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ABSTRACT

Photosynthetic leaf traits were determined for savanna and
forest ecosystems in West Africa, spanning a large range in
precipitation. Standardized major axis fits revealed impor-
tant differences between our data and reported global
relationships. Especially for sites in the drier areas, plants
showed higher photosynthetic rates for a given N or P when
compared with relationships from the global data set. The
best multiple regression for the pooled data set estimated
Vemax and Jmax from Npw and S. However, the best regression
for different vegetation types varied, suggesting that the
scaling of photosynthesis with leaf traits changed with veg-
etation types. A new model is presented representing inde-
pendent constraints by N and P on photosynthesis, which
can be evaluated with or without interactions with S. It
assumes that limitation of photosynthesis will result from
the least abundant nutrient, thereby being less sensitive
to the allocation of the non-limiting nutrient to non-
photosynthetic pools. The model predicts an optimum pro-
portionality for N and P, which is distinct for V. and Jyax
and inversely proportional to S. Initial tests showed the
model to predict Vimay and Jiax successfully for other tropi-
cal forests characterized by a range of different foliar N and
P concentrations.

Key-words: A-C; curves; dry forest; NPP; savanna; tropical
rain forest; photosynthesis.

INTRODUCTION

The chemical composition of higher plant leaves and other
foliar traits, such as leaf mass to area ratio (M) and leaf
longevity, generally co-vary with leaf photosynthetic rate, A
(Reich, Walters & Ellsworth 1997; Wright et al. 2004). As
photosynthesis is based on biochemical processes, scaling
relationships are expected between photosynthetic capacity

Correspondence: T. F. Domingues. Fax: +44 (0) 131 650 2523; e-mail:
tdomingu@staffmail.ed.ac.uk

© 2010 Blackwell Publishing Ltd

and tissue chemical composition (e.g. Field & Mooney 1986;
Evans 1989; Domingues et al. 2005). As understanding of
these important relationships improves, relevant advances
in leaf- and canopy-trait representations are gradually
being incorporated into fine- and global-scale photosynthe-
sis models (Sellers et al. 1997; Sitch et al. 2003; Ollinger &
Smith 2005; Kattge efal. 2009; Xu, Gertner & Scheller
2009).

Despite the importance of globally representative data
sets to global models, the bulk of previously published pho-
tosynthetic studies have been performed on model species
or in temperate ecosystems, with some globally important
areas remaining under-represented (Wright, Reich &
Westoby 2001; Reich, Wright & Lusk 2007; Kattge et al.
2009). This bias in field data potentially undermines the
accuracy of modelling efforts that use leaf traits as a basis for
prediction of photosynthesis. A ‘global spectrum’ of posi-
tively and anticorrelated leaf traits has been discussed
(Wright er al. 2004); however, substantial trait variability is
evident within particular regions (e.g. Giisewell 2004; Reich
& Oleksyn 2004; Wright er al. 2005a), making it difficult at
present to justify a universal set of scaling relationships that
functions equally well for all terrestrial ecosystems (Reich
et al. 1999; Wright et al. 2006; Kattge et al. 2009). Probably
the most important of these relationships is a recognized
strong and positive correlation between photosynthetic
capacity and leaf N (Field & Mooney 1986). Photosynthetic
capacity is often described in plants by the maximum rate
of carboxylation, Vima, which is in turn determined by
the amount and activity of the enzyme ribulose 1-5-
bisphosphate carboxylase/oxygenase (RuBisCO) (Farqu-
har, von Caemmerer & Berry 1980). Examination of the
above-mentioned relationship has shown that photosyn-
thetic capacity varies considerably with leaf nutrient
content, especially N and P, with some of the biggest differ-
ences evident when temperate and tropical systems are com-
pared (Reich & Schoettle 1988; Niinemets 1999; Kull 2002;
Meir et al. 2002,2007; Kattge et al. 2009). Temperate ecosys-
tems are often considered to be limited by N (Schulze
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et al. 1994). In contrast, several lines of evidence have sug-
gested that many tropical forest soils have excess N
(Hogberg 1986; Martinelli efal. 1999; Okin et al. 2008),
whereas the soils underlying many tropical forests and
savannas are often highly weathered and are poor in total
and plant available P (Vitousek & Sanford 1986; Lloyd et al.
2001; Hedin 2004; Reich & Oleksyn 2004; Lambers et al.
2008; Quesada ef al. 2009a). Notwithstanding this general
conclusion, however, examples to the contrary, of strong or
partial N limitation in tropical forests exist for some savanna
ecosystems (Lloyd et al. 2009), for forests growing on white
sand soils such as Arenosols or Podzols (Martinelli er al.
1999; Mardegan et al. 2008), and for forests growing on the
oldest and most infertile Ferralsol and Acrisol soil types in
north-east and central Amazonia (Quesada et al. 2009b).

Temperate and boreal plants are thus expected to exhibit
tight and steep Vemax—N relationships, because N is generally
limiting and its allocation to non-photosynthetic functions
is expected to be minimized (Terashima et al. 2005). In con-
trast, in regions where N is relatively abundant but P avail-
ability is low, a weaker Vcma—N relationship and a stronger
Vemax—P relationship might be anticipated. This has been
observed, though not always as clearly as expected (Meir,
Grace & Miranda 2001; Niinemets et al. 2001; Wright et al.
2004; Meir et al. 2007; Reich, Oleksyn & Wright 2009).
Recently, Reich ef al. (2009) presented evidence that high
foliar P values are indeed related to a steeper slope of the
relationship between saturating assimilation rate and leaf
nitrogen content.

Several reasons have been proposed for the wide
observed range in the proportion of woody versus herba-
ceous vegetation in tropical savannas, including the influ-
ence of rainfall, soil fertility, soil texture and moisture, and
the local history of fire and grazing (e.g. Furley 1992; Lloyd
et al. 2008). Although leaf-level properties do not necessar-
ily explain differences in the distribution of vegetation
types (Gifford & Evans 1981), two of these factors have
provided the main focus for leaf gas exchange studies: fer-
tility and rainfall, often with measurements taken over a
transect spanning either or both environmental axes (e.g.
Wright et al. 2001; Prior, Eamus & Bowman 2003; Midgley
et al. 2004). There are, however, few leaf gas exchange mea-
surements available for seasonally dry tropical biomes
(Prado and de Moraes 1997; Franco 1998; Wright et al. 2001;
Prior et al. 2003), especially for Africa (Mooney et al. 1983;
Tuohy, Prior & Stewart 1991, Midgley et al. 2004, Meir et al.
2007). The few data that do exist show examples of lower
area-based maximum photosynthetic rate at saturating irra-
diance (Asa) per unit N at drier sites (Wright ez al. 2001,
Midgley et al. 2004) and indicate that P is sometimes, but
inconsistently, more strongly associated with Ag.a than N
(Tuohy et al. 1991; Wright et al. 2001, 2006; Prior et al. 2003;
Meir et al. 2007).

