROS2 framework with respect to ungrazed crops,
since the first requirement of WHTGRAZ was to simulate ungrazed crop
phenomena. Section 5 shows the derivation of equations regarding the effects of
grazing on crop dynamics. Section 6 presents a general discussion of the
assumptions made in sections 4 and 5. Validation of WHTGRAZ is conducted
in the following chapter.

3

Scope

WHTGRAZ was developed within three primary bounds. The first was that
measured parameters were collected from crops grown in a temperate rainfed
environment, with non-limiting nitrogen supply (section 3.4 in chapter 2).
Extrapolation of WHTGRAZ results to different environments or simulating
crop grazing in nitrogen-limited soils may return unrealistic results. The second
bound is the growth stage (GS) at which simulated grazing is assumed to finish.
182

Chapter 5: Derivation and calibration of a wheat-grazing simulation model

It is well established that grazing after first node appearance (GS30) causes
large reductions in GY (Winter and Thompson 1987; Miller et al. 1993; Redmon
et al. 1996; Merchan et al. 2007; Taylor et al. 2010). After GS30 apical meristems
protrude above the soil surface and are susceptible to removal by grazing. Since
all grazing treatments in this study were terminated before GS30, inferences
drawn from WHTGRAZ simulations also assume that grazing is completed by
this stage of crop ontogeny. The final bound is that WHTGRAZ was developed
for studies of crops rather than livestock, so model detail is biased largely
toward crop processes.

4

Model derivation, calibration and
evaluation: ungrazed crops

The following section describes the derivation of new equations, modifications
to the existing SUCROS2 model, parameter calibration and an evaluation of the
performance of WHTGRAZ in simulating ungrazed crop dynamics. For
consistency with SUCROS2, terms are defined using algorithmic rather than
mathematical notation. To facilitate distinction between variables, driving, rate,
state and other variables are followed by abbreviations DV, RV, SV and OV
respectively, when first defined. Parameters are abbreviated by the letter P.
Terms used only in WHTGRAZ code are shown in non-italicized uppercase,
whereas those used throughout this thesis are italicized (see list of
abbreviations). The appendices to this chapter show the MATLAB code used to
run the model (5.1) and parameter values used in WHTGRAZ (5.2).
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4.1 Modifications to the SUCROS2 soil water budget
4.1.1 Potential evapotranspiration equations adopted from the FAO
A panel of experts organised by the Food and Agricultural Organisation (FAO)
to review methods on crop water requirements concluded that with the
availability of radiation, air temperature, air humidity and wind speed data, the
FAO-modified Penman-Monteith method gave the best results with minimum
possible error (Allen et al. 1998). Since SUCROS2 uses the original Penman
equations (Penman

1948; 1956) to calculate daily

rates of potential

evapotranspiration (PENMAN, mm d \ RV)r reference evapotranspiration
equations in WHTGRAZ were replaced by the FAO-modified PenmanMonteith equations described by Allen et al. (1998). These equations are listed
below and are implemented in WHTGRAZ in the Penman-Monteith combination
equation section of Appendix 5.1.
Saturation vapour pressure

Minimum daily saturation vapour pressure (SVPMN, kPa, DV) was calculated
using the minimum daily dry-bulb temperature (MNTMP, °C, DV) in Eqn. 5.1a.
Maximum daily saturation vapour pressure (SVPMX, kPa, DV) was similarly
calculated with the maximum daily dry-bulb temperature (MXTMP, °C, DV).
The daily mean saturation vapour pressure (SVP, kPa, DV) was then
determined as the average of SVPMX and SVPMN (Eqn. 5.1b). MNTMP and
MXTMP were used to compute SVP instead of mean daily temperature since, if
the latter were used, the nonlinear relationship between vapour pressure and
temperature causes underestimation of both vapour pressure deficit (VPD) and
PENMAN (Allen et al. 1998).
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SVP = 0.5 x (SVPMN + SVPMX)

(5.1 b)

Actual vapour pressure
Daily-averaged actual vapour pressure (AVP, kPa, DV) was estimated using
Eqns. 5.2a-c.
AVPMN = SVPMNWB - PSYCH x (MNTMP - MNTMPWB) (5.2a)
AVPMX = SVPMXWB - PSYCH x (MXTMP - MXTMPWB)

(5.2b)

AVP = 0.5 x (AVPMN + AVPMX)

(5.2c)

where AVPMN

minimum daily actual vapour pressure calculated at
the time of MNTMP (kPa, DV)

SVPMNWB =

saturation vapour pressure measured at the time of
MNTMP (kPa, DV)

PSYCH

psychrometric constant, calculated below (kPa °C 1)

MNTMP

minimum daily dry-bulb temperature (°C, DV)

MNTMPWB =

wet-bulb temperature measured at the time of
MNTMP (°C, DV)

AVPMX

maximum daily actual vapour pressure calculated at
the time of MXTMP (kPa, DV)

SVPMXWB =

saturation vapour pressure measured at the time of
MXTMP (kPa, DV)

MXTMP

maximum daily dry-bulb temperature (°C, DV)

MXTMPWB =

wet-bulb temperature measured at the time of
MXTMP (°C, DV)

SVPMNWB and SVPMXWB were calculated using Eqn. 5.1a with MNTMPWB
and MXTMPWB respectively in place of MNTMP.
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Atmospheric pressure and the psychrometric constant

The psychrometric constant (PSYCH, P) estimated for the experimental site was
0.0627 kPa °C 1. This was calculated using Eqn. 8 in chapter 3 of Allen et al.
(1998), with site elevation = 610 m, specific heat = 1.013 * 10'3 MJ kg'1 °C1, the
ratio of the molecular weight of water vapour to dry air = 0.622 and the latent
heat of vaporisation = 2.45 MJ k g 1.

Soil heat flux

Compared with the daily-averaged net solar radiation, the magnitude of the
daily-averaged soil heat flux beneath a theoretical grass surface is small (Allen
et al. 1998). Thus, the influence of soil heat flux on the value of PENMAN has
been omitted from WHTGRAZ.

Potential evapotranspiration

Potential evapotranspiration was calculated using Eqns. 5.3a and b:

PENMAN

900
xW D Sx(SV P-A V P)
VDAVTMP + 273 )
SLOPE + PSYCH x (1 + 0.34 x WDS)

0.408 x SLOPE x NRAD x PSYCH x

SLOPE

where PENMAN
SLOPE

4098xexPr i7 -27xDAV™ P )

________ V DA VTM P + 237.3

J

(DA VTM P + 237.3)2

(5.3 a)

(5 .36 )

potential evapotranspiration (mm d 1, RV)
slope of the saturation vapour pressure-temperature
relationship (kPa°C1, RV)

DA VTMP

daily average dry-bulb temperature
0.5 x (MNTMP + MXTMP) (°C, DV)
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=

NRAD

net radiation at the crop surface
(MJ n r2 ground d 1, DV)

=

WDS

wind speed at a height of 2 m (m s 1, DV),

and other variables are defined above.

4.1.2 Incorporating FAO potential evapotranspiration (PENMAN) into
WHTGRAZ

PENMAN was divided into potential transpiration (PTRANS, mm d 1, OV) and
potential evaporation (PEVAP, mm d 1, OV) using Eqns. 5Aa-c.
PTRANS = PENMAN x (1 - exp{-k x LAI)) - (0.5 x AINTC)

(5.4«)

PEVAP = PENMAN x exp{-k x LAI)

(5Ab)

AINTC = min(RRAIN, INTC x LAI)

(5.4c)

where k

light extinction coefficient for IPAR
(m2 ground n r2 green leaf, P)

LAI

leaf area index (m2green leaf n r2ground, SV), and

AINTC

rainfall intercepted by the canopy (mm d 1, OV)

INTC

interception capacity per layer of leaves (mm d 1, RV)

RRAIN

rate of rainfall (mm d 1, DV)

Eqn. 5Aa was modified from that given in SUCROS2 so that PTRANS could not
exceed an upper bound of PENMAN. In SUCROS2, PTRANS may attain values
greater than PENMAN when LAI becomes large. When AINTC is zero in
WHTGRAZ, the remaining quantity of PENMAN is allocated to PEVAP. Eqns.
5.4/7 and 5.4c are as specified in SUCROS2 but have been repeated here for
completeness.
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4.2 Optimisation algorithm
Parameters were optimised by minimising the sum of squared errors between
observed and simulated values. Optimisation was implemented in MATLAB
(Version 7.4.0.287 R2007a) using the nonlinear least-squares curve fitting
algorithm, Isqnonlin, a routine specifically designed for large-scale nonlinear
data-fitting problems. Briefly, Isqnonlin uses a subspace trust-region method
which is based on the interior-reflective Newton method (Coleman and Li
1996). Each iteration involves approximating the nonlinear solution with a
linear system of equations (the 'trust-region'), then solving with the method of
preconditioned conjugate gradients. Rather than explicitly minimising the
(scalar) sum of squares, Isqnonlin requires the input function in the form of a
vector of functions that will be minimised. The algorithm implicitly computes
the total sum of squares of each function within the vector, then optimises
parameters to minimise the result. For example, if the functions used to
calculate the difference between measured and simulated values are given by
f(x), i = 1 to n, then the vector-valued input function F(x) is given by
F{x) = \fi(x)fi(x) fi(x) ... f n(x)V

(5.5)

so the optimisation problem is recognised in MATLAB as
min||F(x)||2 = min ]T F,2(x) = minf/, (x)2 + f 2(x)2 +... + f n(x)2)
X

X

■

X

(5.6)

and parameters implicit to f(x) can be optimised. Each optimisation schedule
was continued until reaching either the maximum number of function
evaluations, the maximum number of iterations or the maximum specified
tolerance, set at 200, 60 and 1010 respectively. These stopping rules were applied
in all optimisations shown hereafter.
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4.3 Model evaluation measures
Three evaluation measures were used to test model performance. The first was
root mean square deviation (RMSD), which was used to quantify the goodness
of fit between simulations and measurements (Wallach and Goffinet 1989;
Meinke et al. 1997). RMSD was normalised by the mean of observed data
(NRMSD). This computation resembles that of the coefficient of variation,
except that the RMSD replaces the standard deviation. For example, the
NRMSD of the volumetric water content of soil layer j, NRMSD,, was calculated
as

(5.7)

where y j represents the mean of the observed volumetric soil water contents
y {j for m observations in soil layer j, and y«; is the simulated

. Following

Jamieson et al. (1991), NRSMD values < 0.1 were classified as very good, 0.1 <
NRMSD < 0.3 as good, and NRMSD > 0.30 as poor. The second measure of
model performance was linear regressions of observed versus simulated data,
with slopes tested against a 1:1 line and intercepts tested against zero. The third
measure of model performance was the coefficient of determination (R2). The
three evaluation techniques were necessary since each may detect different
trends between observed and simulated data (Yang et al. 2000). NRMSD gives
an indication of the mean distance between observations and simulated values,
but does not account for the range of values. Slope and intercept values indicate
general over- or under-estimation trends in observed versus simulated
regressions. R2 gives an indication of the proportion of observed variance that is
accounted for by the model across the range of simulated values, but gives no
indication of the mean simulation error.
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4.4

Calibration of soil water budget parameters

4.4.1 Measured data

Soil water readings made during 2007 and 2008 (see section 3.5 in chapter 2)
were used to calculate the depth-weighted-average volumetric water contents
in layers 0-200, 200-600, 600-1200 and 1200-1800 mm. These depths were
selected for consistency with SUCROS2 and were used in the calibration of
WHTGRAZ soil water parameters below. Treatment means and standard errors
of the mean (SEMs) were estimated using repeated-measures REML models.
Correlations within treatments across time were fitted with city-block metric
power models allowing for heterogeneity across time, following statistical
procedures described in section 3.11 of chapter 2. In 2008, nitrogen treatments
did not affect soil water use or SDM variables (data not shown), so soil water
contents in 2008 are evaluated below as means across nitrogen treatments.
4.4.2 Soil-specific extinction coefficient and soil water parameters of bare
plots

The soil-specific extinction coefficient (EES, m m 1, P) governs the depth of soil
water extraction by evaporation. The EES value and associated soil water
parameters were determined using the soil water measurements taken in the
bare plots during 2007 and 2008 (see section 3.3 in chapter 2). Simulated data
were fitted to observations by simultaneous optimisation of EES; the water
content at the start of the season, at wilting point and at field capacity, (WCLI,
WCWP, WCFC, respectively, mm3water mm-3soil, P). Initial values of WCWP,
WCFC and the water content at saturation (WCST, mm3 water m nr3 soil, P)
were set to those measured for the site by J. Lilley (pers. comm.). Volumetric
water content when air dry (WCAD, mm3water mm 3soil, P) and at the point of
water logging (WCWET, mm3water m nr3soil, P) were calculated following the
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approach of van Keulen et al. (1997) which assumes that WCAD is one-third of
WCWP, and the value of WCWET falls two-thirds of the difference between
WCFC and WCST. Optimised values are shown in Table 5.1.

4.4.3

Maximum root depth and root front velocity

Maximum root depth was inferred from neutron probe data. Data from
ungrazed plots suggested that the maximum depth to which roots were capable
of extracting soil water was about 1200 mm in both seasons, assuming drainage
from the base of the deepest layers was small.

The maximum root front velocity (EZRTC, mm d 1, P) was estimated from three
previous field experiments with wheat. Average front velocity of three cultivars
grown in a range of soils, over nine seasons and in fully wet profiles, was 9.6
mm d 1 (Kirkegaard and Lilley 2007). Meyer et al. (1990) reported downward
rates of root growth for unpacked red-brown earth between 6.7 and 13.6 mm
d 1. Finally, the average root front velocity of wheat grown in a deep loam soil
under a range of irrigation treatments was 9.5 mm d 1 (Zhang et al. 2004). Based
on these values, EZRTC in WHTGRAZ was set to 10 mm d 1 (see the Soil water
balance, root depth parameters section in Appendix 5.2)
Table 5.1
Optimised soil water parameters of soil layers under bare surfaces for
measurements taken in 2007 and 2008. The soil-specific extinction coefficient (EES,
mm'1) determines the extent of soil water extraction from each soil layer. All water
content parameters are expressed in mm3 mm'3 (WCLI = initial water content at the
start of the year, WCWP = water content at wilting point, and WCFC = water content at
field capacity).__________________________________________________________
Soil layer (mm)
Parameter
Year
1 (0-200)
2 (200-600)
3 (600-1200) 4(1200-2000)
2007-8 EES
0.0085
0.24
2007
WCLI
0.04
0.16
0.22
0.25
2008
0.08
0.19
0.18
2007
WCWP
0.04
0.17
0.12
0.15
0.10
0.17
0.18
0.20
2008
2007
WCFC
0.15
0.19
0.25
0.26
2008
0.15
0.23
0.25
0.26
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4.4.4

Soil water characteristics of ungrazed cropped plots

Following optimisation of soil water characteristics of bare plots, WCWP and
WCFC of ungrazed cropped plots were optimised by fitting simulated values to
those measured with an EES value of 0.0085 m m 1. WCLI values were also
optimised since initial water content measurements were made at the start of
each growing season, not the start of each year. WCLI, WCWP and WCFC were
optimised separately for 2007 and 2008 data as each experiment was conducted
on a different (but adjacent) site. In 2008, volumetric water contents in layers 1-4
of ungrazed control Mackellar and Naparoo crops (CM, CN respectively) were
not significantly different at any measurement date, so measured data were
averaged across cultivars at each date. Simulated values were also averaged at
each date. Optimised soil water parameters of ungrazed cropped plots are
shown in Table 5.2.

4.5

S o il water b u d get evalu ation

4.5.1

Simulation of soil water contents under bare plots

Figs. 5.1 and 5.2 show the simulated (lines) and observed (points) mean
volumetric water contents under bare plots during 2007 and 2008. Table 5.3 lists
the corresponding normalised RMSD (NRMSD), slopes and intercepts of linear
Table 5.2
Optimised parameters of soil layers under ungrazed crops grown in
2007 and 2008. All parameters are expressed in mm3 mm'3 (WCLI = initial water
content at the start of the year, WCWP = water content at wilting point, and WCFC =
water content at field capacity)._______________________________________________
Soil layer (mm)
Parameter
2
4
Year
1
3
(mm3 mm'3)
(0-200)
(200-600)
(600-1200)
(1200-2000)
2007
2008
2007
2008
2007
2008

WCLI
WCWP
WCFC

0.05
0.05
0.04
0.05
0.17
0.13

0.20
0.18
0.16
0.13
0.26
0.20

0.24
0.18
0.22
0.17
0.28
0.23

0.22
0.21
0.17
0.19
0.23
0.26
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•

■
*
▼

0-200
200-600
600-1200
1200-2000

Month in 2007
Fig. 5.1
Mean volumetric water contents of layers 0-200, 200-600, 600-1200 and
1200-2000 mm under a bare soil surface during 2007. Points are measured means ±
one standard error of the mean (SEM) for n = 2. Lines are simulated values.
Table 5.3
Assessment of the model performance in simulating the soil water
content under bare plots. Root mean square deviation was normalised by the mean of
observed data (NRMSD). Slope, intercept and P2 values were calculated for linear
regressions of observed versus simulated data. Asterisks (*) indicate that the slope or
intercept differs significantly from one or zero, respectively (P < 0.05). Soil layer depths
are as for Table 5.1.
Soil layer
4
Parameter
2
3
Entire
Year
1
profile
NRMSD
0.02
0.02
0.08
2007
0.22
0.06
0.04
0.08
0.18
0.06
0.01
2008
0.74
2007
0.66*
0.60
0.88*
Slope
0.55*
0.17*
0.82*
0.66*
0.25*
2008
0.39*
2007
Intercept
0.06
0.06
0.10
0.03*
0.06*
0.07
0.14*
0.21*
0.03*
0.10*
2008
0.57
0.34
2007
P2
0.84
0.86
0.90
0.24
0.62
0.20
0.12
0.90
2008
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•

■
*

▼

0-200

200-600
600-1200

1200-2000

Month in 2008
Fig. 5.2
Mean volumetric water contents of layers 0-200, 200-600, 600-1200 and
1200-2000 mm under a bare soil surface during 2008. Points are measured means ±
one SEM (n = 6). Lines are simulated values.

regressions of observed versus simulated values. All NRMSD values were low,
particularly those for layers two, three, four and over the entire profile. In
general, slopes and intercepts of upper soil layers were significantly different
from those of a 1:1 line passing through the origin as these layers were subject
to greater water fluxes than lower layers. For example, the water content of
layer 1 was subject to changes caused by rainfall, infiltration, evaporation and
runoff. A large rainfall event that occurred on 27 June 2007 caused a spike in the
simulated soil water content of the top layer, but the soil water fluxes that
occurred shortly after the event largely caused the soil water content to return
to its pre-rainfall value (Fig. 5.1). If water content had been measured on 27
June, the probability of a large discrepancy between the measured and
simulated value would be high, since fluxes occurring during this period were
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large. Thus since water fluxes are generally greater in the uppermost layers, one
would expect that errors between simulated and observed water contents of the
top layers would also be greater. This observation is verified by the NRMSD
values in Table 5.3.

When the annual range of measured w^ater contents was relatively low, the
reliability of linear regressions of observed versus simulated data diminished.
This explains the deviation from a 1:1 line of the regression slope (fitted to
observed versus simulated data) in the 0-200 and 200-600 mm layers in both
years, and in the two deepest layers in 2008 (Table 5.3). To include a greater
range of values, evaluation measures were recalculated using data from the
entire profile. These showed that simulated values had excellent agreement
with measured values (NRMSD < 0.1) and that up to 90% of the variation in
observed values was explained by the model (Table 5.3). The slopes and
intercepts of the linear regressions fitted to observed versus simulated values
were, respectively, less and greater than those of a 1:1 line passing through the
origin. However, in most cases simulated values were well within two standard
errors of the observed mean (Figs. 5.1 and 5.2). Overall, the optimised EES value
and the ability of the model to simulate soil water dynamics under a bare
surface were deemed adequate.

4.5.2

Simulation of soil water contents under ungrazed cropped plots

Figs. 5.3 and 5.4 show the measured and simulated changes in the volumetric
soil water content under the ungrazed crops during 2007 and 2008, and the
corresponding evaluation shown in Table 5.4. NRMSD values in both years for
layers two-four and the entire profile were very good, and those for layer one
were reasonable. Considering the coefficient of variation (CV) of layer one data
was 0.53 in 2007 and 0.28 in 2008, the NRMSD values of layer one demonstrate
that the model is reasonably capable of simulating large temporal variation in
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Emergence

•

0-200

■
*
▼

200-600
600-1200
1200-2000

Anthesis

Month in 2007
Fig. 5.3
Mean volumetric water contents under ungrazed Mackellar wheat crops
for soil layer depths 0-200, 200-600, 600-1200 and 1200-2000 mm during 2007.
Arrows show observed crop emergence and anthesis. Points are measured means ±
one SEM (n = 6). Lines are simulated values.
Table 5.4
Assessment of the model performance in simulating the volumetric soil
water content (WCL, mm3 mm'3) under ungrazed crops in 2007 and 2008A. Root mean
square deviation was normalised by the mean of observed data (NRMSD). Slope,
intercept and R2 values were calculated for linear regressions of observed versus
simulated data. An asterisk (*) indicates that the slope or intercept differs significantly
from one or zero, respectively (P < 0.05)._________ __________________________
Soil layer
Year
Parameter
1
2
4
Entire
3
profile
2007
NRMSD
0.28
0.04
0.02
0.10
0.08
0.26
0.07
0.02
0.01
0.09
2008
0.84
0.84*
2007
Slope
0.81
0.82
0.10*
2008
0.46*
0.90
0.73
0.00*
0.80*
2007
Intercept
0.04
0.21*
0.03*
0.03
0.03
0.07*
0.02
0.21*
0.04*
2008
0.05
2007
R2
0.71
0.82
0.81
0.01
0.88
0.40
0.75
0.60
0.00
0.89
2008

A 2007 values are for ungrazed Mackellar; those for 2008 are the means of ungrazed Mackellar
and Naparoo crops (see Fig. 5.4).
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Emergence

•

0-200

▼

1200-2000

■
A

Anthesis

200-600
600-1200

Month in 2008
Fig. 5.4
Mean volumetric water contents under ungrazed Mackellar and Naparoo
wheat crops for soil layer depths 0-200, 200-600, 600-1200 and 1200-2000 mm during
2008. Arrows show observed crop emergence and anthesis. Points are measured
means ± one SEM (n = 6). Lines are simulated values.

soil water contents. Linear regressions fitted to observed versus simulated
values from layer four in both seasons had coefficients that differed from those
of a 1:1 line passing through the origin (Table 5.4). R2 values for layer four data
during each season were low (Table 5.4). For all layer four measurements in
2007 and 2008, model simulations were within one standard error of the
observed mean, indicating good model performance. In both years the
simulated water content of layer four remained relatively constant throughout
the season (Figs. 5.3 and 5.4). This was because simulated root growth did not
penetrate that layer, reaching maximum depths of 1192 and 1137 mm in 2007
and 2008, respectively. For soil water data in the entire profile, the model
accounted for around 88% of the observed variation in soil water content. The
observed versus simulated regression slopes of all data in each season were less
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than one, implying a tendency of the model to overestimate observations.
However, given that the majority of simulated values were within two standard
errors of the observed mean at each date, both the capacity of the model to
simulate soil water fluxes and the optimised soil water parameters shown in
Table 5.2 were deemed adequate.

4.6 Calibration of phenological development and dry
matter partitioning parameters
The default crop in SUCROS2 is spring wheat. Since WHTGRAZ was designed
to simulate growth of winter wheat, the following changes to the SUCROS2
phenological development and DM partitioning algorithms were made. The
code for phenological development and assimilate partitioning is shown in the
Potential dry matter partitioning and Developmental variables sections of
Appendices 5.1 and 5.2 respectively.
4.6.1

Phenological development

It must be stressed that WHTGRAZ was not developed to simulate
phenological development. The number of growing degree-days (GDD °Cd) in
each phenostage (emergence-anthesis, anthesis-physiological maturity) is
therefore assumed knowledge in this model.

Following SUCROS2, the rate of ungrazed crop development in WHTGRAZ
(DVRUG, d'1, RV) is assumed to be linearly related to average daily dry-bulb
temperature (DAVTMP, °C, DV). Different development rates are applied in the
vegetative and reproductive phenostages. DVRUG increases linearly from 0.0
d _1 at 0°C to a maximum of 30/GDD d'1 at 30°C, and the number of GDDs in
each phenostage are shown in Table 5.5. This assumes a basal temperature for
development of 0°C, following previous studies of winter wheat development
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Observed number of growing degree-days (GDD, ‘Cd) from emergence
to anthesis and from anthesis to maturity in 2007 and 2008. These parameters were
used in WHTGRAZ to define developmental rates of ungrazed crops (DVRUG) in the
vegetative or reproductive phenostages._____________________________________
2007
2008
Period
Mackellar
Mackellar
Naparoo
1454
1746
1526
Emergence-anthesis
850
710
695
Anthesis-maturity

Table 5.5

(Vincent and Gregory 1989; Ewert 1996; Olesen et al. 2002b; Penrose et al. 2003).
At all times other than grazing, the actual developmental rate in WHTGRAZ
(DVR, d*1, RV) is equal to DVRUG. The developmental stage on day i (DVS,,
dimensionless, SV) is calculated as the sum of the development rate on the same
day and the previous day's developmental stage:
DVS; = DVR, + DVS/-1

(5.8)

4.6.2 Dry matter partitioning

Following SUCROS2, phenological development in WHTGRAZ governs DM
partitioning. DM produced each day is first distributed between root and shoot.
The portion allocated to the shoot is further distributed between leaf, stem and
storage organ (in this case kernels). Shortly before anthesis (DVS = 1), stem DM
allocation is reduced and kernel DM allocation is increased (Fig. 5.5). By
anthesis, the majority of DM is allocated to shoots and soon after anthesis all
DM is allocated to kernels.

The DM partitioning rules of WHTGRAZ were altered from those of SUCROS2
to account for the fact that winter wheat accumulates more leaf DM in its
vegetative phases than spring wheat. These changes were based on the
partitioning rules of three previous winter wheat models (Vanclooster et al.
1995; Cao et al. 2002; Marletto et al. 2005), which allocate more SDM to leaves
and less to stems during early ontogeny compared with SUCROS2 (Fig. 5.5).
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FSH
FLV
FST
FSO
FLVS2
FSTS2
FSOS2

Developmental stage
Fig. 5.5
Partitioning of total daily dry matter (DM) produced as a function of
developmental stage in the absence of water stress. Solid lines denote fractions of DM
allocated to shoots (FSH), leaves (FLV), stems (FST) and storage organs (FSO) used
in WHTGRAZ. Dashed lines denote original partitioning rules specified in SUCROS2
(S2 suffix). Partitioning between shoot and root in WHTGRAZ was not altered from the
original routine in SUCROS2. The fraction of DM allocated to roots is equal to one
minus that partitioned to shoots. Partitioning remains constant after developmental
stage 1.4.

DM partitioning between root and shoot was not changed from that in
SUCROS2, as both Vanclooster et al. (1995) and Marletto et al. (2005) had similar
FSH values to those specified in SUCROS2.

4.7

Calibration of leaf area development and senescence
parameters

4.7.1

Measured specific leaf area and leaf area index

Specific leaf area (SLA, m2 leaf g 1leaf DM, SV) and leaf area index (LAI, m2 leaf
m2ground, SV) measurements were described in sections 3.3-3.4 of chapter 3.
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4.7.2

Specific leaf area in SUCROS2 and WHTGRAZ

SUCROS2 uses a SLA of 0.022 m2 g 1 that remains constant irrespective of
ontogeny. Measurements in 2008 demonstrated that the SLA of ungrazed crops
generally decreased as a function of ontogeny (Appendix 5.3). Thus in
WHTGRAZ SLA is modelled as a function of DVS using Eqn. 5.9. This equation
assumes that SLA begins at a maximum value at emergence (SLAE, 0.020 m2 g 1,
P), decreases linearly as a function of DVS to a minimum value at anthesis
(SLAA, 0.016 m2 g 1, P), then remains at this value thereafter. The MATLAB
source code for this equation is shown in the Rate of leaf area expansion section in
Appendix 5.1.
SLA = (SLAA - SLAE) x DVS + SLAE

(5.9)

4.7.3 Leaf area indices in SUCROS2 and WHTGRAZ
In keeping with the structure of SUCROS2, the daily growth rate of LAI (GLAI,
m2leaf m 2 ground d 1, RV) in WHTGRAZ is calculated using separate equations
for each ontogenetic phase. These include the periods before emergence, during
juvenile growth and during maturation. GLAI before seedling emergence is
zero. GLAI during the juvenile stages is calculated as a function of daily
effective temperature (DTEFF, °C, DV) and LAI, whilst GLAI during the
maturation stages is determined as the product of the daily growth of leaf DM
and the current SLA. The MATLAB code for this subroutine is listed in the Rate
of leaf area expansion section in Appendix 5.1.

Leaf area growth during the juvenile phase

Juvenile growth in SUCROS2 and WHTGRAZ is defined as the phase when
DVS is less than 0.30 and LAI is less than 0.75 m2 n r2, and is simulated using
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Eqn. 5.10. When either constraint is violated, GLAI simulation passes to Eqn.
5.11. During juvenile growth it is assumed that temperature governs the rate of
cell division and expansion, and thus leaf elongation (van Keulen et al. 1997).
Before self-shading occurs leaf area expansion rates are assumed to develop
exponentially, so GLAI is computed as a function of the current LAI.

Effects of moisture stress on leaf expansion during juvenile growth in
WHTGRAZ are modelled using a water stress factor (WSF, dimensionless, OV,
Eqn. 5.10). WSF increases linearly from 0 to 1 as the ratio of actual to potential
transpiration increases from 0 to 1. Further discussion on WSF is given in
section 4.9.6 below.
__ LAI x WSF x (exp(RGRJ x DTEFF x DELT) - 1)
GLAI —------------------------------------------------------DELT
where RGRJ

=

(5.TO)

maximum relative growth rate of leaf area during
juvenile phase (°C'1d 1, P)

DTEFF

=

daily effective temperature, calculated as the
maximum of zero and DAVTMP (°C, RV), and

DELT

=

time step of integration (1 d, P)

In both 2007 and 2008, only one nonzero LAI measurement was taken during
the juvenile phase of leaf expansion (see Fig. 5.6 below). Since GLAI during this
phase is primarily governed by RGRJ, RGRJ was increased from 0.009 in
SUCROS2 to 0.013°C1 d 1 in WFTTGRAZ since LAI measurements in the present
study suggested that juvenile leaf area expansion was greater than that
specified in SUCROS2.

Leaf area growth during the maturation phase

SUCROS2 simulates leaf area growth during the maturation phase as the
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product of the daily growth of leaf DM and SLA. However, recent research
suggests that linking leaf area and leaf biomass via a constant ratio (SLA) may
be physiologically inaccurate (Tardieu et al. 1999) and may lead to unstable
simulations (Meinke et al. 1998). These findings were investigated by modifying
the leaf area growth algorithms in WHTGRAZ during maturation so that leaf
area and leaf DM were independently simulated. This led to unstable
simulation scenarios, particularly if grazing was conducted when leaf area
growth had ceased (data not shown). It was concluded that leaf area growth of
winter wheat after grazing is dependent on assimilate supply and the
proportion of SDM allocated to leaves. These results imply that during
regrowth, defoliated crops are primarily source-limited (as opposed to sinklimited). Thus, WHGRAZ leaf area growth during maturation is simulated
using the original SUCROS2 approach,
GLAI = GLV x SLA

(5.11)

where GLV is the DM growth rate of leaves (g leaf DM irr2 ground d 1, RV).
Further implications of this derivation are explored in section 6.

Leaf area senescence

In SUCROS2 the rate of leaf area senescence (DLAI, m2green leaf n r2ground d 1,
RV) is computed as the product of a relative leaf death rate (RDR, d 1, RV) and
the current LAI. This approach is retained in WHTGRAZ (Eqn. 5.12). RDR is
computed in Eqn. 5.13 as the maximum of the relative death rates due to leaf
ageing or shading at high LAI (RDRDV and RDRSH, respectively, d 1, RV). The
upper bounds of RDRDV and RDRSH (RDRDVMX and RDRSHMX, d 1, P) in
WHTGRAZ are not modified from their default SUCROS2 values of 0.10 and
0.03 d 1 respectively. The critical LAI beyond which RDRSHMX initiates leaf
senescence (LAICR, m2 leaf n r2 ground, P) in WHTGRAZ is also unchanged
from that applied in SUCROS2 (4.0 m2n r2).
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DLAI = LAI x RDR

(5.12)

RDR = max(RDRDV, RDRSH)

(5.13)

DVR
RDRDV =< max(RDRDVMX, 2 - DVS)xFRDR
0

RDRSH = max 10, min^RDRSHMX,

DVS > 0.7

(5.14)

otherw ise

RDRSHMX /.{L A I- LAICR) V
LAICR

))

(5.15)

Eqn. 5.14 was m odified in tw o w ays from its original SUCROS2 specification.
The first w as calibration of the param eter that determ ines the rate at which
RDR increases w ith DVS (FRDR, dim ensionless, P). Fitting sim ulated LAI
values to those observed returned an optim ised FRDR value of 0.4 (the default
value in SUCROS2 is 1.0). The second m odification was to decrease the DVS
w ith w hich senescence due to leaf ageing could begin. In SUCROS2 the DVS
value w as 1.0; this value w as reduced to 0.7 in WHTGRAZ. This m odification
w as m ade so that senescence of leaf area and reduction of LAI in WHTGRAZ
could begin earlier in the grow ing season, in accordance w ith trends show n by
LAI m easurem ents (Fig. 5.6). The equations and param eters above are show n in
the Rate of senescence and decomposition of leaf litter and Growth and senescence
parameters sections of A ppendices 5.1 and 5.1 respectively, and m odifications to
SUCROS2 code are further qualified in section 6.

Leaf area index
The LAI of an ungrazed crop on day i (LAL, m 2 leaf n r 2 ground, SV) in
W HTGRAZ is upd ated using GLAI and DLAI values com puted on day i-1,
such that
LAL = LAL-1+ GLAL-1 - DLAL-i

(5.16)

Eqn. 5.16 is evaluated in the Determine crop state variables and Net daily change in
leaf mass and area sections of A ppendix 5.1.
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4.8 Leaf area development and senescence evaluation
WHTGRAZ had reasonable capability of simulating the LA I time-courses of
ungrazed crops, such that the majority of simulated values were w ithin two
standard errors of the observed mean (Fig. 5.6). NRMSDs were about 20% in
both years (Table 5.6). Linear regressions fitted to observed versus simulated
data had slopes and intercepts that were not significantly different to one and
zero, respectively. The model accounted for more than 90% of the observed
variation in L A I in 2008 and around 83% of the variation in 2007 (Table 5.6).

Month in 2008
Month in 2007
Fig. 5.6
Measured (points) and simulated (lines) leaf area indices of ungrazed
Mackellar crops grown in (A) 2007 and (B) 2008. Points are means ± one SEM (n = 3)
and arrows show observed dates of anthesis. Crop emergence was on 1 April 2007
and 10 April 2008.
Table 5.6
Assessment of model performance in simulating M /s. Root mean
square deviation was normalised by the mean of observed data (NRMSD). Slope,
intercept and R2 values were calculated for linear regressions of observed versus
simulated data. Regression coefficients for data in both years and cultivars do not differ
significantly from those of a 1:1 line passing through the origin.___________________
Mackellar
Mackellar
Naparoo
2007
2008
2008
NRMSD
0.20
0.21
0.19
0.84
1.09
Slope
1.11
Intercept
-0 .2 5
0.17
0.45
0.97
0.91
R2
0.83
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4.9 Derivation and calibration of dry matter
accumulation, translocation, senescence and
decomposition subroutines
4.9.1 Converting WHTGRAZ dry matter accumulation to a radiation-use
efficiency approach
DM accumulation in SUCROS2 is based on leaf-level photosynthesis
calculations that account for spatial and temporal variation in radiation
intensity on leaves. This approach requires parameter values for the extinction
coefficient for diffuse flux, the initial light conversion factor and the scattering
coefficient for visible radiation. DM accumulation in WHTGRAZ was converted
to an RUE-based approach to simplify the model and reduce the number of
parameters requiring calibration. The WHTGRAZ approach assumes that a
maximum potential quantity of DM can be produced per unit light intercepted
(g SDM MJ-1 1PAR). Actual DM production is calculated by applying water and
temperature stress factors to the potential RUE term. Algorithms governing
light interception, DM accumulation, potential RUE and RUE stress factors in
WHTGRAZ are shown below. The bases of all derivations and assumptions are
discussed in section 6.

