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Abstract

Two hypotheses have been proposed to explain increases in plant nitrogen (N) and
phosphorus (P) concentrations with latitude: (i) geochemical limitation to P availability in
the tropics and (i) temperature driven variadon in growth rate, where greater growth
rates (requiring greater nutrient levels) are needed to complete growth and reproduction
within shorter growing seasons in temperate than tropical climates. These two
hypotheses were assessed in one forest type, intertidal mangroves, using fertilized plots
at sites between latitudes 36° S and 27° N. The N and P concentrations in mangrove leaf
tissue increased with latitude, but there were no trends in N : P ratios. Growth rates of
trees, adjusted for average minimum temperature showed 2 significant increase with
latitude supporting the Growth Rate Hypothesis. However, support for the Geochemical
Hypothesis was also strong; both photosynthetic P use efficiency and nuttient tesorption
efficiency decreased with increasing latitude, indicating that P was less limiting to
metabolism at the higher latitudes. Our study supportts the hypothesis that historically
low P availability in the tropics has been an important selective pressute shaping the
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evolution of plant traits.
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INTRODUCTION

The availability of nitrogen (N) and phosphorus (P) is
important in determining primary production in both
marine and terrestrial ecosystems. Nitrogen is an essential
component of all enzymes and phosphorus is vital for
protein synthesis forming an essential component of RNA
(Elser e a/. 2003). The concentration of N and P in tissues
also influences the rates of ecological processes, for
example, grazing, parasitism and decomposition have been
observed to be influenced by the stoichiometery of N and P
within tissues (Sterner & Elser 2002; Giisewell 2004).

In the marine environment the ratio of N:P and
deviation from the Redfield ratio of 16 : 1 has been used as
a tool to understand biological processes in the oceans,
including interactions between the ocean, the atmosphete
and the terrestrial environment and how these processes
have changed through time (Redfield 1958; Lenton &
Watson 2000). Recently, biologists have begun to probe
terrestrial ecosystems for evidence of a terrestrial ‘Redfield
ratio’, seeking to use biological stoichiometty to understand
the evolution and ecology of organisms (e.g. Woods e 4l
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2003; Elser 2006) and ecosystems (McGroddy e o/ 2004,
Schade ez a/. 2005).

A number of recent broad-scale surveys of leaf nuttient
concentrations from the terrestrial literature suggest a
general pattern, where N : P is high at tropical latitudes
and decreases as latitude increases and temperatures decline
(Giisewell 2004; McGroddy e o/ 2004; Reich & Oleksyn
2004; Kerkhoff e al 2005). Reich & Oleksyn (2004)
advanced two hypotheses to explain this pattern. First, they
advanced the Geochemical Hypothesis, where tropical soils
are geologically older and more weathered resulting in
higher N : P ratios in tropical latitudes, i.e. supply of P is
low relative to N (Vitousek 1984; Vitousek & Sanford 1986;
Crews e al. 1995). Second, they suggested that temperature-
related physiological processes result in higher rates of C
gain relative to P availability at low latitudes, i.e. P is diluted
in tissues in tropical compared to temperate latitudes.
Kerkhoff e /. (2005) presented similar trends in N : P over
latitude, but modified the second hypothesis in line with the
Growth Rate Hypothesis (Elser ez 2/ 2000). The Growth
Rate Hypothesis is based on observations that rapid growth
results in a high demand for P used in the ribosomes for
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synthesis of mRINA relative to demand for N, leading to low
N : P ratio in rapidly growing organisms (Elser e# 4/ 2000).
Kerkhoff e @l (2005), following Woods et 4L (2003)
suggested that because growth rates are accelerated in
cooler climates as a response to compressed growing
seasons, P demanding biosynthetic components (e.g. ribo-
somes) ate more abundant in tissues of temperate than
tropical species. Moreover, it follows from the Growth Rate
Hypothesis and earlier theoretical work of Odum &
Pinkerton (1955) that nutrient use efficiency for metabolic
processes, for example, photosynthetic nutrient use effi-
ciency, would also increase with growth rate (Sterner &
Elser 2002), at least for a range of growth rates (Odum &
Pinkerton 1955), leading to the expectation that nuttient use
efficiency of metabolic processes should increase with
decreasing temperature and increasing latitude. Indeed,
photosynthetic nutrient use efficiency and nitrogen use
efficiency of production have been observed to increase
with altitude and decreasing temperature (e.g. Korner &
Diemer 1987; Kerkhoff ez 2/ 2005).