Reliable estimates of the relationship between photosyn-
thetic capacity and leaf nutrient content are particularly
important for parameterizing terrestrial biosphere models
(e.g. Woodward, Smith & Emanuel 1995; Niinemets 1999;
Sitch et al. 2003; Reich et al. 2006; Raddatz et al. 2007).

Extending earlier work that examined the global
co-ordination of leaf traits (Reich et al. 1997; Wright et al.
2004), Reich ez al. (2007) highlighted the potential to esti-
mate Ag globally from phylogeny, plant growth form and
leaf phenology, coupled with climatic data and easily mea-
sured leaf traits, such as M, and N. Kattge e al. (2009)
developed this approach for terrestrial biosphere models,
focusing on the need to specify biochemical parameters such
as Vemax (Farquhar ez al. 1980). A lower Vemax per unit nitro-
gen has been reported for tropical forest leaves (Carswell
et al. 2000; Domingues, Martinelli & Ehleringer 2007; Meir
etal. 2007), and a potentially large negative impact of
phosphorus-deficient tropical soils such as Ferralsols or
Acrisols on the Vima—N relationship highlighted (Kattge
et al. 2009). Although a lack of data hampers our understand-
ing of how N and P constrain photosynthesis in tropical
woody ecosystems, the data assimilation and modelling
analysis approach of Kattge et al. (2009) yielded a much
lower gross primary productivity for tropical forests com-
pared with those obtained from earlier, more indirect, global
estimates of photosynthetic parameters (e.g. Beerling &
Quick 1995). This, in conjunction with the recent findings of
Paoli & Curran (2007) and Quesada et al. (2009¢) that soil
phosphorus availability may be the key modulator of the
above-ground net primary productivity of tropical forests in
Borneo and Amazonia, respectively, underscores a strong
need for more information on the role of phosphorus in
modulating rates of carbon acquisition for tropical tree
species, especially for ecosystems that experience seasonal
water stress.

Here we present data on M, (or specific leaf area,
S=Mut, m? g, leaf N and P concentrations and leaf bio-
chemical photosynthetic capacity (Vemax and the electron
transport capacity,Jmax) for woody vegetation along a 900 km
north—south transect in West Africa, from Mali to Ghana, a
globally important vegetation transition, yet one still poorly
characterized. Although the biochemical transformations
governed by Vimax and Jiax both require nitrogen and phos-
phorus, we expected Vemax to be more strongly controlled by
the amount of nitrogen present, because of the high N
requirement by RuBisCO (Evans 1989). On the other hand
we expected a stronger phosphorus constraint for Jmax
because of the many transformations of phosphorus-rich
molecules (ATP, NADP and sugar-phosphates from the
Calvin cycle) that occur for the regeneration of ribulose-1,
5-bisphosphate, RuBP (Farquhar ez al. 1980; Woodrow &
Berry 1988). Phosphorus is also an important component of
phospholipid membranes, which might act as temporary
storage for this element, changing membrane characteristics
as phosphorus deficiency takes place (Tjellstrom et al. 2008).
We examined vegetation types ranging from open savanna
to different forms of woodland, and covering a large range in
annual precipitation, with the (strong) dry season (<50 mm
rainfall month™) ranging from 2 to 10 months (data from
Climatic Research Unit, University of East Anglia, UK;New,
Hulme & Jones 1999). We examined the following questions:
(1) are data from this transect consistent with existing global
leaf trait data sets?; (2) how strong are the Vimax and Jimax
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versus N relationships on both a dry-weight and an area
basis?; (3) does P have a stronger influence over Vmax and/or
Jmax than N?; (4) can we devise a general model to interpret
and specify potential constraints on Vemax and Juax by either N
or P?

MATERIALS AND METHODS
Sites

Thirteen permanent 1 ha plots were established along a
transect spanning 8.2 latitudinal degrees (900 km) over a
precipitation range of 280-1450 mm a™' in the west African
countries of Mali, Burkina Faso and Ghana (Fig. 1a). Dry
season length (number of months with precipitation
<100 mm) ranged from 10 months in the north to 5 months
in the south. The plots (Table 1) were located in different
vegetation zones as described by White (1983): Hombori
(arid end of Sudan savanna zone), Bissiga (moist end of
Sudan savanna zone), Dano (Sudan savanna/Guinea
savanna transition zone), Mole (Guinea savanna zone) and
Kogyae, Boabeng-Fiema and Asukese (transitional zone
between dry semi-deciduous forest and the Guinea savanna
zone). The range of soils observed along the transect were
classified according to the World Reference Base (WRB)
(IUSS Working Group WRB 2006) as: Arenosols; Luvisols;
Plinthosols; Alisols; Nitosols; and Fluvisols. Plot-specific
allometric equations were developed relating stem diam-
eter (1.3 m height, or above buttresses) to crown diameter.
Distribution maps of trees for each plot were created in
ArcMap (ESRI® ArcMap™ 9.1, Redlands, CA, USA) and
used to overlay individual crowns and compute the plot
level crown cover as the ratio of ground area that was
covered by tree crowns.

Based on precipitation, vegetation physiognomy, tree
crown cover and the categorizations of Keay (1949), Lloyd
et al. (2008), and Lloyd et al. (2009), the plots fell into four
natural groups, viz (1) open Sudan savanna (OSS), found at
Hombori and Bissiga (precipitation <900 mm a™'); open
savanna woodland (OSW), found at Dano and Mole
(900 < precipitation < 1200 mm a™'); savanna woodland

(SW), found at Kogyae and Boabeng-Fiema plots 1 and
2 (precipitation > 1200 mm a™'), and dry semi-deciduous
forest (SDF), found at Asukese and Boabeng-Fiema plots 3
and 4 (precipitation > 1200 mm a™'). See Table 1 for details.