4.9.2 Extinction coefficient for IPAR

The average extinction coefficient for IPAR (k, m2 ground n r2 leaf, P) pooled
across seasons and treatments was 0.43 ± 0.01 (see section 4.3 in chapter 3).
Since there were no significant grazing treatment or cultivar differences
between k values, a constant value of 0.43 is adopted in WHTGRAZ (see Growth
and senescence parameters in Appendix 5.2). In reality, however, k is an emergent
property and changes as soon as the strict assumptions of Beer's Law change
(i.e. light interception particles are randomly distributed through the extinction
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space, the light intercepting particles are minutely small, and canopy cover is
complete). By calibrating k to account for deviations from these basic
assumptions, Beer's Law readily adapts to modelling light distribution in many
diverse plant communities (Larsen and Kershaw 1996). This explains why k
changes during early canopy development, stem elongation and spike
emergence.

4.9.3

Interception of photosynthetically-active radiation

The daily fraction of incident light intercepted (LI, dimensionless, OV) and the
photosynthetically-active radiation intercepted (PARINT, MJ PAR rrr2 ground
d 1, RV) were computed using Eqns. 5.17 and 5.18. PARINT was assumed 50%
of daily total radiation (DTR, MJ solar radiation n r2ground d 1, DV) following
methods described in section 3.1 of chapter 3.
LI = 1 - exp(-k x LAI)

(5.17)

PARINT = 0.5 x DTR x LI

(5.18)

These equations are shown in the Light interception and growth rates section of
Appendix 5.1.

4.9.4 Potential radiation-use efficiency

The maximum potential radiation-use efficiency (RUE, g total biomass M J1
PAR, P) in WHTGRAZ was sourced from the literature then optimised using
SDM measurements made during 2007 and 2008. This approach was taken for
three reasons. First, experiments performed in this study were designed to
mimic conditions likely to be carried out by a farmer or grazier in south-eastern
Australia. This meant that all experiments were conducted under rainfed
conditions, and as a consequence crops became water stressed during later
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phases of the growing season (e.g. see Fig. 5.9 below). Hence RUE values in
chapter 3 are likely to be much less than those potentially attainable. Second,
RUE calculations in chapter 3 were made with SDM as the numerator since root
DM measurements were not made, but the required numerator in WHTGRAZ
is total DM since both root and shoot growth is simulated. Third, optimisation
of the literature-sourced RUE value was performed so that simulated DM was
in reasonable agreement with that observed. RUE calibration was carried out in
concert with cardinal values of the temperature stress factor (TSF, see below) so
that both TSF and RUE values were realistic for winter wheat grown in
temperate environments.

The average potential RUE value from the literature was 3.1 g MJ'1. This value
was determined using (1) data from numerous experiments with irrigated
wheat crops that received high nitrogen fertilisation (see Table 8 in Fischer
1993) and (2) unstressed values implemented in five previous wheat models
(Stapper 1984; Hunt and Pararajasingham 1995; Brisson et al. 2003; Olesen ct al.
2004; Aggarwal et al. 2006). Optimised RUE values for ungrazed Mackellar were
3.3 in 2007 and 3.1 in 2008; the optimised value for Naparoo in 2008 was 3.3 g
MJ1. For consistency an average value of 3.2 g MJ1 is adopted as the potential
RUE in WHTGRAZ (see Growth and senescence parameters in Appendix 5.2).

4.9.5 Effects of temperature stress on potential radiation-use efficiency

The temperature stress factor (TSF, dimensionless, OV) that acts on potential
RUE in WHTGRAZ is shown in Fig. 5.7. Cardinal values (1) and (2) were
determined in a manner similar to that used to determine potential RUE. Initial
TSF values were adopted from those used in previous wheat models, with 0°C
set as cardinal temperature (1) (van Keulen and Seligman 1987; Brisson et al.
1998; Keating et al. 2003) and 15°C as cardinal temperature (2) (Brisson et al.
1998; McMaster et al. 2003; Marletto et al. 2005). Simultaneous optimisation of
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Fig. 5.7
Temperature stress factor (TSF) for potential RUE. Cardinal points 1-4
correspond to average daily temperatures (DAVTMPs) of 0, 13, 25 and 35C,
respectively. TSF is zero for DAVTMPs below 0 or above 350. A TSF value of 1.0 is
equivalent to zero temperature stress on potential RUE.

TSF and RUE whilst fitting simulated DM to that observed returned cardinal
TSF values of 0.2°C and 13.2°C for (1) and (2) respectively; these values were
rounded to their nearest integers. Cardinal temperatures (3) and (4) were
adopted from Keating et al. (2003) and van Keulen and Seligman (1987). These
were not optimised as there were few occasions in 2007 or 2008 when average
daily temperatures (DAVTMP, °C, DV) were greater than 25°C, implying that
DAVTMPs were rarely supra-optimal for potential RUE (Fig. 5.8). TSF values
are shown in the Temperature stress factors section of Appendix 5.2.

Fig. 5.8 shows that most temperature stress occurred in during winter, so
cardinal temperatures (1) and (2) had greater influence on potential RUE than
temperatures (3) or (4). Potential RUE was reduced in both years by around
80% in mid-winter, though growth limitations in 2008 generally occurred later
than those in 2007. Temperature stresses in both seasons were low by anthesis.
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Fig. 5.8
Temperature stress factors (TSF) for potential RUE during 2007 and
2008. Thin lines show daily values and thick lines show 10 d moving-averages (MA).
Arrows show dates of emergence (E), anthesis (A) and physiological maturity (M) of
ungrazed Mackellar crops in 2007 (7) and 2008 (8).

4.9.6 Effects of water stress on potential radiation-use efficiency and dry
matter partitioning
The water stress factor (WSF, dimensionless, OV) that acts on potential RUE in
WHTGRAZ is calculated using Eqn. 5.19. WSF is analogous to the factor
TCEW' in SUCROS2 that is applied at the level of leaf photosynthesis, except
here WSF acts directly on potential RUE.
WSF

ATRANS
PTRANS

(5.19)

ATRANS (OV, mm d_1) and PTRANS (OV, mm d 1) are the actual and potential
transpiration rates and are calculated as in SUCROS2 (see Actual transpiration
and Potential transpiration and water stress effects sections of Appendix 5.1). The
reduction of potential RUE due to water stress in WHTGRAZ is assumed
directly proportional to WSF, so that as water stress increases, WSF decreases
linearly from one to zero. This approach is based on methods in previous crop
models (e.g. Ritchie and Otter 1985; Hansen et at. 1991; Stockle et al. 2003; Olesen
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et al 2004).

In SUCROS2 increasing water stress reduces photosynthesis and increases
carbohydrate partitioned to roots at the expense of that partitioned to shoots
(van Keulen et al. 1997). This process was implemented through the factor
'CPEW' and is incorporated in WHTGRAZ as DMPAR (dimensionless, OV)
using Eqns. 5.20 and 5.21. These equations are as per SUCROS2 implementation
but have been repeated here for completeness (see the Actual transpiration and
Actual dry matter partitioning sections of WHTGRAZ, respectively).
DMPAR = min(l, 0.5 + WSF)

(5.20)

When WSF is greater than 0.5, effects of water stress on root-shoot DM
partitioning are negligible and DMPAR remains as for the unstressed case. As
water stress becomes more severe (WSF —►0) during crop vegetative stages,
DMPAR approaches 0.5 so that the fraction of DM partitioned to shoots may
decrease by up to 33% (Eqn. 5.21).
FSH = ---- FSHPxDMPAR---1 + (DM PAR-l)xFSHP
where FSH (dimensionless, OV) is the fraction of total DM production that is
allocated to shoots and FSHP (dimensionless, OV) is the fraction of total DM
allocated to shoots in the absence of water stress (Fig. 5.5).

WSF and DMPAR time-courses in 2007 and 2008 are shown in Fig. 5.9. In both
years water stresses were low before August, then soil water supply became
limiting at the beginning of September. Water stresses in October were more
severe in 2007 than in 2008 since rainfall events during that month were more
evenly distributed in the latter year. In both years, crop water stresses were
relieved soon after anthesis due to leaf senescence and decreasing growth rates.
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Month in 2007
Month in 2008
Fig. 5.9
Effects of the water stress factor (WSF) or the root-shoot dry matter
partitioning factor (DMPAR) on the potential RUE of ungrazed Mackellar crops in 2007
and 2008. Water stresses before August were low in both years. Decreasing DMPAR
increases the fraction of DM allocated to roots at the expense of that allocated to
shoots. Decreasing WSF reduces total DM accumulation. Arrows show observed dates
of anthesis.

4.9.7

D aily dry matter production

Daily DM production in W HTGRAZ is calculated using Eqn. 5.22,
GBSL = PARINT * RUE * TSF * WSF

(5.22)

w here GBSL represents the grow th rate before stem losses (g total DM n r 2
ground d 1, RV). Eqn. 5.22 is listed in the Light interception and growth rates
section of A ppendix 5.1.

4.9.8

Translocation of stem dry matter to developing kernels

Following SUCROS2, stem DM retranslocation to kernels in W HTGRAZ occurs
betw een anthesis and physiological m aturity (DVS 1.0 to 2.0). The SUCROS2
algorithm defining the stem DM translocation rate (TRANSL, g stem DM n r 2
ground d 1, RV) has been retained in WHTGRAZ using Eqn. 5.23:
TRANSL = WST * FRTRL x DVR

(5.23)
212

Chapter 5: Derivation and calibration of a wheat-grazing simulation model

total dry weight of stems (g stem DM n r2ground,

where WST

SV)
FRTRL

=

final fraction of stem DM translocated to kernels
(dimensionless, P),

and DVR is the development rate (see section 4.6.1). FRTRL in WHTGRAZ was
set to 0.40. This value was estimated as the average stem retranslocation value
for ungrazed crops across seasons (see Table 3.2 in chapter 3). Eqn. 5.23 is listed
in the Assimilate requirement and translocation section of Appendix 5.1 and
FRTRL is listed in the Growth and senescence parameters section of Appendix 5.2.

4.9.9 Assimilate requirements for dry matter production

Assimilates translocated from stems to developing kernels are subject to losses
caused by respiration and as carbohydrates are converted into DM. In
SUCROS2 the total assimilate requirement for conversion of carbohydrates into
DM (ASRQ, g CH 2O g 1 DM, SV) is computed as the sum of the assimilate
requirements of the individual organs. Since grazing affects phenological
development and the fraction of DM partitioned to shoot organs (section 5.3
below), grazed plants will have different ASRQs to those ungrazed. This
necessitates inclusion of ASRQ in WHTGRAZ, and is implemented in Eqn. 5.24.

ASRQ = FSH x (ASRQLV x FLV + ASRQST x FST +
ASRQSO x FSO) + (1 - FSH) x ASRQRT (5.24)

Eqn. 5.24 follows the derivation and values specified in SUCROS2, where the
ASRQx (x = LV, SO, ST and RT) are the assimilate requirements of the leaves,
storage organs, stems and roots (1.463, 1.415, 1.513 and 1.444 respectively, g
CH 2O g 1DM, P) and Fx represents the fraction of DM partitioned to each organ
shown in Fig. 5.5. The fraction of DM partitioned to the roots is modelled as the
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difference between unity and that allocated to shoots (FSH). Eqn. 5.24 is listed
in the Assimilate requirement and translocation section of Appendix 5.1.
4.9.10 Net growth rates

The net growth rate (GNET, g total DM n r2 ground d 1, RV) and the
corresponding growth rates of the leaves, storage organs, stems and roots
(GLV, GSO, GST and GRT respectively, g organ DM n r2 ground d 1, RV) are
calculated using Eqns. 5.25-5.29:
GNET = GBSL +— ?— ( CONVLxTRANSLxCFSTx— 1
ASRQ V
12 )

(5.25)

GLV = GNET x FSH x FLV

(5.26)

GSO = GNET x FSH x FSO

(5.27)

GST = GNET x FSH x FSTGR - TRANSL

(5.28)

GRT = GNET x (1 - FSH)

(5.29)

where CONVL

conversion loss when stem reserves are remobilised
(0.947, dimensionless, P), and

CFST

=

mass fraction of carbon in the stems (0.494 g C g 1
stem DM, P)

TRANSL is subtracted from the stem growth rate (GST) then added to the daily
assimilate that is available for growth (GNET) for redistribution back to each
organ, following the approach in SUCROS2. TRANSL is divided by ASRQ since
it is subject to losses upon conversion into structural DM (growth respiration).
The factor 30/12 in Eqn. 5.25 is the ratio of the molecular masses of carbohydrate
(CH2O) to carbon and is included for dimensional homogeneity, converting the
term in parenthesis from g C n r2 d 1 into g CH 2O n r2 d 1. Eqns. 5.25-5.29 are
listed in the Light interception and growth rates section of Appendix 5.1.
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4.9.11 Decomposition of leaf litter

In 2007 and 2008, field measurements of total leaf DM peaked during late
spring and decreased thereafter, suggesting decomposition of leaf litter (see Fig
5.11 below). The rate of decline of total leaf DM after late spring was much
greater in ungrazed crops, probably because they amassed greater quantities of
senescent DM. The data also suggest that more decomposition occurred in
crops which accumulated leaf litter from an earlier stage, implying that total
decomposition was greater in older litter.

SUCROS2 does not model leaf litter decomposition and so cannot account for
the temporal decline in this shoot fraction after anthesis. An algorithm for the
decomposition of dead leaves was included in WHTGRAZ to improve the
capacity of the model to simulate time-courses of leaf and SDM accumulation,
and to reduce the possibility of compensating errors in SDM accumulation (e.g.
the time-course of SDM may be correctly simulated but the magnitudes of leaf,
stem or kernel DM may be incorrect).

The decomposition rate of dead leaves in WHTGRAZ (DRWLVD, g dead leaf
DM n r2ground d 1, RV) is modelled using Eqn. 5.30:

DRWLVD = 0.43 * DECR * VWLVD

(5.30)

The square root of dead leaf DM (WLVD, g dead leaf DM n r2 ground, SV) is
taken since it allows DRWLVD to increase linearly as a function of WLVD when
the latter is small, then increasingly nonlinearly as WLVD becomes large. The
coefficient 0.43 was determined by optimisation (see section 4.9.12 below) and
has units of (g dead leaf DM m 2ground)05for dimensional homogeneity.
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1
0.8
1.2
1.6
Developmental stage (-)
Fig. 5.10
Relationship between the decomposition rate of dead leaves (DECR)
and developmental stage. Cardinal points 1-4 correspond to developmental stages 0.6,
1.1, 1.5 and 2.0, respectively.

DECR represents the decomposition rate of dead leaves as a function of DVS
and is shown in Fig. 5.10. Cardinal values of DECR were selected so that
DRWLVD started and finished gradually in each simulation. In accordance
with observations, DECR decreases after DVS 1.5. This assumes that the
majority of soluble leaf litter has decomposed by the DVS mid-way between
anthesis and maturity and that the remaining leaf litter is primarily insoluble.
Eqn. 5.30 is listed in the Rate of senescence and decomposition of leaf litter section of
Appendix 5.1.

4.9.12 Objective function used for calibration of RUE, TSF cardinal values
and leaf litter decomposition coefficient

The objective function (Eqn. 5.5) used to calibrate the potential RUE, the
cardinal values of TSF and the coefficient in the WLVD decomposition equation
(5.30) was defined as a vector of the differences between observed and
simulated leaf and stem DM. Values of total leaf DM (WLV, g leaf DM nr2
216

Chapter 5: Derivation and calibration of a wheat-grazing simulation model

ground d 1, SV) rather than green leaf DM (WLVG, g green leaf DM n r2 ground
d'1, SV) were used for parameter calibration since (1), WLV contains both green
(WLVG) and senescent (WLVD) fractions and was likely to have been measured
more accurately than WLVG, and (2), calibration of WLVG parameters were
performed implicitly during calibration of L A I (section 4.7).

4.9.13 Estimation of kernel dry matter from spike dry matter measurements

The storage organ DM variable in SUCROS2 relates to kernel DM (Goudriaan
and van Laar 1994), but only the final harvest measurements in the current
study were of kernel DM. Earlier measurements were of spike DM (section 3.7
in chapter 2) since measurement of kernel DM by spike dissection was not
possible due to time constraints. Spike DM measurements were taken from the
point at which spikes were visibly extruded from the boot (GS 60-100), on 23
October, 12 November and 14 December in 2007; and on 28 October, 17
November and 4 December in 2008. Past research has shown that temporal
patterns of kernel DM accumulation in wheat can be reasonably estimated from
sigmoidal functions, irrespective of experimental conditions such as light,
temperature (GDD) or water stress (Wardlaw 1970; Wardlaw et al. 1980; Abbate
et al. 1997; Panozzo and Eagles 1999; Wardlaw 2002). Hence to evaluate the
effectiveness of WHTGRAZ in simulating storage organ DM, kernel DM was
estimated at each of the above spike DM measurement dates using Eqn. 5.31.
Kt = ----------[l + a x exp(- bx(t -m))]
T

where Kt

7—

*■
—

--------------- — t T T T

(5.31)

kernel DM on measurement day t (g kernel DM n r2
ground)

Kv

final kernel DM at harvest (g kernel DM n r2 ground)

a

slope coefficient for the initial lag phase (dimensionless)
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b

=

slope coefficient for the linear and maturity growth
phases (d 1)

m

=

coefficient governing the time of inflexion (d), and

t

=

time after anthesis (d)

Using a similar equation to 5.31 above, Darroch and Baker (1990) concluded
that the most important parameter in characterising kernel filling is

Kf.

Estimated kernel DM values in the present study should therefore be reliable
since Kf values are those measured at final harvest. Coefficient m for 2007 data
was set to 19 d, the mean value measured in (rainfed) experiments by Panozzo
and Eagles (1999). For 2008 data, m was reduced to 15 d to account for the
shorter period between anthesis and physiological maturity (Table 2.2 in
chapter 2). For all data, coefficients n and b were set to 0.04 (-) and 0.12 d'1
respectively as these values returned kernel DM curves which had similar (1)
quantitative kernel DM values to those reported in previous studies (Panozzo
and Eagles 1999; Yang and Zhang 2006) and (2) qualitative temporal trends to
measured spike DM.

4.10 Evaluation of dry matter accumulation,
translocation, senescence and decomposition
subroutines
An evaluation of the performance of WHTGRAZ in simulating SDM is shown
in Table 5.7, and time-courses of measured and simulated SDM fractions of
ungrazed Mackellar are shown in Fig. 5.11. Simulation of leaf DM was
reasonable in 2007 and very good in 2008. The latter result was caused by the
more gradual changes in measured leaf DM in 2008 (Fig. 5.11). Simulation of
stem DM was less accurate than that of leaf DM, but in both years the model
accounted for more than 90% of the variation in observed data (Table 5.7). Stem
DM tended to be under- and overestimated in the later phases of 2007 and 2008
respectively, and similar trends were apparent in green leaf DM (Fig. 5.11).
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Table 5.7
Assessment of model performance in simulating SDM components of
ungrazed Mackellar (Mac) and Naparoo (Nap) crops in 2007 and 2008. Values in the
final column were calculated using all leaf, stem and kernel DM values from both years
and cultivars. Root mean square deviation was normalised by the mean of observed
data (NRMSD). Slope, intercept and R2 values were calculated for linear regressions of
observed versus simulated data. An asterisk (*) indicates that slopes or intercepts differ
from one and zero, respectively.___________________________________________
Stem
Component
Leaf
Kernel
All
Cultivar
Mac
Nap
Mac
Nap
Mac
Nap Both
Year
07
07
08
08
07
08
08
08
08
Both
NRMSD
0.30 0.11 0.20 0.28 0.40 0.28 0.10 0.10 0.13 0.26
Slope
1.16 1.06 0.87 0.79* 1.16 0.90 1.04* 0.85 0.72 0.93
Intercept
14
10
-8
-2
-3
-13
12*
25
73
12
R2
0.86 0.96 0.93 0.96 0.91 0.93 1.00
1.00 0.99 0.87

Kernel development time-courses and GYs were well simulated in both years
(Fig. 5.11) and for both cultivars (Table 5.7). When all DM values were
combined, the model accounted for around 87% of the observed variation and
the NRMSD (0.26) was satisfactory. The coefficients of a linear regression of
observed versus simulated values did not differ significantly from those of a 1:1
line passing through the origin (Table 5.7, Fig. 5.12). The accuracy of simulated
values decreased as the magnitude of measured values increased (Fig. 5.12), as
is generally found in simulation of DM accumulation (e.g. Hansen et al. 1991;
Asseng et al. 1998).

M

J

J A S O N
Month in 2007

D

M

J

J A S O
Month in 2008

N

Fig. 5.11
Measured (points) and simulated (lines) leaf (WLV), green leaf (WLVG),
stem (WST) and storage organ (WSO) DM time-courses of ungrazed Mackellar in 2007
and 2008. Points are means ± one SEM (n = 3).
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Fig. 5.12
Observed versus simulated leaf, stem and kernel DM of ungrazed
Mackellar crops in both years and ungrazed Naparoo in 2008. Abbreviations are as for
Fig. 5.11 and regression statistics are shown in the final column of Table 5.7.

5

Model derivation, calibration and
evaluation: grazed crops

The following section specifies the derivation of WHTGRAZ grazing equations
and their linkage to SUCROS2 framework, parameter calibration and an
evaluation of the performance of WHTGRAZ in simulating grazed crop
phenomena.

5.1

Calibration of soil water parameters of grazed
treatments

5.1.1

Soil water parameters of 2007 experiments

Soil water parameters of grazed plots were not changed from those calibrated
for ungrazed crops (see Table 5.2). This approach was taken since (1) it
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prevented confounding the effects of simulated grazing on plant available
water with differences caused by soil water parameters and (2), all soil water
content values measured for grazed treatments during 2007 were within one
standard error of those measured for the ungrazed treatment.

5.1.2

Soil water parameters of 2008 experiments

To account for differences in soil water contents between treatments prior to
crop emergence, soil water contents of grazed plots were adjusted so that initial
values in each layer were identical to those ungrazed. The difference between
grazed and ungrazed plots in each layer on 1 April was added to the values
measured on grazed plots over the remainder of the season (Table 5.8). These
changes allowed a more rigorous interpretation of the differences in the timecourses of soil water use between grazed and ungrazed crops, which in this
case was considered more important than the magnitude of soil water content
values per sc. The corollary is a better evaluation of model performance.
Measured soil water contents in each layer of grazed Mackellar and Naparoo
plots were averaged as differences between cultivars were not significant at any
measurement date (e.g. see Fig. 2.5 in chapter 2). Simulated values for Mackellar
and Naparoo were similarly averaged to facilitate model evaluation.
Table 5.8
Adjustments applied to each volumetric soil water content value
measured in grazed Mackellar and Naparoo treatments during 2008 (e.g. all values in
layer three of grazed Mackellar treatments were increased by 0.020). Adjustments
were calculated as the difference between the average water content of ungrazed and
grazed treatments at the start of the growing season on 1 April. All adjustments are
expressed in mm3 mm'3.__________________________________________________
4
2
1
3
Soil layer
1200-2000
600-1200
0-200
200-600
Depth in mm
0.034
0.020
0.000
0.000
Mackellar
0.007
0.016
0.023
0.011
Naparoo
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5.2 Evaluation of the soil water budget with simulated
grazing
5.2.1

Soil water dynamics in 2007

Simulated differences in soil water dynamics between grazed and ungrazed
treatments in 2007 were small (data not shown). Thus model evaluation
measures were not performed for the soil water dynamics of grazed treatments
because such analyses would essentially be replication of the evaluation shown
for ungrazed crops in section 4.5.2.

5.2.2 Soil water dynamics in 2008

Model performance in simulating volumetric soil moisture of grazed crops was
good for layers one and two (NRMSD = 0.21, 0.09, respectively, Table 5.9). The
conservation of soil water in upper layers after grazing (see Fig. 2.5B in chapter
2) was reasonably reproduced by simulations in layers one and two (Figs. 5.13A
and B). The model tended to underestimate large soil water values and
overestimate small values in layers one, two and four (slopes significantly less
than one, intercepts significantly greater than zero, Table 5.9). Although
regression statistics for soil layers three and four were poor, NRMSD values
Table 5.9
Assessment of the model performance in simulating volumetric soil
moisture contents (WCL, mm3 mm'3) under grazed crops during 2008. Root mean
square deviation was normalised by the mean of observed data (NRMSD). Slope,
intercept and R2 values were calculated for linear regressions of observed versus
simulated data. Asterisks (*) indicate that the slope or intercept differs significantly from
one or zero, respectively (P < 0.05).__________ ______________________________
Soil layer
1
2
3
4
Entire profile
NRMSD
0.21
0.04
0.09
0.01
0.09
0.37*
Slope
0.68*
2.50*
0.83*
0.00*
Intercept
0.08*
0.05
-0.25*
0.21*
0.03*
R2
0.82
0.25
0.59
0.61
0.21
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GM, GN|<->|

B

200-600 mm

Month in 2008
Month in 2008
Fig. 5.13
Volumetric soil water contents of grazed (solid points) and ungrazed
(open points) treatments during 2008 in soil layers (A) 0-200 mm, (B) 200-600 mm, (C)
600-1200 mm and (D) 1200-2000 mm. Solid points are measured means ± one SEM (n
= 6). SEMs of ungrazed treatments were shown in Fig. 5.4. Lines represent average
simulated water contents of the grazed Mackellar and Naparoo treatments (GM, GN,
see section 3.3 of chapter 2). Vertical arrows represent the observed dates of crop
emergence and the mean date of anthesis (MDA) of all treatments. The shaded region
represents the grazing period.

were very good (< 0.04) and all simulations were within one standard error of
the observed mean (Figs. 5.13C and D). It is possible that simulated soil water
contents in layer three immediately after grazing were overestimated but this is
difficult to qualify given that simulations were still within measurement error
(Fig. 5.13C).

The average NRMSD of all measured and simulated values across the entire
profile in 2008 was 0.09 (Table 5.9). A linear regression fitted to observed versus
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simulated values had a slope of 0.83, an intercept of 0.03 and an R2of 0.82. The
slope and intercept values were significantly less than one and greater than
zero, respectively. However, the low mean simulation error and the high
proportion of observed variance explained by the model (> 80%) suggests that
the model is capable of reasonably simulating the soil water dynamics of grazed
crops.

5.3 Effects of grazing on phenological development
The delay in phenological development caused by grazing is a function of many
factors (see section 3 in chapter 1). Key variables include (1) environmental
conditions, (2) SDM remaining after grazing and (3) the current DVS. The DVR
of grazed crops in the post-grazing period is highly correlated with that of
ungrazed crops (in WHTGRAZ DVR increases with increasing average daily
temperatures; see section 4.6.1). The delay caused by grazing will increase as
the quantity of DM removed increases and/or as grazing is conducted during
later ontogeny. For instance, long delays would be expected if DVRs were low,
large quantities of SDM were removed or if the number of GDDs remaining
between the end of grazing and anthesis were low (e.g. section 5.2 in chapter 3).
Minor delays would be expected if DVRs were high, quantities of SDM
removed were small, or grazing was conducted in early ontogeny.

A parsimonious approach to modelling the effects of these factors on the
phenological delay is adopted in WHTGRAZ. The DVR of a grazed crop on day
i is given by
DVR, = DVRUG, - GRAZRm * DVRGR

(5.32)

where GRAZR, is the SDM removed by grazing on day i (see Eqn. 5.33 below)
and DVRGR (2.8 * 10 4 m2 g 1, P) is a constant used to convert SDM removal on
the previous day into an equivalent phenological delay. The value of DVRGR
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w as m a n u ally selected by co m p arin g sim u late d d elay s in an th esis w ith those
ob serv ed . In all cases, sim u lated an th esis (DVS = 1) o ccu rred w ith in 2 d of th a t
o b serv ed (in 2007 LS = +1 d, HS = 0 d, LL = -1 d; an d in 2008, GM = +2 d an d G N
= -1 d; see Table 2.2 in ch ap ter 2 for o b serv ed dates).

Effects of te m p e ra tu re an d SDM rem o v al o n o n to g e n y are acco u n ted for by th e
factors DVRUG (section 4.6.1) an d GRAZR, respectively. G RAZR is n o n -zero
w h e n e v e r sim u late d g razin g occurs, so th e d elay w ill be cu m u lativ e u n til
g razin g is com p leted . GRAZR (and th u s th e d aily -in d u ce d delay) d ecrease as

SR o r SDM decreases. In su m m ary , Eqn. 5.32 gives lo n g e r phen o lo g ical d elay s
if (1) te m p e ra tu re s are low , (2) large p ro p o rtio n s of SD M are rem o v ed , a n d /o r
(3) th e d u ra tio n of g razin g is relatively long, in acco rd an ce w ith o b serv atio n s
m a d e in b o th p re se n t an d p a st stu d ies (ch ap ters 2 an d 3, V irgona et al. (2006)).
Eqn. 5.32 is listed in th e Developmental delay due to grazing section of A p p en d ix
5.1.

5.4 Derivation and calibration of dry matter and leaf
area removal subroutines
5.4.1

Rates of shoot dry matter removal

T he rate of SDM rem o v al p e r u n it g ro u n d area in W H TG R A Z (GRAZR, g SDM
nv2 g ro u n d d 1, RV) is co m p u te d u sin g Eqn. 5.33:
' SR
x DMIMX x (l - exp[- 0.015 x HF x [TADRW - 40]])x
GRAZR = < 10000
(l + 0.6 x exp[- 0.013 x HF x [TADRW - 40]]2)

w h ere SR
DM IM X

(5.33)

stocking rate (DSE h a 1, P)
=

m ax im u m SDM in tak e p e r sh eep
(1400 g D S E 1 d 1, P)
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HF

=

height factor, Eqn. 5.37 (dimensionless, OV)

TADRW

=

total above-ground dry weight
(g SDM nr2ground, SV)

Eqn. 5.33 is adopted from the animal biology submodel of GRAZPLAN (Freer et
al. 1997). DMIMX is the maximum potential daily SDM that Merino hoggets
may consume and is a function of animal size, weight and condition. The
DMIMX value used in WHTGRAZ is estimated assuming (1) a standard
reference weight of 50 kg (the animal liveweight excluding fleece weight, when
skeletal development is complete and the condition score is medium), (2)
DMIMX is unaffected by temperature, and (3) SDM digestibility is at least 80%.
Assumption (2) is necessary as the dependence of DMIMX on temperature in
GRAZPLAN requires calculation of instantaneous metabolisable energy and
uses time-steps shorter than 1 d. Implementing such computations in
WHTGRAZ would add unnecessary complexity and little gain in simulation
accuracy. Assumption (3) is based on previous work which showed that prior
to GS 30, in vivo digestibility of vegetative Mackellar wheat generally exceeds
90% (Kelman and Dove 2007). The terms in round parentheses in Eqn. 5.33
represent, respectively, the relative rate of eating and the relative time spent
grazing. The 0.015 and 0.013 parameters have units of m2 g 1 and have been
derived for herbage weights that would be removed if cut close to ground level
with a standard shearing handpiece (Freer et al. 1997). TADRW is reduced by 40
g nr2 in Eqn. 5.33 to account for SDM that is inaccessible to sheep, following the
pasture submodel of GRAZPLAN (Moore 2003).

5.4.2

Height factor

The height factor (HF, Eqn. 5.37) gives a measure of the relationship between
herbage mass and canopy height (or the herbage DM bulk density). In
WHTGRAZ, herbage bulk density is modelled using a relationship between
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canopy height and SDM. Previous experiments with wheat have shown that
canopy height can be represented by a sigmoidal relationship expressed as a
function of GDDs or DVS (Williams et al. 1989; Weaver et al. 1994; Olesen et al.
2004). Experiments with Mackellar conducted during the 2005-9 growing
seasons in the same location as the current experiments (see section 3.1.1 in
chapter 6) found maximum canopy heights (HMX, m, P) ranging from 0.69 to
0.79 m at maturity. Assuming those experiments were conducted under similar
environmental conditions to those reported here, a HMX value of 0.74 m is
adopted in WHTGRAZ. Although the current experiments did not include
canopy height measurements, no visible effects of grazing on HMX were
observed so a value of 0.74 m is adopted for both ungrazed and grazed crops.

To estimate the reduction in canopy height (HGHT, m, SV) during grazing, the
HGHT function in WHTGRAZ is expressed in terms of TADRW. This
derivation was conducted by first estimating the relationship between HGHT
and DVS using previous values from the literature (Eqn. 5.34) and second by reexpressing the same relationship as a function of TADRW (Eqn. 5.35).

Relationship between canopy height and developmental stage
The relationship between HGHT and DVS in WHTGRAZ (Eqn. 5.34) has been
adapted from the EPIC model (Williams et al. 1989). DVS values were taken as
those simulated for ungrazed crops (averaged across growing seasons and
cultivars).

(5.34 )

where HGHT

current canopy height (m)

HMX

maximum canopy height (0.74 m), and

DVS

developmental stage (section 4.6.1).
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Compared with the HGHT-DVS relationships of previous models (e.g. Williams
et al. 1989; Olesen et al. 2004), the coefficients in Eqn. 5.34 allow a more gradual
height development in early crop phases. This modification was necessary since
both Mackellar and Naparoo cultivars have very prostrate growth habits in
early growth phases; more so than many other winter wheat cultivars (W.
Kelman, pers. comm.). Further, final heights of Mackellar crops appear to be
much less than those reported by Olesen et al. (2004) (0.74 m cf. 1.0 m). The rate
of change of HGF1T with respect to DVS simulated by Eqn. 5.34 is greatest
when DVS is between 0.5 and 0.8, which approximately coincides with the
developmental period from stem elongation to spike emergence (GS 30-51).

Relationship between canopy height and shoot dry matter

Having established a relationship between HGHT and DVS, the next step was
to express HGHT as a function of TADRW to allow estimation of the canopy
height removed by grazing, and thus the effects of grazing on HF. The structure
of Eqn. 5.35 is identical to that of 5.34, with TADRW replacing DVS as the
independent variable. TADRW values were taken as those simulated for
ungrazed crops (averaged across growing seasons and cultivars).

HGHT = HMX x

TADRW
TADRW + exp(l 1.5- TADRW x 0.012)

( 5 . 35 )

The coefficients in Eqn. 5.35 were found by minimising the sum of squared
differences between canopy heights given by Eqns. 5.34 and 5.35 when both
relationships were plotted as a function of simulated TADRW (Fig. 5.14).

Bulk density and height factor

Herbage bulk density, BD (g SDM nr3 canopy, SV), is simulated using Eqn. 5.36.
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Equation 5.34
Equation 5.35
TADRW (g rrT)
Fig. 5.14
Relationships between canopy height (HGHT) and total above-ground
dry weight (TADRW) of ungrazed crops. TADRW values were averaged across
growing seasons and cultivars. Eqn. 5.34 represents HGHT as a function of DVS
(dashed blue curve). Coefficients in Eqn. 5.35 were determined by fitting the
relationship given by the red curve to that given by the blue curve. HGHT is simulated
in WHTGRAZ using Eqn. 5.35 so that grazing-induced changes in TADRW can be
used to simulate the effects of grazing on HGHT.

BD =

TADRW
HGHT

(5.36)

For simulations of ungrazed or grazed crops, Eqn. 5.36 returns BD values
ranging from 820 to 2300 g SDM nv3 canopy. These values fall within the 6502300 g n r3 range reported in previous grazing experiments with temperate
pasture grasses (Barrett et al. 2003; Casey et al. 2004; Smit et al. 2005; Soder et al.
2009), suggesting that coefficients in Eqn. 5.35 were reasonably parameterised.

The equation and parameters defining HF in WHTGRAZ have been adapted
from the animal biology submodel of GRAZPLAN:
HF = 0.8 x

BDREFA
+ 0.2
BD

J

(5.37)

The term in parentheses is the ratio of the reference to actual herbage bulk
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densities. The reference herbage bulk density (BDREF, g SDM rrv3canopy, P) in
WHTGRAZ is taken as that specified in GRAZPLAN (3330 g n r3).

The interpretation of Eqns. 5.33-5.37 is that short swards with large quantities of
SDM will have high herbage bulk densities. Such swards have lower height
factors, which decreases the rate of SDM removal. Conversely swards with low
bulk densities have greater height factors and are thus conducive to greater
rates of SDM removal.

5.4.3

Proportion of leaf and stem dry matter removed by grazing

Rates of leaf and stem DM removal by grazing are assumed directly
proportional to their current fraction of SDM, following the wheat-grazing
model of Zhang et al. (2008):

(

VTADRW

where GRAZsf

(5.38)

rate of shoot fraction DM removal (g sf DM n r2
ground d 1, RV), and
shoot fraction (WLVD, WLVG, WST; g sf DM nr2
ground, SV)

5.4.4 Trampling and senescence of green leaves

In all experiments of the present study grazing caused leaf senescence (see Figs.
3.6G, H in chapter 3). Previous work has shown that senescence rates of
pastures tend to increase with SR or the duration of grazing (Woodward 1998;
2001; Santos et al. 2004; Vuichard et al. 2007). Green leaf trampling in
WHTGRAZ was modelled using an adaptation from the SPUR model (Hanson
et al. 1988):
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GLVTRMP = WLVG * (1 - exp[- GLVTOL x SR])
where GLVTRMP

=

(5.39)

green leaf mortality due to trampling (g green leaf
DM n r2 ground d 1, RV),

GLVTOL

=

green leaf tolerance to stocking rate (4.0 nPDSE1, P),
and

WLVG, SR

=

dry weight of green leaves and stocking rate,
defined in sections 4.9.12 and 5.4.1 respectively.