In addition to N : P ratios being sensitive to nutrient
availability (Gusewell e 2/ 2003; Giisewell 2004) and
growth rates (Elser e 2/ 2003; Agren 2004), N : P ratios
are strongly influenced by vegetation or forest type
(Giisewell 2004; McGroddy et /. 2004; Reich & Oleksyn
2004; Rejmankova 2005). McGroddy e 4/ (2004) sug-
gested, in contrast to Aerts (1996), that (@) the biome
(.e. forest type), or the biogeochemistry of differing
biomes may exert a strong selection pressure on N :P
ratio and (i) the nutrient resorption efficiency, or the
efficiency with which plants resorb nutrients prior to leaf
abscission is an important process that varies among
biomes and is a trait that has evolved in response to
limited soil nutrient availability.

Trees have perennial tissues and can store and translocate
nutrients between organs. Resorption of nutrients during
tissue senescence often contributes as much to the nutrient
content of growing leaves as direct nutrient uptake from
soils (Chapin & Kedrowski 1983; Feller 1995; Aerts 1996;
Killingbeck 1996; Wright & Westoby 2003). Nuttient
resorption is strongly influenced by nutrient availability
(Pugnaire & Chapin 1993; Feller 1995; Aerts 1996; Gusewell
2004; Rejmankova 2005). A simple model has been
proposed by Wright & Westoby (2003) where high nutrient
resotption efficiency reflects the high cost of nutrient
acquisition from the soil (Le. low nuttient availability)
compared to the costs of remobilization of nutrients from
senescing leaves. Support for the Geochemical Hypothesis
should atise if nutrient resorption efficiency, particulatly
for phosphorus, is higher at low latitudes and declines
with increasing latitude (Oleksyn ef 2/ 2003; Wright &
Westoby 2003; Giisewell 2004, 2005; McGroddy ez a/. 2004;
Rejmankova 2005).

Although Sterner & Elser (2002) did not directly consider
nutrient resorption efficiency of higher plants in their
models, we might expect that high growth rates because of
compressed growing seasons (Kerkhoff e /. 2005) would
result in high demand for nutrients, and thus resorption
efficiency should increase with decreasing temperature and
at higher latitudes, similar to the pattern expected with
nutrient use efficiency. In mountain birch, nitrogen resorp-
ton efficiency increased with declining temperature
(Notdell & Karlsson 1995) providing some support for
the sensitivity of nitrogen resorption efficiency to temper-
ature and thus possibly to variation in growth rate.
Additionally, Oleksyn ez o/ (2003) found that pines from
higher latitudes had higher nutrient resorption efficiency
than genotypes from lower latitudes (Oleksyn ef 4/ 2003).
However Oleksyn e @/ (2003) interpreted the gradient in
nutrient -resorption efficiency from pines of different
latitude as reflecting nuttient availability of the area of
origin rather than variation in growth rate with latitude. The
Growth Rate Hypothesis and Geochemical Hypothesis
offer a range of predictions for the variation of nutrient
resorption efficiency over latitude and thus provide a means
of exploring the applicability of these hypotheses over large
geographic scales.

Hete, we present results of a series of experimental
fertilization studies between latitude 36° S and 27° N in one
forest type, mangroves. Mangrove forests occur in the
intertidal zone on protected coasts in both tropical and
subtropical latitudes closely following the distribution of
seagrass and coral reefs (from 35° S to 27° N, Duke e 4/
1998). They have very low species diversity compared to
other tropical forests, with high levels of vicariance (Duke
et al. 1998). Over the Indo-West Pacific and Atlantic East
Pacific biogeographic provinces the dominant species
belong to the same genera: Avicennia and Rhigophora.
Mangrove forests with their low species diversity and
common species with wide geographic distributions provide
an excellent system in which to test hypotheses of how and
why nutrient concentrations in plant tissues vary over
latitude.