Gas exchange measurements

CO; response curves (A—C;j curves) were made on a total of
301 leaves taken from 39 species (105 individuals) of Cs
woody plants, during the peak of the wet season of 2006,
from August to September (Appendix A). The species
sampled were chosen according to their quantitative repre-
sentation in each permanent sample plot. Each plant was
identified to species-level, either in the field, or where
necessary, in the herbarium. All voucher specimens were
returned to the herbarium at the Forestry Research Insti-
tute of Ghana (FORIG), at Kumasi for taxonomic verifica-
tion. Two cross-calibrated Li-6400 portable photosynthesis
systems (Li-Cor, Inc., Lincoln, NE, USA), each fitted with
an artificial light source (6400-02B Red/Blue LED Light
Source, Li-Cor, Inc.) were used to obtain the A-C; curves
following the procedural guidelines described in Long &
Bernacchi (2003), with CO, concentrations inside the
chamber ranging from 50 to 2000 ppm. Only canopy-top
leaves naturally exposed to direct sunlight (i.e. ‘sun leaves’)
were used. Prior to the A-C; measurements, tests were
made to confirm that photosynthesis was light-saturated at
a photosynthetically active radiation (PAR) flux density
at or near 2000 yumol m2s™. During the measurements,
leaf temperature was controlled by conditioning the leaf
chamber temperature to 30 °C (or exceptionally to 35 °C,
depending on ambient temperature), with the vapour pres-
sure deficit maintained at ambient levels. A, obtained
under saturating light and CO, concentration inside the
cuvette set to 400 umol mol™, was extracted from the A-C;
curves. Except when measuring the shrubby weed Chromo-
laena odorata (L.) RM.King & H.Rob., to obtain access to
leaves from tall tree species occurring in plots at Boabeng-
Fiema, Asukese and Kogyae, large branches were detached
and immediately re-cut under water in order to reconstitute
xylem water continuity, and A-C; curves were completed

Figure 1. (a) Partial map of West Africa
with location of the research sites. (b) The
relationship between plot basal area (for

trees with diameter >10 cm) and area
based maximum carboxylation capacity
(Vemax-a)- Error bars are the standard
error of the mean. Vegetation types: OSS,
open Sudan savanna; OSW, open savanna
woodland; SW, savanna woodland; SDF,
semi-deciduous dry forest. The insert
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within about 30 min. Alterations in stomatal conductance
(gs) resulting from this process do not affect the calculation
of Vemax unless gs declines to very low levels (Santiago &
Mulkey 2003);in these instances (20% of cases, 16 out of 82)
data were discarded from the analysis. A further check on
data quality used elsewhere (Kattge et al. 2009) was also
applied: where Ay /Npw <2 umol CO, g N's7, data were
also excluded (<1% of leaves).

Response curve analyses

A curve fitting routine based on minimum least-squares
(Appendix B) was developed for use with the ‘R’ environ-
ment (R Development Core Team 2008) to calculate Vimay,
Jmax, the rate of phosphate release resulting from triose
phosphate utilization (TPU) and the daytime rate of mito-
chondrial respiration (Rq). The fits were obtained using the
Farquhar biochemical model of leaf photosynthesis (Farqu-
har et al. 1980; von Caemmerer 2000), with a modification
for TPU by Harley et al. (1992). The enzymatic kinetic con-
stants were taken from von Caemmerer (2000), assuming
an infinite internal conductance term. For comparison with
existing data on Vemax (e.g. Wullschleger 1993; Kattge et al.
2009), the fitted parameters (Vemax and Juax) presented here
were scaled to a reference temperature of 25 °C using
updated temperature dependencies provided by Bernacchi,
Pimentel & Long (2003). A curve-fitting strategy was
chosen to avoid the co-limited region of the A-C; response
curve: Vemax Was only fitted to values of intercellular CO,
concentrations (C;) lower than 30 Pa, whereas Jmax Was only
fitted to C; values higher than 45 Pa. The TPU function was
fitted to the highest C; values in each response curve.

Nutrient analyses

Immediately following gas exchange determinations, indi-
vidual leaves were detached and stored in a re-sealable
plastic bag containing a piece of paper tissue and a few
millilitres of water in order to allow full leaf hydration
(Prior et al. 2003). After a minimum of 5 h and a maximum
of 34 h, leaves were scanned with a flat-bed digital scanner
and transferred to paper envelopes. The leaves were then
dried to constant mass at 60 °C in convection ovens and
their dry mass recorded to obtain M. Leaf area was deter-
mined from scanned images using Winfolia™ software
(2005, Regent Instruments Inc., Ottawa, Canada). Mass-
based leaf carbon content (Cpw) and mass-based leaf
nitrogen content (Npw) were determined by elemental
analysis (EURO EA CHNSO Analyser, HEKAtech
GmbH, Wegberg, Germany), with mass-based leaf phos-
phorus content (Ppw) determined by inductively coupled
plasma optical emissions spectrometry (ICP-OMS) (Perki-
nElmer Optima 5300DV, PerkinElmer, Shelton, CT, USA)
after nitric-perchloric digestion.

Statistical analyses

A full survey of all species was not practical at each site, so
quantitatively important (and physically measurable)

species were used. As a consequence, true species-weighted
plot-level estimates of mean photosynthetic capacity were
not achievable. However, to obtain coarse plot-level com-
parisons of mean parameter values, leaf replicates from
individual trees were averaged and then the average of all
individuals was taken for each species sampled at each site
to enable a final cross-species average (number of species
per site = 2-8, except Hom-2, see Table 1). To test for differ-
ences among plots, non-parametric Wilcoxon/Kruskal-
Wallis tests (rank sums) were applied using a significance
threshold of P<0.05 (JMP software version 5.0.1.2, SAS
Institute, Cary, NC, USA).

Subsequent analysis of leaf gas exchange parameters, leaf
nutrient and leaf structure data was made on an individual
leaf basis and on log;, transformed data. Although the fun-
damental biochemical photosynthetic parameters Vemax and
Jmax Were derived for each leaf, the composite gas exchange
measure of A, was also examined in bivariate relationships
with M, N and P to compare with existing global data sets
(Reich et al. 1997; Wright et al. 2004), using standardized
major axis (SMA) regression fits (Warton et al. 2006; Wright
et al. 2000). Exploratory regression analysis was then per-
formed on Vimax and Jimax With respect to Ma, N and P, with
the relationships between nutrient content and the two
photosynthetic capacity parameters being analysed on both
a dry-weight and leaf area basis. Data were analysed either
as a composite group (all sites combined), or by individual
vegetation type (Table 2). This was followed by a compari-
son of SMA slopes from vegetation types for which statis-
tically significant standard regressions had already been
obtained (Fig. 2). Stepwise multiple linear regression analy-
sis was also used to quantify the relationships between Vmax
and Juax and multiple leaf traits (N, P and My), which are
presented in Table 2. As was also observed by Reich et al.
(2007), the interaction terms for these regressions were
mostly non-significant and, when significant, their inclusion
did not explain much additional variation in the dependent
variable. Such interaction terms have thus been excluded
from the analyses reported here. An analysis of partial cor-
relations between mass-based photosynthetic capacity
parameters and Npw, Pow, and S was performed to examine
the relative importance of each leaf trait for the different
vegetation formations (Table 3).