The term in the round parentheses of Eqn. 5.39 is a rate parameter which has
units of d'1. The parameter GLVTOL controls the rate of senescence and
divergence of green and dead leaf DM during grazing. GLVTOL was calibrated
by fitting simulated values to those observed during and immediately after
each grazing period. GLVTRMP represents the flow of DM from the green to
the dead leaf pools (WLVG, WLVD respectively). Hence, although the green
and dead leaf DM pools decrease and increase due to trampling respectively,
the net result on total leaf DM (WLV) is zero (see Eqns. 5.40-5.43 below). Eqns.
5.33-5.39 are listed in the Grazing: dry matter removal section of Appendix 5.1
(except for Eqn. 5.34 which is used only in this derivation). Associated
parameters are listed in the Grazing parameters section of Appendix 5.2.
5.4.5

Green and dead leaf dry matter

WLVG, WLVD and the total dry weight of trampled leaves (WLVTRMP, see
below) are updated at the beginning of each day (/), so all variables on the righthand side of Eqns. 5.40-5.42 are from the previous day (i - 1). WLV is then
computed using the daily values of WLVG and WLVD. Eqns. 5.43 and 5.44
follow SUCROS2 specification and have been repeated here for completeness.
WLVG, = WLVG,-i + GLV,-i - DLV,-i - GLVTRMP,-i - GRAZWLVG,-i

(5.40)

WLVD, = WLVD, - 1 + DLV,-i + GLVTRMP,-i + DRW LVD,-i-GRAZW LVD,-i

(5.41)
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WLVGTRMP, = WLVGTRMP,-1 + GLVTRMP,-i

(5.42)

WLV, = WLVG, + WLVD,

(5.43)

DLV, = WLVG, x RDR,

(5.44)

where DLV,

death rate of leaves on day i (g leaf DM n r2
ground d 1, RV), and

WLVGTRMP,

total dry weight of trampled leaves on day i
(g dead leaves nr2 ground, SV)

Variables GLV (growth rate of leaves), GLVTRMP (rate of green leaf trampling),
GRAZWLVG (rate of green leaf removal by grazing), DRWLVD (decomposition
rate of dead leaves), GRAZWLVD (rate of dead leaf removal by grazing) and
RDR (relative death rate of leaves) were defined in Eqns. 5.26, 5.39, 5.38, 5.30,
5.38 and 5.13, respectively.

In Appendix 5.1, Eqns. 5.40 and 5.41 are listed in Determine crop state variables,
Eqn. 5.42 is listed in Grazing: dry matter removal, Eqn. 5.43 is listed in Total dry
weights and harvest index and Eqn. 5.44 is listed in the Rate of senescence and
decomposition of leaf litter section.
5.4.6

Leaf area in d ices o f grazed crops

The LAI of a grazed crop on day i (LAI,, m2leaf n r2ground, SV) is computed in
Eqn. 5.45 using a modified version of Eqn. 5.16:
LAI, = LAIi-i + GLAL-i - DLAL-i -

^WLVG,.!

The term in square parentheses is the total green leaf DM removed by grazing
and the LA//WLVG term converts leaf DM removed to an equivalent leaf area.
This approach assumes that leaf DM removed by grazing is proportional to the
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current SLA and allows for differences in leaf area and mass removed by
grazing (Johnson and Parsons 1985). The term in round parenthesis therefore
represents the LAI removed by grazing and trampling. Eqn. 5.45 is shown in the
Determine crop state variables section of Appendix 5.1.

5.5 Evaluation of leaf area simulations after grazing
LAI removal during grazing and regrowth after grazing was reasonably
simulated by WHTGRAZ, with NRMSDs between 0.25 and 0.30 (Table 5.10).
Importantly, the extent of LAI removed during grazing and the time-course of
LAI recovery were well simulated in both years (Fig. 5.15), indicating good
calibration of model parameters. The regression slope of Naparoo LAI was less
than one (Table 5.10) mainly due to underestimation of LAI during and shortly
after grazing (Fig. 5.15D). A greater proportion of the observed variation in LAI
was explained by the model in 2008 compared with 2007 (R2 = 0.82-0.95 and
0.77-0.84, respectively) due to more accurate measurements and a smaller range
of LAI values in 2008 (Figs. 5.15, 5.16). Across all grazing treatments in both
years, the mean difference between simulated and simulated values was good
(NRMSD = 0.27) and around 83% of the observed variation was explained by
the model. These data suggest that a reasonable degree of confidence can be
placed in the accuracy of simulated LAI during and after grazing.
Table 5.10
Evaluation of model performance in simulating leaf area indices of
grazed crops (HS = heavy short, 67 DSE ha'1; LL = light long, 34 DSE ha'1; LS = light
short, 34 DSE ha'1; GM = grazed Mackellar, 66 DSE ha'1; GN = grazed Naparoo, 66
DSE ha"1). Root mean square deviation was normalised by the mean of observed data
(NRMSD). Slope, intercept and R2 values were calculated for linear regressions of
observed versus simulated data. The slope of GN data in 2008 (*) was the only
regression coefficient to differ significantly (P < 0.05) from that of a 1:1 line passing
through the origin.______________________________________________________
Year
2007
2008
2007-8
GM
GN
All
Treatment
HS
LS
NRMSD
0.27
0.26
0.26
0.25
0.29
0.30
0.77*
Slope
1.02
1.23
1.06
1.00
1.03
Intercept
-0.25
-0.51
-0.05
0.16
0.10
-0.12
R2
0.84
0.84
0.77
0.82
0.95
0.83
ARate of green leaf trampling altered (GLVTOL increased from 3.0 to 7.0 rrrf DSE'1; see section
5.6)
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Month in 2007
Month in 2008
Fig. 5.15
Measured (points) and simulated (lines) leaf area indices of grazing
treatments (A) HS, (B) GM, (C) LL and (D) GN during 2007 and 2008 (see Table 5.10
for abbreviations and stocking rates). Shaded regions represent the duration of grazing
and vertical arrows show the observed dates of anthesis. Measured values are means
± one SEM (n = 3).

5.6 Evaluation of dry matter simulations after grazing
Leaf DM was well simulated in all HS grazing regimes (HS in 2007, GM and
GN in 2008), with very good to good NRMSDs; R 2 values ranged from 0.87 to
0.91 (Table 5.11). No slope or intercept of linear regressions fitted to observed
versus simulated values of HS treatments differed significantly from that of a
1:1 line passing through the origin. When all data were pooled the evaluation
showed that leaf DM was reasonably simulated (NRMSD = 0.26) and about 90%
of the observed variation in this shoot fraction was accounted for by the model.
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1:1 line

<

Fig. 5.16

2007
2008

Observed leaf area Index (m m' )
Observed versus simulated leaf area index for all grazed treatments.

The slope and intercept of the regression for pooled leaf DM values was greater
than one and less than zero respectively, indicating a tendency of the model to
overestimate large values and underestimate low values. This phenomenon was
mainly apparent during late spring of 2007 grazing treatments (Figs. 5.17A, C).
Much of this simulation discrepancy was due to the amount of leaf DM that
was senescent, and its rate of decomposition. Total leaf DM was simulated more
accurately when decomposition of leaf litter followed a more stable time-course
(cf. WLV time-courses in Figs. 5.17A and B), as quantified by the lower NRMSD
of WLV simulations for 2008 data (Table 5.11).

SDM simulations of the LL treatment were of lower precision because
simulated SDM removal was less than that observed. This resulted in high
NRMSDs of simulated leaf, stem and kernel DM (Table 5.11). Simulations were
improved when the green leaf tolerance to SR (GLVTOL, Eqn. 5.39) was
increased from 3.0 to 7.0 m2 DSE1 to account for greater trampling of sheep in
the LL treatment (justifications for this change are given in section 6.5.2). After
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Table 5.11
Assessment of the model performance in simulating individual and
overall SD M fractions after grazing (L = leaf, ST = stem, K = kernel and SH = shoot).
Root mean square deviation was normalised by the mean of observed data (NRMSD).
Slope, intercept and R2 values were calculated for linear regressions of observed
versus simulated data. Values in bold differ significantly from regression coefficients of
a 1:1 line passing through the origin (P < 0.05).
Year

2007

Treatment
SR
Fraction
NRMSD
Slope

L
0.20
1.17

Intercept
R2

-32
0.91

Heavy short
67 DSE ha'1
ST
K
SH
0.32 0.13 0.26
0.88 0.95 0.93
-13
19
-5
0.94 0.98 0.91

Year
Treatment
SR
Fraction
NRMSD
Slope
Intercept
R2

Year

L
0.26
1.23
-24
0.87

Light short
34 DSE ha'1
ST
K
SH
0.34 0.06 0.29
0.77 0.96 0.85

L
0.66
1.52

Light long
34 DSE ha'1
K
ST
SH
0.37 0.32 0.33
1.08 1.02 1.11

1
0.96

-9
0.63

3
0.90

13
1.00

21

0.85

Grazed Naparoo
67 DSE ha'1
L
ST
K
SH
0.24 0.28 0.28 0.28
0.99 1.17 0.64 1.10
134 -13
-21
-9
0.91 0.98 1.00 0.93

21
0.80

2007a

2008
Grazed Mackellar
67 DSE ha'1
ST
K
SH
L
0.20 0.80 0.12 0.53
1.18 1.49 0.82 1.29
44
-21
-10
-15
0.90 0.95 1.00 0.89

35
0.94

L
0.29
1.23
-27
0.74

Light long
34 DSE ha'1
ST
K
SH
0.34 0.24 0.31
1.05 0.93 1.05
-16
30
-8
0.90 0.95 0.87

2007b and 2008

All
Treatment
Fraction
L
ST
K
SH
NRMSD
0.26 0.41 0.19 0.32
1.20 0.90 0.90 1.00
Slope
Intercept
-32
0
41
-2
R2
0.89 0.86 0.95 0.87
ARate of green leaf trampling altered (GLVTOL increased from 3.0 to 7.0 m2 DSE'1, see text)
BLight long treatment simulated using corrected rate of green leaf trampling (see footnote A)

this adjustment the NRMSD of leaf DM simulations decreased from 0.66 to 0.29
(Table 5.11), which was lower than the CV of the measured leaf data (0.39). For
the evaluation using all LL SDM components, increasing GLVTOL improved
the model capacity to explain observed variance, with R2increasing from 0.80 to
0.87. Most of this improvement was due to better simulation of the leaf DM
time-course (adjusted LL simulation shown in Fig. 5.17C).

In most cases stem DM was the least well simulated SDM fraction (Table 5.11).
The observed versus simulated stem DM regression of the LS treatment had a
slope that was less than one, and the GM and GN treatment regressions were
both greater than one. Deviation of simulated from observed stem DM usually
occurred after anthesis when stem DM values were relatively large (e.g. see
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WLV
WLVG
WST
WSO

O)

A M J J A S O N D
A M J J A S O N D
Month in 2008
Month in 2007
Fig. 5.17
Measured (points) and simulated (lines) leaf (WLV), green leaf (WLVG),
stem (WST) and storage organ (WSO) DM time-courses of the (A) HS, (B) GM, (C) LL
and (D) GN crops. Grazing durations are shaded. Treatment abbreviations and
stocking rates are given in Table 5.10. Points are means ± one SEM (n = 3) and
vertical arrows represent observed dates of anthesis.

Figs. 5.17B, D). When pooled across treatments the NRMSD of stem DM
simulations was relatively high (0.41) but still much less than the CV of
observed stem data (1.05). The relatively high temporal variability of stem DM
(particularly those with large magnitude) made accurate simulation difficult
(Figs. 5.17, 5.18). Although there was high scatter about a regression line of
observed versus simulated stem DM values, the model was capable of
explaining about 86% of the observed variation (Table 5.11).

The ability of WHTGRAZ to simulate the time-course kernel DM was very
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good, with the model accounting for around 95% of the observed variation
(Figs. 5.17, 5.18, Table 5.11). Kernel DM of Naparoo was overestimated in the
early stages of grain filling (Fig. 5.17D), causing the regression slope of GN to
fall below one and the intercept to be greater than zero. These trends caused the
intercept of the pooled kernel data of all treatments to be greater than zero
(Table 5.11). When the first kernel DM measurement shown in Fig. 5.17D was
removed from the evaluation, the intercept of the pooled data decreased from
41 to 22 g n r2 and did not differ significantly from zero. Most importantly,
kernel DM values at harvest were well simulated (Fig. 5.17).

Overall the performance of WHTGRAZ in simulating shoot growth after
grazing was adequate. Compared with the CV of observed data (0.85), the
NRMSD was very good (0.32). Simulated values generally fell close to a 1:1 line
passing through the origin (Fig. 5.18) and almost 90% of the observed variation
in SDM was accounted for by the model (Table 5.11).
----- 1:1 line
♦
WLV
*
WST
O WSO

-o 300

5 200

100

200

300

400

500

600

700

Observed dry matter (g rrf2)
Fig. 5.18
Observed versus simulated leaf (WLV), stem (WST) and kernel DM
(WSO) of all grazed crops in both years. Regression statistics are shown in the final
four rows of Table 5.11.
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6

Discussion

The purpose of this chapter was to adapt a crop model to defoliation so that
growth of winter wheat after grazing could be realistically simulated.
Derivation facilitated identification of changes in growth that occurred as a
result of grazing perturbations to abiotic variables (e.g. soil water), or to
physiological changes (e.g. delayed phenological development).

Modifications were made to the underlying SUCROS2 framework in
WHTGRAZ to (1) update equations to recent published data, (2) account for
phenomena not modelled in SUCROS2, (3) reduce parameter requirements and
(4) simplify model structure. Modifications included (1) updating the soil water
budget from the Penman to the FAO-modified Penman-Monteith method, (2)
changing simulation of DM accumulation from leaf photosynthesis to RUE, (3)
modelling SLA as a function of crop ontogeny, and (4) modelling the
decomposition of dead leaves. With the imposition of grazing and the removal
of SDM, additional subroutines were included to account for (1) the delay in
phenological development due to grazing and (2) the defoliation of green leaves
due to sheep trampling.

The following discussion justifies the assumptions, derivations and parameter
values shown in sections 4 and 5. Approaches employed in previous models are
also reviewed, since it is useful to examine methods that have been
(un)successful in the past. Implications of changes made to the original
SUCROS2 framework are also explored.
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6.1 Soil water dynamics of bare and ungrazed plots
6.1.1 Evaporation from bare soil and the soil specific extinction coefficient

Evaporation takes place from the soil surface, but because of potential gradients
soil water is also extracted from deeper layers (van Keulen 1975). For a given
evaporation rate, the slope of modelled potential gradients in the soil depends
on the soil-specific extinction coefficient (EES) for moisture withdrawal. The
value of EES in turn depends on the moisture content-conductivity relationship
and ranges from 0.01 mrrv1 in heavy clays to 0.03 m nr1 in sandy soils (van
Keulen 1975; van Keulen et al. 1997). However, it is difficult to assign a specific
EES value to conductivity because both the EES and the slope vary with
moisture content. In view of this difficulty, van Keulen (1975) proposed
calculating EES by trial-and-error.

Running WHTGRAZ with an EES value of 0.0085 m m 1 causes most soil water
extraction to occur in the two uppermost layers (Figs. 5.1, 5.2). The size of this
EES value and corresponding rate of soil water extraction indicates a heavy
clav-like soil texture. A soil analysis of the experimental site (Sleeman 1979)
suggested that the profile was a fine sandy loam A horizon, changing at 300-500
mm to a B horizon of medium-hard clay. Sleeman's (1979) analysis therefore
lends credence to the EES value derived from the current simulations.

6.1.2 Simulation of soil water dynamics in cropped plots

Soil water dynamics of ungrazed crops were reasonably simulated by
WHTGRAZ (Figs. 5.3, 5.4). In this case it was considered more appropriate to
accurately simulate temporal changes in water contents rather than water
content values per se. This was particularly true for the surface layer since it is
subject to more water fluxes than deeper layers (e.g. evaporation and rainfall).
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Such fluxes may cause rapid variation in water contents and thus increase
differences between simulated and simulated values in the surface layer (see
text in section 4.5.1). Assessing the temporal dynamics of water contents over
extended periods gives a more reliable indicator of model performance. For the
ungrazed crops, measured water content values tended to peak in late winter
(July-August) and trough in mid-late spring (October-November, see Figs. 5.3,
5.4). After spring, crop soil water extraction rates decrease, so the water content
of upper layers tends to increase after the start of November. These trends were
well reproduced by WHTGRAZ and in most cases simulated values were
within one standard error of the observed mean (Figs. 5.3, 5.4). This suggests
that the modifications made to the SUCROS2 soil water budget were
reasonable.

6.2

Phenological development

6.2.1 Phenological development of ungrazed crops

Simulation of developmental stage (DVS) was not an aim of WHTGRAZ, so the
phenological subroutine of WHTGRAZ follows that specified in SUCROS2.
This approach computes the rate of development (DVR, d 1) as a function of
DAVTMP using values that predefine the number of GDDs from emergence to
anthesis or from anthesis to maturity (Table 5.5). Such methodology is simpler
than that used in many other crop models, which may allow simulation of
specific phenostages such as germination, emergence, double-ridge etc. (e.g.
Ritchie and Otter 1985; Keating et al. 2003). The phenological subroutine of
WHTGRAZ also does not account for vernalisation or photoperiod, though
such factors influence winter wheat DVRs (Porter 1984; Weir et al. 1984;
Goudriaan and van Laar 1994). If simulation of DVS had been an aim of
WHTGRAZ then inclusion of such factors would have been a necessity.
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Nonetheless, predefining the number of GDDs for each phenostage in
WHTGRAZ should have minimised uncertainties in simulated SDM that were
associated with DVS.

6.2.2 Phenological development of grazed crops

Delayed anthesis is a common phenomenon of grazed crops (Dann et al. 1983;
Winter and Thompson 1987; 1990; Amjad et al. 2006; Virgona et al. 2006;
Kirkegaard et al. 2008; Table 2.2 in chapter 2). Although WHTGRAZ was not
designed to simulate DVS, estimating the effects of grazing on DVS was
necessary since delayed development influences SDM partitioning (see below).
However, accurately simulating the grazing-induced DVS delay is difficult and
may explain why the phenomenon was omitted from previous crop-grazing
models (e.g. Rodriguez et al. 1990; Zhang et al. 2008). Even models specifically
designed to simulate the effects of grazing on pasture productivity (e.g.
Thornley and Verberne 1989; McCall and Bishop-Hurley 2003; Lazzarotto et al.
2009) make no account of the effects of grazing on DVS (though this may be
because grazing in these models is generally of low intensity). Future methods
of modelling effects of grazing on crop development may include quantification
of the changes in leaf expansion or elongation rates, or modelling development
of tiller cohorts.

It is important to note that references to 'delays' in this context refer to those
measured on a calendar scale. On a DVS scale, the delay is constant from the
end of grazing to maturity. The delay between the end of grazing and anthesis
diminishes when measured on a calendar scale since GDDs accumulate at
greater rates in spring than in winter. For example, simulated DVSs of the
ungrazed and HS crops at the end of grazing in 2007 were 0.55 and 0.47
respectively. The developmental difference between treatments (0.08) remained
constant thereafter. It took 22 days after the end of grazing for the HS crop to
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reach DVS 0.55. However, the HS crop reached anthesis (DVS 1.0) only four
days later than the ungrazed crop. This demonstrates that on a calendar scale
the delay of the HS crop converged from 22 days to 4 days, whereas on a DVS
scale the delay remained constant.

Factors assumed to influence phenological delays in WHTGRAZ include the
rate and extent of SDM removal, the current DVR (through temperatures), and
the parameter DVRGR (see Eqn. 5.32). Simulated delays in anthesis were within
two days of those observed. This error was approximately equal to the standard
error of the observations and so was deemed adequate. However, the accuracy
of simulated DVRs in the post-grazing pre-anthesis periods are unknown since
detailed DVS measurements were not made. Given that continuing grazing
beyond first node appearance will almost certainly reduce GY (Swanson 1935;
Stansel et al. 1937; Redmon et al. 1996), it is surprising that there are little
published data quantifying the interactions between DVS - or the delay thereof
- and environmental conditions after grazing. The void of information in this
area leaves many modelling questions unanswered. For example, does grazing
cause a delay by reversing DVS or does it only slow DVR? Are delays incurred
during grazing large or small? If the former, are post-grazing DVRs of grazed
crops greater than those of ungrazed crops, so that DVS differences are
mitigated by anthesis? If the latter, are the DVRs of grazed crops less than those
of ungrazed crops so that DVS differences at anthesis are the result of a
cumulative effect? What are the effects of temperature and soil water stress on
the grazing-induced delay? The answers to these questions are necessary to
allow accurate modelling of canopy-scale growth after grazing.

The logic of Eqn. 5.32 was based on the experiments of Virgona et al. (2006),
who showed that terminal spikelets of crops grazed for 51 d appeared only 19 d
later than those not grazed. By anthesis the difference had contracted to 11 d,
indicating that the post-grazing DVS of grazed crops converged upon that of
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ungrazed crops, similar to the example given above. Despite the experiments
conducted by Virgona el al. and those reported here, there is insufficient
numerical and mathematical information that describe the effects of grazing on
crop DVS. This area should be a major component of future crop-grazing
experiments.

6.3

Dry matter partitioning

6.3.1 Methods of modelling DM partitioning

WHTGRAZ follows SUCROS2 in using empirically-based schedules to drive
DM partitioning. In contrast many current models use mechanistic methods to
simulate DM partitioning, such as root-shoot transport-resistance or sourcetransport-sink models (e.g. Thornley and Johnson 1990; Schapendonk et al. 1998;
Herrmann and Schachtel 2001; Thornley and France 2004; Barrett et al. 2005).
Mechanistic methods are commonly used in models relating to grazing or
defoliation, and so may be valuable in a model like WHTGRAZ. Indeed it has
been argued all allocation models should begin with process-based framework,
regardless of whether they were built for theoretical investigation or practical
application (Thornley 1998). Thornley and Johnson (1990) comment that use of
empirical models to describe root-shoot partitioning is an over-simplification,
since any attempt to incorporate realistic responses of variation in root or shoot
environment are likely to be at least as complex as a teleonomic model (i.e. goalseeking behaviour), which has a sounder physiological basis. Thornley and
France (2004) remark that empirical allocation models are outdated since their
range of application is narrow, observations for treatments and conditions must
be supplied, scientific content is limited due to circularity, and they do not
advance understanding. A number of other publications also advocate using
non-empirical means of modelling partitioning (e.g. Davidson 1969; Brouwer
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1983; Wilson 1988; Thornley and France 2004).

Despite the apparent value of processed-based DM partitioning methods, DM
allocation algorithms in WHTGRAZ were not altered from those in SUCROS2
for two reasons. First, simulation of substrate nitrogen is a fundamental
component of many transport-resistance models (e.g. Schapendonk et al. 1998;
Thornley 1998; Yin and Schapendonk 2004; Lazzarotto et al. 2009). WHTGRAZ
does not include a nitrogen balance since it was assumed plant-available soil
nitrogen was non-limiting (see section 3.4 in chapter 2), so using a transportresistance model to describe partitioning would be a null objective. Second,
mechanistic partitioning models typically include parameters which are
difficult to calibrate (Thornley and France 2004). This increases model
complexity and may add uncertainty to model output. Given these arguments,
the root-shoot DM partitioning subroutine in WHTGRAZ has not been altered
from that specified in SUCROS2.
6.3.2 Changes in shoot dry matter partitioning caused by developmental
delays

Including the grazing-induced delay in WHTGRAZ is a fundamental aspect of
modelling canopy-scale growth of grazed crops. The delay acts as a mechanism
through which grazed wheat crops remain vegetative for longer. The corollary
is that grazed crops allocate greater proportions of SDM to leaves for longer
durations (Fig. 5.19A). This comes at the expense of SDM normally allocated to
stems (Fig. 5.19B). If DVRs are not delayed, the model tends to allocate much
less SDM to leaves of grazed crops than observations suggest (broken green line
in Fig. 5.19B). In WHTGRAZ the phenological delay is implemented using the
parameter DVRGR (Eqn. 5.32), which has a calibrated value of 2.8 x 104 m2 g 1.
The effect of setting DVRGR equal to zero is shown by the broken lines in Fig.
5.19B: less SDM is allocated to leaves and kernels, and more is allocated to
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Fig. 5.19
Simulated effects of grazing on the fraction of SDM allocated to leaves
during 2007. (A) The fraction of SDM allocated to leaves (FLV) of the HS treatment
equals that of the ungrazed control (C) before the start of grazing on 18 June. As SDM
is removed development is delayed, so FLV of the HS crop decreases at a slower rate
compared with that of C. (B) Simulated effects of delaying (D, solid lines) or not
delaying (ND, broken lines) development of the HS treatment on green leaf (WLVG),
stem (WST) and kernel (WSO) DM accumulation. Red and blue arrows show observed
anthesis dates of ungrazed controls (ND) and the HS treatment (D). Points are
measured means ± one SEM (n =3).
stems (for the post-grazing period, using a n u ll DVRGR increases the NRMSD
from 0.27 to 0.38). The underestim ation of green leaf D M (W LVG) lim its LAls
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and light interception, reducing the post-anthesis quantity of assimilate
translocated to kernels (WSO) and ultimately GY.

Although previous studies have shown that defoliation may result in greater
allocation of DM to leaves during regrowth (Evans 1991; McNaughton 1992;
Briske et al. 1996; van Staalduinen and Anten 2005; Cullen et al. 2006), such
experiments were conducted in greenhouses and/or using perennial grasses.
The present study is the first to report and quantify (1) the perturbation or
plasticity of SDM partitioning that occurs in rainfed wheat crops after grazing
and (2), a method by which mechanism (1) may be incorporated in crop-grazing
simulation models (i.e. by delaying phenology).

6.4

Leaf area development

6.4.1

Specific leaf area

SLA was simulated as a function of DVS in Eqn. 5.9, similar to the approach in
the herbage model GrazGro (Barrett et al. 2005). This approach was taken since
measurements in the current experiment indicated that SLA declined over the
season (Appendix 5.3). However, measurements made in both present (Figs.
4.1D and 4.2D in chapter 4) and previous studies (Evans 1991; Meyer 1998;
Lattanzi et al. 2004) have shown that SLA can increase after grazing or partial
defoliation. To account for such effects, previous models compute an
incremental SLA which is a function of the storage to total crop weight ratio and
the maximum SLA attainable (Johnson and Thornley 1983; 1985; Thornley and
Verbeme 1989; Riedo et al. 1998; Lazzarotto et al. 2009). In these models a
reduction in storage weight (e.g. water soluble carbohydrates) relative to total
structural weight causes SLA to increase, and vice-versa. SLA thus responds to
substrate availability and the source-sink ratio of the whole plant. Such
approaches would be valuable if used in WHTGRAZ, but they were not
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adopted for two reasons. First, the diurnal time-course of assimilate content is
omitted in SUCROS2 and was not modelled in WHTGRAZ, so additional
algorithms would be necessary to determine the assimilate used in growth
respiration or incorporated into structural material. Only after computation of
daily changes to source-sink ratios could SLA could be estimated. Such 'shortcircuiting' in SUCROS2 was originally implemented so maintenance respiration
had priority over growth and, in the long term at least, affected overall growth
in the same way as a maintenance respiration feedback on growth (Goudriaan
and van Laar 1994). Second, measured SLA values are susceptible to small
errors in leaf DM or leaf area measurements and may fluctuate inconsistently
from week to week (e.g. see Appendix 5.3), making reliable modelling of SLA
difficult.

Although the effects of grazing on the SLA term per se were not modelled in
WHTGRAZ, leaf area removed was computed using the canopy-scale SLA
(Eqn. 5.45) to account for differences in the rate of leaf area and DM removal
over the grazing period. This approach is more realistic than using a constant
SLA that is unaffected by grazing since it accounts for the interaction between
leaf area removed and resulting growth rates (Johnson and Parsons 1985).
Coupling of leaf area simulation to that of DM production in WHTGRAZ
allows (1) the effects of changes in SDM partitioning (e.g. increased allocation to
leaves) to be accounted for in the production of new leaf area, and (2) bypasses
the necessity to have separate calibration rules for the influence of water and
temperature stresses on leaf DM and leaf area production.

6.4.2

Should simulation of leaf area and leaf dry matter be linked in
WHTGRAZ?

The need to simulate SLA in WHTGRAZ led to an investigation of methods
used in previous crop and grazing models to determine whether a more
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appropriate alternative existed.

For most of the crop's lifetime, WHTGRAZ simulates the growth rate of LAI
(GLAI) as the product of the rate of leaf DM production (GLV) and the current
SLA (Eqn. 5.11). While many previous crop models use this approach (e.g.
Ritchie and Otter 1985; van Keulen and Seligman 1987; Williams et al. 1989;
Kropff and Spitters 1992; Weaver et al. 1994; Boote et al. 1998; Jamieson et al.
1998; Casanova et al. 2000; Keating et al. 2001; Brisson et al. 2003), various
workers have suggested that simulation of leaf DM and leaf area should be
independent processes (de Wit 1990; Meinke et al. 1998; Tardieu et al. 1999;
Setiyono et al. 2008). These suggestions are based on observations that SLA
varies according to environmental conditions such as light, water, CO2 and
temperature, as well as ontogeny and leaf position within canopy strata (Lieth
et al. 1986; Gunn et al. 1999; Tardieu et al. 1999; van Delden et al. 2000; Herrmann
and Schachtel 2001; Setiyono et al. 2008). Tardieu et al. (1999) concluded that
since leaf expansion rate is (1) considerably reduced by mild water deficits
which do not affect photosynthesis, but (2) is not affected by decreased photon
flux density during rapid expansion, it is more appropriate to model leaf
expansion independently of carbon fixation. Meinke et al. (1998) suggest that
linking simulation of leaf DM to leaf area in simulation models can allow
perpetuation of errors, resulting in considerable over- or underestimation of
other state variables. Similar comments were made by Porter et al. (1993) in
their parameterisation of CERES-Wheat.

Given such support for the decoupling of leaf DM and leaf area simulation in
crop models, it is surprising that numerous grazing and defoliation models still
retain the SLA approach (e.g. Sheehy et al. 1979; Hanson et al. 1988; Mohtar et al.
1997; Moore et al. 1997; Tabourel-Tayot and Gastal 1998; Herrmann and
Schachtel 2001; Moore 2003; Duru et al. 2007). To learn the reason for these
differences, an initial derivation of WHTGRAZ was carried out by decoupling
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simulation of leaf area and leaf DM. This was performed by incorporating a leaf
area subroutine that computed expansion as a function of thermal time, similar
to those in I_WHEAT (Meinke et al. 1998) and SIRIUS (Jamieson et al. 1998). For
ungrazed crops, the simulated LAI time-course using this subroutine closely
matched that observed. However when grazing was simulated, simulated LAIs
during the post-grazing period were far below observations (data not shown).
These effects were exacerbated when grazing was simulated during the final
stages of leaf expansion. This suggests that leaf expansion rates of grazed plants
in the post-grazing period respond differently to ambient temperatures
compared with expansion rates of ungrazed leaves (i.e. expansion rates are not
well conserved in thermal time). Differences between expansion rates may be
caused by effects of grazing on microclimatic factors such as soil temperature
(Stone et at. 1999). Such effects were not modelled in WHTGRAZ since they
would have necessitated more complex algorithms, more precise calibration
data, and possibly additional algorithms to account for different extents of
defoliation (e.g. see Teixeira et al. 2007).
The investigation above revealed that canopy-level models of LAI simulation
governed by thermal-time may be operating under the assumption that leaf
area expansion is sink- as opposed to source-limited. Indeed, Setiyono et al.
(2008) clearly state this assumption in the derivation of their LAI simulation
model. It is possible that circumstances which cause large reductions in sourcesink ratios, such as defoliation (e.g. see Guitman et al. 1991), cannot be properly
simulated using separate leaf area and leaf DM production subroutines without
introducing undue complexity. Independently simulating leaf area and carbon
fixation in a crop-grazing context deserves further attention.
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6.4.3

Effects of abiotic stresses on LAI senescence

The subroutine for determining the rate of leaf DM senescence in WHTGRAZ
due to ageing (Eqn. 5.14) was modified from that in SUCROS2 in two ways
(section 4.7.3). The first modification was to the parameter FRDR. This allowed
LAI to decrease nonlinearly with DVS, so that rates of leaf area senescence
(DLAI) became greater as DVS increased (Fig. 5.6). The second modification
was to reduce the DVS with which leaf senescence due to ageing could be
initiated. These modifications allowed considerable increases in the accuracy of
both simulated LAI and kernel DM time-courses.

These modifications were made to account for increased leaf area senescence
due to self-shading and/or ageing, but it is possible that senescence was caused
by soil water stress, particularly in the later phases of spring. However, DM
observations made in this study were at the plot- (not plant)-scale and were
therefore not of sufficient detail to enable characterisation of the senescence
processes caused by water stress, developmental ageing, or self-shading. For
this reason, additional rules for the effects of water stress on leaf senescence
(e.g. see Stapper 1984; Porter 1993; Meinke et al. 1998) were not included in
WHTGRAZ.

6.5

Dry matter accumulation and removal

6.5.1

Simulation of ungrazed shoot dry matter and implications for
regrowth after grazing

Overall, modifications made to the original SUCROS2 framework and
subsequent parameterisations demonstrated that WHTGRAZ had good
capability of simulating ungrazed SDM (Table 5.7 and Fig. 5.12), indicative of a
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reliable calibration. It is difficult to determine whether discrepancies in stem
DM retranslocation during the later phases of 2008 (Fig. 5.11) were due to errors
in observations or simulations. Including more calibration seasons would have
increased the range of abiotic data inputs and resulting crop responses, and
perhaps improved model robustness. However, WHTGRAZ was not designed
to be an all-inclusive simulation model that could be used in several
environments (see scope in section 3). Rather, WHTGRAZ was designed to
reproduce observed crop behaviour after grazing within acceptable tolerances
and hence facilitate exploration of physiological phenomena. It must be stressed
that a crucial pre-requisite of achieving this aim is an accurate simulation of
ungrazed crop growth and development. If this pre-requisite is not met then
simulation of grazed-crop behaviour will not only be inaccurate but unreliable.
Consequences of this are examined further below.

6.5.2 Rates of green leaf senescence due to livestock trampling
Accurately simulating growth after grazing relies upon correct estimation of
leaf DM, since this SDM fraction determines light interception and potential
growth rates. This is exemplified by simulation of the LL treatment. Using a
green leaf trampling (GLVTOL) value of 3.0 m2 g 1, the amount of leaf DM
remaining at the end of this treatment was overestimated (NRMSD = 0.66, Table
5.11) . This indicates that the rate of green leaf trampling in the LL treatment
was too low, since residual leaf area allowed the crop to recover at a greater rate
than observed. Regrowth of the LL treatment after grazing was more accurately
replicated when GLVTOL was increased to 7.0 m2 g 1 (NRMSD = 0.29, Table
5.11) such that simulated green leaf DM at the end of grazing was closer to that
observed (Fig. 5.17C) and resulting SDM growth rates were much more
realistic.
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The requirement to adjust GLVTOL in this manner suggests that the green leaf
trampling function in WHTGRAZ (Eqn. 5.39) may need further refinement. The
current implementation was chosen for two main reasons. First, although other
approaches of modelling leaf trampling exist in the literature (e.g. probabilistic,
Guthery and Bingham 1996; or mechanistic, Finlayson et al. 2002), such
functions are difficult to calibrate as they have many parameters. Moreover
much of the data required for their calibration was not measured in the present
study and does not exist for crop-grazing systems in the literature. Second,
there was evidence for variability between replicates of light grazing
treatments. From the start of grazing to 19 July 2007, the LS and LL treatments
were conducted in an identical manner (see Table 2.1 in chapter 2), yet there
was 247 ± 64 g n r2 on the former but only 161 ± 64 g n r2 on the latter on 23 July
(Fig. 2.2 in chapter 2). This indicates that (1) SDM removal rates and/or (2) crop
growth rates of the LS and LL treatments were inconsistent. If GLVTOL of the
LL treatment was not adjusted but SDM removal was increased (e.g. to account
for sheep liveweight gain over the 62 d grazing period) such that simulated
values were commensurate with observations, average herbage intake per
sheep would have been about 1705 g SDM d 1. Since this value is unrealistic for
Merino hoggets (Freer et al. 1997), it can be assumed that the inconsistency
between treatments described above was due to differences in trampling rates,
not SDM removal. Hence the poor fit between simulated and observed values
in the LL treatment was probably due to variability in observed values,
justifying the increase of GLVTOL (Table 5.11, Fig. 5.17C).
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7

Conclusions

The aim of this chapter was to develop a simulation model that was capable of
reproducing observed crop regrowth after grazing within acceptable tolerances.
WHTGRAZ achieves this aim. Provided the model is applied using data from
environments that are within the bounds it was developed, a reasonable degree
of confidence can be placed in model output.