Within the context of our fertilization experiments, where
wide ranges in growth rates are observed, we investigate
how nutrient use efficiency varies with growth rate and over
latitude. We test whether growth rates, adjusted for
temperature, increase with increasing latitude as suggested
by Ketkhoff ef 4/ (2005). Furthermorte, we assess whether
photosynthetic nutrient use efficiency increases with growth
rates as predicted by the Growth Rate Hypothesis or
whether they are negatively correlated with latitude, as
predicted by the Geochemical Hypothesis.

Finally, we assess how nutrient resorption efficiency
varies with growth rates and over latitude. While the
Growth Rate Hypothesis suggests there should be higher
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resorption efficiency where growth rates are accelerated, ie.
at higher latitudes to compensate for short growing seasons
and enhanced nutrient demand, the Geochemical Hypoth-
esis predicts the opposite trend, of high nutrient resorption
efficiency in low P tropical environments.

METHODS
Site descriptions

This study was conducted using 10 mangrove forest sites
(see Table S1, which is published as supporting information
on the Ecology Letters website), three sites are from the
Caribbean, and five sites from Australia and two sites from
New Zealand. Sites vary from latitude 36° S to 27° N,
ranging in average minimum temperatures from 11 to
27 °C, and average maximum temperatures from 19 to
32 °C. Sites also span a large variation in average annual
rainfall from 0.3 m in Exmouth to over 3.5 m in Bocas del
Toro, Panama. Many of the sites have forests of variable
height within the site. Most of the sites were dominated by
species within the genus Rbigophora L. or Avicennia L., with
the exception of the Hinchinbrook Channel in Queensland
where Ceriops tagal (Perr) C.B. Rob. (Rhizophoraceae)
dominates the dwarf forests. Tidal range was microtidal in
the Catibbean sites (v 0.5-1 m) and macrotidal in the
Australian and New Zealand sites (up to 3.5 m). Sediments
also vatied, from sand in dwarf forest in Florida and the
Hinchinbrook Channel to highly organic sediments (man-
grove peat) that is > 80% catbon in Twin Cays, Belize and
Bocas del Toro, Panama.

Complete sites descriptions, including desctiption of
fertilization plots have been previously published for Belize
(Feller e al 2002), Florida (Feller e# a/ 2003) and Bocas del
Toro (Lovelock e 2/ 2004). In North Queensland, the
mangroves at Cape Cleveland in Chunda Bay have
previously been described by Clarke (2004). Our site was
situated on the landward edge of the Bay in a stand of dwarf
C. tagal and Avicennia marina (Forsk.) Vieth. on the edge of
the saltflats. Our site at Port Douglas was in dwarf 4. marina
forest high in the intertidal at the southern end of Sandfly
Creek which has previously been described by Trott ez 4/
(2004). In the Hinchinbrook Channel the site is on the
landward edge of the Channel at a site 25 km south of the
town of Cardwell. There is a narrow fringing forest of
Rbizophora lamarckii Montr. growing on highly organic
sediments, which gives way to an extensive stand of dwarf
(< 1.5m) C tagal that is growing on coarse sand. A
desctiption of the mangroves of the Hinchinbrook Channel
can be found in Clough (1998). In Exmouth the sites were
situated in Mangrove Bay on the western side of the North
West Cape and in Giralia Bay in the Exmouth Gulf.
A general site description is available in Alongi er 4/ (2003).
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The region is extremely arid (< 30 cm rainfall per year). The
mangroves in the Exmouth region are dominated by
A. marina. The site was situated on the Southern side of
the Bay in a stand of dwarf (< 1.5 m) trees. Two sites from
New Zealand are used in this study, both having monospe-
cific stands of 4. marina. Waikopua is close to the city of
Auckland. The site is muddy due to high rates of sediment
deposition due to clearing and agricultural land use in the
adjacent terrestrial ecosystem. A full site description of
Waikopua can be found in Ellis e 4/ (2004). The second site
in New Zealand was situated in the Whangapoua estuary.
This site is not heavily impacted by land-use change, and
sediments are coarse to fine sands. A general site description
can be found in Schwarz (2004).