Finally, we examined two variations of a new model
framework that considers the different and independent
roles of N and P in constraining both Vimax and Jiax. First,
the relationship between leaf nutrient content and photo-
synthetic capacity was modelled as:

‘/Cmax = min {OCN + VNN, Op+ VPP}

e

Jmax = min{yy +&xN, yp + &P}

where o, VN, Op, Vb, N, €x, Y and &p are all empirical coef-
ficients. This model assumes that the least available nutrient
independently constrains the maximum value for Vema or
Jmax. The fitting procedure allows for the possibility that,
although both N and P can simultaneously influence Vemax
and Jmax, these two photosynthetic parameters may scale

© 2010 Blackwell Publishing Ltd, Plant, Cell and Environment, 33, 959-980



964 T. F. Domingues et al.

Table 2. Coefficients of determination of

Model All data oSS Oosw SwW SDF  jinear regressions produced between leaf

Venseow = @ + b % Npw 0.29 0.58 0.36 0.42 020 photosynthetic capacity and leaf Fraits
(Vinax-ow and Jmax.ow) and leaf traits

Vemaxw =+ b+ Pow 020 0.37 0.17 0.44 0.25 (nitrogen content, Npyw; phosphorus content

Vemaxpw=a+b = S 0.32 0.66 0.23 0.58 0.47 Ppy: and specific ieaf a;ea $), for logso ’

Vemaeow = + b * Npw + ¢ # Ppw 0.31 0.62 0.41 0.60  ns transformed data T

Vemaxpw=a+b = Npw+c¢ * § 0.36 0.79 0.42 ns ns

Vemaxpw=a+b = Ppw+c * S 0.33 0.68 0.32 0.62 ns

Vemaxpw=da + b # Npw+ ¢ * Ppw+d * S ns ns 0.46 ns ns

Jmaxpw = ¢ +d * Npw 0.35 0.52 0.42 0.49 0.22

Jmaxow = ¢ +d * Ppw 0.26 0.30 0.15 0.48 0.20

Jmaxpw=c+d xS 0.43 0.67 0.26 0.63 0.37

Jmax-DW = d+ex Npw +f % Ppw 0.38 0.54 0.45 0.67 ns

Jmaxpw=d +e % Npw+f# S 0.47 0.77 0.49 ns ns

Jmaxpw=d + e % Ppw+f % S 0.45 ns 0.32 0.68 0.40

Jmaxpw =€+ f# Npw+g * Ppw+h * S ns ns 0.50 0.71 ns

Coefficients are not shown when P > 0.05.

ns, non-significant; OSS, open Sudan savanna; OSW, open savanna woodland; SW, savanna

woodland; DF, semi-deciduous dry forest.

differentially with each nutrient, each relationship requiring
a separate slope and intercept term (cf. Field & Mooney
1986; Takashima, Hikosaka & Hirose 2004; Harrison et al.
2009). For example, a priori, we might expect Vemax to track
the availability of nitrogen more closely than that of phos-
phorus because of the nitrogen demand from RuBisCO,

whereas Jm.x may be correlated more closely with phospho-
rus content because of the importance of that element in
mediating the regeneration of RuBP (see Introduction).
Consequently, this framework allows for one nutrient to be
in excess in relation to the other, presumably being part of
a non-photosynthetic pool.
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Figure 2. The relationships between leaf structure represented as leaf mass to area ratio (M,), leaf nutrient content (nitrogen and
phosphorus), and leaf-level light saturated assimilation rates (As). Axes are in logo scale. Full lines refer to standardized major axis
Standardized major axis (SMA) line-fitting applied to the whole data set. Dashed lines are SMA fits from a global data set presented by
Wright et al. (2004). The slopes of the lines are significantly different between each other in each graph (P < 0.05). The individual sites
names are given with vegetation type as per Figure 1 in parentheses.
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Table 3. Summary of partial correlations among leaf
photosynthetic capacity (Vemax.ow and Jmax.ow) and leaf traits
(nitrogen content, Npw; phosphorus content, Ppw and the specific
leaf area, S), based on logy transformed data

All data OSS OSwW SW SDF
chax—DW
Npw 0.219 0.584 0.453 0.242 0.196
Ppw 0.058 0.058 0.245 0.345 0.196
S 0.286 0.671 0.286 0.333 0.536
-,max-DW
Npw 0.224 0.543 0.516 0.323 0.265
Pow 0.074 —0.098 0.187 0.392 0.147
S 0.392 0.705 0.320 0.353 0.444

Significant correlations were observed for all paired comparisons
(P <0.05).

OSS, open Sudan savanna; OSW, open savanna woodland; SW,
savanna woodland; SDF, semi-deciduous dry forest.

Eqn 1 estimates the combined influence of N and P on
Vemax and Jnax (with values expressed on either a dry weight
or area basis) and was fitted using an iterative minimum
least-squares procedure, based on the BFGS optimization
method (Nocedal & Wright 2006) embedded in ‘R” (R
Development Core Team, 2008 — package ‘stats’, version
2.8.0, function ‘optim’).

We also evaluated a variation of Eqn 1 were leaf struc-
ture is taken into account, allowing for N and P to scale
independently with S:

Vemax = min{an + vwN + onS, ap + VpP + 0pS} )
Jnax =min{yx + exN +6nS, 7p + &P + 655} @
where on, VN, O, Op, Vp, Op, W, &N, N, W, &, and ¢, are all
empirical coefficients. This variation of the model accom-
modates the fact that thick leaves might have more N allo-
cated to non-photosynthetic pools such as cell walls.

The Akaike Information Criterion (AIC; Akaike 1974)
was used to compare standard models (multiple regressions)
with the results from the fits to Eqns 1 and 2 (Table 4).

RESULTS
Variability among plots

Average area-based Vimax ranged from 19 to 91 yumol m=2s™!
with average species values for Jn. varying from 31 to
136 umol m7?s7!. The regression Of Jumax-a ON Vimaxa sug-
gested tight co-ordination between the two photosynthetic
parameters (P <0.001, r»=0.80, n=301) with a slope of
1.2 = 0.03 (standard error) (Fig. 1b, inset). The association
between plot basal area and mean Vmax.a Was negative and
curvilinear with the highest photosynthetic capacities
observed for trees in the OSS and OSW vegetation types
(Fig. 1b). Significant differences among plots were found
for Npw and Ppw but no statistical distinction among plots
was found when area-based leaf nitrogen (N4) or leaf phos-
phorus (Pa) was considered. Significant differences were

observed among plots for M4, with larger values associated
with a smaller basal area and lower annual precipitation at
each plot. All photosynthetic capacity parameters obtained
from the A-C; curves (Asa, Vemax and Jimax; Table 1) showed
significant differences among plots on both mass and area
bases, except for mass-based Ry (data not shown), for which
differences were marginally non-significant (P = 0.06).