In modelling the effects of grazing on crop growth, development and grain
yield in temperate rainfed environments, two of the most important factors are
(1) accurate simulation of green leaf DM and leaf area, and (2) the delay in crop
phenological development due to grazing. Factor (1) depends on rates of SDM
removal and green leaf trampling, which influence crop growth responses
during grazing and thus the amount of DM and leaf area remaining when
livestock are removed. Leaf DM and area must be well simulated if uncertainty
in post-grazing SDM accumulation and GY is to be minimised. Factor (2)
extends the period of vegetative growth, thereby increasing DM allocated to
leaves at the expense of that allocated to stems. The corollary is that (in
comparison with ungrazed crops) developing kernels of grazed crops source
more assimilate from current photosynthesis and less from stem reserves.

The derivation also revealed that time-courses of leaf area expansion after
grazing were highly dependent on DM production. This implies that leaf
expansion of grazed crops is source-limited during early stages of regrowth,
and necessitates a linkage between carbon budget and leaf area expansion. In
WHTGRAZ DM production was coupled to LAI through SLA.
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CHAPTER 6
Testing wheat-grazing scenarios: a
simulation analysis
"The art of approximation is crucial to most successful applications of theory to real
problems."

John Tranquada
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1

Abstract

Previous work has shown that regrowth of grazed wheat is strongly influenced
by the level of grazing pressure, the quantity of shoot dry matter (SDM)
removed and the growing season rainfall (GSR). Since these findings were
obtained from field experiments conducted over a limited number of growing
seasons, a study using many growing seasons and range of weather conditions
should reveal more consistent trends in crop responses to grazing. These
analyses should also enable identification of grazing regimes that are least
detrimental to crop productivity.

There were four main aims of this chapter: (1) validate WHTGRAZ with data
independent of calibration experiments to assess the capacity of the model to
simulate regrowth of grazed winter wheat, (2) determine the effects of grazing
regime on grain yield (GY) at the same level of grazing pressure, (3) determine
the effects of grazing on GY across a range of GSRs, and (4), determine how
SDM at the start of grazing influenced total SDM removal and GY.

WHTGRAZ validation was conducted using measurements from four field
experiments carried out over 2005-9. Experiments were performed with rainfed
Mackellar wheat crops that were supplied with non-limiting nitrogen and
grown in the same location as crops in the calibration experiments. Grazing was
conducted at stocking rates (SRs) ranging from 20 to 52 DSE h a 1. In three of the
four validation seasons WHTGRAZ performance in simulating the time-course
of SDM was very good (mean R2 > 0.95), but in the fourth year accuracy of
simulated SDM values were lower (mean R2 = 0.39). When SDM data from all
years were pooled the root mean square deviation normalised by the mean of
observed data was nearly half the observed coefficient of variation (0.45 cf. 0.80
respectively), and the R2 values were 0.79 (SDM) and 0.97 (GY). The ability of
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WHTGRAZ to simulate the time-course of post-grazing SDM was as good as or
better than its ability to simulate that of ungrazed crops. Accuracy of simulated
SDM accumulation after grazing and GY were substantially improved when the
time-courses of ungrazed SDM were well simulated. Validation suggested that
WHTGRAZ simulations were within the variability of observations and that the
model could be used to draw realistic inferences of interactions between postgrazing crop growth dynamics and GSR.

Aims 2-4 were investigated using simulation analyses with WHTGRAZ.
Analyses were conducted using 121 years of daily weather data from Canberra
with GSRs ranging from 151 to 774 mm. Continuous crop grazing was
simulated at light (L, 34 DSE h a 1), heavy (H, 68 DSE h a 1) or extreme (E, 100
DSE h a 1) intensities whilst crops were vegetative and was terminated upon
reaching a minimum SDM (50 g n r2) or maximum developmental stage (DVS =
0.5).
When the maximum number of allowable grazing days (NGD) per hectare was
predefined, long-term average GY of crops subjected to light intensities for long
periods was not different to the GYs of crops subjected to higher intensities for
shorter periods. Averaged over 121 growing seasons, the effect of grazing
regimen on mean GY was small when the total SDM consumed (SDMc) during
grazing was less than 90 g n r2. When mean SDMc was greater than 90 g n r2, GY
penalties were greatest when grazing was conducted at high intensities for
short periods. If the duration of grazing was not restricted by a maximum NGD,
the greatest median NGD was obtained for the L treatment (1496 DSE.d h a 1)
followed by the H treatment (1224 DSE.d h a 1) and the least for the E treatment
(1000 DSE.d h a 1). Mean GYs over 121 growing seasons were not significantly
different (L = 505, H = 501 and E = 529 g n r2) despite significant differences in
SDMc during each grazing interval (L = 167, H = 134 and E = 101 g n r2). GYs of
grazed crops tended to be equal to or greater than those of ungrazed crops in
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poor seasons (GSR < 300 mm), but the converse was true for GSR > 300 mm.
GYs of grazed crops were unrelated to SDM remaining at the end of grazing but
were closely associated with post-grazing SDM accumulation. The loss of
potential above-ground net primary productivity (ANPP) due to grazing
increased as GSR increased. When GSRs were very high, delaying the start of
the L treatment decreased SDMc and increased GYs. Conversely delaying the
start of the H or E treatments increased SDMc and decreased GYs.

In conclusion, these simulation analyses revealed that sheep grazing of rainfed
winter wheat at light intensities for long durations allowed greater SDM
removal and was less likely to cause GY penalties than more intense grazing
treatments. Grazing was most likely to increase crop productivity and benefit
GY in years with relatively low GSR at this location.
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2

Introduction

The rate and mode of defoliation in past dual-purpose crop experiments have
been highly variable (e.g. see Table 1.1 in chapter 1). In the US Southern Great
Plains, experiments have been conducted over long periods at light grazing
intensities (where grazing intensity is measured as the number of livestock per
unit ground area). Khalil et al. (2002a) conducted cattle grazing experiments for
about four months at an average intensity of two steers per ha. In contrast,
sheep grazing experiments in Australia and Italy have been conducted at very
high intensities for short durations, a practice known as 'crash' grazing (e.g.
Lovett and Matheson 1974; Dann et al. 1977; Francia et al. 2006). Other grazing
experiments have continuously adjusted the stocking rate (SR) during grazing
(Winter and Musick 1991; Pinchak et al. 1996; Arzadun et al. 2003) or have
defoliated crops by mechanical cutting or clipping (e.g. Hubbard and Harper
1949; Dann 1968; Davidson et al. 1990; Francia et al. 2006). Clipping could be
classed as an extreme form of crash grazing where severe defoliation is
performed instantaneously. Differences in the duration and mode of defoliation
between studies make it hard to identify consistent affects of grazing on GY.

Few studies have explicitly compared the effects of defoliation rate on crop
recovery in a given experiment, though two studies suggested that GYs were
unaffected by the rate of defoliation. Pumphrey (1970) and Dann et al. (1983)
found that grazing of winter wheat caused GY losses that were of similar
magnitude to those caused by clipping. On the other hand, 11 of the 14 studies
in Table 1.1 which found increased GY after defoliation used livestock grazing
as opposed to clipping. This implies that a more gradual removal of SDM is
conducive to greater recovery than intense or crash grazing. Information on the
effects of defoliation rate on crop dynamics and GY could be used to adapt
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grazing regimes to maximise crop production or sheep liveweight gains, or
obtain an optimal combination of grain and livestock production.

A further factor that may confound comparisons of defoliation on GY in many
studies is that increased defoliation intensity coincides with increased grazing
pressure (grazing pressure is measured as the number of livestock per unit
ground area * number of grazing days, e.g. DSE.d h a 1). A more objective
analysis would be to contrast grazing intensities for the same overall grazing
pressure (see section 8.4 in chapter 1). Such analyses should illustrate whether
crops grazed at light intensities for long periods had better chances of recovery
compared with those grazed at high intensities for short periods.

The relationship between SDM at the start of grazing (SDMsc) and post-grazing
crop productivity also deserves attention, since available information is
inconsistent. Many studies have shown that longer periods between emergence
and the time of first defoliation allow greater SDM accumulation and greater
harvest of forage (Pumphrey 1970; Martin and Knight 1987; Davidson et ah
1990). Previous results also generally agree that delaying defoliation or
increasing

vegetation

removal

increases

GY

penalty.

However

field

experiments that have quantified relationships between SDM sc and GY have
not uncovered any definitive trends (see section 8.4 in chapter 1). Further
investigation using data from many growing seasons is required to clarify
whether there are consistent trade-offs between SDM sc, crop regrowth and GY.

Questions of how defoliation rate, allowable grazing duration and SDMsc vary
with grazing pressure are best answered by simulation modelling. This method
allows visualisation of crop behaviour across a range of grazing intensities, and
hence identification of SRs that are more likely to enhance SDM production and
benefit GY. The way outcomes vary under a range of weather conditions could
also be examined in a modelling context. Since growing season rainfall (GSR) is
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a key driver of rainfed crop yields in the Australian wheat-belt (Stephens and
Lyons 1998; Zhang et a\. 2010), GSR represents a foremost variable upon which
a simulation analysis of the effects of grazing on GY should be based. Greater
understanding of the importance of driving, management and crop variables in
mixed-farming systems should facilitate decision-making for farmers and
mitigate risk (see section 8.3 in chapter 1).

The broad aim of this chapter was to determine how grazing regime affects
crop growth dynamics under a range of weather conditions, and thus identify
common crop responses to grazing over the long-term. To satisfy this aim
WHTGRAZ was validated then used to perform several multi-year simulation
analyses which examined crop growth responses to various SDMsc, grazing
intensities and grazing pressures.

The four specific objectives of this study were to
1.

Validate WHTGRAZ and assess model capacity to reproduce the SDM
time-courses and GYs of grazed crops;

2.

Determine the effects of grazing regime on GY at the same level of
grazing pressure;

3.

Determine the effects of grazing on GY across a range of GSRs, and

4.

Determine how SDM at the start of grazing influences total SDM
removal and GY.
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3

Methods

3.1 WHTGRAZ validation
3.1.1

Validation experiments

To check derivation adequacy and parameter assumptions made in chapter 5,
model performance was evaluated using data measured in independent
experiments performed from 2005 to 2009. These data were provided by W.
Kelman and are partially reproduced in Kelman and Dove (2009). These data
were convenient for WHTGRAZ validation as they had the same site and
similar management conditions as the calibration experiments, thus allowing
closer scrutiny of the effects of weather on crop dynamics. Experiments were
performed with rainfed Mackellar wheat crops that were supplied with nonlimiting nitrogen, so soil water and crop parameters used in WHTGRAZ
calibration did not require adjustment before validation. The only exception
was the initial water content in each layer at the beginning of each growing
season, which was initialised according to measurements (Kelman and Dove
2009). Stocking rates (SR), the timing of grazing and key phenological dates of
validation data are shown in Table 6.1.

3.1.2

Initialisation of ungrazed shoot dry matter time-courses

Validation was performed using two methods. The first was conducted for all
four validation years by comparing simulated values to those observed (over
the entire growing season). The second was conducted only for 2006 and 2009
since ungrazed growth was well simulated in other years. In this method
simulated time-courses of ungrazed SDM between emergence and the end of
grazing were approximately matched with measurements by making piecemeal
adjustments to potential RUE in WHTGRAZ (section 4.9.4 in chapter 5).
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Stocking rates (SR, DSE ha'1), key phenological dates and grazing
dates of experiments performed with Mackellar wheat from 2005 to 2009 used to
initialise WHTGRAZ prior to validation. Black regions represent not applicable or data
not measured.
Heavy (H)
Light (L)
Year
SR or key date
Control (C)
52
20
2005
Stocking rate
10 April
10 April
Emergence
23
July
23
July
Grazing start
I^A u g u st
16A ugust
Grazing finish
28 October
Anthesis
8 December
8 December
8 December
M aturity
22 December
22 December
22 December
Harvest
50
20
2006
Stocking rate
21 April
21 April
Emergence
14 August
14 August
Grazing start
14 Septem ber
14 Septem ber
Grazing finish
4 November
26 October
21 October
Anthesis
22 November
22 November
22 November
M aturity
13 December
13 December
13 December
Harvest

Table 6.1

2008

Stocking rate
Emergence
Grazing start
Grazing finish
Anthesis
Maturity^
Harvest
2009
Stocking rate
Emergence
Grazing start
Grazing finish
Anthesis
Maturity^
_________Harvest_______
Estimated by W. Kelman (pers.

18 October
8 December
16 December

34
6 April
10 July
14 August
22 October
8 December
16 December
37
3 May
27 July
28 August
6 November
10 December
17 December

comm.)

This procedure enabled better agreement between simulated and measured
SDM before grazing and was considered necessary to ensure a more reliable
assessment of simulated growth dynamics after grazing, since the latter was a
key aim of developing WHTGRAZ. The requirement to modify RUE in 2006
and 2009 may have been caused by (1) crop growth anomalies, (2) measurement
or sampling error, (3) poor simulation of abiotic stresses, (4) other factors not
encountered in calibration experiments such as competition for resources by
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weeds, or damage by wildlife, or (5) a combination of the above.

3.1.3

Model evaluation measures

Model performance was evaluated using (1) root mean square deviation
(RMSD) normalised by the mean of observed SDM (N R M SD sdm) or grain yield
(N R M SD g y ), (2)

R2 and, (3) the slope and intercepts of linear regressions fitted

through observed versus simulated data. NRMSD values were compared with
coefficients of variation of observed data (CV) where appropriate to contrast the
mean simulation error with the variability in observed data. Assessment of the
model ability to simulate GY (Table 6.2) was pooled across all years and
treatments due to limited measurements.

3.2

Simulation experiments

3.2.1 Weather data

Daily weather data from 1 January 1889 to 31 December 2009 were obtained as a
Patched

Point

Dataset

(PPD)

from

the

SILO

database

(http://www.longpaddock.qld.gov.au/silo. verified 21 May 2010). Data were
derived from measurements at Canberra Airport (35° 18' S 149° IP E), the
closest PPD location to the site of experiments at the CSIRO Ginninderra
Experiment Station. Growing season rainfall (GSR) was defined as the period
between 1 March and 31 October. Median GSR of the PPD was 375 mm (Fig.
6.1). Years 1950, 1952, 1956 and 1974 were the wettest on record and had GSRs
greater than 680 mm, whilst 1902 was the driest on record with a GSR of only
151 mm (Fig. 6.1).

266

Chapter 6: Testing wheat-grazing scenarios: a simulation analysis

22
20

n-----------1
-----------1
-----------r

Median = 375 mm

i

18
16

S 14
*12

0

1 10
E
l
8

6
4
2
160 240 320 400 480 560 640 720 800
Growing season rainfall (mm)
Fig. 6.1
Distribution of growing season rainfall (GSR) from 1889 to 2009 at
Canberra Airport. The year 1902 had the lowest GSR on record (151 mm) whilst years
1950, 1952, 1956 and 1974 had GSRs greater than 680 mm. ‘Growing season’ was
defined as the period between 1 March and 31 October.

3.2.2

Sowing and crop emergence

Crops were sown when at least 15 mm of rain occurred over three consecutive
days between 1 March and 31 May. Crops were sown dry on 1 June if prior
rainfall was insufficient for sowing. Emergence was assumed to occur 14 days
after sowing (the average value measured in calibration and validation
experiments).
3.2.3 Phenological development

Since WHTGRAZ does not include a phenological development subroutine
(section 4.6 in chapter 5), the average number of growing degree-days (GDD)
from emergence to anthesis (GDDEA) or from emergence to physiological
maturity (GDDEM) was modelled using empirical relationships derived from
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calibration and validation measurements:
GDDEA = 2185 - 5.8 x DOYEM; R2= 0.62

(6.1)

GDDEM = 3200 - 7.9 * DOYEM; R2= 0.51

(6.2)

where DOYEM represents the day of year of emergence.

3.2.4

Grazing

Three main simulation analyses were conducted. The first was designed to
examine how long-term average GY varied with grazing intensity when a
maximum number of grazing days (NGD) was imposed, and is shown in Fig.
6.4 below. Simulations were conducted for maximum NGDs ranging from 500
to 6000 DSE.d h a 1 with increments of 500 DSE.d h a 1. Outputs included GY,
NGD and shoot DM consumed during grazing (SDMc), and were presented as
averages over the 119 year data set (poor seasonal conditions in 1944 and 1997
precluded grazing so these years were omitted from this analysis).

The second analysis was an evaluation of the relationships between total aboveground net primary production (ANPP) or GY with SDMc, SDM remaining at
the end of grazing, SDM accumulation after grazing and GSR (see Figs. 6.56.11). ANPP was computed as the sum of SDMc, total dead leaf decomposition
and final SDM. SDM accumulation after grazing was computed as the
difference between SDM at the end of grazing and that at crop maturity (DVS =
2). Outputs were presented as individual data from each season.

The third analysis was conducted to determine how SDMsc affected SDMc and
GY in very dry or very wet growing seasons (see Fig. 6.12). This analysis was
performed using the ten driest and ten wettest growing seasons from the 121
year data set described in section 3.2.1. Mean GSR (± one standard deviation) of
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these seasons were 651 ± 75 mm and 195 ± 17 mm, respectively. Outputs were
presented as averages over the ten seasons.

All analyses were conducted in accordance with representative farming systems
in south-eastern Australia. Grazing was initiated when SDM reached 100 g n r2
(analyses 1 and 2 only) and was terminated when SDM reached 50 g n r2, DVS
0.5, or a specified maximum NGD (analysis 1 only), whichever was earliest.
Grazing was performed at intensities similar to those conducted in calibration
experiments, including light (L, 34 DSE h a 1) and heavy (H, 68 DSE h a 1)
treatments. To facilitate identification of trends in crop behaviour after grazing
and allow comparisons with previous crash-grazing experiments, an extreme
treatment (E, 100 DSE h a 1) was also simulated.

3.2.5

Crop, soil and grazing parameters

Excepting phenological parameters (section 3.2.3), all crop, soil and grazing
parameters were not changed from those calibrated for cultivar Mackellar in
2007. These parameters were deemed a representative set of experiments, soils
and weather conditions.
3.2.6

Statistical analyses

Other than statistical analyses conducted for validation (section 3.1.3), all
statistics were performed for results from the second simulation analysis
(section 3.2.4). The significance of differences between median grazing days of
treatments L, H and E were tested using Kruskal-Wallis nonparametric oneway analysis of variance, after ensuring variances were homogeneous using
Bartlett's test. Relationships between GYs of the control and GYs of grazed
treatments were fitted with linear regressions and tested against a 1:1 line
passing through the origin in a manner similar to that used for validation.
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Relationships between GY and GSR were fitted with exponential regressions.
Treatment differences between (1) ordinate asymptotes of the aforementioned
regressions, (2) SDMc and (3) mean GY penalties were tested using REML linear
mixed models. In each case differences between treatment means were deemed
significant if they were greater than the corresponding Fischer's LSD. Linear
regressions were fitted to relationships between (1) GY penalty due to grazing
and SDMc, (2) ANPP and GSR, and (3) GY and (i) SDM at the end of grazing or
(ii) SDM accumulation in the post-grazing period. In all cases regressions were
shown only where significant (P < 0.05 unless otherwise stated). All statistical
analyses were performed using GenStat Release 12.1 (Lawes Agricultural Trust,
Rothamsted Experimental Station, Oxford, UK).

4

Results

4.1

WHTGRAZ validation

To help identify shortfalls in model simulations, WHTGRAZ validation was
separated into the pre- and post-grazing periods (Table 6.2). Model
performance in 2005 was good, with WHTGRAZ accounting for more than 98%
of the observed variation in grazed and ungrazed data. Root mean square
deviation normalised by the mean of observed SDM (N R M S D sd m) during the
post-grazing period was lowest for the ungrazed treatment and greatest for the
H treatment. All N R M S D sd m values were classified as very good considering
that the seasonal range of SDM in 2005 was very large (e.g. the CV of the H
treatment data in the post-grazing period was 1.1). Smaller values of SDM of all
treatments were overestimated in the post-grazing period, causing regression
intercepts to be significantly greater than zero (Table 6.2). However, since larger
SDM values in the post-grazing period were simulated more accurately, slopes
of regression lines fitted through observed versus simulated data of L and H
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Table 6.2

Assessment of WHTGRAZ performance in simulating Mackellar shoot
dry matter ( SDM ) and grain yield ( GY) during validation years 2005, 6, 8, 9 individually
and pooled. Columns ‘uncalibrated’ and ‘initialised’ show model performance using
original or initialised parameter sets respectively, in the pre- and post-grazing periods
of the control (C), light (L) and heavy (H) treatments. Initialisation was carried out by
adjusting radiation-use efficiency on a piecemeal basis (see section 3.1.2). This
enabled more realistic simulation of ungrazed crop growth and therefore a more
reliable assessment of model performance in the simulation of grazed crop dynamics.
Root mean square deviation values were normalised by the mean of observed SDM
(NRMSD sdm) or GY (NRMSDqy) data. Slope, intercept and R2 values were calculated
for linear regressions of observed versus simulated values Asterisks (*) indicate that
the slope or intercept differs significantly from one or zero , respectively (P < 0.05).
Black regions represent not applicable or data not measured.

Year

2005

Data
Period
PreC
Treatment“
NRMSDsdm 0.14

S lo p e s D M

In te rc e p ts D M
R 2SDM

NRMSD qy

2008

NRMSD sdm
SlopesDM
InterceptsDM
R2SDM
NRMSD qy

Uncalibrated
Post-grazingA
C
L
H

0.12
1.00
119*
1.00
| 0.11
0.41
0.35
0.15*
0.83
-16
572*
0.19
0.89
I 0.18

1.14
-20
0.98

0.16
0.80*
138*
0.99
0.05
0.45
0.14*
495*
0.21
0.35

0.26
0.83*
183*
0.98
0.05
1.70
0.34*
371*
0.25
0.14

0.33
0.71*
128*
0.83

0.81
0.72*
284*
0.87

Initialised
Pre-_____ Post-grazingA

0.19
-15
1.01
0.97

0.16
0.70*
157*
0.88
| 0.20

0.26
0.62*
142*
0.87
0.01

1.00
1.08
143*
0.85
1.21

0.15
1.10
-19*
0.97

0.16
0.77*
121*
0.92

0.20
0.82*
73*
0.95

0.53
0.85*
178*
0.95

NRMSD sdm
SlopeSDM

InterceptsDM

R 2SDM

_______ NRMSD qy
2009
NRMSD sdm
SlopeSDM
InterceptsDM

0.64
0.39

R2 SDM

All

NRMSD qy
NRMSD sdm

S l o p e SDM
In te rc e p ts D M
R 2SDM

0.36
1.04
-31*
0.86

0.31
0.54*
287*
0.61

NRMSD qy
SlopeGY
lnterceptGY

R2* Y

Assessed from the start of grazing to crop maturity
Stocking rates are shown in Table 6.1
GY data pooled across treatments

treatments were less than one. In all cases NRMSDs of GY (NRMSDgy) were
low, indicating that WHTGRAZ had good capability of simulating GYs of
grazed and ungrazed treatments in 2005.
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Model performance in 2006 was poor. The time-course of SDM before grazing
was underestimated (see broken line in Fig. 6.2A), though the slope and
intercept values did not differ significantly from one or zero respectively (Table
6.2). SDM accumulation of the control from mid-August to mid-October was
overestimated, whereupon (simulated) water stress caused early senescence
and restricted growth. SDM values thereafter were underestimated, as was GY
(Fig. 6.2A). Discrepancies between observed and simulated values for ungrazed
crops were magnified when grazing was imposed, resulting in high
and low

R2

N R M S D s dm

for all grazed treatments (Table 6.2, broken lines in Fig. 6.2B). Since

WHTGRAZ was developed specifically to simulate regrowth after grazing,
model performance in 2006 was re-assessed after initialising the time-course of
the ungrazed treatment to match the observed SDM between emergence and
the end of grazing (solid line in Fig. 6.2B). The accuracy of simulated growth of
grazed crops increased substantially after initialisation, with large reductions in
N R M S D sdm

and increases in

R2

values (Table 6.2). The slopes and intercepts of

linear regressions fitted to observed versus simulated values were also much
closer to those of a 1:1 line passing through the origin.
■

E

SDM

A

SDM

800
L grazing |<— >j

CD 600
400

M

J

J

A

S

O

N

D
M J J A S O N D
Month in 2006
Fig. 6.2
Observed (points) and simulated (lines) shoot dry matter (SDM) and
grain yields (GY) of the (A) ungrazed control and (B) L treatment in 2006. Broken and
solid lines represent simulated values when the time-course of SDM was uncalibrated
or initialised, respectively. The L treatment was conducted at 20 DSE ha"1. Points
measured before 1 September were unreplicated and those after 1 September are
means ± one SEM (n = 3).
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The only exception to improved simulations after initialisation was for the GY
of the H treatment, which increased as a result of increased SDM at harvest
(Table 6.2). However, accuracy of measured GY for this treatment may have
been questionable due to bird damage (Kelman and Dove 2009).

WHTGRAZ performance in simulating SDM and GY in 2008 was very good,
with the model accounting for more than 97% of the variation in observed data
(Table 6.2). WHTGRAZ had a tendency to overestimate SDM values in 2008,
but this may have been an artifact of numerous measurements taken during
grazing. In 2009 pre-grazing growth was underestimated, which reduced
simulation accuracy after the start of grazing (Table 6.2). After initialising
simulated SDM values to those observed for the ungrazed treatment, the
N R M S D sd m

was very low (cf. a CV of 0.93), a very high proportion of observed

variance was accounted for by the model (R2 = 0.99), and GY was well
simulated.
When all uncalibrated data were pooled the N R M S D sd m for ungrazed crops was
0.31-0.36, less than the mean CV of observed data (0.58). R2 values in the preand post-grazing periods were 0.86 and 0.61 respectively, indicating greater
ability in the simulation of early crop growth (Table 6.2). WHTGRAZ tended to
over- and underestimate low and high (ungrazed) SDM values respectively,
resulting in regression slopes and intercepts significantly less than one and
greater than zero respectively (Table 6.2, solid points in Fig. 6.3A). These trends
became more apparent when crops were grazed (open points in Fig. 6.3A).
N R M S D sd m

values were highest for the H treatment, which was expected since

SDM removal from these crops was not only greatest but also most variable
(data not shown). The majority of overestimated H treatment values both before
and after initialisation were from 2006 (open squares in Figs. 6.3A, B). When
ungrazed crop SDM simulations were initialised, the overall performance of
WHTGRAZ in simulating growth of grazed crops improved considerably
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Fig. 6.3
Observed versus simulated (A, B) shoot dry matter (SDM) and (C, D)
grain yield (GY) of the ungrazed control (C), light (L) and heavy (H) grazing treatments
in validation years 2005, 6, 8 and 9. Data are measurements taken after the start of
grazing each year. Evaluation was performed prior to (A, C), and after (B, D)
initialisation of ungrazed SDM time-courses (see Table 6.2, Fig. 6.2 and section 3.1.2).
Stocking rates are shown in Table 6.1.

(Table 6.2, Fig. 6.3B). The slope and intercept of regressions fitted to ungrazed
SDM in the post-grazing period were less than one and greater than zero,
respectively, and these trends were also evident in grazed crop data. However,
simulated values of simulated SDM of grazed crops were at least as accurate as
those of ungrazed crops in the post-gazing period, with more than 92% of
observed variance accounted for by the model (cf. C and L treatments in the last
section of Table 6.1). Importantly, WHTGRAZ had very good capability of
simulating GYs of grazed and ungrazed crops (Table 6.1, Figs. 6.3C, D). Overall,
simulated SDM accumulation and GYs after grazing were of sufficient accuracy
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to permit hypothesis and scenario testing across multiple years.

4.2

Effects of grazing on grain yield in the long term

4.2.1

Effects of grazing on grain yield for the same grazing pressure

To determine whether light intensity grazing conducted over a longer duration
had a different effect on GY than heavy intensity grazing for a short duration,
an additional algorithm restricting the maximum NGD was temporarily0 added
to WHTGRAZ (section 3.2.4). Effects of grazing regime on mean GYs over the
119 year period were small, with increased average NGDs causing similar
decreases in mean GYs (Fig. 6.4A). Mean GYs decreased with increasing mean
SDMc in all treatments, but decreases were greater for the H and E treatments
when mean SDMc values were greater than 90 g m 2 (Fig. 6.4B). Put another
way, for the same long-term average SDMc during the grazing period, L
treatments generally caused less yield penalties compared with H or E
treatments.

_

550

® 530

£ 510

300

600

900

1200

Mean NGD (DSE.d ha'1)

30

60

90

120

150

Mean SDMQ (g m'2)

Fig. 6.4
Effects of (A) mean number of grazing days (NGDs) and (B) mean
shoot dry matter consumed during grazing (SDMC) on mean grain yields when the
maximum allowable NGD was predefined in WHTGRAZ (see section 3.2.4). Stocking
rates were light (L, 34 DSE ha'1), heavy (H, 34 DSE ha'1) and extreme (E, 100 DSE
ha'1), and n = 119. Note ordinate axes do not begin at the origin.
1 This algorithm was imposed only for results shown in Fig. 6.4
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4.2.2 Variation in total grazing days per ha with stocking rate

When the algorithm restricting the maximum NGD was removed from
WHTGRAZD so that the end of grazing was defined by only the maximum
allowable DVS (0.5) or minimum permissible SDM (50 g n r2), median NGDs of
the L, H and E treatments were significantly different (1496, 1224 and 1000
DSE.d h a 1, respectively, Fig. 6.5). The distribution of the NGDs was
approximately symmetric for each treatment, and the inter-quartile ranges were
similar (L = 654, H = 697 and E = 600 DSE.d h a 1). The range of the NGDs was
greatest for the H treatment and least for the E treatment (H = 2856, L = 2176
and E = 1900 DSE.d h a 1). Crops were not grazed in 1944 or 1997 in any
treatment (e.g. see lowest outliers for L treatment in Fig. 6.5) since early GSRs
were low and times of emergence were late. As a consequence, SDM in both
seasons remained below 100 g n r2 at all stages before DVS 0.5. Grazing was

2000
& 1500

N

1000

Heavy
Extreme
Grazing treatment
Fig. 6.5
Summary distributions of the total number of grazing days per ha (NGD)
in the light, heavy and extreme treatments. Simulations were performed using daily
weather data from 1889 to 2009. Grazing was not conducted in 1944 or 1997 and was
only conducted for a short period in 2004. Stocking rates are as per Fig. 6.4.
11All results hereafter were determined with unlimited NGDs
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conducted only for a short duration in 2004 in all treatments (see outlier for L
treatment in Fig. 6.5) since SDM reached 100 g nv2 at a relatively late DVS of
0.42. The H treatment was conducted for more than 2500 DSE.d h a 1in 1921 and
1922, in contrast to the L and E treatments which were terminated earlier. In
these years the L treatment did not delay DVS to the extent observed in the H
treatment and so reached DVS 0.5 earlier in the season, causing an earlier end to
grazing. The E treatment reduced SDM at greater rates than the H treatment in
1921 and 1922, causing the minimum allowable SDM to be obtained earlier and
an earlier termination of grazing in the former treatment.

4.2.3 Effects of grazing on grain yield

Yield penalties caused by each grazing treatment were relatively minor but
increased slightly when GYs of controls exceeded about 600 g n r2 (Fig. 6.6).
Linear regressions fitted to each treatment had slopes significantly less than 1.0
and ordinate intercepts significantly greater than zero. Regression slopes of the
L and H treatments were not significantly different, but both were significantly
less than that of the E treatment, indicating that (in good seasons) E grazing
may be less detrimental to GY than lower intensity grazing.
A GYl
800

B GYh

= 0.82GYC + 53

R2 = 0.92

,%

= 0.79GYC + 63

R2 = 0.90

CGYe = 0.92GYc + 21
R2 = 0.96

•

, >v

E 600

5
e>

400

200

0

0

200 400 600 800

0

200 400 600 800

GVC(g m'2)

0

200 400 600 800

Fig. 6.6
Relationships between grain yield of the ungrazed control (GYC) and
grain yield of the (A) L, (B) H and (C) E grazing treatments (GYg) simulated using
weather data from 1889 to 2009. Regression lines are shown in bold, and thin black
lines are 1:1. Stocking rates are as per Fig. 6.4.
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4.2.4

Effects of S D M removed on grain yield

Fig. 6.7 shows the relationship between SDMc and GY penalty caused by
grazing when the NGDs were unlimited. Yield penalties tended to increase as
SDMc increased in the H treatment, but relationships in the other treatments
were poor (no significant regression for the L treatment and the E treatment
regression explained only 5% of the variation in the data). Mean GY penalties
were similar for the L and H treatments but were significantly lower for the E
treatment (-48, -52 and -24 g nv2 in the L, H and E treatments respectively, LSD
= 14 g n r2). Mean SDMc decreased as SR increased (167, 134 and 101 g n r2 in the
L, H and E treatments respectively, LSD = 12 g nv2). These data confirm longterm average trends shown in Fig. 6.4B and are exemplified by the upper (2002)
and lower (1985) solid points in each panel of Fig. 6.7, which show SDMc
decreasing as SR increases. Variability of the effect of grazing on GY tended to
be lowest in the E treatment (cf. vertical distance between solid points and zero
GY penalty-line in Figs. 6.7A-C). For a SDMc of approximately 180 g nv2 in the L
treatment, GY differences caused by grazing ranged from -192 g nr2 in 1985 to
98 g nv2 in 2002 (solid points in Fig. 6.7A). In contrast SDMc in the same years
for crops grazed at the E intensity were about 80 g nr2, and GY differences
caused by grazing ranged from -27 g nr2 in 1985 to a gain of 8 g nv2 in 2002 (Fig.

Ä

GYp = -0.64SDMC + 32

GY p = -0.28 SDMC + 5

R2 = 0.27

R2 = 0.05

-50

80

160 240 320

0

80 160 240 320
Total SDMQ (g m'2)

0

80

160 240 320

Fig. 6.7
Effects of total dry matter consumed during grazing (SDMC) on grain
yield penalty ( G Y P = G Y grazed - G Y controi) in the (A) L (B) H and (C) E grazing treatments
simulated using weather data from 1889 to 2009. Regression lines in A and B are
shown in bold; the regression for A was not significant. Upper and lower solid points in
each panel show years 2002 and 1985, respectively. Stocking rates are as per Fig. 6.4.
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6.7C). Generally smaller GY penalties caused by the E treatment compared with
other treatments were likely due to the reduced NGD (Fig. 6.5), which on
average reduced SDMc (Fig. 6.7).
4.2.5

Relationships between shoot dry matter remaining at the end of
grazing and grain yield

There was a weak positive relationship between SDM remaining at the end of
grazing and GY for the L treatment (Fig. 6.8), but variation in GY increased as
SDM remaining at the end of grazing decreased. There were no significant
relationships between GY and SDM at the end of grazing for the H or E
treatments. Data in Fig. 6.8 demonstrate that the WHTGRAZ stopping criteria
for the H and E treatments in most seasons was the minimum SDM value (50 g
nv2). In contrast, most L treatment grazings were terminated by the maximum
allowable DVS (0.5), since SDM at the end of grazing was greater than 50 g n r2.

A

A

GYl = 0.85 SDMeg + 408
A A

R 2 = 0.10

□

100

200

E
H

300

SDM at the end of grazing (g m'2)
Fig. 6.8
Relationship between grain yield and shoot dry matter remaining at the
end of grazing (SDMEG). Regression line and equation is for grain yield of the L
treatment (GYL). Stocking rates are as per Fig. 6.4.
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4.2.6 Relationships between shoot dry matter accumulation after grazing
and grain yield

In all cases there were strong linear relationships between GY and SDM
accumulation after grazing (Fig. 6.9), revealing that factors which hampered
post-grazing SDM accumulation also reduced GY. The ability of crops to
accumulate SDM after the end of grazing were not significantly influenced by
SR (mean ± SEM of the GY-SDM slope for all treatments was 0.61 ± 0.02).

4.2.7 Relationships between grain yield and growing season rainfall

In most cases GYs increased as GSRs increased (Fig. 6.10). Effects of grazing
were minimal for GSRs less than 300 mm (cf. solid regression line to broken
regression line in Figs. 6.10B-D). The GY asymptote of the E treatment was not
significantly different to that of the control, but GY asymptotes of the L and H
treatments were both significantly less than that of the control (cf. regression
lines in Figs. 6.10B and C to A). This indicates that grazing was most
detrimental to GY in growing seasons with relatively high GSR, with SRs of 68
DSE h a 1generally causing the greatest yield penalties.
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1000 GYC = 804{1 - exp[-0.0053(GSR - 130)]}
R2 = 0.56
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Fig. 6.10
Relationships between grain yield (GY) and growing season rainfall
(GSR) for the (A) C (B) L (C) H and (D) E treatments. Solid curves show fitted
regression lines and the broken curves in B-D represent the control regression line
shown in A. Stocking rates are as per Fig. 6.4.