Experimental design

A total of 18 to 108 trees were randomly selected at each
site. Where 81 or more trees were used (i.e. Florida, Belize
and Bocas), trees were spread over three random blocks
covering 3—4 forest stature categories or zones, dwarf
<15 m in height, taller fringing forests > 3 m, and
transition forest, 1.5-3 m in height, and in the case of
Bocas del Toro a landward transition zone was also
included. A similar design was used at Giralia Bay and the
Hinchinbrook Channel where 54 trees were used, but where
the transition zone was not included. In New Zealand,
Giralia Bay, Cape Cleveland and Port Douglas 18-24 trees
within a homogenous vegetation type (e.g. dwarf or taller
fringing forest) were chosen. In Mangrove Bay, Port
Douglas and Cape Cleveland, only dwarf stands were used.
Treatments were randomly assigned to trees within sites.
Trees were fertilized with nitrogen (N) as urea (45 : 0 : 0) by
coting an 8 cm diameter and 30 cm deep hole in the
sediment at two locations 50 — 100 cm at either side of the
bole of individual trees and inserting 150 g of utea encased
in dialysis tubing into each hole (total dose of 300 g per tree)
and resealing it with the soil core, as described in Feller
1995. Trees were fertilized with phosphotrus (P) using 300 g
triple super-phosphate, P05 (0 : 45 : 0) in dialysis tubing.
Control trees (C) were similatly cored but not fertilized.
These treatments were applied twice annually in Belize,
Florida, Panama and New Zealand, and annually in all other
sites.

Plant growth

As a bioassay of the effects of nutrient treatment on plant
growth, we monitored the number of shoots and the length
of shoots on five, initially unbranched, shoots (first ordet) in
sunlit positions in the outer part of the canopy of each tree
over a 2-year period. To distinguish the growth produced
over each interval, we labelled the leaves in the apical
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position on each of these shoots at each sampling period
(6 months to 1 year). Shoot length and number of new
leaves were measured from the previously matked apical
position to the base of the current apical bud along the main
axis and any lateral shoots as described in Feller (1995).
Demogtaphic growth analysis was used to determine the
effect of nutrient eanrichment on plant growth rates
McGraw & Garbutt 1990; Feller 1995). Demographic
absolute growth rates (DAGR = [shoot lengthmes — shoot
lengthme1]/[time2 — timel]) were calculated for monthly
increases in shoot length for the second year after
fertilization. To calculate temperature-adjusted growth rates
using available climate data sets, DAGR was divided by the
mean annual minimum temperature for each site. Although
adjustments using degree-days would have been preferable,
detailed climate data are only available at a subset of
the sites, thus using minimum temperatures facilitated
comparison among sites.

Photosynthetic carbon gain

Photosynthetic gas exchange of leaves was measured after
the trees had been exposed to the fertilizer treatments for at
least 2 years. Measurements were made on a cloudless
morning with a portable gas exchange system (LiCor 6400,
LiCor Corp., Lincoln, NE, USA), and the leaves wete
collected afterwards for mineral analysis (see below).
Measurements were made on three of the youngest fully
developed leaves (usually the penapical leaf pair) per tree
using natural light, under ambient temperature, humidity
and CO, concentrations. After measurements of photosyn-
thesis, leaves were detached; theit atea was measured
(LI 3000A leaf area meter attached to LI 3050 transparent
belt conveyer; LiCor Corp.). Leaves were dried to a constant
weight at 70 °C and ground to a fine powder. Concentra-
tions of total carbon (C) and N were determined with
a CHN Analyzer (Perkin-Elmer 2400, Perkin Elmer,
Norwalk, CT, USA) at the Smithsonian Environmental
Research Center (Edgewater, MD). Phosphorus concentra-
tion was determined using an inductively coupled plasma
spectrophotometer (ICP) by Analytical Services (Pennsyl-
vania State University, State College, PA, USA).