Maximum assimilation rate

Bivariate linear regressions of Ay on Ma, N and P (either
area or mass basis for nutrients) were highly significant
(P <0.001) when all data were pooled. When the data were
grouped by vegetation type a similar result was obtained,
although significant area-based relationships were not
obtained for SW or SDF (data not shown). The slopes of the
SMAA fits for the pooled bivariate relationships (Fig. 2) were
significantly different (P <0.05) from the SMA fits to A
presented for a global data set by Wright et al. (2004).

Photosynthetic capacity

Using the pooled data set and data separated by vegetation
type, significant bivariate regressions were obtained for Vmax
and Jmax on Ma, N and P (with leaf nutrients expressed on
both mass- and area-bases; Table 2 and Appendix C, respec-
tively). The explanatory power of individual leaf traits as
determined by the regression coefficient (+?) varied from
0.12 to 0.47 (Table 2 and Appendix C), with substantially
better relationships when the variables were expressed on a
mass basis. SMA analyses made on an area basis (Fig. 3)
identified both differences and similarities among vegeta-
tion types. For example, the slope of Vimax.a 0n Na was not
different between OSW and either OSS or SW, but was
distinct (P < 0.05) for the other vegetation type comparisons.
The SMA slopes of Vemax-a On P were not different for SW
versus OSS trees but were significantly different (P < 0.05)
between OSS and OSW. Finally, the SMA slopes of Vimax-a On
M, were significantly different (P <0.05) for almost all
vegetation type contrasts, except between OSW and SW. An
identical pattern was obtained when these analyses were
repeated for Jma, €xpressed on an area basis. Our results thus
suggest that nutrient limitation of photosynthesis may have
changed with vegetation type along the transect.

Estimating photosynthetic capacity from
multiple leaf traits

Multiple regression analysis explained more variation in the
data (r»=0.31-0.79, Table 2) than the bivariate compari-
sons. The best regressions were obtained using mass-based
expressions of each variable. As Vnax and Jmax can be easily
transformed from mass-based to area-based values for
modelling purposes via M (which tends to be widely avail-
able for different vegetation types), we report mass-based
multiple regression results in Table 2, and give the area-
based analysis results in Appendix C. The model that
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Mass basis and log;

Area basis and log;

Table 4. A matrix of coefficient of
determination (r?) and Akaike information
criterion (AIC) of multiple regressions and

2
Model " AlC " AlC the Eqn 1 model, when applied to both area
Vemasw = @ + bNpy + cPpy 031 -370.6 0.22 -376.6 and mass based data sets, without
Vemaxow = min{on + vwNpw; o + vpPpw)  0.32 -376.7 025 -390.8 distinction of vegetation groups
Jimax-pw = a + bNpw + cPpw 0.38 —436.0 0.22 —468.3
Jmax-DW = mln{}& + SNNDW; W+ 81’PDW} 0.40 —441.9 0.27 —-484.3

Model selection follow a combination of higher 7 (same row) and smaller values of AIC’s
(same column) for each parameter (Vemax OF Jmax), Which are presented in bold.

explained the most variation in Vemaxpw and Jmax.ow for the
pooled data set was a multiple regression based on Npw and
S, »=0.36 and 0.47 for Vemaxpw and Jumaxpw, respectively
(P <0.05) although the spread of the residuals was uneven
among vegetation types (Fig. 4a, b, Table 2). Selection of the
best vegetation-specific regressions yielded more homosce-
dastic residuals (Fig. 4c, d, Table 2) with the regression of
Vemax-ow on Npw and S explaining the greatest variation for
OSS trees (r*=0.79, P <0.05), but with the regression of
Vemaxow On Ppw and § being the best combination for
SW trees (2 =0.62, P <0.05). For OSW, Vinaxpw Was best
described using a three-factor model based on Npw, Ppw
and S (r*=0.46, P <0.05) whereas for the SDF sites, the
regression of Vemaxpw on S (2 =0.47, P < 0.05) could not be
improved upon by inclusion of leaf nutrient data, although
for Jmaxpw the best relationship combined Ppw and S
(r*=0.40, P<0.05). For the other vegetation types the
regression results for Jmapw were similar to those for
Vemaxpw (Table 2). When these analyses were repeated
using area-based trait measures, similar patterns were
found with two exceptions: for SDF, no significant regres-
sions were obtained for Vemaea With any area-based trait;
and, for SW, the best regression did not include Ma or Ny,
but a significant role was found for P, (+*=0.18, P < 0.05,

Appendix C). These outcomes were underlined in the
partial correlation results, which identified phosphorus as
constraining Vemax.pw most strongly for trees growing at the
SW sites (Table 3).

The possibility of either N or P limiting photosynthetic
capacity was further probed by fitting Eqn 1 to all Vinax
and Jmax values (logjo-transformed data, as elsewhere), to
examine overall nutrient constraints on Vepax and Jimay across
the study transect. Mass-based analyses produced models
with larger r* when compared with their area-based coun-
terparts (Table 4). Equation 1 returned the lowest AIC
values when compared with the corresponding multiple
regression models, suggesting ‘better’ model performance
as determined by goodness of fit and parsimony with
respect to the number of fitted parameters (Burnham and
Anderson 2002). The outputs for the best fit model using
Eqn 1 for Vemaxpw and Jinaepw are shown in Fig. 5a, b; the
proportion of data points that are phosphorus-constrained
for Vemaxow was 0.33, and for Jyax.ow was 0.45 (blue points in
Fig. 5). Further examination of the model output suggested
a slight tendency for overestimation of photosynthetic
capacity at high values and underestimation at low Vemax.ow
and Jiax -pw (Fig. 5¢,d). When Eqn 1 was fitted directly to
area-based leaf trait values, similar model fits were
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Figure 3. Standardized major axis (SMA) fits between log;, transformed photosynthetic capacity (Vemax) and leaf traits. Axes are in logo
scale. Vegetation type is denoted as per Figure 1; data from semi-deciduous dry forest (SDF) were not plotted as the relevant bivariate
linear regressions were not significant. (a) the SMA slopes were significantly different between open Sudan savanna (OSS) and open
savanna woodland (OSW), and between OSW and SW, but similar between OSS and savanna woodland (SW); (b) the SMA slope for
OSS was significantly different from the slopes for OSW and SW, but there were no differences between the slopes for OSW and SW;

(c) the SMA slopes were significantly different between OSS and OSW, but similar for OSS and SW and OSW and SW (a=0.05).

Symbols follow Figure 1 legend.
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Vemaxow = @ + bNpy + ¢S

S

Jmaxow = @ + bNpy + ¢S

2

Figure 4. Residuals from regression
models used to estimate Vemapw and
Jmaxow (l0gio) based on mass based leaf
nutrients and/or structure (Table 2).

(a) and (b) represent the model that

best described the whole data set.

(c) and (d) are a composite of the specific
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10g10 Vemax-ow = a + b logio Pow + ¢ logio S,
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obtained, although the relationships were somewhat
weaker (Table 4).