4.2.8 Effects of grazing on above-ground net primary production and
interactions with growing season rainfall

Effects of grazing on above-ground net primary production (ANPP, equal to the
sum of SDMc, total dead leaf decomposition and final SDM) as a function of
GSR are shown in Fig. 6.11. The horizontal zero-line indicates the point at which
total productivity of grazed crops was equal to those ungrazed. Relationships
between ANPP and GSR were negative for all treatments, indicating that the
overall loss of SDM productivity due to grazing increased as GSR increased.
281

Chapter 6: Testing wheat-grazing scenarios: a simulation analysis

100

\

-100

®Q -300

Q.

I

l

-500

^ -700
0

R2 = 0.13

A N P P n = -0.41 GSR + 38

200 400 600 800

R2 = 0.43 □

N

ANPP~ = -0.76GSR + 119

0 200 400 600 800

R2 = 0.30

A N PPD = -0.39 G SR + 38

0 200 400 600 800

Growing season rainfall (mm)
Fig. 6.11
Relationships between growing season rainfall (GSR) and grazinginduced penalty to above-ground net primary production (ANPPP = ANPPgrazed /WPPcontroi) in the (A) L (B) H and (C) E treatments. ANPP was estimated as the sum of
total shoot dry matter removed during grazing, total dead leaf decomposition and final
shoot dry matter at harvest.

The slope of the ANPP-GSR regression for the H treatment was significantly
steeper than both the L and E treatments, implying that the proportional loss of
ANPP with increasing GSR for the H treatment was greater than that of other
treatments. For all treatments there were occasions when grazing had positive
effects on ANPP; these generally occurred when GSRs were between 200 mm
and 400 mm.

4.2.9 Relationships between shoot dry matter at the start of grazing and
grain yields in very dry and very wet seasons

Relationships between SDM at the start of grazing (SDMsc) and GY in the ten
driest and ten wettest growing seasons during 1889-2009 are shown in Figs.
6.12A and B, respectively. In dry seasons the effects of grazing on GY across a
range of SDMsc were small, and GYs of grazed crops were similar to those
ungrazed (cf. points to broken line in Fig. 6.12A). In dry seasons SDMc was
greatest for the L treatment when

S D M sg

was less than 80 g n r2 (Fig. 6.12C).

SDMc in the H and E treatments peaked when
g n r2 (Fig. 6.12C). As

S D M sg

S D M sg

was between 120 and 160

became greater than 160 g nv2 in dry seasons,

SDMc decreased for all treatments.
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Fig. 6.12
Relationships between (A, B) grain yields and (C, D) shoot dry matter
consumed during grazing (SDMC) with shoot dry matter at the start of grazing (SDMsg )
in very dry (A, C) and very wet (B, D) growing seasons. Each point is the mean of the
ten driest or wettest growing seasons from 1889 to 2009. Broken lines in A and B
indicate mean ungrazed crop yields. Note ordinate axes of A and B do not begin at the
origin. Stocking rates are as per Fig. 6.4.

In contrast, interactions between SDM sc and SR on GYs and SDMc in wetter
seasons were more profound (Figs. 6.12B, D). Compared with dry seasons,
negative effects of grazing on GY were proportionally greater in wet seasons (cf.
points to broken line in Figs. 6.12A, B). GYs of crops grazed at the L intensity
increased curvilinearly with increasing

S D M sg

because SDMc mostly decreased

(triangular points in Figs. 6.12B, D). GYs of the H and E treatments declined as
SDM sc was incremented from 60 to 160 g n r2 due to increasing SDMc. GYs of
the H and E treatments increased or remained stable as

S D M sg

became greater

than 200 g nv2due to decreasing SDMc (Figs. 6.12B, D).
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5

Discussion

5.1 WHTGRAZ validation
Observed results in 2006 were difficult to simulate (e.g. see dotted line in Fig.
6.2). Simulated values were consistently greater than observations from the end
of grazing until mid-October whereas the majority of observations from midOctober onwards were underestimated. These effects may have been caused by
a more rapid depletion of soil water in simulations than in reality, causing
excessive early growth followed by severe water stress and premature hayingoff (e.g. see van Herwaarden 1996). One way to reduce this discrepancy would
be to decrease the root front velocity in WHTGRAZ. Currently, daily root
elongation in WHTGRAZ has a potential rate of 10 mm d 1 (see EZRTC in the
Soil water balance, root depth parameters section of Appendix 5.2) and can be
reduced by water or temperature stresses, following SUCROS2 (van Keulen et
al. 1997). If actual water stresses during the period between August and midOctober were more severe than those simulated, simulated root front velocities
would have been lower. Such effects would have restrained early simulated
growth, conserved deeper soil water and allowed SDM to continue increasing
until later stages of the growing season, similar to observations.

The N R M S D sd m of the H treatment was greater than that of other treatments in
the post-grazing period, suggesting that the accuracy of simulated SDM values
after high intensity grazing were lowest (Table 6.2). This was caused by an
overestimation of the SDM remaining at the end of grazing which lead to
excessive post-grazing regrowth and SDM accumulation. The mismatch
between SDM values at the end of grazing may have been due to one or more
of the following three possibilities. First, estimates of SDM intake by sheep may
have been too low. A recent study using the same herbage intake algorithm as
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that implemented in WHTGRAZ also found that intake by sheep was
inadequate when SDM of pastures were low (Robertson 2006). Second, five
SDM measurements taken from the H treatment crop over the 10 days after
grazing were less than 40 g n r2, suggesting that the minimum residual SDM
that a crop may be reduced to in WHTGRAZ may be too high (see section 5.4.1
in chapter 5). Third, crop growth during grazing may have been overestimated
due to poor estimation of water stress (see above) or the rate of green leaf
trampling by livestock (see section 6.5.2 in chapter 5).

Given that estimates of SDM were of limited accuracy in only one of the four
validation years, no adjustment was made to WHTGRAZ parameters. Further
refinements to WHTGRAZ parameters would require more validation sets to
ensure that observed phenomena were consistent and adjustments were robust.
At present it is difficult to assign the differences between simulated and
observed SDM in 2006 to model inadequacies or measurement errors.
When all data in each treatment were pooled across years, regression slopes
tended to be less than one and intercepts greater than zero (Table 6.2),
indicating a tendency of WHTGRAZ to under-estimate low SDM and overestimate high SDM (Fig. 6.3). These trends are a common feature of crop
simulation models (A. Moore pers. comm.) and were heavily biased by 2006
data. When 2006 data were removed from the regression conducted on all
observed versus simulated data in the post-grazing period (pooled across
treatments and years, Fig. 6.3A), model performance improved significantly
(N RM SD sdm decreased from 0.40 to 0.22, slope increased from 0.65 to 0.83,

intercept decreased from 218 to 85, and R2 increased from 0.77 to 0.95). These
evaluation statistics and those of GY (see final rows in Table 6.2) were of a
sufficient level to deem the performance of WHTGRAZ acceptable, justifying
subsequent use of the model in the simulation analyses.
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It is worth noting that simulation of SDM after grazing was greatly improved
when the time-course of ungrazed SDM was well simulated. This fact
underscores three key points regarding the modelling of physiological changes
in wheat after grazing. First, reliable estimates of post-grazing crop growth
cannot be expected if growth of ungrazed crops is not well simulated. Second,
field-scale changes in crop physiology after grazing can be realistically
simulated by crop models which use the RUE concept to compute DM
production (e.g. EPIC, Williams et al. 1989), provided necessary model
adaptations are made (see chapter 5). Third, since WHTGRAZ adequately
reproduced post-grazing crop behaviour once ungrazed growth was initialised,
it can be assumed that the mechanisms outlined in chapter 5 and incorporated
in WHTGRAZ were the most important elements in allowing the model to
account for the variation in observed data.

5.2 Effects of grazing on grain yield: simulation
analyses
5.2.1

Grain yields are unlikely to be affected by grazing regime if total
grazing days are less than 1500 DSE.d ha1

To compare the effects of grazing regime on GY for the same NGDs, an
additional rule was temporarily added to WHTGRAZ which allowed
comparison of heavy intensity grazing conducted for short durations with light
intensity grazing conducted for long durations. Extreme intensity grazing for
very short durations were also simulated since these treatments could be
likened to crash grazing in previous experiments (e.g. Dann et al. 1977). When
the mean NGDs were less than approximately 1500 DSE.d h a 1, grazing intensity
did not significantly affect long-term average GY (Fig. 6.4A). This result
confirms those in chapter 2, where GYs of crops grazed at heavy intensities for
short durations were not significantly different to those grazed at light
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intensities for long durations (cf. LL and HS treatments in Table 2.4). Both of the
HS and LL treatments in chapter 2 were conducted for 2086 DSE.d h a 1, so it is
possible that differences in GYs may have become apparent had grazing been
continued for longer.

For the farmer or grazier, the primary take-home message is that long-term
average GYs of dual-purpose winter wheats grown in environments similar to
the present study are unlikely to be affected by grazing regimen if the total
NGDs are less than 1500 DSE.d h a 1 (provided grazing does not remove apical
meristems). Given that grazing pressures applied to crops in mixed-farming
systems in south-eastern Australia are usually less than 1500 DSE.d h a 1 (H.
Dove, pers. comm.), it is unlikely that long-term average GYs will be affected by
a particular grazing intensity if sheep are removed once a minimum SDM of 50
g n r2 is obtained.

5.2.2 Light intensity grazing generally continues for longer than heavy
intensity grazing, allowing greater removal of dry matter

Conducting grazing at heavy or extreme intensities increases the rate of SDM
consumption. This causes the minimum permitted SDM to be reached sooner
and reduces the allowable period of higher intensity treatments. The corollary is
that total SDMc of heavy or extreme intensity treatments is generally lower than
that of light intensity treatments, since less growth occurs during the grazing
period of high intensity treatments (Figs. 6.4B, 6.7).

When SDMc is greater than approximately 90 g n r2, it is possible that grazing at
higher intensities reduces GYs more than light intensity grazing for a given
SDMc (Fig. 6.4B). Previous studies of wheat or triticale defoliation have shown
that GYs decrease with increasing forage removal (Dann 1968; Royo et al. 1994),
but these results may reflect specific seasonal conditions or crop development
287

Chapter 6: Testing wheat-grazing scenarios: a simulation analysis

stages at defoliation, so they should not be generalised. The current study is the
first to verify a general, negative relationship between SDM removal and GYs
over the long-term, and characterise an average SDMc at which GYs are likely
to diverge with alternative SRs.

Results of the simulation study indicated that multiple grazing episodes may be
possible when crops are grazed at high intensities, as the duration of grazing
tends to be shorter and completed earlier than regimes conducted at lighter
intensities. Past experiments comparing the effects of rotational and continuous
grazing have shown that rotational grazing tends to be conducive to greater
production of SDM (Paine et al. 1999; Burns and Fisher 2010; Teague et al. 2010),
thus allowing greater grazing pressures (Waller et al. 2001). Rotational grazing
may also extend the duration of ground cover which could potentially reduce
soil water runoff (Teague et al. 2010). However, the experiments cited above
were conducted using perennial plants, so the regrowth durations after
defoliation were generally much longer than those permissible in an annual
cycle of winter wheat grazing. One of the rare studies that contrasted the effects
of rotational and continuous grazing of winter wheat found that grazing regime
had little effect on SDM accumulation, SDM at the end of grazing or even GY
(Miller et al. 2010). Future simulations using WHTGRAZ may reveal whether
such responses should be expected over the long-term or whether they were
atypical.

5.2.3

Grain yields of grazed crops are highly correlated with post-grazing
dry matter accumulation, but relate poorly to dry matter remaining at
the end of grazing

Strong, linear correlations were found between SDM accumulation in the postgrazing period and GY (Fig. 6.9). Similar results have been obtained from wheat
grazing experiments with cattle in Argentina (Arzadun et al. 2003), with sheep
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in NSW (McMullen and Virgona 2009), or after clipping crops in the ACT
(Davidson et al. 1990). The consistency of such trends implies that factors
enhancing post-grazing SDM growth rates (e.g. high spring rainfall, warm
winter temperatures) may also translate into increased GY.

Reducing the SDM or leaf area remaining at the end of defoliation has been
associated with decreased post-defoliation growth rates, spike density at
anthesis and GYs (Hubbard and Harper 1949; Davidson et al. 1990; Arzadun et
al. 2003). However, these reasons cannot be the only contributors to decreased
GYs observed after crop defoliation. A past study using Mackellar crops found
that GYs were not affected by SDM at the end of grazing (Miller et al. 2010),
similar to the trend shown in Fig. 6.8. In crop-grazing experiments conducted
on a range of wheat cultivars, McMullen and Virgona (2009) found that in
general the cultivar with the highest average yield (Marombi) also had the
lowest SDM at the end of grazing. Of all cultivars trialled by McMullen and
Virgona (2009), Marombi had the greatest ability to recover post-grazing SDM,
agreeing with the relationships between post-grazing SDM accumulation and
GYs shown in Fig. 6.9. The results of both Miller et al. (2010) and McMullen and
Virgona (2009) verify the long-term results in the present study, indicating that
SDM remaining at the end of grazing has relatively small affect on post-grazing
SDM accumulation.

In general the H treatment caused the greatest long-term average GY penalties
(Figs. 6.7B, 6.10C, 6.12B) and loss of potential ANPP (Fig. 6.11B). These effects
may be attributed to various factors. The H treatment had less SDM remaining
at the end of grazing than the L treatment (Fig. 6.8). The H treatment continued
into later crop developmental stages than the E treatment since the rate of SDM
removal was lower. The combination of lower SDM and later developmental
stage at the end of the H treatment caused a significant, negative relationship
between GY penalty and the number of days anthesis was delayed (GY penalty
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= -21.7 x anthesis delay - 1.2, R2 = 0.28), whereas no such relationships existed
for the other treatments. These results suggested that the H treatment was likely
to cause the greatest GY penalties by delaying crop development, particularly in
years with high GSR (Fig. 6.10C). Indeed, many past experiments have shown
that delayed anthesis caused by grazing is associated with decreased GYs
(Dann et al. 1977; Dann et al. 1983; Royo et al. 1994). McMullen and Virgona
(2009) also presented evidence in support of this contention, postulating that
relative to other wheats in their trial, Marombi was grazed at an earlier stage of
development which reduced the delay in anthesis and thus the negative effects
of grazing on GY. These data suggest that flowering time and the possible delay
caused by grazing are important factors in deciding whether or not to graze a
crop.

To assess the influence of a range of biotic and abiotic factors on SDM
accumulation after grazing, a forward stepwise analysis of variance was
conducted for each grazing treatment. For the L and H treatments, results
indicated that the majority of variance was accounted for by models containing
GSR, the number of days between the end of grazing and anthesis, and the
maximum post-grazing LAI (R2 = 0.52 and 0.43 respectively, P < 0.05 for all
terms). For the E treatment, most variance was accounted for by models
containing GSR, the day of year that grazing finished and the number of days
between the end of grazing and anthesis (R2 = 0.47; P < 0.05 for all terms).
Adding other variables to regression models such as the day of year that
grazing started, the time of crop maturity, SDMc, LAI at the end of grazing and
crop developmental stage at the end of grazing resulted in only small
improvements in R2. Even though the best models of post-grazing SDM
accumulation were obtained with GSR, maximum post-grazing LAI, the
number of recovery days or the day of year that grazing ended, individual
relationships between each variable and post-grazing SDM accumulation were
poor. This suggests that a suite of biotic and abiotic factors in the post-grazing
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period interact and that no single variable should be used as a predictor of postgrazing SDM accumulation. Clearly, the best approach to study growth
dynamics of grazed crops over numerous seasons is to use a mechanistic model.

5.2.4 Grazing winter wheat may increase productivity in seasons with low
rainfall

Results of the simulation analyses demonstrated that the greatest benefits of
grazing with respect to GYs and total crop productivity occur in relatively drier
years (Figs. 6.10, 6.11). These results are consistent with previous research. A
study conducted in Lebanon (annual rainfall 300-600 mm) showed that in two
of three seasons early-sown barley that was clipped or grazed produced
significantly more grain than crops not defoliated (Yau 2003). A later
experiment with winter wheat in NSW found that grazing in a relatively dry
year increased GYs by 25% above ungrazed controls (Virgona ct al. 2006), and
another study in the US Southern Great Plains showed that winter wheat crops
grazed at low intensities occasionally had greater GYs than ungrazed crops
(Zhang 2010). The conclusion drawn in each of these studies was that leaf area
removed by grazing reduced transpiration rates, thereby conserving soil water
until grain filling when water-use efficiency for grain production was high (Yau
2003; Virgona et al. 2006; Zhang 2010). These effects are exemplified by the L
treatment in 2002 (upper solid point in Fig. 6.7A), where grazing reduced crop
water stress in late spring and enhanced yield relative to the ungrazed control.
As grazing intensity was increased from L to E, the yield benefit gained through
decreased water stress was offset by increased loss of canopy light interception
and SDM accumulation (cf. upper solid points in Fig. 6.7A-C).

The simulation study also revealed that the effects of SR on crop recovery and
GYs were of lesser importance when GSRs were less than about 300 mm (Figs.
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6.10, 6.12A). As GSR increases above 300 mm, ANPP foregone due to grazing
increases (Fig. 6.11). The slope of the relationship between ANPP and GSR was
steepest for the H treatment, probably because of greater developmental delays
caused by this treatment (see above). In general, all grazing treatments
conducted in seasons with high GSR penalised ANPP, irrespective of SR (Fig.
6.11). This indicates that the relative loss a farmer or grazier would incur by
allowing grazing of wheat crops would be higher in wetter years. Seasons with
high rainfall would promote biomass accumulation of pastures, so the
abundance of alternative livestock forage in these years would be greater.
Assuming that farmers have both crops and pastures at their disposal, it may be
preferable and more profitable to graze pastures rather than cereal crops in
wetter years in south-eastern Australia.

Importantly, this study has shown that grazing may increase crop productivity
(Figs. 6.7, 6.10, 6.11). Although the concept of an optimal grazing intensity to
maximise potential production is not new (e.g. see Hilbert et al. 1981; Dyer et al.
1986; Williamson et al. 1989; Dyer et al. 1993), previous studies have typically
focused on the effects of nutrients (Yamauchi and Yamamura 2004; Augustine
and McNaughton 2006), biodiversity (de Vries et al. 2007), have been conducted
on grasslands or prairies (Williamson et al. 1989; Augustine and McNaughton
2006; Wang et al. 2008), or have been conducted over a limited number of
growing seasons (Davidson et al. 1990). The present study is the first to reveal
the extent to which productivity of dual-purpose wheat crops may be increased
across a range of GSRs and how responses differ with grazing intensity. Results
suggest that although an 'optimal' grazing intensity for all years is unlikely, the
probability of maximising forage and grain production is greatest when both SR
and GSR are low, since such conditions mitigate crop water stress in later stages
of the growing season.
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5.2.5

Effects of dry matter availability at the start of grazing on dry matter
removal and grain yields

Knowledge of relationships between SDM at the start of grazing (SDMsc) and
crop recovery would be useful to farmers, but results from past studies are
difficult to reconcile. In comprehensive field experiments conducted in three
different locations, measurements by McMullen and Virgona (2009) showed a
poor relationship between pre-grazing SDM of winter wheat and GYs. Data
collected by Kelman and Dove (2009) over three years demonstrated that pregrazing SDM of wheat and oat crops were unrelated to post-grazing growth
rates and GY, and differed between seasons and SRs. In three of four growing
seasons, Lyon ct al. (2001) showed that clipping winter wheat at later
developmental stages increased SDM removal but progressively decreased GY.
Davidson et al. (1990) similarly found that delaying the date of initial clipping
increased SDM removal, but in contrast to Lyon et al. found that delayed
clipping correlated with increased GYs. The relationships between pre-grazing
SDM, post-grazing growth rates and GYs in the experiments cited above are
difficult to compare since they were influenced not only by the timing and
quantity of SDM removal, but also the weather conditions between defoliation
and physiological maturity.

One of the aims of the current study was to characterise how relationships
between SDMsc and GYs varied with SR. In general, SDMsc had little effect on
GY in drier years and various SRs produced similar results (Fig. 6.12). In wetter
seasons, different SRs caused distinct responses. For example, as

S D M sg

increased from 60 and 160 g nr2, GYs progressively increased for L treatment
crops but progressively declined for the H and E treatment crops (Fig. 6.12B).
These trends were strongly related to the quantity of SDM removed during the
grazing interval, similar to the results of Lyon et al. (2001).
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The SDM at which grazing should be initiated depends on the aim of the farmer
or grazier. If the goal was to provide livestock with forage and minimise GY
losses, the best strategy would be to graze with low SRs and delay the start of
grazing until SDM was high. If the goal was to maximise SDMc (and perhaps
liveweight gains) then grazing should be conducted at high intensities and
should begin between 100-150 g m 2 in drier seasons or between 150-200 g m 2 in
wetter seasons. Since dual-purpose cereals are often used to provide feed in late
autumn or early winter before pastures become productive (e.g. Doole et al.
2009), farmers may be required to tailor grazing regime to

S D M sg ,

since

seasonal conditions generally preclude realisation of an optimal SD M sg .

6

Conclusions

1.

Validation using data from four growing seasons demonstrated that
WHTGRAZ was reasonably capable of simulating growth and GYs of
grazed wheat crops, though calibration with further experimental data
may improve model forecasts and make model parameters more robust.

2.

Grazing regime had little effect on long-term average GYs when the
overall grazing pressure was less than 1500 DSE.d h a 1, provided grazing
was conducted whilst crops were vegetative.

3.

Compared with heavier grazing intensities, lighter grazing intensities
removed SDM at lower rates, continued for longer and allowed more
growth during grazing. These effects meant that light grazing intensities
were generally conducive to the greatest cumulative removal of SDM.

4.

Grazing in years with relatively low GSR (< 300 mm) occasionally
mitigated crop water stress in spring and enhanced ANPP and GYs.

5.

In dry growing seasons, SD M sg had little effect on GY. In wetter growing
seasons there were large differences in GYs between alternative SRs as a
result of differences in SDMc.
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CHAPTER 7
Synthesis and concluding remarks
"Get it right or let it alone. The conclusion you jum p to may be your ow n."

James Thurber
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1

Synthesis of results

1.1

Grazing alleviates crop water stress and may enhance grain yields

A central outcome of this thesis has been that sheep grazing of rainfed wheat
during winter can reduce crop water stress during spring and potentially
conserve soil water until anthesis. In chapter 2 it was shown that HS grazing of
Mackellar crops allowed storage of more soil water during winter than
ungrazed Mackellar in the surface soil layer. HS grazing of Mackellar and
Naparoo crops in 2008 significantly enhanced GR and RGR compared with
ungrazed controls. Results in chapter 3 indicated that post-grazing RUE was
greater in 2008 compared with 2007 due to a greater alleviation of water stress
in 2008. Measurements in chapter 4 showed that transient increases in That after
grazing coincided with decreased leaf water potential and greater stomatal
conductance during a period of soil water conservation. As canopies recovered,
crop supply-demand ratios of soil water decreased and levels of water stress in
grazed crops returned to those in ungrazed crops (section 5.2 in chapter 4).
Finally, simulation analyses in chapter 6 showed that in many cases, light
grazing of crops in years with relatively low GSRs increased GYs.

Although grazing did not significantly increase GYs in the field experiments, it
is possible that such phenomena were incipient. This hypothesis was examined
using 2008 weather data and management conditions. Fig. 7.1 shows the timecourses of SDM components and the water-stress factor (WSF, see section 4.9.6
in chapter 5) corresponding to each treatment. Relatively large accumulation of
green leaf DM and leaf area of ungrazed Mackellar crops caused extreme water
stress around anthesis (Figs. 7.1A, D). Grazing crops at the HS intensity (66 DSE
h a 1) caused a large reduction in shoot and green leaf DM and consequently
reduced crop water stress around anthesis (Figs. 7.1 B, E). Had treatments with
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Fig. 7.1
Time-courses of green leaf (WLVG), total leaf (WLV), stem (WST) and
kernel (WSO) DM of (A) ungrazed, (B) HS and (C) 80 DSE ha'1 treatments. Panels (DF) show water stress factors corresponding to panels (A-C) respectively. Simulations
were conducted with cultivar Mackellar under 2008 weather and management
conditions (see section 3 of chapter 2). Shaded regions show the timing of grazing and
vertical arrows show simulated dates of anthesis (A). Further information on the water
stress factor is given in section 4.9.6 of chapter 5.

greater grazing intensities been conducted in 2008, it is possible that water
stress would have been even further alleviated (e.g. 80 DSE ha*1; Figs. 7.1C, F).
The key message is that GYs tend to increase with increasing grazing intensity
in seasons that cause terminal crop water stresses (ungrazed, 66 and 80 DSE ha*1
treatments in Fig. 7.1 had GYs of 358, 386 and 396 g m*2 respectively).

Fig. 7.1 provides a mechanistic explanation of how grazing may increase GYs in
some of the growing seasons shown in chapter 6 (e.g. Fig. 6.7). The simulation
analyses in chapter 6 in turn explain some of the cases in Table 1.1 where
grazing increased GYs. The combination of these results suggest that grazing is
unlikely to increase crop productivity when GRs are already near their
maximum, but rather that grazing may enhance productivity when growth is
occurring under stressful conditions. Hilbert et al. (1981) confirm this reasoning
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in a mathematical analysis, as discussed in section 5.2 of chapter 2.

Finally, it should be mentioned that cases of grazing increasing GY as estimated
by the simulation analyses in chapter 6 may be conservative. Comparisons
made in Table 1.1 show that in some cases, GYs of grazed crops increase due to
reduced lodging or disease mitigation. Since WHTGRAZ does not account for
stresses other than those caused by water or temperature, it is possible that
positive effects of grazing on GYs may occur in more cases than suggested by
results in chapter 6. Future refinements of WHTGRAZ may include modelling
the effects of crop lodging and disease.

1.2

Grazed winter wheat allocates more shoot dry matter to leaves

A fundamental insight from WHTGRAZ derivation was that grazed wheat
crops tend to allocate more SDM to leaves. Reprioritisation of assimilate
allocation has been observed in grass species in response to defoliation
(McNaughton 1992; van Staalduinen and Anten 2005), but little is known of DM
allocation patterns in winter wheat after grazing. Mechanisms underlying
increased allocation of SDM to leaves may depend on the level of grazing
intensity or the extent to which canopy light interception is affected. Trials
using Lolium multiflorum found that low grazing intensities resulted in greater
leaf elongation rates, increased final leaf lengths, greater leaf longevity and
greater numbers of leaves per tiller (Cauduro et al. 2006). Hazard et al. (2001)
showed that more frequent defoliation of Lolium perenne was correlated with
increased leaf appearance rates, decreased leaf elongation rates and shorter
(fully expanded) laminae. Hazard et al. (2001) also observed that severe
defoliation tended to induce tillering whereas lenient defoliation favoured
greater durations of leaf elongation.
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Increased leaf appearance rates may be caused by activation of dormant
meristems (Briske et a\. 1996), which in turn may be a result of increased red to
far-red light ratios at the base of the canopy (Hofstede et al. 1995). Breakage of
apical dominance may therefore underlie increased tillering (Noy-Meir and
Briske 2002), as observed in grass species after grazing (Hazard et al. 2001;
Cauduro et al. 2006). Indeed, activation of dormant meristems has been
suggested as a necessary precondition of vigorous regrowth after grazing and
may be an evolutionary response to moderate levels of shoot damage (Huhta et
al. 2000). However, activation of dormant meristems may not always promote
tiller initiation in grasses. Murphy and Briske (1992) suggested that tiller
initiation after grazing was more strongly associated with changes in resource
availability and radiation distribution within the canopy than with apical
dominance. Future studies of individual wheat plants under field conditions
should help elucidate whether increased allocation of SDM to leaves is a result
of extended durations of leaf elongation, increased leaf appearance rates and/or
greater tillering capacity.

1.3

Effects of grazing intensity and duration on crop recovery: contrasts
between field and modelling studies

Results in chapters 2 and 3 suggested that HS grazing was more conducive to
crop recovery than LL grazing (e.g. compared with the control, ANPP and the
maximum GRs of HS treatments were unaffected, whereas those for the LL
treatment in 2007 were significantly less than the control; see Tables 2.3 and
2.4). Earlier termination of grazing in the HS treatment allowed more regrowth
under the cooler conditions of winter before vapour-pressure deficits increased
and soil water became limiting in spring (Figs. 2.1 and 2.4). Allowing grazing to
continue later in the growing season caused greater developmental delays and
reduced the post-grazing pre-anthesis time that crops could accumulate leaf,
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stem and spike DM (Figs. 3.6A, C and E). Conversely, results from the
simulation analysis in chapter 6 demonstrated that for the same total SDM
removal, light grazing intensities were generally less detrimental to GYs than
heavy intensities, particularly when GSRs were high (Figs. 6.4B, 6.7 and 6.12).
Results in chapter 6 were due to the fact that light grazing was generally
conducted over greater durations than heavy grazing, permitting more
regrowth during the grazing period so that SDM at the end of light grazing was
generally higher (Fig. 6.8).

The apparent contradiction between field and modelling results was caused by
differences in management factors. For example, in 2007 crop emergence of
field experiments occurred on 1 April, whereas simulated emergence occurred
on 16 March. Earlier simulated emergence meant that light grazing took place
from 14 April until 13 May in the simulation analyses, in contrast to the LL field
experiment which was imposed from 18 June to 19 August. Further, results in
Figs. 6.4 and 6.7 were determined using

S D M sg

values of 100 g nr2, but the

mean SDM sc of field experiments on 13 June 2007 was 311 ± 20 g n r2 (Fig. 2.2).

Whilst results from both studies are valid, those of the modelling study should
be considered more likely to occur in mixed-farming systems in south-eastern
Australia since they were conducted using a diverse array of weather
conditions. This implies that outcomes may have changed had different
management conditions been imposed in the simulation analyses. Although
this observation is true, management rules defined in the simulation analyses
were selected so they were (1) similar to current crop-grazing enterprises in
south-eastern Australia (e.g. Moore 2009), and (2), conducted in accordance
with recommended crop-grazing practises (Redmon et al. 1996; Merchan et al.
2007). Future simulations using alternative initial conditions in WHTGRAZ
may shed light on this issue.
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1.4

Modelling crop dry matter accumulation

Previous research has shown that numerous options exist for modelling growth
rates and DM accumulation of crops or pastures, ranging from single-equation
empirical models (e.g. Birch 1999) to detailed, multi-equation mechanistic
models (e.g. Wang et al. 2002). The level of complexity is usually driven by the
aim of the model, though choosing the most appropriate level for a given
scenario is often considered one of the most difficult aspects of modelling
(Brooks and Tobias 1996). Selecting the level of detail to model DM
accumulation in WHTGRAZ was a classic example of Levin's (1966) 'dilemma
of model building': there is no way to be precise, realistic and general all at
once. The detail of crop models also depends on the number of levels of
organisation, which may range from molecules or cells to populations or
ecosystems (de Wit 1982). The SUCROS2 model (van Keulen et at. 1997) upon
which WHTGRAZ was based calculates DM accumulation using two levels of
organisation. In SUCROS2, CO2 assimilation is first estimated at the leaf level,
then integrated up to the canopy level. Next, total daily canopy CO 2
assimilation is converted to carbohydrate and finally to DM after accounting for
respiration and allocation costs.

Modelling DM accumulation through leaf-level photosynthesis in WHTGRAZ
may have furthered mechanistic understanding of processes occurring at the
canopy-level after grazing. Indeed, both diurnal and weekly measurements
demonstrated that photosynthesis of leaves on grazed plants transiently
increased after grazing (Figs. 4.1A, 4.2A and 4.4A). However, four main reasons
made it more convenient to model DM accumulation in WHTGRAZ using RUE
as opposed to leaf photosynthesis. First, Asat was affected by a suite of factors
ranging from abiotic (e.g. soil water content), to morphological (e.g. leaf area
removed), to physiological (e.g. Rubisco activity). Accounting for increased Asat
after grazing in WHTGRAZ would first require additional experiments that
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separated and quantified the main driving components of A s a t after defoliation.
Second, there was no definitive evidence to suggest that the transient increase
in Asat was translated into increased RUE. Temporal estimates of RUE shown in
Fig. 3.5 varied between methods of calculation, and did not correlate well with
Asat measurements in 2007 or 2008 (cf. Figs. 3.5 with 4.1A and 4.2A). These
results should be expected since numerous biological events occur between
light interception, CO2 assimilation and biomass accumulation (e.g. respiration,
sucrose synthesis and retranslocation, etc.). Third, DM data are more robust
than gas exchange data. This is because the former are a time-integral whereas
the latter are more dependent on ambient weather conditions and microclimatic
effects such as soil temperature (Lahti et al. 2002; Germino and Wraith 2003).
Fourth, only SDM data were available for model validation (section 3.1 in
chapter 6). Additional benefits of modelling DM accumulation using RUE as
opposed to photosynthesis were given in section 4.9.1 of chapter 5.

The discussion above indicates that it may be informative to perform canopylevel CCh-exchange measurements (e.g. see Morris and Jensen 1998) on crops
after grazing. Such data would not only bridge the gap between leaf-level CO2
assimilation and canopy-level DM accumulation, it would also provide
information as to how DM accumulation differs with defoliation intensity and
canopy architecture. Canopy-level CO2 measurements would also be useful in
the parameterisation of crop-grazing models like WHTGRAZ.

1.5

Measuring specific leaf area on entire leaves compared with leaf
segments

Another example of differences (and difficulties!) that arise in scaling
measurements from lower to higher levels in crop-grazing experiments can
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occur with specific leaf area (SLA). Measurements of SLAE shown in Figs. 4.ID
and 4.2D indicated that SLA increased during and after grazing. In contrast,
modelled SLA in WHTGRAZ was assumed to be unaffected by grazing (section
4.7.2 in chapter 5). This assumption was based on measurements which showed
that SLA time-courses of grazed crops were not consistently different to those of
controls (Appendix 5.3). The difference between results was caused by the fact
that SLA values in chapter 4 were obtained from 30 mm-long leaf segments
used in gas exchange measurements, whereas SLA values in Appendix 5.3 were
the mean of measurements made on three entire leaves (section 3.3 in chapter
3). Since the SLA of wheat leaves varies along their longitudinal axisF, it is to be
expected that the SLA of an individual leaf section will differ with that of the
entire leaf. The latter was used to compute LAI since it was considered more
representative of the canopy-average SLA.

Future refinements of SLA measurements in crop-grazing experiments may be
to quantify SLA according to leaf position in the canopy. Classification of SLA
in this manner should account for not only changes in SLA associated with leaf
age (e.g. Rawson et al. 1987) but also changes associated with shading (e.g.
Gunn et al. 1999).

1.6

Effects of nitrogen availability and influence on growth

Although nitrogen budgets are included in many simulation models (e.g.
Moore et al. 1997; Meinke et al. 1998; Keating et al. 2001; Duru et al. 2009), no
attempt was made to model soil or plant nitrogen in WHTGRAZ. This step was
taken since the amount of N applied to crops was presumed sufficient to ensure
E For consistency with the publication (Harrison et al. 2010), measurements in chapter 4 are
shown as leaf mass per unit area (LMA ), equal to the inverse of SLA
FMeasurements of 10 mm-long Mackellar flag leaf sections on 11 August 2008 showed that
SLA (m2g 1) = 0.014 - 2.55 * 10 ?x distance from leaf tip (mm), n = 21, R2 = 0.70. The mean SLA of
the entire leaf was 0.011 m2g !.
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that DM accumulation and leaf area expansion were not limited by N (section
3.4, chapter 2), in accord with current farming practises in south-eastern
Australia. To check the validity of this assumption, nitrogen concentrations [N]
of leaves, stems and roots were measured over most of the growing season in
2007 and part of the growing season during 2008 (Appendix 7.1). Generally, [N]
were lowest in ungrazed controls, irrespective of tissue type. The minimum [N]
was 2.9 ± 0.3%, 0.6 ± 0.2% and 0.7 ± 0.1% in leaves, stems and roots respectively
in 2007, and 3.0 ± 0.1% , 1.1 ± 0.1% and 1.1 ± 0.1% respectively in 2008
(Appendix 7.1).