Nutrient use efficiency of photosynthetic carbon gain was
calculated as photosynthetic C gained per unit N (PNUE) or
P (PNUE).

Nutrient concentrations in leaves

Leaves for analyses were harvested in year 2 of the
experiment. By that time, all the leaves on the targeted
trees had been produced under the influence of the
experimental treatment. From a sunlit position in the top
of the canopy, we collected fresh, fully mature green leaves

(hereafter referred to as green leaves) from a penapical stem
position. We also collected fully senescent (yellow) leaves
with a well-developed abscission layer (hereafter referred to
as senescent leaves) from a basal position on first-order
branches. Senescent leaves were taken directly from the
trees to eliminate nutrient loss via leaching and leaf loss by
tidal flushing, which happen when litter drops to the forest
floor in this mangrove wetland. We assumed that yellow
leaves that could be removed from a stem with only slight
pressure represented the senescent leaf litter. For each leaf,
area was determined. Leaf samples were dried at 70 °Cin a
convection oven and ground in a Wiley Mill to pass through a
40 (0.38 mm) mesh screen. Concentrations of total carbon
(C) and N and mineral nutrients were determined as described
above. We also augmented our data set of leaf nutrient
concentrations with values obtained from the literature.

Resorption efficiency for either N (NRE%) or P (%PRE)
was calculated for each experimental tree as the percentage
of N or P recovered from senescing leaves before leaf fall
(Chapin and Van Cleve 1989).

Data analysis

Tests of whether %N, %P and the N : P ratio varied over
latitude were performed with a data set consisting of
‘control’ or non-fertilized trees and values from the
literature. All other analyses were catried out on a data set
that consisted of mean values for site X zone X treatment
combinations (V= 3-8 trees for each mean). Not all
parameters are available at all sites. While DAGR, N and P
concentrations are available at all sites, photosynthetic
nutrient use efficiency and nutrient resorption efficiency was
not always available because of inaccessibility of the site, or
the availability of senescent leaves during visits to the sites.
Data was analysed using the linear models module of the
statistical computing package DATA DESK 6.1 (Data Descrip-
tions, Inc. Ithaca, NY, USA). Data were log-transformed
prior to analysis. The fixed factors in the models were
fertilization treatment or plant family with continuous
factors being either latitude or growth rate. Inspecting
residual plots assessed the suitability of the models.

RESULTS

Both and N and P in mangrove tissues increased signif-
icantly with increasing latitude (Fig. 1). Our data were
consistent with other published data from mangrove forests.
Over all sites, zones and treatments, N : P ratio vatied
between 16 and 98. The median was 31.98 and the mean
ratio of N : P was 36.98 £ 2.20 (Fig. 1). Comparison of
trends in mangrove N, P and N : P ratio to those from
terrestrial environments show that mangrove N concentra-
tions increase with latitude with a much stronger slope
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Figure 1 Increase in per cent nitrogen (a), per cent phosphorus
(b) and N : P ratio (per cent) (c) in green mangrove leaf tissue
over latitude. Closed symbols are values obtained from the
literature while open symbols were measured at experimental sites
from control trees. Circles are values from the Rhizophoraceae,
triangles the Avicenniaceae and diamonds are measurements from
other taxa. The lines of best fit are of the form: (a)
%N = 0.769 + 0.0435 x Lat, R*>=0.335, P <00001; (b)
%P = 0.0477 + 4223 X Lat, R®=0335, P <00001; (9
N:P = 3210 — 0169 x Lat., B = 0.01, P > 0.05.
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(fivefold greater slope) than in terrestrial plants, but that
increases in P with latitude were similar in mangrove and
terrestrial vegetation. Variation in N : P over latitude was
negative, similar to that in terrestrial plants, but the slope
was not significant in the mangrove data (Fig. 1c). The slope
of N : P vs. latitude for the mangrove forests was one-third
of that obsetved in terrestrial plants (cf. Reich & Oleksyn
2004).