As the inclusion of a third parameter could potentially
affect model performance, the influence on model outcome
of other leaf nutrients as well as leaf structure was evaluated.
Foliar concentrations of Mg, K, Ca, S, Mn, and Al failed to
produce a third significant parameter for Eqn 1. However,
the influence exerted by S over photosynthetic capacity
(Table 2 and Appendix C) was visible in an improved

T
-0.4 -0.3 -0.2 -0.1 0.0 0.

Modelled 10,0 J max.ow, £mol CO, m 2 s~

) ‘ ‘ 10810 Jmax-pw = a + b logio Ppw + ¢ logio S.

Symbols and vegetation abbreviations
follow Figure 1.

T T
02 03

distribution of model residuals (Fig. 6). Overall, within each
vegetation type, the slopes of linear regressions between §
and the model residuals were significantly positive, stressing
the relevance of that variable on model predictions.

The capacity of the new framework to predict photosyn-
thetic capacity was thus substantially improved with the
incorporation of S as a parameter (Fig. 7). For a given com-
bination of leaf N and P, photosynthetic capacity increased
with decreasing S. Disregarding possible variations in leaf

chax—DW J max-DW
50
1.0 2.0 i

< 40 Figure 5. The combined constraint on

o 0.8 photosynthetic capacity from nitrogen

o) 30 15 and phosphorus according to Eqn 1:

£ (a) logyy V. =mi *

- 0.6 810 Vemax-DW in[(on + vx

g 20 1.0  logio Npw); (ap + Ve * logio Ppw)], where

4 0.4 on =-1.16; vx = 0.70; op = -0.30; and

10

05 W= 0.85 and (b) 10g10 Jmax-pw =
Il’lll’l[(')rN + N * lOglo NDW); (j/j) +
Ep * 10g10 PDW)], where W= -1 22,
en=0.92; % =-0.11; and & = 0.66. The
model outputs were subsequently
reconverted to normal scale and are

5 5
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represented by the coloured scale through
interpolation of Npw, Ppw and model
outputs. Blue symbols represent the
fraction of the data set where Ppw was the
limiting nutrient and red symbols
correspond to limitation by Npw. The

line on graph (a) is described as

Ppw = 0.097 * (Npw)** and on graph (b)
as Ppw =0.021 # (Npw)'*. Symbols and
vegetation abbreviations follow Figure 1.

r2=0.40

06 -04 -02 00

10910 Vemax.ow, #mol CO, g™ 57"

04 02 00 02

10910 Jmax-ow, 4mol CO, g™ 7"

Model performance for Vimax and Jpax is
presented as observations against
predictions on (c) and (d), respectively.
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-1
S

—1

Residual log 19 V ¢max.ows 4mol CO, g

density, such a result might be summarized as thinner leaves
(low S) being associated with higher nutrient use efficien-
cies. In addition, a shift in the N : P ratio where limitation
changes from one nutrient to the other (i.e. the divide
between blue and red dots on Fig. 7) was observed when the
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Figure 6. The influence of specific leaf
area (S) over Eqn 1 residuals (logo
observation minus model prediction from
Figure 5). Significant positive slopes of
linear regression were observed for each
vegetation group. Symbols are the same
as in Figure 1.

data were grouped by S. For example, although the N: P
ratio of high S leaves (133.4 cm? g%; the mean S of the upper
half of all S values) was equal to 15.1 for the Vi max analysis
(Fig. 7a), that ratio increased to 19.6 when a S equal to
74.6 cm? g7! (the mean S of the lower half of all S values)

Figure 7. Predictions of photosynthetic
capacity by Eqn 2 (color scale) when two
average values of S were used. On graphs
(a) and (b), mean S of the lower half of §
values is used, whereas (c) and (d) utilizes
mean S of the upper half. Blue and red
symbols represent phosphorus and
nitrogen limitations, respectively.

Logio Vemaxow = min{on + v logio N

+ ON logm S, op+ Vp lOglo P+ Op logm S},
where on =-1.56; vw = 0.43; onS =0.37;

op =-0.80; vp = 0.45; and opS = 0.25.

L0g10 Jmax-DW = Il'llIl{’)rN + N lOglO N+

on logi S, W+ ep logio P + ¢, logio S},
where w =-1.50; ex = 0.41; gnS = 0.45;
¥e=-0.74; &p = 0.44; and ¢,S = 0.32. Model
performance is presented on panels (e)
and (f). Symbols follow Figure 1 legend.
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was used (Fig.7c). The y-axis intercepts of the linear
functions describing the four regression lines in Fig. 7
were always negative, although close to zero (average =
-0.12 gm™N). The improvement in model performance,
when compared with Fig. 5 is illustrated in Fig. 7e, f.

Independent of which model was used, the vegetation
types recognized in this study presented somewhat different
relationships between photosynthetic capacity, leaf nutrient
content and structure. Overall, these analyses demonstrate:
(1) that S, N and P all play a role in explaining the observed
variation in Vimae and Jnax in this west African data set
(Fig. 2), but that the degree of influence for each term varies
among the vegetation groups (Figs 3,4,6 and 7; Tables 2 and
3); (2) that the phosphorus constraint is larger for Jy.x than
for Vemax (Figs 5 and 7); and (3) that the N : P ratio that
represents co-limitation of Vemax and Jmax varies non-linearly
with Npw (or Ppw), and is distinct for Vemax and Jumax (Fig. 5),
although it is strongly dependent on S, and becomes linear
when this parameter is considered (Fig. 7).

In order to examine the validity of the new model, two
independent tests were performed, one using an Amazon-
wide data set and a second focusing at the stand scale. In the
first, we applied the model to average leaf trait values
reported for trees on fertile and infertile soils sampled
across the Amazon Basin (Fyllas et al. 2009) in order to test
whether Eqn 1 (Fig. 5) was able to replicate the substantial
difference in the slope of the Vema-N relationship for low
fertility oxisols (Ferralsols) and more fertile non-oxisols
soils discussed by Kattge et al. (2009). In this test, the mean
fertile soil values for Npw, Ppw and M, were 22.9 mg g,
1.27 mg ¢! and 98 g m™, respectively, and the infertile soil
values for Npw, Ppw, Ma, which are classified as falling
under strong phosphorus limitation according to Eqn 1 and
Fig. 5, were 20.6 mg g%, 0.72 mg ¢! and 101 g m, respec-
tively (data from Fyllas et al. 2009). Using these driving
data, Eqn 1 yielded modelled Vimax.a values for fertile and
infertile soil of 60.2 and 38.2 umol m~s™!, respectively.
Driving the separate models for oxisols and non-oxisols
developed by Kattge et al. (2009) with the same N values,
a very similar Vimaea value was obtained for oxisols
(61.8 umol m2s7'), although Vema.a estimation for non-
oxisol was slightly underestimated (28.4 umol m= s™). This
result is particularly encouraging given that all the vegeta-
tion sampled as part of this study in West Africa was
growing on soils that would have been classified by

Quesada et al. (2009b) and Fyllas et al. (2009) as being in
the ‘fertile’ category.