To assess whether these tissue concentrations were growth-limiting, a survey of
the literature was conducted. It was shown that the minimum [N] used in crop
or pasture models to define 'unrestricted', 'optimal' or 'critical' growth has no
unique definition, van Keulen and Seligman (1987) reported values from a
range of wheat experiments and concluded that the optimal [N] of leaves was
about 4.8% in early development and declined curvilinearly to about 1% by
anthesis. For stems values were 2.1% and 0.6% respectively and for roots
average values were 3.5% and 0.5%, respectively. Hammer et al. (1987) defined
the optimum [N] of the entire wheat plant as 4.5% at emergence, decreasing to
3% at DVS 0.4 and remaining at this value until anthesis. Hansen et al. (1991)
defined the 'just-ample' nitrogen supply of the shoot to be 3% at emergence,
curvilinearly decreasing to 1% at maturity, whilst that for the root decreased
from 1.3% at emergence to 0.8% at maturity. O'Leary and Connor (1996)
defined the optimal shoot [N] as 6% at emergence, declining linearly to 1.5% by
anthesis, and remaining constant thereafter. They specified an optimal root [N]
as one-third that of the shoot. Olesen et al. (2002a) redefined Justes et al. (1994)
relationship between critical [N] and SDM and suggested that critical [N]
decreased from 4.4% to 1.8% as SDM increased from 155 to 1200 g n r2.

Comparing these bounds to the [N] and SDM time-courses shown in Appendix
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7.1 and Fig. 2.2 respectively, there was no strong evidence to suggest that leaf,
stem or root [N] were growth-limiting during 2007 or 2008. [N] was not
measured during later phases of the growing season in 2008 due to time
constraints, but it is reasonable to assume that water stress was more influential
than soil N availability during late spring (Fig. 5.9). These data suggest that
tissue N concentration was not a primary factor in the growth responses
observed in this study and justify the omission of a nitrogen budget in
WHTGRAZ.

1.7

Insights from WHTGRAZ derivation regarding root processes

Two additional perceptions from the derivation of WHTGRAZ that warrant
further attention relate to roots. Previous research using pasture grasses has
indicated that root assimilates may be retranslocated to restore shoot and leaf
growth after defoliation (Skinner et al. 1999; Kuzyakov et al. 2002), and such
processes are commonly included in models of pasture grazing or forage
production (e.g. Schapendonk et al. 1998; Herrmann and Schachtel 2001; Barrett
et al. 2005). Although the studies cited above mainly focus on species having
assimilate storage structures like rhizomes, retranslocation has also been
observed in non-rhizomatous pasture grasses (e.g. Warembourg and Paul 1977;
Johansson 1993). Based on the null hypothesis, WHTGRAZ root-shoot
partitioning algorithms were not changed from those defined in SUCROS2,
which do not simulate retranslocation of root assimilates. Comparisons of
simulated and observed SDM showed that in all cases wheat canopies were
capable of recovery without the need for additional support from root
carbohydrates (notwithstanding the effects of grazing on SDM partitioning
through phenological development; see section 5.3 in chapter 5). Moreover,
additional measurements in the current study showed that root DM watersoluble carbohydrate concentrations did not significantly decrease after
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grazing, implying that assimilates were not remobilised to restore shoot growth
(data not shown).

The second perception from the derivation of WHTGRAZ was that there was
no evidence to suggest that root front velocity or total root length was inhibited
by grazing. Decreased root biomass production in response to defoliation has
been observed in both greenhouse and field experiments (Matches 1992; Engel
et al. 1998; Fulkerson and Donaghy 2001; Gao et al. 2008; Zhao et al. 2009), and
some studies have shown that decreased root biomass after grazing correlated
with decreased total root length (e.g. Christiansen and Svejcar 1988; Matches
1992). If grazing of winter wheat inhibited root front velocity, one might expect
to see a conservation of soil water in deeper layers of grazed plots during later
phases of the growing season. Neither measurements nor simulations of soil
water in deeper layers revealed consistent differences between grazed and
ungrazed treatments (e.g. Figs. 2.4, 2.5). This observation implies that grazing of
winter wheat probably did not have a significant effect on root front velocity
since soil water content of deeper layers was not conserved.

2

Significance of results

The key findings of this study add to existing information on the agronomic
and physiological changes that occur in wheat crops after livestock grazing.
These data fill voids in the current literature with respect to rainfed grazing
experiments. Whereas numerous past defoliation experiments have focussed on
perennial species in controlled environments (e.g. de Visser et al. 1997; Donaghy
and Fulkerson 1997; Lawson et al. 2000), data measured in the present study
were novel since they were conducted on an annual species under field
conditions.
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Previous crop grazing models have largely been empirical (e.g. Doole et al.
2009), calibrated with data from separate plant and animal experiments (e.g.
Rodriguez et al. 1990), and/or used empirical factors to reduce GY (e.g.
Rodriguez et al. 1990; Zhang et al. 2008). The current study included the
derivation of a relatively mechanistic wheat-grazing model that was calibrated
using SDM removal and regrowth information from the same experiments.
Model derivation uncovered physiological information that should be included
in future models of crop grazing. Indeed, discussions have already begun on
possible methods to implement key findings of WHTGRAZ into the APSIM
cropping systems model (P. de Voil, pers. comm.).

Results of this study would be valuable to farmers, allowing them to increase
their understanding of the physiological implications of a given grazing regime,
and adapt future management strategies in the short-term according to
forecasted GSR. Having more knowledge of the effects of crop grazing should
allow farmers to avert risks and increase financial returns. Results of this study
would also be of value in dual-purpose cereal breeding programs since they
have identified how crop traits interact with weather conditions during crop
recovery.

3

Future research

3.1

Field experiments

In addition to the possibilities mentioned previously, the current study has
uncovered many areas where future research of dual-purpose crops may prove
illuminating. Such areas could include comparisons of RUE, the time-courses of
LAI and SDM partitioning across a range of dual-purpose cultivars. Work in
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chapter 3 indicated that all three variables had implications for crop recovery
and GYs of Mackellar and Naparoo cultivars. Other than through genotypic
differences, further manipulation of LAIs and canopy light interception could
be performed by varying row spacing or sowing density (e.g. see Whaley et al.
2000 ).

Field experiments in 2008 also showed that effects of alternative nitrogen
applications on post-grazing crop recovery were small. However, further work
is required to determine whether such results are consistent across growing
seasons. Past experiments (e.g. Virgona et al. 2006) have also indicated the need
to clarify how grazing affects (1) crop uptake of soil nitrogen and (2) crop
nitrogen metabolism.

3.2

Crop traits conducive to enhanced post-grazing recovery

More research emphasis should be placed on physiological and morphological
traits of winter wheat that are conducive to crop recovery. Previous research
has provided numerous exciting starting possibilities. Investigations of early
vigour in wheat (Richards 2000; Richards and Lukacs 2002) showed that rapid
establishment of leaf area enhances early light interception and may lead to
higher early growth rates. Richards and Lukacs (2002) attributed early vigour of
selected cultivars to greater SLA and higher partitioning of shoot biomass to
leaves in early developmental stages. Defoliation experiments have also shown
that species with greater SLA tend to have greater regrowth rates after clipping
(Meyer 1998; Diaz et al. 2001; Zhao et al. 2009). Canopy stature may also be an
important trait in crop recovery. Studies of perennial grasses have shown that
tall, erect vegetation is more accessible to herbivores and more prone to
overgrazing (Diaz et al. 2001). Prostrate grasses may be better equipped to avoid
grazing than erect grasses since the meristematic zones of prostrate species are
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closer to ground level and less accessible to grazing animals (Noy-Meir and
Briske 2002; Amiard et nJ. 2003). Species with smaller leaves or higher leaftearing resistance may also be better adapted to grazing than species with larger
or softer leaves (Herms and Mattson 1992; Cornelissen et al. 1999). Greater
defoliation tolerance has been linked with species having greater tillering
potential (section 1.2 above) or the ability become decumbent so that additional
leaf area is below the grazing zone (Hodgkinson et al. 1989; McNaughton 1992;
da Silva et al. 2009; Giacomini et al. 2009). Collectively, these results indicate that
cultivars having high S L A , small leaves, ability to alter assimilate partitioning
or leaf angles, high tillering potential and/or prostrate stature may be good
varieties to begin an examination of traits conducive to rapid post-grazing
recovery. Such studies should be conducted over the entire crop lifecycle since
whilst some traits may lend themselves to higher growth rates and good
recovery, they may also have counterproductive effects on GYs.

3.3

Crop-grazing models and simulation of dual-purpose systems

Current information regarding physiological aspects of crop recovery in cropgrazing models and simulation analyses of dual-purpose systems is also
limited. A primary outcome of chapter 5 was that the grazing-induced delay
should be a requisite component of future crop-grazing models, yet detailed
developmental data of crops during and after grazing is scarce (see section 6.2.2
in chapter 5). Two rare examples that detailed the effects of grazing or
defoliation on crop development showed that induced delays tend to be
greatest at the end of grazing, then converge towards the end of the season due
to increasing temperatures (Royo 1997; Virgona et al. 2006). Such information is
crucial for reliable parameterisation of crop-grazing models like WHTGRAZ, so
further studies of crop development during and after grazing are needed.
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WHTGRAZ was developed according to available time and resources and so
deals only with rainfed systems in south-eastern Australia. Areas for future
development of the model in decreasing order of importance would be
inclusion of (1) a subroutine that allowed simulation of phenological
development and accounted for the effects of vernalisation and photoperiod, (2)
soil and plant nitrogen budgets, (3) more mechanistic methods of modelling
green leaf trampling and dead leaf decomposition, and (4) leaf elongation rates
and tiller dynamics such as those in recent defoliation models (e.g. Duru et al.
2002; Barrett et al. 2005), which should increase accuracy of simulated light
interception.

Crop-grazing models could be used to perform simulation analyses to identify
the most appropriate crop traits for a target environment. For instance,
Chapman et al. (2003b) used the crop model APSIM and a quantitative genetics
model to conduct genotype * environment analyses to identify traits of
sorghum crops that were most suited to a given environment. Chapman et al.
showed that early maturing genotypes were favoured in severe terminal
drought environments whereas later maturing genotypes were favoured in
mild-terminal drought environments. Subsequent modelling has demonstrated
that incorporating such phenological traits into new sorghum varieties may
enhance the rate of yield gain per cycle of breeding selection (Hammer et al.
2005). Similar simulation analyses could be conducted with the inclusion of
grazing (first using a fixed intensity and duration, then using a factorial
combination of intensity and duration). Results of these analyses should clarify
the importance of a given trait in crop recovery after grazing in a specific
environment, thereby saving time and costs that would have been otherwise
required to perform field experiments.
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3.4

Other aspects of dual-purpose crops

The current study has concentrated on physiological crop responses to grazing,
since information in this area has been lacking. Other related areas, such as
differences between liveweight gains with alternative grazing treatments,
economics of grain production compared with wool and meat, effects of
livestock trampling on soil structure, etc. were not examined as they were not
part of the study focus. Further information on these subjects can be obtained
from relevant literature (see Proffitt et al 1993; Dove et al. 2002; Kelman and
Dove 2007; Doole et al. 2009; Dove and McMullen 2009).
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APPENDIX 3.1
Specific leaf area in 2007
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Fig. A3.1
Estimated specific leaf area (SLA) of the control and grazed treatments
during 2007 (HS = heavy short, LS = light short, LL = light long and C = control). The
thick C line represents the smoothed SLA function described in section 3.3 and the LS,
HS and LL values were calculated using equation 3.2. Shaded regions show the
duration of grazing and the arrow shows the mean date of anthesis (MDA) of all
treatments in 2007. Crop emergence was on 1 April.
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A P P E N D I X 5.1
W H TG RAZ source code

% WHTGRAZ
% APPENDIX 5.1: This script shows code for modelling crop growth and
grazing using the initial values from the Input file (Appendix 5.2).
Each section is presented in cells that are separated by (%) for
clarity.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Begin timer and load input data
% Clear Matlab memory and working space, begin timer:
clear all
clc
tic
% Remove spaces between lines, display only four digits (32 are used
% in computations):
format compact
format short g
% Load variables from external files:
load Input
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Determine which variable is plotted
% Set the value PlotFigure to determine which variable to plot: LAI =
% 1, SF = 2, leaf, stem and kernel dry matter = 3, instantaneous dry
% matter = 4, total dry matter = 5, WCL1-4 = 6, LMA = 7, LI = 8:
Plot_Figure = 0;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Initialise vectors to zero, set formats
% Preallocating memory to zero vectors increases simulation speeds.
% Initialise carbon partitioning vectors:
FLV =
zeros(365,1);
FRT =
zeros(365,1);
FSH =
zeros(365,1);
FSHP =
zeros(365,1);
FSO =
zeros(365,1);
FST =
zeros(365,1);
% Initialise crop growth and senescence rate vectors:
DECR =
zeros(365,1);
DLAI =
zeros(365,1);
DLV =
zeros(365,1);
DRWLVD =
zeros(365,1);
DVR =
zeros(365,1);
DVS =
zeros(365,1);
GBSL =
zeros(365,1);
GLAI =
zeros(365,1);
GLV =
zeros(365,1);
GNET =
zeros(365,1);
GRT =
zeros(365,1);
GSO =
zeros(365,1);
GST =
zeros(365,1);
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LI

=

PARINT

RDR

=

RDRDV

RDRSH
REAI

RLAI

RWLVG
SLA

z e r o s (365,1) ;

=

z e r o s (365,1) ;

z e r o s (365,1) ;

=

=

=

=

z e r o s (365,1) ;

=

z e r o s (365,1) ;
z e r o s (365,1) ;

z e r o s (365,1) ;

=

TRANSL

z e r o s (365,1) ;

z e r o s (365,1) ;

=

z e r o s (365,1) ;

Initialise

assimilate

requirement

Initialise

other

state

ASRQ

HI

LAI

=

=

=

TADRW
TDRW

WLV

WLVD

WLVG

=

WRT

=

WST

=

WSO

=

z e r o s (365,1) ;

z e r o s (365,1) ;
z e r o s (365,1) ;

=

z e r o s (365,1) ;

=

z e r o s (365,1) ;

z e r o s (365,1) ;
z e r o s (365,1) ;

z e r o s (365,1) ;

=

GLVTRMP
GRAZR

grazing

GRAZWLVG
GRAZWST
HF =
=

WLVGTRMP

AVP

=

ALBS

AVPMX
DAYL

DEC
DR

DSO

=

=
=

=

RLWN

=

RSO

RSR

z e r o s (365,1);

z e r o s (365,1) ;

z e r o s (365,1) ;
z e r o s (365,1) ;

z e r o s (365,1);

=

z e r o s (365,1);

z e r o s (365,1) ;

=

z e r o s (365,1) ;
z e r o s (365,1) ;

z e r o s (365,1) ;

=

=

SVP

=

SLOPE

SVPMN
SVPMX

evapotranspiration

z e r o s (365,1) ;

z e r o s (365,1) ;

=

SHA

z e r o s (365,1) ;

z e r o s (365,1);

z e r o s (365,1);

=

PENMAN
=

z e r o s (365,1) ;

z e r o s (365,1) ;

=

NRAD

RNS

z e r o s (365,1) ;

z e r o s (365,1) ;

z e r o s (365,1) ;

EVAPD

EVAPR

z e r o s (365,1) ;

z e r o s (365,1) ;

=
=

z e r o s (365,1) ;

P e n m a n -M o n t e i t h

=

AVPMN

=

=

Initialise
=

z e r o s (365,1) ;

=

=

vectors:

z e r o s (365,1) ;

=

=

GRAZWLVD

ALB

vectors:

z e r o s (365,1) ;

=

HGHT

vector

z e r o s (365,1) ;

=

Initialise
BD

crop

z e r o s (365,1) ;

state

z e r o s (365,1) ;

z e r o s (365,1) ;

=

z e r o s (365,1) ;

z e r o s (365,1) ;

=

=

SVPMNWB

SVPMXWB

z e r o s (365,1) ;
=

=

Initialise

z e r o s (365,1) ;
z e r o s (365,1) ;

z e r o s (365,1) ;

soil

water

balance

vectors:
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AINTC =
RNOFF =
zerom =

zeros(365,1);
zeros(365,1);
zeros(365,1);

% Initialise root growth and soil moisture vectors:
DRAIN =
zeros(365,1)
EZRT =
zeros(365,1)
RWCL1 =
zeros(365,1)
RWCL2 =
zeros(365,1)
RWCL3 =
zeros(365,1)
RWCL4 =
zeros(365,1)
RWL1 =
zeros(365,1)
RWL2 =
zeros(365,1)
RWL3 =
zeros(365,1)
RWL4 =
zeros(365,1)
WCL1 =
zeros(365,1)
WCL2 =
zeros(365,1)
WCL3 =
zeros(365,1)
WCL4 =
zeros(365,1)
zeros(365,1)
WL1 =
WL2 =
zeros(365,1)
zeros(365,1)
WL3 =
WL4 =
zeros(365,1)
WLFL1 =
zeros(365,1)
WLFL2 =
zeros(365,1)
zeros(365,1)
WLFL3 =
WLFL4 =
zeros(365,1)
zeros(365,1)
WLFL5 =
WSERT =
zeros(365,1)
ZRT =
zeros(365,1)
% Initialise transpiration vectors:
ATRANS =
zeros(365,1)
DMPAR =
zeros(365,1)
ERLB =
zeros(365,1)
ERLB1 =
zeros(365,1)
ERLB2 =
zeros(365,1)
ERLB3 =
zeros(365,1)
ERLB4 =
zeros(365,1)
TRRM =
zeros(365,1)
TRWL1 =
zeros(365,1)
TRWL2 =
zeros(365,1)
TRWL3 =
zeros(365,1)
TRWL4 =
zeros(365,1)
WSE1 =
zeros(365,1)
WSE2 =
zeros(365,1)
WSE3 =
zeros(365,1)
WSE4 =
zeros(365,1)
WSF =
zeros(365,1)
ZRT1 =
zeros(365,1)
ZRT2 =
zeros(365,1)
ZRT3 =
zeros(365,1)
ZRT4 =
zeros(365,1)
Initialise evaporation vectors
AEVAP =
zeros(365,1);
DSLR =
zeros(365,1);
EVSD =
zeros(365,1);
EVSH =
zeros(365,1);
EVSW1 =
zeros(365,1);
EVSW2 =
zeros(365,1);
EVSW3 =
zeros(365,1);
EVSW4 =
zeros(365,1);
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FEVL1
FEVL2
FEVL3
FEVL4
FEVLT
PEVAP

=
=
=
=
=
=

zeros(365,1)
zeros(365,1)
zeros(365,1)
zeros(365,1)
zeros(365,1)
zeros(365,1)

% Initialise water stress factor vectors (WSE):
FR1 =
zeros(365,1)
FR2 =
zeros(365,1)
FR3 =
zeros(365,1)
FR4 =
zeros(365,1)
P =
zeros(365,1)
PTRANS =
zeros(365,1)
WCCR1 =
zeros(365,1)
WCCR2 =
zeros(365,1)
WCCR3 =
zeros(365,1)
WCCR4 =
zeros(365,1)
% Initialise total water-use factors:
TAEVAP =
zeros(365,1)
TATRAN zeros(365,1)
TEVSW1 =
zeros(365,1)
TEVSW2 =
zeros(365,1)
TEVSW3 =
zeros(365,1)
TEVSW4 =
zeros(365,1)
TTRWL1 =
zeros(365,1)
TTRWL2 =
zeros(365,1)
TTRWL3 =
zeros(365,1)
TTRWL4 =
zeros(365,1)
TPEVAP =
zeros(365,1)
TPTRAN =
zeros(365,1)
% Initialise parameters for check vectors ;
CHKDF zeros(365,1)
CHKFL =
zeros(365,1)
CHKIN =
zeros(365,1)
CHECK1 =
zeros(365,1)
CHECK2 =
zeros(365,1)
TNASS =
zeros(365,1)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Begin loop to calculate variables for each day of the year:
for
i = 1:365;
% Check latitude is within limits (55 N or 55 S) :
if
LAT < (-55*pi/l80) || LAT > (55*pi/l80);
break
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Developmental delay due to grazing

%
%
%
%
%

DVR
DVRGR
DVRUG
DVS
GRAZR
if

else

Developmental rate (d-1)
Developmental rate delay constant due to grazing (m2 g - D
Developmental rate of the crop when ungrazed (d-1)
Developmental stage (-)
Shoot dry matter removed by grazing (g m-2 d-1)
i < DOYEM;
DVR(i)
0;
DVS(i)
0;
DVR(i)
DVRUG(i) - GRAZR(i-1) *DVRGR;
DVR(i) + DVS(i-1);
DVS(i)

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Potential dry matter partitioning
% FLV
Fraction of daily DM partitioned to the leaves
% FRT
Fraction of daily DM partitioned to the roots
% FSHP
Fraction of daily DM partitioned to shoots with no water
%
limitations
% FSO
Fraction of daily DM partitioned to the storage organs
% FST
Fraction of daily DM partitioned to the stems
if
DVS(i) < 0 .10;
FSHP(i) = 0 . 5
elseif DVS(i) < 0.40;
FSHP(i) = ll/10*DVS(i) + 39/100;
elseif DVS(i) < 1.20;
FSHP(i) = 0.1178*DVS(i)."3 - 0.5079*DVS(i).^2 +...
0.7792*DVS(i) + 0.5919;
else
FSHP(i) = 1;
end

elseif

D V S (i )

elseif
elseif
else
end

F L V (i )

FLV(i)

F S O (i)

D V S (i )

F L V (i )

FSO(i)

<
=
<
=
=
<
=
=

D V S (i ) <
F L V (i ) =

O
rH

D V S (i )

O

if

0.90;

0.55;

- 4 / 9*DVS(i)

+

17/18;

-7/4 *DVS(i)

+

133/80

19/2;

0;
0.95;
0;
1.05;

FSO(i)

=

0;
10 * D V S (i ) -

FSO(i)

=

1;

F L V (i ) =

0;

FST(i) = 1 - FLV(i) - FSO(i);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Actual dry matter partitioning:
% DMPAR
Factor that alters the dry matter partitioning in favour
of the roots as water stress increases (-)
%
% DOYEM
Day of year of emergence
Fraction of DM partitioned to the roots
% FRT
Fraction of DM partitioned to shoots, including water
% FSH
stress
% FSHP
Fraction of DM partitioned to shoots with no water
limitations
if
i <= DOYEM;
FSH(i) = FSHP(i);
else
FSH(i) = (FSHP(i) .*DMPAR(i-1)) ./ (1 + (DMPAR(i-l) - 1)...
*FSHP(i));
end
FRT(i) = 1 - FSH(i);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Calculate number of days since daily rainfall exceeded 0.5 mm:
% DSLR
Days since last rain (d)
% IDSLR
Initial number of days since last rain (d)
% RRAIN
Rate of rainfall (mm d-1)
if
i == 1;
DSLR(i) = IDSLR;
elseif RRAIN(i) >= 0.5;
DSLR(i) = IDSLR;
else
DSLR(i) = DSLR(i-1) + IDSLR;
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
351

Appendix 5.1: WHTGRAZ source code

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% The Soil Water Balance

% AINTC
% DRAIN
d-1)
% EVSWl-4
% MDRATE
% RNOFF
% RWCL1-4
% RWL1-4
% TAINTC
% TDRAIN
% TRAIN
% TRNOFF
% TRWL1-4
% WCL1-4
% WCLI1-4
%
% WL1-4
% WL1-4I
% WLFL1-4
%
% WCUM
if

else

end
if
elseif
else
end

Amount of rainfall intercepted by the canopy (mm d-1)
Drainage rate below the root zone, i.e below layer 4 (mm

Rate of evaporation for soil layers 1-4 (mm d-1)
Maximum drainage rate of the subsoil (mm d-1)
Amount of rainfall lost as runoff (mm d-1)
Relative amount of volumetric soil water in layers 1-4 (-)
Rate of change of soil water in layers 1-4 (-)
Total amount of rainfall intercepted by the canopy (mm)
Total drainage (mm)
Total rainfall (mm)
Total runoff (mm)
Rate of transpiration from soil layers 1-4 (mm d-1)
Volumetric water content in layers 1-4 (mm3 H20 mm-3 soil)
Initial volumetric water contents in soil layers 1-4
(mm3 H20 mm-3 soil)
Amount of water in layers 1-4 (mm)
Initial amount of water in soil layers 1-4 (mm)
Infiltration rates of layers 1-4, with downward set as
positive (mm d-1)
Total amount of water in the soil profile (mm)
i == 1;
WLl(i) = W C L I 1 .*TKL1;
W L 2 (i ) = W C L I 2 .*TKL2;
W L 3 (i ) = W C L I 3 .*TKL3;
W L 4 (i ) = W C L I 4 .*TKL4;
WLl(i) = WL1(i-1) + R W L 1 (i -1)
W L 2 (i ) = WL2 (i-1) + RWL2(i-1)
W L 3 (i ) = WL3(i-1) + RWL3(i-1)
W L 4 (i ) = W L 4 (i -1) + R W L 4 (i -1)

i < DOYEM;
AINTC(i) = 0;
i == DOYEM;
AINTC(i) = m i n ( R R A I N (i ), INTC*ILAI);
AINTC(i) = m i n ( R R A I N (i ), INTC'LAI(i -1));

R N O F F (i )
WLFL1(i)
WLFL2(i)
WLFL3(i)
WLFL4(i)
WLFL5(i)
D R A I N (i )

m a x (z e r o m (i ), m a x (0.05*(RRAIN(i ) - AINTC(i) - 10),...
RRAIN(i) - AINTC(i) - (W C S T 1 .*TKL1-W L 1 (i ))./(2*DELT)));
R R A I N (i ) - A I N T C (i ) - RNOF?(i);
m a x (z e r o m (i ), min(WLl(i) -WCFC1*TKL1, WCST2*TKL2 -...
WL2(i) ) ./(2 *DELT) ) ;
max(zerom(i), min(WL2(i) -WCFC2*TKL2, WCST3*TKL3 -...
WL3(i) ) ./(2 *DELT)) ;
m a x (z e r o m (i ), min(WL3(i) -WCFC3*TKL3, WCST4*TKL4 -...
WL4(i) ) ./(2 *DELT) ) ;
m a x (z e r o m (i ),m i n ((WL4(i )-W3FC4*TKL4)./...
(2*DELT),M D RATE));
WLFL5(i);
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if

i == 1;
WCLl(i)
WCL2(i)
WCL3(i)
WCL4(i)
WCLl(i)
WCL2(i)
WCL3(i)
WCL4(i)

else

end
RWCL1 (i)
RWCL2 (i)
RWCL3(i)
RWCL4(i)

=
=
=
=

WCUM(i) =
if

else

=
=
=
=
=
=
=
=

WCLI1;
WCLI2;
WCLI3;
WCLI4;
WL1(i)./TKL1;
WL2(i)./TKL2;
WL3 (i) ./TKL3;
WL4(i)./TKL4;

(WCLl(i)
(WCL2(i)
(WCL3(i)
(WCL4(i)

-

WCWP1)./(WCFC1
WCWP2)./(WCFC2
WCWP3)./(WCFC3
WCWP4)./(WCFC4

-

WCWP1);
WCWP2);
WCWP3);
WCWP4);

WLl(i) + WL2(i) + WL3(i) + WL4(i);

i == 1;
TRAIN(i) = 0;
TDRAIN(i)
= 0;
TAINTC(i)
= 0;
TRNOFF(i)
= 0;
TRAIN(i) = RRAIN(i-l) +
TDRAIN(i)
= DRAIN(i-1)
TAINTC(i)
= AINTC(i-l)
TRNOFF(i) = RNOFF(i-1)

TRAIN(i-1);
+ TDRAIN(i-l)
+ TAINTC(i-l)
+ TRNOFF(i-1)

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Penman-Monteith combination equation
% ALB
Albedo or reflection coefficient for short wave radiation
(-)

% ALBC
% ALBS

Albedo for the crop canopy (-)
Albedo for soil type (0.15 for clay, 0.40 for dune sand)

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

AVP
AVPMN

%
%
%
%
%
%
%
%
%
%

PENMAN
PSYCH
RLWN
RNS

Actual vapour pressure (kPa)
Actual vapour pressure calculated using minimum dry- and
wet-bulb temperatures (kPa)
Actual vapour pressure calculated using maximum dry- and
wet-bulb temperatures (kPa)
Stefan-Boltzmann constant (MJ K-4 m-2 ground d-1)
Astronomical daylength, base = 0 degrees, (h)
Declination of the sun, i.e. the angular distance of the
sun north or south of the earth's equator (rad)
Inverse relative distance of the earth-sun (rad)
Daily extraterrestrial radiation (MJ m-2 ground d-1)
Potential soil evaporation due to the drying power of the
air (mm d-1)
Potential soil evaporation due to radiation (mm d-1)
Net radiation, or the balance between incoming short-wave
radiation, the reflection (or albedo) and net out-going
long-wave radiation (MJ m-2 ground d-1)
Potential evapotranspiration (mm d-1 ground d-1)
Psychrometric constant (kPa oC-1 at 610 m elevation)
Net outgoing long-wave radiation (MJ m-2 ground d-1)
Net solar radiation, or the fraction of solar radiation
that is not reflected from the surface (MJ m-2 ground d-1)
Clear-sky solar radiation (MJ m-2 ground d-1)
Relative shortwave radiation, given by the ratio of daily
total radiation to the clear-sky radiation DTR/RS0 (-)
Solar constant of the sun (MJ m-2 ground min-1)
Sunset hour angle (rad)

%

AVPMX
BOLTZM
DAYL
DEC
DR
DSO
EVAPD
EVAPR
NRAD

RSO
RSR
SC
SHA

(-)
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Tangent of the relationship between saturated vapour
pressure
and average daily temperature (kPa oC-1)
Saturation vapour pressure (kPa)
SVP
Saturation vapour pressure calculated using the minimum
SVPMN
daily dry-bulb temperature (kPa)
SVPMX
Saturation vapour pressure calculated using the maximum
daily dry-bulb temperature (kPa)
SVPMNWB
Saturation vapour pressure calculated using the minimum
daily wet-bulb temperature (kPa)
SVPMXWB
Saturation vapour pressure calculated using the maximum
daily wet-bulb temperature (kPa)
TEVAPD
Cumulative potential evapotranspiration due to the drying
power of the air (mm)
Cumulative potential evapotranspiration due to radiation
TEVAPR
(mm)
Cumulative potential evapotranspiration (mm)
TPENM
237 3) ) ;
S V P M N (i ) =
0.610 8 * e x p (17.27*MNTMP(i)./(MNTMP(i)
237 3) ) ;
S V P M X (i ) =
0.610 8 * e x p (17.2 7 * M X T M P (i ) . / (MXTMP(i )
SVP(i) =
(SVPMX(i) + S V P M N (i )). / 2 ;
S V P M N W B (i ) = 0.610 8 * e x p (17.27 * MNTMPWB(i ). / (MNTMPWB(i) + 237.3));
S V P M X W B (i ) = 0.610 8 * e x p (17.2 7 *MXTMPWB(i ) . / (MXTMPWB(i ) + 237.3));
AVPMN(i) =
SVPMNWB(i) - PSYCH*(MNTMP(i ) - M N T M P W B (i ));
AVPMX(i) =
SVPMXWB(i) - PSYCH*(MXTMP(i ) - MXTMPWB(i));
AVP(i) =
m a x (0,m i n (0.5*(A V P M X (i ) + A V P M N (i )),S V P (i )));
S L O P E (i ) =
4098*(0.6108* e x p (17.27 * DAVTMP(i ) . / (DAVTMP(i) +...
237.3) ) ) ./( (DAVTMP(i) + 237.3). *2) ;
ALBS(i) =
A L B C .*(1 - (0.5*(W C L 1 (i )./WCST1)));

% SLOPE
%

%
%
%
%
%
%
%
%
%
%
%
%
%

if
else
end
DEC (i ) =
DR (i ) =
SHA (i ) =
D A Y L (i ) =
DSO(i) =
RSO(i) =
R N S (i ) =
RSR(i) =
R L W N (i ) =
N R A D (i ) =
E V A P R (i ) =
E V A P D (i ) =
P E N M A N (i ) =
if

else
end

i = = 1;
A L B (i ) = A L B S (i ) ;
ALB(i) = A L B S (i ).* e x p (-K*L A I (i -1)) +...
A L B C * (1 - e x p (-K*L A I (i -1)));
0.409*sin((2*pi/365*i) - 1.39);
1 + 0.033* c o s (2*pi/365*i );
a c o s (-tan(LAT)*t a n ( D E C (i )));
(24/pi).* S H A (i );
1440/pi.*SC.*DR(i). * (SHA(i).*sin(LAT).*sin(DEC(i))
+ cos(LAT) .* c o s ( D E C (i ) ) .*sin(SHA(i) ) ) ;
0.7622*DS0(i) ;
(1 - A L B(i)).* D T R (i );
min(l, DTR(i),/RSO(i) ) ;
B O L T Z M * (( (MXTMP(i) + 273.16) .*4 + (MNTMP(i) +...
273.16) .A4) ./2) .* (0.34 - 0.14*realsqrt(AVP(i ))).*.. .
(1.35 * R S R (i ) - 0.35) ;
R N S (i ) - RLWN(i);
(0.4 0 8 *SLOPE(i )* N R A D (i )) ./(SLOPE(i) +. . .
P S Y C H * (1 + (0.34*WDS(i) .*1000/86400) ) ) ;
(PSYCH*(900./(DAVTMP(i) + 273)).* W D S (i ).* ...
1000/86400*(SVP(i)-AVP(i)) ) . / (SLOPE(i) + P S Y C H * (1+
(0.34* W D S (i ) .*1000/86400))) ;
E V A P R (i ) + E V A P D (i );
i == 1;
T P E N M (i ) = 0;
T E V A P R (i ) = 0;
T E V A P D (i ) = 0;
T P E N M (i ) = T P E N M (i -1) + P E N M A N (i-1);
T E V A P R (i ) = T E V A P R (i-1) + E V A P R (i -1);
T E V A P D (i ) = T E V A P D (i -1) + E V A P D (i-1);
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Rooted depth and root elongation rates
% This subroutine calculates total rooted depth (independently of root
% mass), and a switch (WSERT) to determine whether root growth
% continues (WSERT =1) or halts (WSERT = 0).
% EZRT
Rate of root elongation (mm d-1)
% EZRTC
Constant for root elongation (mm d-1)
% WSERT
Auxiliary variable to calculate root extension (-)
% ZRT1-4
Depth of roots in layers 1-4 (mm)
% ZRT
The total rooted depth to which the crop can effectively
extract water (mm)
%
% ZRTI
Root depth at emergence (mm)
% Determine rate of root elongation (EZRT) and rooted depth (ZRT)
if
i < DOYEM;
ZRT(i) = 0;
elseif i == DOYEM;
ZRT(i) = ZRTI;
else
ZRT(i) = ZRT(i-l) + EZRT(i-1);
end
Compute WSERT:
if
(ZRT(i) < TKL1) && (WCLl(i) < WCWP1);
WSERT(i) = 0;
(ZRT(i) > TKL1) ScSc (ZRT(i) < (TKL1 + TKL2))
.
elseif
(WCL2(i) < WCWP2);
WSERT(i) = 0 ;
elseif
(ZRT(i) > (TKL1 + TKL2)) && (ZRT(i) < (TKL1+TKL2+TKL3))...
&& (WCL3(i) < WCWP3);
WSERT(i) = 0;
(ZRT(i) > (TKL1 + TKL2 + TKL3)) && (ZRT(i) < (TKL1 +
elseif
TKL2...
+ TKL3 + TKL4)) && (WCL4(i) < WCWP4)
WSERT(i) = 0;
elseif DVS(i) >= 1;
WSERT(i) = 0;
elseif ZRT(i) > ZRTM;
WSERT(i) = 0;
else
WSERT(i) = 1;
end
EZRT(i) = EZRTC*WSERT(i).*TSF(i);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Potential transpiration and water stress effects (WSE)
% FR
The ratio between the lower, actual transpiration rate
%
in the dry part of the curve and the potential
%
transpiration rates (-)
Soil water depletion fraction (or the ratio of the
% P
transpiration rate that occurs when the critical soil
%
%
water content is halfway between wilting point and field
capacity)
Potential transpiration rate (mm d-1)
% PTRANS
Potential transpiration rate at which the critical soil
% TRANSC
%
water content is halfway between wilting point and field
capacity (-)
% WCCR1-4
Critical volumetric water content in soil layers 1-4, i.e.
the water content that denotes the transition of water
%
limited to potential transpiration rates (mm3 water mm-3
%
soil)
% WCST1-4
Volumetric water content at saturation in soil layers 1-4
(mm3 water mm-3 soil)
%
% WCWET1-4 Volumetric water content at which water logging begins in
in soil layers 1-4 (mm3 water mm-3 soil)
%
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% WCWP1-4
%
% WSE1-4
%
if

elseif

else
end
P (i) =
WCCR1(i)
WCCR2(i)
WCCR3(i)
WCCR4(i)