Over all sites growth rates varied widely (from 0.11 to
5.89 cm months™"). Mean growth rates were 1.82 %
0.20 cm months ', and median 1.01 cm months™. When
growth rates were adjusted for minimum temperatures at
each site, growth rate significantly increased with increasing
latitude (Fig. 2, B® = 0.181, P < 0.0001) although this trend
was not evident for unadjusted growth rates. Over all
latitudes fettilization treatment did not significantly influ-
ence the relationship between temperature-adjusted growth
rate and latitude (Fog4 = 1.26, P = 0.443). The relationship
between tempetature-adjusted growth rate and latitude was
also similar for both the Rhizophoraceae and Avicenniaceae
(latitude X family interaction, P > 0.05).

Photosynthetic nitrogen and phosphorus use efficiency
(PNUE and PPUE) showed significant but weak negative
co-variation with  temperature-adjusted growth  rate
(Table 1), but PNUE and PPUE declined significantly and
strongly with increasing latitude (Fig. 3). Fertilizer treat-
ments did not significantly affect the relationship between
PNUE and PPUE and latitude (P > 0.05). Plant families
had no significant effect on the patterns in PPUE over
latitude. In contrast, significantly different patterns in
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Figure 2 Variation in tree growth rates over latitude. Circles are
values from the Rhizophoraceae, triangles the Avicenniaceae and
diamonds are measurements from other taxa. Fertilization treat-
ments are: control trees — open, nitrogen fertilized — grey and
phosphorus fertilized — black. The line of best fit is of the form
Y = ~1.82 + 0.0243 X Lat., R* = 0.181, P < 0.0001, where Y is
the log(stem extension/mean minimum tempetature in °C).
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Table 1 Pearson Product Moment correlation (R) between latitude, temperature-adjusted growth rate (DAGRy,), photosynthetic
nitrogen and phosphorus use efficiency (PNUE, PPUE, respectively) and nitrogen and phosphorus resorption efficiency (%NRE and

%PRE)
Log

Latirude DAGRtA %N %P N:P PNUE PPUE %NRE %PRE
Latitude 1
Log DAGRyA 0.425 1
%N 0.694 0.495 1
%P 0.902 0.520 0.750 1
N:P -0.063 —0.054 0.428 -0.202 1
PNUE -0.408 -0.296 —0.558 —-0.369 -0.324 1
PPUE -0.783 -0.503 -0.802 -0.891 0.207 0.760 1
%NRE -0.061 0.076 —(0.478 —(.086 —0.551 0.424 0.351 1
%PRE -0.749 -0.234 -0.553 -0.740 0.221 0.400 0.762 0.178 1

Significant correlations (£ < 0.05) are marked in bold.
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Figure 3 Variation in photosynthetic nitrogen (a) and phosphorus
(b) use efficiency over latitude. Citcles are values from the
Rhizophoraceae, triangles the Avicenniaceae and diamonds are
measurements from other taxa. Fertilization treatments are: control
trees — open, nitrogen fertilized — grey and phosphorus fertilized —
black. The line of best fit is of the form (a)
PNUE = 3.874 — 0.0708 x Lat, R*=0.167, P < 0.0001; (b)
PPUE = 0.0843 — 1,792 X Lat., B* = 0.612, P < 0.0001.

PNUE over latitude were observed (latitude X family
interaction, Fjg3; = 38.53, P < 0.0001), with the Rhizo-
phoraceae showing a steeper decline in PNUE with
incteasing latitude than observed for the Avicenniaceae.
Nutrient resorption efficiency showed no significant
correlation with temperature-adjusted growth rate; how-
ever, phosphotus resorption efficiency (%PRE), but not
nitrogen resorption efficiency (YoNRE), showed a strong
and significant decline with increasing latitude (Fig. 4,
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0 , . . . .
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Figure 4 Variation in per cent phosphorus resorption efficiency
(%PRE) over latitude. Circles are values from the Rhizophoraceae,
triangles the Avicenniaceae and diamonds are measurements from
other taxa. Fertilization treatments are: control trees — open,
nitrogen fertlized ~ grey and phosphorus fertilized — black. The
lines of best fit are of the form, controls (long dash):
%PRE = 109.9 — 2.284 x Lat,, R* = 0.825, P < 0.0001; nitrogen
(dotted) fertilized: %PRE = 92.19 — 1.162 X Lat, R* = 0.690,
P < 0.0001; phosphorus fertilized (solid): %PRE = 78.44 —
1.251 X Lat,, B = 0.495, P < 0.0001.
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R? = 081, P < 0.0001). Fertilizer treatments showed a sig-
nificant interaction with latitude (F 36 = 4.23, P = 0.0223)
but plant family did not (P > 0.05). %PRE in controls was
higher at low latitudes than in fertilized trees and declined
much more steeply in controls with latitude than in N- and
P-fertilized trees. Additionally, N-fertilized trees had higher
%PRE than P-fertilized trees at high latitudes.