The second, more demanding test was for a single Ama-
zonian site, for which a comparison of mass-based values
was also possible. Using measurements of Npw, S, Vemax-pw,
Jmaxow and Ppw for canopy-top leaves from an eastern
Amazonian rain forest (Domingues et al. 2007, with unpub-
lished data provided for Ppw) growing on a relatively
infertile Ferralsol (oxisol) soil, Eqn 2 estimated Vimax.pw
to be 0.45 % 0.09 umol g?s™ (mean * SD), not signifi-
cantly different from the measured average of
0.39 = 0.16 umol g2 s™! (¢-test assuming unequal variances,
d.f. =51, P =0.1). For Jm.xpw, Eqn 2 estimated an average of
0.69 =+ 0.15 umol g2 s7!, which was only marginally distinct
(d.f. =51, P=0.07) from the measurement derived value of
0.60 = 0.22 umol g2 s7'. This exercise demonstrated that P
limitation was prevailing, as 88% (23 out of 26) of the
Vemax-pw predictions and 85% of the Jmax.pw Were classified
into this category by Eqn 2.

Finally, we noticed that some general vegetation descrip-
tors had a significant influence over the residuals from the
fits of Eqn 2 (Fig. 8), a strong suggestion of an apparent
‘biome effect’. Similar patterns were also observed for plot-
level LAI, basal area, or annual precipitation (not shown).

DISCUSSION
Global context

Leaf physical and chemical traits varied by up to fivefold
over the study transect, presumably reflecting site differ-
ences in climate, leaf phenology, soil nutrient availability,
species attributes and herbivory. Overall, the abundance
of deciduous-habit species was negatively associated with
precipitation leading to shorter-lived leaves with higher
maximum photosynthetic capacities at the drier, lower-
biomass sites (Fig. 1, Table 1, Appendix A), a result consis-
tent with proposed leaf trait co-ordination strategies (Reich
et al. 1997; Wright et al. 2004). However, leaf nutrient con-
tents (Npw and Ppw) were not strongly correlated with
mean annual precipitation (Table 1), and the clear contrasts
reported for some Australian savannas (Wright et al. 2001,
Prior et al. 2003) of low/high precipitation with associated
high/low leaf nutrient content were not observed in this
data set. This was, probably a reflection of inter-species
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differences in leaf construction and, or, sample size, as well
as variations in soil fertility associated with the wide range
of different soil types sampled (Table 1).

For tropical woody savanna species, published A, ranges
from 2.5 to 27 umol m~2 s (Tuohy et al. 1991, Prado and de
Moraes 1997; Hanan et al. 1998; Eamus et al. 1999; Wright
et al. 2001; Prior et al. 2003; Midgley et al. 2004), similar to
our results (5-28 umol m2s7!) that also included some
forest species (Fig. 2). Far fewer estimates of photosynthetic
capacity have been made in the tropics than in the temper-
ate zone (Meir et al. 2007) but our data range (Vemax =20—
90 umol m=2 s7%; Jiay = 30-140 umol m=2s™) is similar to the
majority of reported tropical values. For tropical forests
and savannas, Vimae (standardized to 25 °C) is generally
15-80 umol m2s7! (e.g. Carswell eral. 2000; Coste et al.
2005; Domingues et al. 2005; Kenzo et al. 2006; Domingues
et al. 2007; Meir et al. 2007), although some studies, where
standardized leaf temperature was higher, and/or leaf nutri-
ent concentrations were particularly large, have reported
Vemax values markedly higher than 120 umol m2s™ (e.g.
Midgley et al. 2004, Kenzo et al. 2006). In general, the rela-
tionship between Jmax and Vemax tends to be well defined, with
a regression of Jiax 0N Vemay yielding a small positive Jiax
intercept and a slope of 1.3-1.7 (Wullschleger 1993; Meir
et al. 2002, 2007; Midgley et al. 2004; Coste et al. 2005). A
marginally lower slope has been reported for South African
savanna trees (1.3; Midgley et al. 2004) and this was also
observed in our data (regression slope =1.2 = 0.03 (stan-
dard error; inset, Fig. 1b). As it is not correct to consider
Vemax @s a true independent variable when predicting Jmay,
analysis by SMA is probably more appropriate (Warton
et al. 2006). Further, predicting Jim.x from Vima is not as
informative as understanding how these two parameters
scale with each other. Re-analysing the Jmax — Vemax relation-
ship using SMA, a larger slope of 1.34 was returned, and the
intercept decreased from 17.9 to 10.5 umol m2s™' (linear
SMA fits). Although every effort was made in this analysis to
obtain unbiased fits to the Farquhar et al. (1980) model, the
ratio of Jmax : Vemax varied slightly with the specific choice of
model constants (see Methods) and species-specific inter-
pretations probably require more detailed autecological
physiology measurements to quantify parameters that were
not included in this study, including mesophyll and intracel-
lular conductances to CO, (gi) (Warren 2008).

The bivariate contrasts of A with M4, N and P (Fig. 2)
demonstrated wide variation within and among species
and sites, even though significant regressions were still
obtained. This scatter in the data probably reflected multiple
ecological differences among species in: (1) the allocation
of resources among structure, photosynthetic and non-
photosynthetic compound pools (Poorter & Evans 1998,
Hikosaka & Hirose 2000; Takashima et al. 2004; Harrison
et al. 2009); (2) internal gas diffusion or light transmission
constraints imposed by leaf sstructure (Lloyd er al. 1992,
Parkhurst 1994; Green & Kruger 2001); and perhaps also
(3) co-limitation by other nutrients (e.g. Giisewell 2004),
although regressions involving leaf Mn, K, Ca, Al, Mg or S
produced no significant interactions. The relationships in

our pooled data set deviate from those for a compiled global
data set of leaf traits (Wright et al. 2004); the SMA slopes for
all bivariate comparisons in Fig. 2 were significantly differ-
ent from those reported by Wright ez al. (2004). Separating
the data by vegetation type and re-fitting SMA slopes
showed that the low precipitation sites were the main cause
of this variation (analysis not shown), reflecting both limi-
tations in the global data set (cf. Niinemets ez al. 2001) and
perhaps the influence of the comparatively small sample size
from our single study (Wright er al. 2006). This distinction
among the vegetation groups was further underlined in the
SMA slope analyses of Vimax-a 0n Na and Pa (Fig. 3).