Volumetric water content at wilting point in soil layers
1-4 (mm3 water mm-3 soil)
Factor which affects transpiration, accounting for the
effect of uptake availability of soil water in soil layers
1-4 (0-1)
i == DOYEM ScSc (1 - exp (-K* ILAI) )*PENMAN (i) >...
(0.5*AINTC(i));
PTRANS(i) = (1 - e x p (-K*ILAI)) .* PENMAN(i) (0.5 *AINTC(i)) ;
i > DOYEM && (1 - e x p (-K* L A I (i-1) ) )* PENMAN(i) >...
(0.5 *AINTC(i) ) ;
PTRANS(i) = (1 - e x p (-K* L A I (i-1) ) ) .* PENMAN(i)(0.5*AINTC(i));
PTRANS(i) = 0;
TRANSC/(TRANSC + PTRANS(i));
=
=
=
=

WCWP1
WCWP2
WCWP3
WCWP4

+
+
+
+

(1
(1
(1
(1

-

P(i)).*(WCFC1
P(i)).*(WCFC2
P(i)).*(WCFC3
P(i)).*(WCFC4

-

WCWP1)
WCWP2)
WCWP3)
WCWP4)

% WSE for layer 1:
if
WCLl(i) > WCWET1;
FRl(i) = (WCST1 - WCL1(i))./(WCST1 - WCWET1);
elseif
(WCLl(i) <= WCWET1) && (WCLl(i) > WCCRl(i));
FRl(i) = 1;
elseif
(WCLl(i) <= WCCRl(i)) && (WCLl(i) > WCWP1);
FRl(i) = (WCLl(i) - WCWP1)./(WCCR1(i) - WCWP1);
else
FRl(i) = 0;
end
WSEl(i) = min(l, max(0, F R 1 (i)));
% WSE for layer 2:
if
WC L 2 (i) > WCWET2;
F R 2 (i) = (WCST2 - W C L 2 (i))./ (WCST2 - WCWET2);
elseif
(WCL2(i) <= WCWET2) && (WCL2(i) > WCCR2(i));
F R 2 (i) = 1;
elseif
(WCL2(i) <= WCCR2(i)) && (WCL2(i) > WCWP2);
F R 2 (i) = (WCL2(i) - WCWP2)./(WCCR2(i) - WCWP2);
else
F R 2 (i) = 0;
end
WS E 2 (i) = min(l, m a x (0, FR2 (i))) ;
% WSE for layer 3:
if
WCL3(i) > WCWET3;
F R 3 (i) = (WCST3 - WCL3(i))./(WCST3 - WCWET3);
elseif
(WCL3(i) <= WCWET3) && (WCL3(i) > WCCR3(i));
F R 3 (i) = 1;
elseif
(WCL3(i) <= WCCR3(i)) && (WCL3(i) > WCWP3);
F R 3 (i) = (WCL3(i) - WCWP3)./(WCCR3(i) - WCWP3);
else
F R 3 (i) = 0;
end
WSE3(i) = min(l, m a x (0, F R 3 (i)));
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% WSE for layer 4:
if
W C L 4 (i) >
F R 4 (i) =
elseif
(WCL4(i )
FR4 (i ) =
elseif
(W C L 4 (i )
F R 4 (i) =
F R 4 (i ) =
else
end

WCWET4;
(WCST4 - W C L 4(i))./(WCST4 - WCWET4);
<= WCWET4) && (WCL4(i) > WCCR4(i));
1;
<= W C CR4(i)) && (WCL4(i) > WCWP4);
(WCL4(i ) - WCWP4)./(WCCR4(i) - WCWP4);
0;

WSE4(i) = min(l, m a x (0, FR4(i)));

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Actual transpiration
% ATRANS
% EDPTFT
%

%
%
%
%
%
%
%
%
%
%
%
%

ERLB
TATRAN
TPTRAN
TRRM
TRWL1-4
WSE1-4
WSF
WUE
ZRT1-4
if
elseif
else
end
if
elseif
else
end
if
elseif
else
end
if
elseif
else
end

Actual rate of transpiration (mm d-1)
Root activity coefficient that decreases water uptake in
dry layers and increases it in wet layers (0-1) ; see Input
file
Cumulative effective root depth (mm)
Total cumulative actual canopy transpiration (mm)
Total cumulative potential canopy transpiration (mm)
Potential rate of water uptake per mm of effective root
depth
(mm water mm-1 root d-1)
Rate of transpiration from layers 1-4 (mm d-1)
Factor accounting for the uptake availability of soil
water in each layer (0-1)
Factor accounting for the degree of water stress the crop
experiences (0-1)
Water-use efficiency (kg DM ha-1 mm-1)
Thickness of rooted layers 1-4 (mm)
ZRT(i) <= 0;
ZRT1(i) = 0;
ZRT(i) < TKL1;
ZRTl(i) = ZRT(i);
ZRTl(i) = TKL1;
ZRT(i) - TKL1 <= 0;
ZRT2(i ) = 0;
ZRT(i) < (TKL1 + TKL2);
ZRT2(i) = ZRT(i) - TKL1;
ZRT2(i) = TKL2;
ZRT(i) - TKL1 - TKL2 <= 0;
ZRT3(i) = 0;
ZRT(i) < (TKL1 + TKL2 + TKL3);
ZRT3(i ) = ZRT(i) - TKL1 - TKL2;
ZRT3(i ) = TKL3;
ZRT(i) - TKL1 - TKL2 - TKL3 <= 0;
ZRT4(i) = 0;
ZRT(i) < (TKL1 + TKL2 + TKL3 + TKL4);
ZRT4(i) = ZRT(i) - TKL1 - TKL2 - TKL3;
ZRT4(i ) = TKL4;

ERLBl(i)
ERLB2(i )
ERLB3(i )
ERLB4(i )

=
=
=
=

interpl(EDPTFT(:,1),EDPTFT(:,2),RWCL1(i));
interpl(EDPTFT(:,1),EDPTFT(:,2),RWCL2(i));
interpl(EDPTFT( 1 ) , EDPTFT(:,2),RWCL3(i));
interpl(EDPTFT(:,1),EDPTFT(:,2);RWCL4(i));
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E R L B (i) = ZRT1(i)*ERLB1(i) + ZRT2(i)*ERLB2(i) + ZRT3(i)*ERLB3(i)
+ ZRT4(i) *ERLB4 (i) ;
if
ERLB (i) > 0;
T R R M (i) = PTRANS(i) ./ERLB (i) ;
else
T R R M (i) = 0;
end
TRWLl(i)
TRWL2(i)
TRWL3(i)
TRWL4(i)

=
=
=
=

TRRM(i)*WSE1(i).*ZRT1(i).*ERLB1(i);
TRRM(i)*WSE2(i).*ZRT2(i).*ERLB2(i);
TRRM(i)*WSE3(i).*ZRT3(i).*ERLB3(i);
TRRM(i)*WSE4(i).*ZRT4(i).*ERLB4(i);

ATRANS(i) = TRWLl(i)
if
eiseif
eise
end

PTRANS(i) > 1e -4 ;
WSF(i) = ATRANS(i)./PTRANS(i);
(i >= DOYEM) && (PTRANS(i) <= le-4);
WSF(i) = 1;
WSF(i) = 0;

DMPAR(i)

= min(l,

if

i == 1;
TATRAN(i)
TPTRAN(i)
TATRAN(i )
TPTRAN(i)

else
end
if
else
end

+ TRWL2(i) + TRWL3(i) + TRWL4(i)

0.5 + WSF(i))
=
=
=
=

0;
0;
ATRANS(i-1) + TATRAN(i-1);
PTRANS(i-1) + TPTRAN(i-1);

T D R W (i) > 0;
T R C (i) = TATRAN(i )* 10 0 0 ;
T R C (i) = 0;

WUE(i) = (1./TRC(i)*10000) ;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Evaporation
%
%
%
%
%
%
%
%
%
%
%
%
%
%

AEVAP
DSLR
EES
EVSD
EVSH
EVSW1-4
FEVL1-4
FEVLT
PEVAP
RWL1-4
TAEVAP
TPEVAP
WLFL1-4
if

elseif
else
end

Actual rate of soil evaporation (mm d-1)
Number of days since last rain (d)
Soil specific extinction coefficient (-)
Evaporation rate on days without rain (mm d-1)
Evaporation rate on days with rain (mm d-1)
Rate of evaporation from soil layers 1-4 (mm d-1)
Distribution factors for soil water extraction from each
soil layer (-)
Sum of FEVLT1-4 (-)
Potential soil evaporation (mm d-1)
Relative rate of increase for WL1-4 (mm d-1)
Cumulative actual soil evaporation (mm)
Cumulative potential soil evaporation (mm)
Infiltration and drainage rates for each soil layer
(mm d-1)
i == 1;
PEVAP(i) = PENMAN(i);
i == DOYEM;
PEVAP(i) = e x p (-K*ILAI) .* PENMAN(i) ;
PEVAP(i) = e x p (-K*LAI(i-1)).*PENMAN(i);
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E V S H (i )=
E V S D (i ) =
FEVLl(i) =
F E V L 2 (i ) =
F E V L 3 (i ) =
F E V L 4 (i ) =
F E V L T (i )
if
eise
end

FEVLl(i)

+ F E V L 2 (i ) + F E V L 3 (i ) + F E V L 4 (i );

(RRAIN(i) - 0.5) < 0;
A E V A P (i ) = E V S D (i );
A E V A P (i ) = EVSH(i);

EVSWl(i)
E V S W 2 (i )
E V S W 3 (i )
E V S W 4 (i )
RWL1(i)
R W L 2 (i )
RWL3(i)
RWL4(i)

min(PEVAP(i), ((WLl(i) - W C A D 1 .*TKL1)./DELT) +
WLFL1(i));
min(PEVAP(i), 0.6*P E V A P (i ).*(r ealsqrt(DSLR(i ) + 1)-...
realsqrt(DSLR(i))) + W L F L l ( i ) ) ;
max (Will (i) - WCAD1*TKL1, 0.1). *exp (-EES* (0.5*TKL1) ) ;
m a x (WL2(i ) - WCAD2*TKL2, 0.1).*...
e x p (-EES*(TKL1 + (0.5*TKL2)));
m a x (WL3(i ) - WCAD3*TKL3, 0.1).*...
e x p (-EES*(TKL1 + TKL2 + (0.5*TKL3)));
m a x (WL4(i ) - WCAD4*TKL4; 0.1).*...
e x p (-EES*(TKL1 + TKL2 + TKL3 + (0.5*TKL4)));

=
=
=
=

AEVAP(i).*(FEVL1(i)./FEVLT(i));
A E V A P (i).*(F E V L 2 (i )./ F E V L T (i ));
A E VAP(i).*(FEVL3(i)./FEVLT(i));
A E V A P (i ).*(F E V L 4 (i )./ F E V L T (i ));
WLFLl(i)
W L F L 2 (i )
W L F L 3 (i )
W L F L 4 (i )

-

W L F L 2 (i )
W L F L 3 (i )
W L F L 4 (i )
W L F L 5 (i )

-

E V S W 1 (i )
E V S W 2 (i )
E V S W 3 (i )
E V S W 4 (i )

-

TRW L 1 ( i ) ;
T R W L 2 (i );
T R WL3(i);
T R W L 4 (i );

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Determine crop state variables
%
%
%
%

%
%
%
%
%
%
%
%
%
%
%

DLV
DRWLVD
GLVTRMP
GRAZWLVD

Death rate of the leaves (g DM m-2 ground d-1)
Decomposition
rate of dead leaves (g DM m-2 ground d-1)
Rate of green leaf trampling (g DM m-2 ground d-1)
Rate of dead
leaf removal due to grazing (g DM m-2 ground
d-1)
Root growth rate (g DM m-2 ground d-1)
GRT
Growth rate of the storage organs (g DM m-2 ground d-1)
GSO
GST
Growth rate of the stems (g DM m-2 ground d-1)
Leaf area index, LAI (m2 leaves m-2 ground)
LAI
RLAI
Daily change in LAI (m2 leaves m-2 ground d-1)
Relative growth rate of green leaves (g DM m-2 ground d-1)
RWLVG
Dead leaf dry matter (g DM m-2 ground)
WLVD
Green leaf dry matter (g DM m-2 ground)
WLVG
Total root dry matter (g DM m-2 ground)
WRT
Total storage organ DM (g DM m-2 ground)
WSO
Total stem dry matter (g DM m-2 ground)
WST
if
i < DOYEM;
L A I (i ) = 0;
W L V D (i ) = 0 ;
W L V G (i ) = 0 ;
W R T (i ) = 0 ;
W S O (i ) = 0;
WST(i) = 0;
elseif
i == DOYEM;
LAI(i) = ILAI;
WLVD(i) = W L V D I ;
W L V G (i ) = W L V I ;
W R T (i ) = W R T I ;
WSO(i) = WSOI;
WST(i) = WSTI;
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eiseif

i > DOYEM;
LAI(i) = LAI(i-l) + RLAI(i-l) - LAI(i-1)./WLVG(i-l).*...
(GRAZWLVG(i-1) + GLVTRMP(i-1));
WLVD(i) = WLVD(i-1) + DLV(i-1) + GLVTRMP(i-1)
DRWLVD(i-1) - GRAZWLVD(i-1);
WLVG(i) = WLVG(i-1) + RWLVG(i-1) - GLVTRMP(i-1) - ...
GRAZWLVG(i-1);
WRT(i) = WRT(i-1) + GRT(i-1);
WSO(i) = WSO(i-l) + GSO(i-l);
WST(i) = WST(i-l) + GST(i-l) - GRAZWST(i-1);

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Total dry weights and harvest index
% HI
Harvest index (g SO g-1 TADRW)
% TADRW
Total above-ground dry weight (g m-2 ground)
% TDRW
Total dry weight (g m-2 ground)
% WLV
Total dry weight of leaves (g m-2 ground)
WLV(i) = WLVG(i) + WLVD(i);
TADRW(i) = WLV(i) + WST(i) + WSO(i);
TDRW(i) = TADRW(i) + WRT(i);
if

TADRW(i) > 0;
H I (i) = WSO(i)./TADRW(i);
H I (i) = 0;

else
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Grazing: dry matter removal
% BD
Bulk density of herbage dry matter (g DM m-3)
% BDREF
Bulk density of reference herbage dry matter (g DM m-3)
% DMIMX
Maximum potential dry matter intake (g shoot DM DSE-1 d-1)
% GLVTOL
Tolerance of green leaves to trampling (m2 DSE-1)
% GLVTRMP
Rate of green leaf dry matter trampling (g DM m-2 ground
d-1)
% GRAZE
Input vector showing days of year that grazing ends (d)
% GRAZR
Rate of total dry matter removal (g DM m-2 ground d-1)
Input vector showing days of year that grazing starts (d)
% GRAZS
% GRAZWLVD Rate of dead leaf dry matter removal (g DM m-2 ground d-1)
% GRAZWLVG Rate of green leaf dry matter removal (g DM m-2 ground
d-1)
Rate of stem dry matter removal (g DM m-2 ground d-1)
% GRAZWST
% HF
Height factor for winter wheat (-)
Height of crop (m)
% HGHT
Stocking rate (DSE ha-1)
% SR
% SRV
Stocking rate vector for each DOY (DSE ha-1)
% WLVGTRMP Total dry weight of trampled leaves (g DM m-2 ground)
% Crop height:
HGHT(i) = HMX.*(TADRW(i)./(TADRW(i) + exp(11.5 - (0.012*...
TADRW(i) )))).* (1/2) ;
% Herbage bulk density and height factor:
if
DVS(i) == 0;
B D (i) = 0;
H F (i) = 0 ;
B D (i) = TADRW(i). /HGHT(i);
else
H F (i) = 0.8 *BDREF ./BD(i) +
end
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% Leaf trampling and removal; shoot and stem dry matter removal
if
SRV(i) == 0;
GLVTRMP(i) = 0;
WLVGTRMP(i) = 0;
GRAZR(i) = 0 ;
GRAZWLVG(i) = 0 ;
GRAZWLVD(i ) = 0 ;
GRAZWST(i) = 0 ;
GLVTRMP(i) = WLVG(i).*(1 - exp(-GLVTOL.*SR./10000));
else
WLVGTRMP(i) = WLVGTRMP(i-1) + GLVTRMP(i-1);
GRAZR(i) = SR./10000.*DMIMX.*(1 - exp(-0.015*HF(i) .*...
(TADRW(i)-40))).*(1 + 0.6*exp(-((0.013*HF(i).*...
(TADRW(i)-40) ) ."2) )) ;
GRAZWLVG(i) = WLVG(i)./TADRW(i).*GRAZR(i);
GRAZWLVD(i) = WLVD(i)./TADRW(i).*GRAZR(i);
GRAZWST(i) = WST(i)./TADRW(i).*GRAZR(i);
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Assimilate requirement and translocation
Total assimilate requirement for DM production (g CH20 g-1
% ASRQ
DM)
Abbreviations LV, ST, SO and RT denote leaf, stem, storage
%
organ and root requirements respectively.
%
Average daily temperature (oC)
% DAVTMP
Development rate (d-1) from Input file
% DVR
Emergence switch (0 before emergence, 1 afterwards)
% EMERG
Fraction of stem DM eventually translocated to storage
% FRTRL
organs
Translocation rate of stem DM to storage organs (g DM m-2
% TRANSL
d-1)
if
DVS(i) > 0;
ASRQ(i) = FSH(i) .*(ASRQLV.* FLV(i) + ASRQST.*FST(i) +...
ASRQSO.*FSO(i)) + ASRQRT.*(1 - FSH(i)) ;
else
ASRQ(i) = 0;
end
if

DVS(i) >= 1 && DVS(i) <=2;
TRANSL(i) = WST(i).*DVR(i).*FRTRL;
TRANSL(i) = 0;

else
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Light interception and growth rates
% CFST
Mass fraction of C in the stems (g C g-1 DM)
% DTR
Daily total radiation (MJ m-2 d-1)
% GBSL
Growth rate before stem losses (g DM m-2 d-1)
% GLV
Growth rate of leaves (g DM m-2 d-1)
% GNET
Net growth rate (g DM m-2 d-1)
% GRT
Growth rate of roots
(g DM m-2 d-1)
% GSO
Growth rate of storage organs (g DM m-2 d-1)
% GST
Growth rate of stems
(g DM m-2 d-1)
% K
Light extinction coefficient for PAR (-)
% LI
Current fraction of incident light intercepted (-)
% PARINT
Light interception (MJ m-2 d-1)
% RUE
Radiation-use efficiency (g total biomass MJ-1 PAR)
% TRANSL
Conversion loss when stem reserves are remobilised from
starch to glucose
%
% TSF
Temperature stress factor (-)
% WSF
Water stress factor (-)
L I (i) = 1 - exp(-K.*LAI(i));
PARINT(i) = 0.5* DTR(i) .*L I (i) ;
GBSL(i) = RUE.*PARINT(i).*TSF(i).*WSF(i)
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if
else
end

DVS(i) > 0 ScSc DVS (i) <= 2 ;
GNET(i) = GBSL (i)+ ((CONVL.*TRANSL(i) .*CFST.*(30/12) )
ASRQ(i));
GNET(i) = 0;

GRT(i) = GNET(i) .*(1 - FSH(i));
GLV(i) = GNET(i) .*FSH(i) .* FLV(i) ;
GST(i) = GNET(i) .*FSH(i).*FST(i) - TRANSL(i);
GSO (i) = GNET(i) .*FSH(i) .*FSO(i) ;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Rate of leaf area expansion
% DELT
Time step of integration (d)
% DTEFF
Daily effective temperature (oC)
% DOYEM
Day of year of emergence (d)
% DLAI
Senescence rate of LAI (m2 leaf m-2 ground d-1)
% GLAI
Rate of leaf area expansion (m2 leaf m-2 ground d-1)
% LAIEXP
LAI up to which leaf growth rate is exponential (m2 leaf
m-2 ground)
%
% RGRJ
Relative growth rate of leaves during the juvenile growth
stage (oC d)-1
%
% SLA
Specific leaf area (m2 leaf g-1 leaf)
% SLAA
Specific leaf area at anthesis (m2 leaf g-1 leaf)
% SLAE
Specific leaf area at emergence (m2 leaf g-1 leaf)
Specific leaf area of leaves removed during grazing
% SLAGR
(m2 leaf g-1 leaf)
%
% SRV
Stocking rate vector for each DOY (DSE ha-1)
% Specific leaf area:
DVS(i) == 0;
SLA(i) = 0;
elseif DVS(i) <= 1;
SLA(i) = (SLAA - SLAE).*DVS(i) + SLAE;
SLA(i) = SLAA;
else
end
% Leaf area expansion before emergence:
if
i < DOYEM;
GLAI(i) = 0;
% Leaf area expansion during juvenile stage:
elseif DVS(i) < 0.3 && LAI(i) < LAIEXP;
GLAI(i) = ((LAI(i).*(exp(RGRJ.*DTEFF(i).*DELT)
DELT).*WSF(i);

-

1

) ) •/

% Leaf area expansion during other stages:
else
GLAI(i) = GLV(i).*SLA(i);
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Rate of senescence and decomposition of leaf litter
% DECR
Decomposition rate of dead leaves (d-1)
% DLAI
Senescence rate of LAI (m2 leaf m-2 ground d-1)
% DLV
Death rate of leaves (g DM m-2 ground d-1)
% DRWLVD
Decomposition rate of dead leaves (g DM m-2 ground d-1)
% FRDR
Rate at which relative death rate increases. If FRDR = 1,
%
LAI increases linearly with DVS (-)
% LAICR
Critical LAI beyond which death due to shading occurs
%
(m2 leaf m-2 ground)
% RDR
Relative death rate (d-1)
% RDRDV
Relative death rate due to ageing (d-1)
% RDRDVMX
Maximum relative death rate due to ageing (d-1)
% RDRSH
Relative death rate due to shading (d-1)

362

Appendix 5.1: WHTGRAZ source code
% RDRSHMX
if
else
end

Maximum relative death rate due to self-shading (d-1)
D V S (i ) < 0.7;
R D R D V (i ) = 0;
RDRDV(i) = DVR(i) ./( (max(RDRDVMX, 2 - D V S (i ) ) ) .* FRDR) ;

RDRSH(i) = max(0, min(RDRSHMX,RDRSHMX.*(LAI(i)
RDR(i) = m a x ( R D R D V (i ),R D R S H (i ));
D L A I (i ) = LAI(i) .* R D R (i );
D L V (i ) = WLVG(i) .* R D R (i );
if
elseif
elseif
else
end

DVS(i) >=
D E C R (i ) =
D V S (i ) >=
DECR(i) =
D V S (i ) >=
DECR(i) =
DECR(i) =

- L A I C R ) ./LAICR));

0.6 && DVS(i) < 1.1;
2 * D V S (i ) - 1.2;
1.1 && D V S (i ) < 1.5;
1;
1.5 && DVS(i) < 2.0;
-2.0 * D V S (i ) + 4;
0;

D R W L V D (i ) = 0.43 *DECR(i).*(W L V D (i ).^0.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Net daily change in leaf mass and area
% RLAI
Rate of change of LAI, RLAI (m2 leaf m-2 ground d-1)
% RWLVG
Relative growth rate of green leaves (g DM m-2 ground d-1)
RLAI(i) = GLAI(i) - DLAI(i);
R W L V G (i ) = G L V (i ) - D L V (i );

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Checks
% CHKDF
%
%

%
%
%
%

Difference between the carbon added to the crop since
initialisation and the net total of the integrated carbon
fluxes, relative to their sum
CHKFL
Sum of integrated carbon fluxes into and out of the crop
(g C m-2)
CHKIN
Carbon in the crop, accumulated since simulation started
(g C m-2)
CHKFL(i) = TNASS(i) .* (12/44) ;
CHKIN(i) = W L V (i ).*CFLV + WST(i).*CFST + WRT(i).*CFRT +
W S O ( i ) .*CFS0;
if
else
end

CHKIN(i) > 0;
CHKDF(i) = (CHKIN(i)
CHKDF(i) = 0;

- C H K F L (i ))./ C H K I N (i );

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Evapotranspiration and soil moisture checks
% CHECK1
%
%
%
% CHECK2
%
if
else
end

A test that determines whether the sum of transpiration,
evaporation and rainfall interception exceeds the total
evapotranspiration. This variable should be greater than
(or equal to) zero.
A test performed on the soil water balance. This variable
should equal zero.
(PEVAP(i) + P T R A N S (i )) >= PENMAN(i);
C H E C K 1 (i ) = P E N M A N (i ) - P T R A N S (i ) - P E V A P (i );
CHECKl(i) = 0;

C H E C K 2 (i ) = TRAIN(i) + WCUMI - TAINTC(i) - TRNOFF(i)
- W C U M (i ) - T A T R A N (i ) - T A E V A P (i );

- T D R A I N (i )...

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% End loop
end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%% Display error conditions if applicable
if
LAT < (-55 *pi/18 0) ;
disp('Error in ASTRO: LAT < -55');
eiseif
LAT > (55*pi/180) ;
disp('Error in ASTRO: LAT > 55');
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Display CPU time
toc
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
The following code is for plotting WHTGRAZ figures
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% LAI Plots
% Conditional statement to determine if the following is plotted:
if Plot_Figure == 1;
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on
% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1:numel(GRAZS);
area([GRAZS(1) ,GRAZE(1)] , [10,10] , 'FaceColor', .. .
[.8 .8 .7] , 'EdgeColor',[.8 .8 .7],'HandleVisibility',
'off1);
end
% Load values from text files:
Theoretical_LMA_LAI_values = load('Theo_LMA_LAI_LS_HS_LL_C.txt');
% Plot measured LAI values:
if
SR <= 34 && GRAZE(1) < 231;
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,11),Theoretical_LMA_LAI_values(:,15),...
's 1,'Color',[0 0 0.8],'MarkerFaceColor',[0 0 0.8],...
'MarkerEdgeColor','k ','LineWidth',1.5);
elseif SR > 65 && GRAZE(1) < 231;
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,12),Theoretical_LMA_LAI_values(:,16),...
's ','Color',[1 0 0.8],'MarkerFaceColor',[1 0 0.8],...
'MarkerEdgeColor','k ','LineWidth',1.5);
else
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,13),Theoretical_LMA_LAI_values(:,17),...
's','Color',[1 0 0],'MarkerFaceColor',[1 0 0],...
'MarkerEdgeColor','k ','LineWidth',1.0);
end
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,14),Theoretical_LMA_LAI_values(:,18),...
's ','Color',[0 0.8 0],'MarkerFaceColor',[0 0.8 0],...
'MarkerEdgeColor','k ','LineWidth’,1.5);
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% Plot arrows to show date of emergence and anthesis:
text(DOYEM,2,'\downarrow','FontSize',22,'FontWeight','bold',...
'HorizontalAlignment1, 1center', 'VerticalAlignment','baseline');
text(DOYA,6, 1\downarrow', 'FontSize1,22, 1FontWeight', 1bold', ...
'HorizontalAlignment', 1center', 'VerticalAlignment','baseline');
% Plot simulated LAI against DOY:
plot(DOY,LAI, '-', 'LineWidth' ,2) ;
%plot(DOY,LS*5,'-r','LineWidth',2);
%plot(DOY,GLSTARG* 5, '-g','LineWidth',2) ;
% Legend, graph and axis labels, and formats:
legend('Measured LAI','Theoretical LAI','Simulated LAI');
legend('boxon');
legend('Location', 'Northwest') ;
axis([60 365 0 8] ) ;
axis square
xlabel('Month, 2007','FontWeight','bold');
set(gca,'Xtick',[0 32 60 91 121 152 182 213 244 274 305 335],...
'XTickLabel','J|f |m |a |m |j |J|a |S|0|n |D','Layer','top','FontSize',11,...
'YTick',0:0.5:8 , 'YTickLabel', ...
'0|0.5|l.0|l.5|2.0|2.5|3.0|3.5|4.0|4.5|5.0|5.5|6.0|6.5|7.0|7.5|8.0');
ylabel('Leaf area index (m^{2} mA{-2})','FontWeight','bold');
grid on
box on
hold off

%}

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Stress factors for leaf expansion and biomass accumulation
% Conditional statement to determine if the following is plotted:
elseif Plot Figure == 2;
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on
% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1:numel(GRAZS) ;
area([GRAZS(1) ,GRAZE(1)] , [1400,1400] , 'FaceColor', ...
[.8 .8 1],'EdgeColor',[.8 .8 1],'HandleVisibility','off');
end
% Plot WSF and TRFL as a function of DVS:
p l o t ( D O Y , W S F , ' C o l o r ',[0 0 0.9] , 'LineWidth',2.5) ;
p l o t ( D O Y , T S F , C o l o r ',[1 0.8 0.1],'LineWidth',1.5);
% Plot WSF and TRFL as a function of DVS but using lOd averages to
smooth
% the reduction factors:
span = 10;
window = ones(span,1)/span;
%smoothed_WSF = convn(WSF,window,'same');
smoothed_TSF = convn(TSF,window,'same');
%plot(DOY,smoothed_WSF, '- .', 'Color', [0.3 0.2
0.9],'LineWidth',2.5);
plot(DOY,smoothed_TSF,' , 'Color',[1 0.1 0.1],'LineWidth',2.5);
% Legend, graph and axis labels, and formats:
hold off
legend('WSF','TSF’,'Smoothed TSF');
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%}

legend(1boxon1);
legend('Location','Southwest');
axis ([91 366 0 1] ) ;
axis square
xlabel(1Month, 20071, 'FontWeight', 'bold') ;
set(gca,'Xtick',[0 32 60 91 121 152 182 213 244 274 305 335],...
'XTickLabel','J|f |m |a |m |j |j |a |s |0|n |D','YTickLabel',...
'0|0.l|0.2|0.3|0.4|0.5|0.6|0.7|0.8|0.9|l.0','Ytick1,0 :0.1 :1) ;
ylabel('Growth reduction factor (-)','FontWeight','bold');
set(gca, 'Fontsize',11, 'Layer 1, 1top 1);
box on
grid on

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Leaf, stem and kernel dry matter plots
% Conditional statement to determine if the following is plotted:
elseif Plot_Figure == 3
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on
% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1:numel(GRAZS);
area([GRAZS(1) ,GRAZE(1)] , [1000,1000] , 'FaceColor', ...
[.8 .8 .9] , 'EdgeColor1, [.8 .8
.9] , 1HandleVisibility', 'of f ') ;
end
% Load measured phenological dates:
DOYMAT = 344;
% Plot measured total leaf, stem and spike DM against DOY with equal
% standard error bars:
Measured_LDM_values = load(1Measd_LM+S_LS_HS_LL_C.txt');
Measured_LGDM_values = load('Measd_Total_LM_LS_HS_LL_C.txt1);
%Measured_S_values = load('Measd_S_LS_HS_LL_C_negse_posse.txt');
Measured_SDM_values = load('Measd_Total SM__LS HS_LL_C.txt');
Plot_KRNDM_values =
load('Plot_Measd_Total_Kernel_DM_LS_HS_LL_C.txt');
% Plot measured leaf, stem and spike DM of the 2007 UNGRAZED against
DOY:
errorbar(Measured_LDM_values(:,2),Measured_LDM_values
Measured_LDM_values(:,11),Measured_LDM_values(:,15),...
's','Color',[0.1 0.5 0.1],'LineWidth',1.5,...
'MarkerFaceColor',[0.1 0.5 0.1],'MarkerEdgeColor','k ');
errorbar(Measured_LGDM_values(:,2),Measured_LGDM_values
Measured_LGDM_values(:,11),Measured_LGDM_values(:,15),...
's ','Color',[0.1 0.9 0],'LineWidth',2,...
'MarkerFaceColor',[0.1 0.9 0],'MarkerEdgeColor','k ');
%errorbar(Measured_S_values(:,2),Measured_S_values
%
Measured_S_values(:,11),Measured_S_values(:,15),'s ',...
%
'Color',[0.7 0.1 0.1],'LineWidth',2,'MarkerFaceColor',...
%
[0.7 0.1 0.1],'MarkerEdgeColor','k ');
errorbar(Measured_SDM_values(:,2),Measured_SDM_values(:,7),...
Measured_SDM_values(:,11),Measured_SDM_values(:,15),...
'x ', 'Color', [0 0 1] , 'LineWidth',1.5,'MarkerFaceColor', ...
[0 0 1],'MarkerEdgeColor','k ');
errorbar(Plot_KRNDM_values(:,2),Plot_KRNDM_values
Plot_KRNDM_values(:,11) ,Plot_KRNDM_values(:,15) , 'ko', ...
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'LineWidth',1.5,'MarkerFaceColor',[1 0.8 0],...
'MarkerEdgeColor',' k ') ;
% Conditional IF statement to determine which treatment is plotted:
if
SR <= 34 ScSc GRAZE (1) < 231;
% Plot leaf, green leaf, stem and kernel DMs of the 2007 LS grazing
% treatment:
errorbar(Measured_LDM_values(:,2),Measured_LDM_values(:,4),...
Measured_LDM_values(:,8),'d ','Color',[0.1 0.5 0.1],...
1LineWidth',1,'MarkerFaceColor',[0.1 0.5 0.1],...
'MarkerEdgeColor','k ','MarkerSize',8);
errorbar(Measured_LGDM_values(:,2),Measured_LGDM_values(:,4),..
Measured_LGDM_values(:,8) , 's', 'Color',[0.1 0.9 0],...
'LineWidth',1,'MarkerFaceColor',[0.1 0.9 0],...
'MarkerEdgeColor','k ','MarkerSize',8);
errorbar(Measured_SDM_values(:,2),Measured_SDM_values(:,4),...
Measured_SDM_values(:,8),Measured_SDM_values(:,12),...
'v ', 'Color', [0 0 1] , 'LineWidth',1, 'MarkerFaceColor', ..
[0 0 1] , 'MarkerEdgeColor', 'k ', 'MarkerSize',8) ;
errorbar(Plot_KRNDM_values(:,2),Plot_KRNDM_values(:,4),...
Plot_KRNDM_values(:,8) , 'o', 'Color', [1 0.7 0],...
'LineWidth',1,'MarkerFaceColor',[1 0.7 0],...
'MarkerEdgeColor', 'k ', 'MarkerSize',8) ;
% Plot total leaf, green leaf, stem and kernel DMs of the 2007 HS
% grazing treatment:
elseif
SR > 65 && GRAZE(1) < 231;
errorbar(Measured_LDM_values(:,2),Measured_LDM_values(:,5),...
Measured_LDM_values(:,9),'d ','Color',[0.1 0.5 0.1],...
'LineWidth',2,'MarkerFaceColor',[0.1 0.5 0.1],...
'MarkerEdgeColor', 'k ', 'MarkerSize',9) ;
errorbar(Measured_LGDM_values(:,2),Measured_LGDM_values(:,5),..
Measured_LGDM_values(:,9),'s ','Color',[0.1 0.9 0],...
'LineWidth',2,'MarkerFaceColor',[0.1 0.9 0],...
'MarkerEdgeColor','k ','MarkerSize',9);
errorbar(Measured_SDM__values(:,2),Measured_SDM_values(:,5),...
Measured_SDM_values(:,9),Measured_SDM_values(:,13),...
'v ', 'Color', [0 0 1] , 'LineWidth',2, 'MarkerFaceColor', ..
[0 0 1],'MarkerEdgeColor','k ','MarkerSize',9);
errorbar(Plot_KRNDM_values(:,2),Plot_KRNDM_values(:,5), ...
Plot_KRNDM_values(:,9),'o','Color',[1 0.7 0],...
'LineWidth',2,'MarkerFaceColor',[1 0.7 0],...
'MarkerEdgeColor','k ','MarkerSize',9);
% Plot leaf, stem and kernel DMs of the 2007 LL grazing treatment:
else
errorbar(Measured_LDM_values(:,2),Measured_LDM_values(:,6),...
Measured_LDM_values(:,10),'d ','Color',[0.1 0.5 0.1],..
'LineWidth',1,'MarkerFaceColor',[0.1 0.5 0.1],...
'MarkerEdgeColor','k ','MarkerSize',10);
errorbar(Measured_LGDM_values(:,2),Measured_LGDM_values(:,6),..
Measured_LGDM_values(:,10),'s','Color',[0.1 0.9 0],...
'LineWidth',1,'MarkerFaceColor',[0.1 0.9 0],...
'MarkerEdgeColor', 'k ', 'MarkerSize',10) ;
errorbar(Measured_SDM_values(:,2),Measured_SDM_values(:,6),...
Measured_SDM_values(:,10),Measured_SDM_values(:,14),..
'v ','Color',[0 0 1],'LineWidth',1,'MarkerFaceColor',..
[0 0 1] , 'MarkerEdgeColor', 'k ', 'MarkerSize',10) ;
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errorbar(Plot_KRNDM_values(:,2),Plot_KRNDM_values(:,6) , ...
Plot_KRNDM_values(:,10) o 1 C o l o r [1 0.7 0],...
1LineWidth',1,'MarkerFaceColor',[1 0.7 0],...
'MarkerEdgeColor',' k ','MarkerSize',10);
end
% Plot simulated leaf, stem, spike and root DM against DOY:
p l o t ( D O Y , W L V , ' C o l o r ' ,[0.1 0.5 0.1],'LineWidth',1.5);
p l o t ( D O Y , W L V G , ' C o l o r ' ,[0.2 0.9 0.2] , 'LineWidth',2.4) ;
% p l o t ( D O Y , W L V D , ' C o l o r ' ,[0.7 0.1 0.1 ],'LineWidth',1.5);
plot(DOY,WST,1-','Color',[0 0 1],'LineWidth',1.5);
p l o t ( D O Y , W S O , ' C o l o r ' ,[1 0.7 0],'LineWidth',1.5);
%plot(DOY,WRT,'-k' ,'LineWidth',2);
% p l o t ( D OY,1 0 0 0 * H G H T , ' C o l o r ',[1 .3 .2],'LineWidth',2.5);
% Plot vertical arrows to show start and finish of grazing:
text(DOYEM,300,'\downarrow','FontSize',20,'FontWeight','bold',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
text(DOYA,650,'\downarrow','FontSize',20,'FontWeight','bold',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
text(DOYMAT,650,'\downarrow','FontSize',20,'FontWeight','bold',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
% Legend, graph and axis labels, and formats:
legend('Total leaf','Green leaf','Stem','Kernel','WLV','WLVG',...
'WST','WSO');
legend('boxon');
legend('Location','Northwest');
axis([60 365 0 800] ) ;
axis square
xlabel('Month, 2007','FontWeight','bold');
set(gca,'Xtick',[0 32 60 91 121 152 182 213 244 274 ...
305 335],'XTickLabel','J|F|M|A|m |J|J|A|S|0|n |D');
set(gca,'Ytick',0:50:1400,'Layer','top','FontSize',11);
ylabel('Dry matter (g mA{-2})','FontWeight','bold');
grid on
box on
hold off
%}