DISCUSSION

Our observations that N and P of mangrove leaf tissue
increase with latitude (Fig. 1) as did temperature-adjusted
growth rates (Fig. 2) support the hypotheses of Sterner &
Elser (2002) and Kerkhoff ¢f 2/ (2005) that plants at high
latitudes grow faster and contain more nutrients to achieve
fast growth, a response that is driven by selection imposed
by lower temperatures and compressed growing seasons.
Our use of stem extension as a measure of growth rate,
without adjustment for differences in wood density and
biomass allocation of patterns among different species and
over treatments are likely to have conttibuted to the
variation observed in Fig. 2. Growth rate was also
significantly correlated with %N and %P of leaf tissue
which is also predicted by the Growth Rate Hypothesis
(Sterner & Elser 2002; Elser e a/. 2003). However, there was
no trend in decreasing N : P with increasing latitude,
contrary to expectations of increasing P demand at cooler
mote temperate latitudes (Sterner & Elser 2002; Woods e 4/,
2003).

Differences in the strength of the pattern of decline in
N : P over latitude in mangroves compated to terrestrial
vegetation could be due to a number of processes (Table 2).
The near-coastal zone, particularly in estuaries where many
mangroves forests occur, are exposed to nutrient pollution
by agriculture, urban development and other land-use
change, even if the forests themselves are relatively
undisturbed (Downing e o/ 1999; Rivera-Monroy ef 4l.
2004). This might explain why foliar N concentrations in
mangroves increased with latitude much more strongly than
in terrestrial forests (Table 2). An additional cause of greater

Table 2 Comparison of relationships between linear models best
describing the relationships between latitude and leaf nuttient
concentrations in a global data set (Reich & Oleksyn 2004) and
mangrove leaves

Data set  Intercept Slope E Puvalue

Log N:P Mangrove 146876 -0.00220 0.01 0.374
Global 137432 -0.00769 0.24 < 0.0001

Log N Mangrove  0.9435 0.0118 034 < 0.0001
(mg g™ Global 117942 0.00231 0.04 < 0.0001
Log P Mangrove —0.2128 0.0146 037 < 0.0001
(mgg™") Global —0.3246 00122 034 < 0.0001
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increase in N in mangroves with latitude could be the
biology of the species from the Avicenniaceae which
dominate at high latitudes. Species from the family
Avicenniaceae accumulate N-rich glycine betaine as an
osmoregulatory compound, although concentrations are low
(Popp er al. 1985). Although sediment salinities of the
temperate sites were not high, enhanced osmotic potential
of cells may enhance cold tolerance in .Avicennia spp. (e.g.
Sakamoto & Murata 2000) which could lead to greater than
expected increases in leaf N with latitude.

Although there is support for the GRH, our data also
support the Geochemical Hypothesis, that low P levels have
influenced the evolution of leaf traits, internal plant nutrient
cycling and ecosystem processes in tropical vs. temperature
latitudes (Vitousek 1984; Vitousek & Sanford 1986; Crews
et al. 1995; McGroddy e o/ 2004; Reich & Oleksyn 2004).
The Geochemical Hypothesis is supported by our observa-
tions that there were strong significant reductions in
photosynthetic P use efficiency and in the resorption
efficiency of leaf P with increasing latitude. Phosphorus
tesorption efficiency is a powerful measure of nutrient
availability, with plants resorbing a high proportion of P
from senescent tissue under P limiting conditions (Pugnaire
& Chapin 1993; Feller 1995; Aerts 1996; Reich e 4l 1997;
Giisewell 2004; Rejmankova 2005). Moreover, there was no
significant correlation between temperature-adjusted growth
rate and %PRE, as predicted by the growth rate hypothesis,
suggesting that geochemistry and not the sink strength
provided by rapidly growing tissue may have the stronger
influence on P resorption efficiency over latitude.

The geochemical signature evident in reductions in PPUE
and %PRE with increasing latitude was not greatly
influenced by fertilization treatments, despite the large
effect of fertilization with limiting nutrients at individual
sites (Boto & Wellington 1984; Feller ez #/ 2002, 2003, 2007;
Lovelock ¢ al. 2004, 2007). This is expected if low P
availability was a significant selective pressure over long
periods of time, giving rise to populations that are more
efficient at resotbing P in the tropics even under ambient
conditions of nutrient enrichment (Oleksyn e o/ 2003). A
significant proportion of the variation in %PRE was
explained by fertilization treatments, with N and P additions
decreasing the slope of the %PRE decline with latitude.
Additionally, P fertilization decreased %PRE in the tropics
and N fertilization increased %PRE at lower latitudes which
is consistent with our knowledge of nutrients that limit
growth over latitude (Pugnaire & Chapin 1993; Feller 1995;
Aerts 1996; Reich e al 1997, Giisewell 2004, 2005;
Rejmankova 2005).

In many studies nutrient resorption efficiency has been
found to differ strongly among vegetation types (Gisewell
2004; McGroddy e# 4/. 2004; Rejmankova 2005). The current
study is the first to show a clear decline in %PRE with
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latitude within one ecosystem type. Within the mangrove,
species from the family Rhizophoraceae dominate in more
tropical latitudes and those from the Avicenniaceae become
dominant in temperate latitudes (Duke e /. 1998), leading
to a potential confounding of species and latitude in our
data set. However, an analysis including plant family as a
fixed effect in the statistical model found no significant
family X latitude interaction suggesting the declining trend
of %PRE with latitude is robust and has evolved similarly in
two unrelated families of plants.

Direct effects of lower temperature on PNUE and
%PRE, leading to reduced PNUE and %PRE cannot be
totally dismissed. We might expect in a similar way as
proposed for growth (Kerkhoff ¢ 2/ 2005) that photosyn-
thetic carbon gain per degree is higher at low latitudes. If
this was the case temperature-adjusted PNUE and PPUE
should be enhanced with increasing latitude, but they were
not (data not shown). Studies that have ditrectly assessed the
effect of temperature on resorption efficiency have found
only very small effects (Notby ez /. 2000; Aetts et al. 2005),
but there are very few studies. Tateno (2003) investigated
the trade-off in deciduous species between extended growth
season and low nutrient resorption in one species vs. high
resorption efficiency and lower carbon gain associated with
earlier senescence in a co-occurring species (Tateno 2003).
His models indicated that the species with the extended
growing season (at the cost of losing nutrients by not
resorbing them) had a significant competitive advantage in
the relatively high nutrient environment of the study system.
From Tateno (2003) we might expect selection for low
tesorption in cooler environments if it were advantageous to
extend the growing season at the cost of loss of nutrients if
nutrient resources were not limiting. Thus, restriction of the
growing season in cooler climates could contribute to the
steep and strong decline in %PRE with latitude.

Our data, from mangrove forests spanning 30° of
latitude, partially support the predictions of the Growth
Rate Hypothesis. Specifically, there was an increase in
nutrient concentrations in plant tssue with increasing
latitude, similar to that observed in other taxa (Reich &
Oleksyn 2004) and an increase in temperature-adjusted
growth rates, as proposed by Kerkhoff e 4l (2005).
However, declining %PRE and, to a lesser extent, PPUE
with increasing latitude, and the strength of these trends
even with experimental nuttient enrichment are strong
indicators for the presence in the vegetation of a geochem-
ical signature that has evolved in response to historically low
P availability in the tropics.
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