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Instantaneous dry matter partitioning plots
% Conditional statement to determine if the following is plotted:
elseif Plot_Figure == 4;
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on
% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1:numel(GRAZS);
area([DVS(GRAZS(1) ) ,DVS(GRAZE(1))] , [1,1] , 'FaceColor', ...
[.8 .8 .7] , 'EdgeColor',[.8 .8 .7], 'HandleVisibility',
'off ');
end
% Plot details:
plot(DVS,FSH,
'Color', [0 0 1],'LineWidth',2.5);
%plot(DVS,FRT,'-','Color',[0.8 0.2 0.7] , 'LineWidth',2.5) ;
p l o t ( D V S , F L V , C o l o r ',[0 0.8 0],'LineWidth',2.5);
% p l o t ( D V S , F S T , C o l o r ',[1 0 0],'LineWidth',2.5);
% p l o t ( D V S , F S O , C o l o r ',[1 0.7 0.1],'LineWidth',2.5);
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plot(DVS,RS,
'Color', [0.4 0.7 0.8] , 'L i neWidth',2.5) ;
p l o t ( D V S , R S T A R G , ' C o l o r ',[0.8 0.2 0.7],'L i n e W i d t h ',2.5);
%plot(DVS,GLS, '-', 'C o l o r ', [0.6 0.1 0.7] , 'LineW i d t h ',2.5) ;
%plot (DVS,GLSTARG, '— ', 'Color ', [1 0.5 0.2 ] , ’L i n e W i d t h ’,2.0) ;
% p l o t ( D V S , S L , ' C o l o r ' ,[1 0.5 0.6],'LineWidth',3.0);
%plot(DVS,SLTARG,
'Color' , [0.4 0 0.4],'L i n e W i d t h ',2.5);
plot(DVS,FSH,
C o l o r ', [0 0.4 0.2],'L ineW i d t h ',2.5);
% p l o t ( D V S , F R T , C o l o r ',[0.8 0.2 0.7] , 'Line W i d t h ' ,2.5) ;
%plot(DVS,FLVGR,
'Color' , [0.5 0.1 0.9] , 'L i n e W i d t h ',2.5) ;
% p l o t ( D V S , L I , ' C o l o r ',[0 0.5 0.6] , 'Line W i d t h ',2.5) ;
% p l o t ( D V S , F S T G R , ' C o l o r ',[1 0 0],'Li neWidth',2.5);
% Set legend and axes titles and formats
l e g e n d ('F S H ', 'F L V ', 'R S ', 'R S T A R G ', 'L S ', 'G L S T A R G ', 'F S H ', 1F L V G R ') ;
l e g e n d ('L o c a t i o n ','Southwest');
x l a b e l ('Developmental s t a g e ','FontWeight','b o l d ');
y l a b e l ('Fraction of daily DM allocated to organ', 'FontWeight',
'b o l d ');
s e t ( g c a , 'X t i c k ', 0:0.1:2,'X T ickLabel',...
'0 I0.1 I0.2 I0.3 I0.4 I0.5 I0.6 I0.7 I0.8 I0.9 I1.0 ', 'Y t ick',0:0.1:1, . . .
'Y t icklabel', '0|0.l|0.2|0.3|0.4|0.5|0.6|0.7|0.8|0.9|l.0') ;
set (gca, 'L a y e r ', 't o p ', 'Font S i z e ',11);
a x i s ([0.1 1 0 1] ) ;
axis square
grid on
box on
hold off

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Total dry matter plots
% Conditional statement to determine if the following is plotted:
elseif Plot_Figure == 5;
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on

% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1 :numel(GRAZS);
a r e a ([GRAZS(1),G R A Z E (1)],[1400,1400],'F a c e C o l o r ',...
[.8 .8 .9] , 'E d geColor',[.8 .8 .9], 'HandleVisibility',
'of f ') ;
end
% Load DM measured values, days of 2007 and phenological dates:
Measured_DM_values = l o a d ('Measd_Total_DM_LS_HS_LL__C.t x t ');
DOYMAT = 344;
% Plot total DMs of the 2007 treatments (LS,HS,LL,C):
errorbar(Measured_DM_values(:,2),Measured_DM_values(:,4), . . .
Measured_DM_values(:,8) , 'b d ', 'L ineWidth',2, . . .
'MarkerFaceColor', [0 0 0.8],'M arkerEdgeColor','k ');
errorbar(Measured_DM_values(:,2),Measured_DM_values(:,5) , . . .
Measured_DM_values(:,9),'s','C o l o r ',[1 0
0.8] , 'LineWidth', . . .2, 'MarkerFaceColor', [1 0 0.8],
'MarkerEdgeColor', 'k ') ;
errorbar(Measured_DM_values(:,2),Measured_DM_values(:,6),...
Measured_DM_values(:,10), 's', 'C o l o r ', [1 0 0] , . . .
'LineWidth',2, 'MarkerFaceColor', [1 0 0] , . . .
'MarkerEdgeColor','k ');
errorbar(Measured_DM_values(:,2),Measured_DM_values
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Measured_DM_values(:,11), 's 1, 'Color', [0 0.8 0] , . . .
'LineWidth',2,'MarkerFaceColor',[0 0.8 0],...
'MarkerEdgeColor','k ');
% Plot simulated root and shoot DM against DOY:
%plot(DOY,W R T ,'-k','LineWidth',2);
plot(DOY,TADRW,
Color', [0.2 0.2 1],'LineWidth',2);
% Plot vertical arrows to show start and finish of grazing:
text(DOYEM,300,'\downarrow','FontSize',20,'FontWeight','b o l d ',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
text(DOYA,1300,'\downarrow','FontSize',20,'FontWeight','b o l d ',...
'HorizontalAlignment', 1center', 'VerticalAlignment', 'baseline') ;
text(DOYMAT,1300, '\downarrow', 'FontSize',20, 'FontWeight', 'bold', .. .
'HorizontalAlignment', 1center', 'VerticalAlignment', 'baseline') ;
% Legend, graph and axis labels, and formats:
legend('L S ', 'H S ', 'LL', 'C ', 'TADRW') ;
legend('boxon');
legend('Location','Northwest');
a x i s ([60 365 0 1400]);
axis square
xlabel('Month, 2007','FontWeight','bold');
set(gca,'Xtick',[0 32 60 91 121 152 182 213 244 274 ...
305 335],'XTickLabel','J|f |m |a |m |j |j |a |s |o |n |D');
set(gca, 'Ytick',0:100:1400,'Layer','top','FontSize',11);
ylabel('Dry matter (g m A {-2})','FontWeight','bold');
grid on
box on
hold off

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Volumetric soil water plots - control treatments
% Conditional statement to determine if the following is plotted:
elseif Plot_Figure == 6;
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on

% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1:numel(GRAZS);
a r e a ([GRAZS(1) ,G R A Z E (1)] , [1,1] , 'FaceColor', [. 8 .9 .9],...
'EdgeColor',[.8 .9 .9],'HandleVisibility','o f f ');
end
% Load mean and standard error values for volumetric soil water
measured in 2007:
Measured_SW_values =
load('Measd_Soil Water_2007_LS_HS_LL_C_B.txt');
SWSE_values = load('SW__2007_standard_errors_LS_HS_LL_C_B.t x t ');
% Plot measured volumetric soil moisture points against DOY with
standard error bars for the UNGRAZED:
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,6),...
SWSE_values(:,6),'r o ','LineWidth',2,'MarkerFaceColor','r ',...
'MarkerEdgeColor', 'k ') ;
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,11),...
SWSE_values(:,11) , 'b o ', 'LineWidth',2, 'MarkerFaceColor', 'b ', .. .
'MarkerEdgeColor', 'k ') ;

370

Appendix 5.1: WHTGRAZ source code

errorbar(Measured_SW_values(:,2) ,Measured_SW_values(:,16), . ..
SWSE_values(:,16),'o','Color',[0 0.6 0],'LineWidth',2,...
'MarkerFaceColor',[0 0.8 0],'MarkerEdgeColor','k ');
errorbar(Measured_SW_values(:,2) ,Measured_SW_values(:,21) , ...
SWSE_values(:,21) , 'o', 'Color' , [0.5 0 0.5] L i n e W i d t h 2 .
'M a r k e r F a c e C o l o r [0.5 0 0 . 5 ] M a r k e r E d g e C o l o r k ');
% Plot measured volumetric soil moisture points against DOY with
standard
% error bars for the LS :
%{

errorbar(Measured_SW_values(:,2),Measured_SW_values(: ,3) , ...
SWSE_values(:,3), 1r<', 1LineWidth1,1, 1MarkerFaceColor', 'r ', ...
'MarkerEdgeColor', 'k ', 'MarkerSize',9) ;
errorbar(Measured_SW_values( : , 2 ) ,Measured_SW_values(:,8),...
SWSE_values(:,8),' b< ','LineWidth',1,'MarkerFaceColor','b ',...
'MarkerEdgeColor1,'k 1,'MarkerSize',9);
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,13),...
SWSE_values( : , 1 3 ) Color',[0 0.6 0 ] L i n e W i d t h 1 .
'MarkerFaceColor', [0 0.8 0] , 'MarkerEdgeColor', 1k ', 'MarkerSize',9);
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,18),...
SWSE_values(:,18),1<','Color',[0.5 0 0.5],'LineWidth',1,...
1MarkerFaceColor',[0.5 0
0.5],'MarkerEdgeColor','k ','MarkerSize',9);

*}

% Plot measured volumetric soil moisture points against DOY with
standard error bars for the HS treatment:
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,4),...
SWSE_values(:,4),'rp','LineWidth1,1,'MarkerFaceColor','r ',...
'MarkerEdgeColor','k 1,'MarkerSize',12);
errorbar(Measured_SW_values(:,2) ,Measured_SW_values(:,9) , ...
SWSE_values(:,9),'b p ','LineWidth',1,'MarkerFaceColor','b ',...
'MarkerEdgeColor', 'k','MarkerSize',12) ;
errorbar(Measured_SW_values(:,2) ,Measured_SW_values(:,14) , ...
SWSE_values(:,14) , 1p 1, 1Color 1, [0 0.6 0] , 1LineWidth
'MarkerFaceColor', [0 0.8
0],'MarkerEdgeColor','k ','MarkerSize',12);
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,19) , ...
SWSE_values(:,19),'p ','Color',[0.5 0 0.5],'LineWidth',1,...
'MarkerFaceColor', [0.5 0
0.5],'MarkerEdgeColor','k ','MarkerSize',12);
%}

% Plot measured volumetric soil moisture points against DOY with
standard error bars for the LL treatment:
%{

errorbar(Measured_SW_values(:,2),Measured_SW_values(:,5),...
SWSE_values(:,5),'rA ','LineWidth',2,'MarkerFaceColor','r ',...
'MarkerEdgeColor','k ','MarkerSize',9);
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,10), ...
SWSE_values(:,10), 'bA ', 'LineWidth',2, 'MarkerFaceColor', 'b ', ...
'MarkerEdgeColor','k ','MarkerSize',9);
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,15), ...
SWSE_values(:,15),'A ','Color',[0 0.6 0],'LineWidth',2,...
'MarkerFaceColor', [0 0.8 0], 'MarkerEdgeColor', 'k ', 'MarkerSize',9);
errorbar(Measured_SW_values(:,2),Measured_SW_values(:,20),...
SWSE_values(:,20),'A ','Color',[0.5 0 0.5],'LineWidth',2,...
'MarkerFaceColor', [0.5 0
0.5],'MarkerEdgeColor','k ','MarkerSize',9);

%}

% Plot volumetric soil water (WCL) in each layer as a function of
time:
plot(DOY,WCL1,'-r','LineWidth',1.5);
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plot(DOY,WCL2,1-b','LineWidth',1.5);
plot(DOY,WCL3,1
' C o l o r [0 0.8 0],'LineWidth',1.5);
p l o t ( D O Y , W C L 4 1, 'Color',[0.6 0 0.6],'LineWidth',1.5);
% Plot arrows to show dates of emergence and anthesis:
%plot( [169 169], [0 0.4]
'Color', [0.1 0.6 0.1],'LineWidth',
1.5) ;
%plot([200 200], [0 0 . 4 ] 'Color',[0.1 0.6 0.1],'LineWidth',
1.5) ;
%plot([231 231], [0 0 . 4 ] 'Color',[0.1 0.6 0.1],'LineWidth',
1.5) ;
text(DOYEM,0.27,'\downarrow','FontSize',22,'FontWeight','bold',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
text(DOYA,0.27,'\downarrow','FontSize',22,'FontWeight','bold',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
% Legend, graph and axis labels, and formats:
legend('0-200', '200-600', '600-1200', '1200-2000', ...
'0-200', '200-600', '600-1200', '12 00-2000') ;%, ...
%'Start of grazing','End short grazing','End long
grazing');
legend('boxon');
legend('Location','Southwest');
axis([0 365 0 0.30]);
axis square
xlabel('Month, 2007','FontWeight','bold','FontSize',11);
set(gca, 'Xtick', [0 32 60 91 121 152 182 213 244 274 305 335],...
'XTickLabel','J|f |M|A|M|J|j |A|S|0|N|D');
set(gca,'YTick',0:0.03:0.33,'YTickLabel',...
'0|0.03|0.06|0.09|0.12|0.15|0.18|0.2l|0.24|0.27|0.30|0.33',...
'Layer','top','FontSize',11);
ylabel('Volumetric soil moisture (mm^{3) mmA{-3})',...
'FontWeight', 'bold', 'FontSize',11) ;
grid on
box on
hold off
%}

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% LMA Plots
% Conditional statement to determine if the following is plotted:
elseif Plot_Figure == 7;
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on
% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1:numel(GRAZS);
area([GRAZS(1) ,GRAZE(1)] , [80,80] , 'FaceColor', ...
[.8 .8 .7],'EdgeColor',[.8 .8 .7],'HandleVisibi1ity',
'off');
end
% Load values from text files from "C3 - LAI data for model 2007.xls",
% "Summary biomass (trt) tab":
Theoretical_LMA_LAI_values = load('Theo_LMA_LAI_LS_HS_LL_C.txt');
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% Conditional IF statement to determine which treatment (LS,HS,LL,C)
% is plotted:
% Plot measured LMA values:
if
SR <= 34 ScSc GRAZE (1) < 231;
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,3),Theoretical_LMA_LAI_values{ : , ! ) , ...
1s ','Color',[0 0 0.8],'MarkerFaceColor',[0 0 0.8],...
'MarkerEdgeColor','k ','LineWidth',1.5);
elseif
SR > 65 && GRAZE(1) < 231;
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,4),Theoretical_LMA_LAI_values(:,8),...
's ','Color',[1 0 0.8],'MarkerFaceColor',[1 0 0.8],...
'MarkerEdgeColor', 'k ', 'LineWidth’,1.5);
else
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,5),Theoretical_LMA_LAI_values(:,9),...
's','Color', [1 0 0] , 'MarkerFaceColor', [1 0 0] , .. .
'MarkerEdgeColor','k ','LineWidth',1.0);
end
errorbar(Theoretical_LMA_LAI_values(:,2),...
Theoretical_LMA_LAI_values(:,6),Theoretical_LMA_LAI_values(:,10),...
's','Color',[0 0.8 0],'MarkerFaceColor',[0 0.8 0],...
'MarkerEdgeColor','k ','LineWidth',1.5);
% Plot arrows to show date of emergence and anthesis:
text(DOYEM,60,'\downarrow','FontSize',22,'FontWeight','bold',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
text(DOYA,65,'\downarrow','FontSize',22,'FontWeight','bold',...
'HorizontalAlignment','center','VerticalAlignment','baseline');
% Plot simulated LMA against DOY:
plot(DOY,1./ S L A , C o l o r 1 .4 .7],'LineWidth',2);
%
plot(DOY,1./ S L A T , ' C o l o r 9 .6 .4],'LineWidth',2);
% Legend, graph and axis labels, and formats:
legend('Grazed LMA','Ungrazed LMA','Simulated LMA','SLAT');
legend('boxon');
legend('Location','Northwest');
axis( [60 365 10 70]) ;
axis square
xlabel('Month, 2007','FontWeight','bold');
set(gca, 'Xtick', [0 32 60 91 121 152 182 213 244 274 305 335],...
'XTickLabel','J|f |m |a |m |j |j |a |s |o |n |D','Layer','top','FontSize',11,...
'YTick',0:5:70) ;
ylabel('Leaf mass per unit area (g m^{2})','FontWeight','bold');
grid on
box on
hold off
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Light interception plots
% Conditional statement to determine if the following is plotted:
elseif Plot_Figure == 8;
% Clear existing graphics and allow multiple object plotting:
cla reset
hold on

% Plot shaded regions for each grazing period, but turn off handle
% visibility so that they do not appear in the legend:
for
1 = 1 :numel(GRAZS);
area([GRAZS(1),GRAZE(1)],[1,1],'FaceColor',...
[.8 .8 .7],'EdgeColor',[.8 .8 .7],'HandleVisibility1,
'o f f ');
end
% Load values from text files:
Measd_LI_vals_07 = load(1Measd_LI_LS HS LL_C.txt1);
% Conditional IF statement to determine which treatment
,C) is plotted:

(LS, HS, LL

% Plot measured LMA values:
if
SR <= 34 ScSc GRAZE (1) < 231;
errorbar(Measd_LI_vals_07(:,2),Measd_LI_vals_07(:,3),...
Measd_LI_vals_07(:,7),'s 1,'Color',[0 0 0.8],'MarkerFaceColor',...
[0 0 0.8],'MarkerEdgeColor','k ','LineWidth',1.5);
elseif SR > 65 && GRAZE(1) < 231;
errorbar(Measd_LI_vals_07(:,2),Measd_LI_vals_07(:,4),...
Measd_LI_vals_07(:,8),'s','Color',[1 0 0.8],'MarkerFaceColor',...
[1 0 0.8],'MarkerEdgeColor','k','LineWidth',1.5);
else
errorbar(Measd_LI_vals_07(:,2),Measd_LI_vals_07(:,5),...
Measd_LI_vals_07(:,9),'s','Color',[1 0 0],'MarkerFaceColor',[1
00],'MarkerEdgeColor','k ','LineWidth',1.0);
end
errorbar(Measd_LI_vals_07(:,2),Measd_LI_vals_07(:,6),...
Measd_LI_vals_07(:,10), 's', 'Color', [0 0.8 0] , 'MarkerFaceColor', ...
[0 0.8 0],'MarkerEdgeColor','k ','LineWidth',1.5);
% Plot arrows to show date of emergence and anthesis:
text(DOYEM,0.1,'\downarrow', 'FontSize',22, 'FontWeight', 'bold', . . .
'HorizontalAlignment','center','VerticalAlignment','baseline');
text(DOYA,0.95, '\downarrow', 'FontSize',22, 'FontWeight', 'bold', . . .
'HorizontalAlignment','center','VerticalAlignment','baseline');
% Plot simulated LI against D O Y :
p l o t ( D O Y , L I , ' C o l o r ',[1 .1 .1],'LineWidth',2);
% Legend, graph and axis labels, and formats:
legend('Grazed L I ','Ungrazed L I ','Simulated LI');
legend('boxon');
legend('Location','Northwest');
axis([60 365 0 1] ) ;
axis square
xlabel('Month, 2007','FontWeight','bold');
set(gca, 'Xtick', [0 32 60 91 121 152 182 213 244 274 305 335],...
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'X T i c k L a b e l ' J | f |M|A|M|J|J|A|s |o |n |D', 1Layer’, 'top 1, 'FontSize',11 ,...
'YTick',0 :.1 :1 ,'YTickLabel',...

'0 .0 |0 .1 |0 .2 |0 .3 |0 .4 |0 .5 |0 .6 |0 .7 |0 .8 |0 .9 |1 .0 ');

ylabel('Fraction of incident light intercepted
'FontWeight', 1bold') ;
grid on
box on
hold off

% End conditional plotting statement:
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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% Input
% APPENDIX 5.2: This file allows input of all initial variables and
% parameters that could be optimised
%% Set formats and load variables
% Remove spaces between lines, display only four digits:
format compact
format short g
% Determine the length of time the code takes to execute: begin timer
tic
% Load weather data from text file:
Weather_data = load('Weather data 2007 2.txt');
% Assign columns to variables, where DOY is a 16-bit integer:
DOY = Weather_data(:,1) ;
RRAIN = Weather_data(:,2);
MXTMP = Weather_data(:,3);
MNTMP = Weather_data(:,4);
DTR = Weather_data(:,5);
WDS = Weatherdata(:,6);
MXTMPWB = Weather_data(:,7);
MNTMPWB = Weather_data(:,8);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Developmental variables
% DAVTMP
Average daily dry bulb temperature (oC)
% DAVTMPWB Average daily wet bulb temperature (oC)
% DDEA
Degree days from emergence to anthesis (oCd)
% DDAM
Degree days from anthesis to maturity (oCd)
% DDTMP
Average daytime temperature (oC)
% DTEFF
Daily effective temperature (oC)
% DOYA
Day of year of anthesis
% DOYEM
Day of year of emergence
% DOYMAT
Day of year of physiological maturity
% DVR
Developmental rate (d-1)
% DVRR
Developmental rate whilst the crop is reproductive (d-1)
% DVRRT
Developmental rate table while the crop is in its
%
reproductive stages (d-1)
% DVRV
Developmental rates while the crop is vegetative (d-1)
% DVRVT
Developmental rate table while the crop is in its
%
vegetative stages (d-1)
% DVRRT
Developmental rate table while in the reproductive stages
(d-1)
Developmental stage (-)
% DVS
Developmental stage while the crop is vegetative (-)
% DVSV
Emergence switch (0 before DOYEM, 1 thereafter)
% EMERG
% IDVS
Initial developmental stage (-)
Minimum daily dry-bulb temperature (oC)
% MNTMP
% MXTMP
Maximum daily dry-bulb temperature (oC)
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IDVS = 0;
DOYEM = 91;
DOYMAT = 344;
DAVTMP = 0.5*(MXTMP + MNTMP);
DAVTMPWB = 0.5*(MXTMPWB + MNTMPWB);
DDTMP = MXTMP - (0.25*(MXTMP - MNTMP));
DDEA = 1745.75;
DDAM = 850;
DTEFF = max(0,DAVTMP);
EMERG = zeros (365,1) ;
for i = 1:365;
if
i < DOYEM
EMERG(i) = 0;
eise
EMERG(i) = 1;
end
end
DVRVT = [-10 0; 0 0; 30 1./DDEA*30];
DVRRT = [-10 0; 0 0; 30 l./DDAM*30];
DVRV = interpl(DVRVT(:,1),DVRVT(:,2),DAVTMP).*EMERG;
DVRR = interpl(DVRRT(:,1),DVRRT(:,2),DAVTMP).*EMERG;
DVSV = cumsum(DVRV);
DVRUG = zeros(365,1) ;
for
i = 1:365;
if
DVSV(i) < 1.001
DVRUG(i) = DVRV(i);
eise
DVRUG(i) = DVRR(i);
end
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Soil water balance, root depth parameters
EES
Soil specific extinction coefficient (mm-1)
EZRTC
Constant for root elongation (mm d-1)
IDSLR
Initial number of days since last rain (d)
INTC
Rainfall interception per layer of leaves (mm d-1)
MDRATE
Maximum drainage rate of the subsoil (mm d-1)
TKL1-4
Thickness of soil layers 1-4 (mm)
TKLT
Total thickness of soil profile (mm)
TRANSC
Potential transpiration rate at which the critical soil
water content is halfway between wilting point and field
capacity (-)
WCAD1-4
Volumetric water content in soil layers 1-4 when air dry
(mm3 water mm-3 soil)
WCFC1-4
Volumetric water content at field capacity in soil layers
1-4
%
(mm3 H20 mm-3 soil)
% WCLI1-4
Initial volumetric water contents in soil layers 1-4
%
(mm3 H20 mm-3 soil)
% WCST1-4
Volumetric water content at saturation in soil layers 1-4
%
(mm3 H20 mm-3 soil)
% WCUMI
Total amount of water initially in the profile (mm)
% WCWET1-4 Volumetric water content at which water logging begins for
%
each layer (mm3 water mm-3 soil)
% WCWP1-4
Volumetric water content at wilting point in each layer
%
(mm3 water mm-3 soil)
% ZRTI
Initial rooted depth on the day of emergence (mm)
% ZRTM
Maximum possible rooted depth (mm)
Maximum rooted depth allowed by crop characteristics,
% ZRTMC
%
measured at anthesis (mm)
% ZRTMS
Maximum rooted depth allowed by soil properties, measured
%
at anthesis (mm)
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EES = 0.00854;
EZRTC = 10;
IDSLR = i;
INTC = 0.25;
MDRATE = 50;
TKL1 = 200;
TKL2 = 400;
TKL3 = 600;
TKL4 = 800;
TKLT = TKL1 + TKL2 + TKL3 + TKL4;
TRANSC = 9;
WCAD1 = 0.0205
WCAD2 = 0.0345
WCAD3 = 0.0472
WCAD4 = 0.0554
WCFC1 = 0.170;
WCFC2 = 0.260;
WCFC3 = 0.270;
WCFC4 = 0.225;
WCLI1 = 0.045;
WCLI2 = 0.200;
WCLI3 = 0.240;
WCLI4 = 0.220;
WCST1 = 0.408;
WCST2 = 0.427;
WCST3 = 0.427;
WCST4 = 0.427;
WCWET1 = 0.327
WCWET2 = 0.347
WCWET3 = 0.349
WCWET4 = 0.350
WCWP1 = 0.040;
WCWP2 = 0.161;
WCWP3 = 0.223 ;
WCWP4 = 0.166;
ZRTI = 5;
2007-8 NS.xls" ZRTMC = 1200;
% in the 'Individual tubes vs depth' tab
ZRTMS = 1200;
ZRTM = min(TI
% EDPTFT = Root activity coefficient that decreases water uptake in
% dry layers and increases it in wet layers (0-1)
EDPTFT = [-10 0; -0.05 0; 0 0.15; 0.15 0.6; 0.3 0.8; 0.5 1; 10 1] ;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Penman-Monteith parameters
%
%
%
%
%

ALBC
Albedo coefficient for the canopy (-)
BOLTZM
Stefan-Boltzmann constant (MJ K-4 m-2 d-1)
LAT
Latitude of site (rad)
PSYCH
Psychrometric constant (kPa oC-1 at 610 m elevation)
SC
Solar constant of the sun (MJ m-2 min-1)
ALBC = 0.25;
BOLTZM = 4.903* (10^-9) ;
LAT = -35.3 067*pi/180;
PSYCH = 0.0627;
SC = 0.082;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Grazing parameters
%
%
%
%

BDREF
DMIMX
DVRGR
GLVTOL

Bulk density of reference herbage dry matter (g DM m-3)
Maximum potential DM intake (g DSE-1 day-1)
Developmental rate delay constant for grazing (m2 g-1)
Tolerance of green leaves to trampling (m2 DSE-1)
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%
%
%
%
%
%
%
%
%
%
%
%
%
%

Vector specifying the day of year that each grazing period
ends (d)
Vector specifying the day of year that each grazing period
GRAZS
starts (d)
Current crop height (m)
HGHT
HF
Height factor for winter wheat (-)
HMX
Maximum canopy height (m)
SLAR
Specific leaf area of crop removed during grazing
(m2 leaf g-1 leaf)
Stocking rate (DSE ha-1)
SR
SRV
Vector showing the stocking rate on each day of the year
(DSE ha-1)
Temporary count of the number of grazing periods. This
TC
variable always begins at one and is incremented by MATLAB
BDREF = 3330;
DMIMX = 1400;
DVRGR = 2.8*10 a -4;
GLVTOL = 3.0;
GRAZE = 200; % Start = 169, End L S , HS = 200, LL = 231
GRAZS = 16 9;
HMX = 0.74;
SR = 67;
SRV = zeros(365,1);
TC = 1;
GRAZE

for i = 1:366;
if
else
end
if

i >= GRAZS(TC)
SRV(i) = SR;
S R V (i ) = 0;
i > GRAZE(TC)
TC = TC + 1;

&& i <= GRAZE(TC);

&& TC < numel(GRAZE);

end
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Day of year of anthesis (DOYA)
if
SR = = 0;
DOYA = 2 91;
elseif SR < = 34 ScSc GRAZE (TC) == 200;
DOYA = 2 93 ;
elseif SR >= 34 ScSc GRAZE (TC) == 231;
DOYA = 2 97 ;
DOYA = 2 95;
else
end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
%
%
%
%
%
%
%
%

Assimilate requirement parameters
ASRQLV
Assimilate requirement for leaf dry matter production
(g CH20 g-1 leaf DM)
ASRQRT
Assimilate requirement for root dry matter production
(g CH20 g-1 root DM)
ASRQSO
Assimilate requirement for storage organ dry matter
production (g CH20 g-1 grain DM)
ASRQST
Assimilate requirement for stem dry matter production
(g CH20 g-1 stem DM)
ASRQLV = 1.463;
ASRQST = 1.513;
ASRQSO = 1.415;
ASRQRT = 1.444;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Temperature stress factors
% TSFT
Temperature stress factor table as a function of average
%
daily temperature, (DAVTMP):
% TSF
Temperature stress factor for biomass as a function of
%
DAVTMP for each day of the year:
TSFT = [-10 0; 0 0; 13 1; 25 1; 35 0; 50 0];
TSF = interpl(TSFT(:,1),TSFT(:,2),DAVTMP);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Growth and senescence parameters
% CFLV
Mass fraction of C in the leaves (g C g-1 leaf DM)
% CFST
Mass fraction of C in the stems (g C g-1 stem DM)
% CFSO
Mass fraction of C in the grain (g C g-1 storage organ DM)
% CFRT
Mass fraction of C in the roots (g C g-1 root DM)
% CONVL
Conversion loss factor when stem reserves areremobilised
%
from starch to glucose (-)
% DELT
Time step of integration (d)
% FRDR
Rate at which RDR increases. If FRDR = 1 (default in
%
SUCROS), LAI decreases linearly with DVS.
% FRTRL
Fraction of stem DM eventually translocated to storage
organs
% IEAI
Initial ear area index (m2 ears m-2 ground)
% ILAI
Initial leaf area index (m2 leaf m-2 ground)
Light extinction coefficient (-)
% K
Critical LAI beyond which death due to self-shading
% LAICR
occurs (m2 leaf m-2 ground)
%
LAI up to which growth is exponential (m2 leaf m-2 ground)
% LAIEXP
% RDRDVMX
Maximum relative death rate due to ageing (0.1 d-1 in
SUCROS)
% RDRSHMX
Maximum relative death rate due to self-shading (0.03 d-1
in SUCROS)
%
Relative growth rate of leaf area during the juvenile
% RGRJ
stage (oC d)-1
%
Radiation-use efficiency (g total biomass MJ-1 PAR)
% RUE
% SLAA
Specific leaf area at anthesis (m2 leaf g-1 leaf)
Specific leaf area at emergence (m2 leaf g-1 leaf)
% SLAE
Initial amount of DM in the leaves (g leaf DM m-2 ground)
% WLVI
% WLVDI
Initial amount of DM in the dead leaves (g leaf DM m-2
ground)
% WRTI
Initial amount of DM in the roots (g root DM m-2 ground)
Initial amount of DM in the storage organs
% WSOI
(g storage organ DM m-2 ground)
%
Initial amount of DM in the stems (g stem DM m-2 ground)
% WSTI
CFST = 0.494;
CONVL = 0.947;
DELT = 1;
FRDR = 0.40;
FRTRL = 0.40;
ILAI = 0.012;
K = 0.43;
LAICR = 4.0;
LAIEXP = 0.75;
RDRDVMX = 0.1;
RDRSHMX = 0.03;
RGRJ = 0.013;
RUE = 3.2;
SLAA = 1/63;
SLAE = 1/49;
WLVI = 0.5;
WLVDI = 0;
WRTI = 0.8;
WSOI = 0;
WSTI = 0.2;
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Load measured 2007 values from text files
% Load measured LAI values
Measured_LAI_values = load('Measd LAI & SE_LS HS_LL_C.txt');
% Theoretical LMA and LAI values for each DOY (from the Excel file
% "LAI data for model - 2007.xls"):
Theoretical_LMA_LAI_values = load('Theo_LMA_ LAI_LS HS LL_C.txt');
% Measured total DM values for each DOY:
Measured_DM_values = load('Measd TotalDM LS_HS_LL_C.txt');
% Measured total LM + S values for each DOY:
Measured_LDM_values = load('Measd LM+S LS HS LL_C.txt');
% Measured total green LM values for each DOY:
Measured_LGDM_values = load('Measd_ Total LM LS JHS_LL C .txt') ;
% Measured total S values for each DOY:
Measured_S_values = load('Measd S L S H S LL_C_negse_posse.txt');
% Measured total SM values for each DOY:
Measured_SDM_values = load('Measd Total S M L S HS_LL_C.txt');
% Measured total Spike DM values for each DOY:
Measured_SPKDM_values = load('Measd Total_Spk_DM L S H S LL_C.txt');
% Measured total kernel DM values for each DOY. These are from the
% Excel file "Destructive harvests, 2007 final.xls", "Summary biomass
(trt)" tab
Measured_KRNDM_values =
load('Measd_Total_Kernel_DM_LS_HS_LL_C.txt');
Plot_KRNDM_values =
load('Plot _Measd_Total_Kernel_DM_LS_HS_LL_C.txt') ;
% Measured ratio of leaf DM to total DM for each DOY:
Measured_LMDMratio = load('Measd_LM_on DM_LS_HS_LL_C.txt');
% Measured volumetric soil water contents (from the Excel file
% "Soil Water Stockade 2007-8 - MH.xls", "Average MC for Model tab"):
Measured_SW_values =
load('Measd_Soil_Water__2007_LS_HS_LL_C_B.txt');
% Standard error associated with measured volumetric soil water
% contents. These are from the Excel file "Soil Water Stockade 2007-8% MH.xls", "Average MC for Model tab".
SWSE_values = load('SW_2007_standard_errors_LS_HS_LL_C_B.txt') ;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Save as M-file and End timer
save Input
toe
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APPENDIX 5.3
Specific leaf area in 2008
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Fig. A53.1
Measured specific leaf area of grazed Naparoo (GN), control Naparoo
(CN), grazed Mackellar (GM) and control Mackellar (CM) crops in 2008. Vertical bars
show LSDs (P < 0.05) between treatment means (n =3) at each date. The shaded
region shows the duration of grazing and the vertical arrow shows the mean date of
anthesis (MDA) of all treatments conducted in 2008. Note ordinate axis does not begin
at zero.
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Leaf, stem and root nitrogen concentrations
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Fig. A71.1
Measured nitrogen concentrations of (A, B) leaf, (C, D) stem, and (E, F)
root DM of the HS, LL, LS and C treatments in 2007 and the GN, GM, CN and CM
treatments in 2008 (abbreviations as per Table 2.1). Vertical bars are LSDs (P < 0.05)
between treatment means (n = 3) at each date. Shaded regions show the duration of
grazing and the vertical arrow in panel A shows the mean date of anthesis (MDA) of
2007 treatments. Note abscissa axes differ between years.
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