Leaf photosynthetic capacity, nitrogen
and phosphorus

Photosynthetic capacity varied slightly more over the whole
data set when expressed on a mass as opposed to an area
basis (sevenfold versus fivefold), and both bivariate and
multiple regressions of photosynthetic capacity on other
leaf traits (Ma, or S, N and/or P) were stronger using mass-
based comparisons (Table 2 and Appendix C), as has been
reported elsewhere (e.g. Reich et al. 1997; Prior et al. 2003).
Vemax and Jimax Were more strongly related to Npw than Ppw,
except for SW trees. Although P has been hypothesized to
strongly determine photosynthetic capacity in some savan-
nas (e.g. Prior etal 2003), wide variation elsewhere is
evident (e.g. Tuohy et al. 1991; Wright et al. 2001; Meir et al.
2007).The best overall simple linear regression model struc-
ture in this study simply combined Npw and S, but residual
analysis demonstrated that site-specific multiple regression
models incorporating Ppw, or sometimes removing Npw,
improved the estimates of Vimay and Jmax (Fig. 4). This under-
lines the differences along the transect in the principal
driver of variation in Vimax and Jiax.

Combining nitrogen and
phosphorus constraints

A single representation of the influence of leaf structure
(M or S) and leaf nutrient concentrations on photosyn-
thetic capacity is clearly attractive for modelling purposes,
and methods based on plant functional types (PFTs) have
been developed for deriving global estimates of Amax (Reich
etal. 2007) and Vemax (Kattge et al. 2009). A substantial
phosphorus constraint is, however, likely in many tropical
forests (Vitousek & Sanford 1986; Lloyd et al. 2001; Hedin
2004; Reich & Oleksyn 2004; Quesada et al. 2009c), where
separate relationships estimating Vema from N have been
found necessary to account adequately for the large
observed differences between tropical forests on soils with
apparently low and high phosphorus availability (Kattge
et al. 2009). The slope of the regression of Vimax on Ny
usually varies between 15 and 40 umol CO, g™'s™ (Kull
2002), but in several tropical rain forests, significantly lower
values have been noted (Meir et al. 2007) and the data
reported here are consistent with this pattern, with a mean
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slope of 17 umol CO, g™' s for the pooled data set (based
on non-transformed data). However we also note that the
constraint by phosphorus on photosynthesis in tropical
forests can be variable (Tuohy et al. 1991; Wright et al. 2001,
2006; Prior et al. 2003; Meir et al. 2007) and this reflects
variation in species adaptation to both phosphorus and
nitrogen acquisition, as well as to gradients in soil fertility
and moisture availability. If, as it seems, these differences
can be expressed at the leaf-level through divergent strate-
gies in the allocation of N and P to photosynthetic and
non-photosynthetic functions, some attractively simple sto-
ichiometric analyses of N : P ratios (Sterner & Elser 2002)
may ultimately be less informative than originally hoped, as
has been noted elsewhere (Wright et al. 2006).

To represent the differential allocation of N and P to leaf
function, separate models are required for each nutrient,
which when combined, yield simultaneous independent
constraints on photosynthetic capacity, with either N or P
acting as the principal limiting nutrient on Vemax (O Jmax) for
any individual leaf. Both Eqns 1 and 2 represent this by
assuming a simple linear model for each nutrient (cf. Kull
2002). As with the standard regression analyses, the best fits
to Eqn 1 were obtained using mass-based leaf trait metrics,
and indeed Eqn 1 performed better than all other standard
regression models (Fig. 4, Table 4). The superiority in per-
formance by Eqn 1 was marginal, but the result more infor-
mative and Fig. 5 illustrates how Npw and Ppw co-limit Vmax
and Jma over the entire data set. Consistent with ecophysi-
ological expectation, phosphorus was the limiting nutrient
for Jmax substantially more often than it was for Vemax (45%
versus 32% of all data points), with the reverse true for
nitrogen (68% versus 55%). Such patterns are consistent
with phosphorus limitation causing slight reductions in the
Jmax—Vemax ratio (Fig. 1, inset), quite likely constraining
carbon uptake at high irradiance and non-limiting soil mois-
ture. The observed tendency for slight overestimation at low
Vemaxpw values and slight underestimation at high values
was clearly related to vegetation type, as low Vimax.ow values
are associated with SDF vegetation whereas high values are
dominated by OSS and OSW vegetation (Fig. 5c, d). This
outcome results from the trade-off between having one
general model versus a series of different models param-
eterized individually for each perceived vegetation type.
Further, the pattern of these differences among vegetation
types might also be influenced by the intrinsic function-
ing of the vegetation as a whole, as at the high end of
our precipitation gradient, a decrease in deciduousness
was observed (Appendix A). The increased discrepancy
between observed and modelled photosynthetic capacity at
higher S (Fig. 6) suggests that nutrient availability, phenol-
ogy, and phylogeny, all exert a strong influence over §
(Wright et al. 2004), and are influential parameters over
primary productivity. This is further supported by Fig. 7,
where the influence of S over photosynthetic capacity is
presented. Interestingly, Eqn 2 predicts that thicker leaves
are less susceptible to P-limitation, but achieve higher area-
based photosynthetic capacity. Low S leaves have been
associated previously with lower g (Lloyd etal 1992;

Parkhurst 1994; Green & Kruger 2001), potentially leading
to systematic errors in the estimations of Vimax and Jiax
when this parameter is assumed to be infinite. Although it is
still difficult to produce accurate estimates of g; from curve
fitting, we observed that 85% of the curves used here had g;
high enough (relative to Ay,) to cause less than 20% of CO,
drawdown from the mesophyll to the carboxylation sites
and concluded that the influence of this parameter on our
data set was not significant. Furthermore, for this data set,
there was no evidence of a positive association between §
and g;. Finally, as Eqn 2 allows N and P to scale indepen-
dently with S, it accommodates the idea that nutrient pools
not involved in photosynthesis might have very different
sizes, for example, when a greater proportion of leaf N is
allocated to cell walls in low S leaves (Poorter & Evans
1998; Hikosaka & Hirose 2000; Takashima et al. 2004; Har-
rison et al. 2009).

Overall, our unbalanced plot-level evaluation of general
P-limitation revealed large natural variation ranging from
no P-limitation at HOM-02 up to 100% P-limitation at
ASU-01, with the extent of P-limitation increasing propor-
tionally with plot-average leaf N : P ratio. As it stands, we
recognize the possibility that different vegetation forma-
tions, with different nutrient dynamics and different pheno-
logical regimens may require adjustments to the parameters
presented here in Eqns. 1 and 2 (Figs 5 and 7) to this West
African data set.

A clear ‘biome effect’ was apparent in our analyses, as
different vegetation types showed distinct characteristics in
the photosynthesis — leaf trait relationships examined. The
residuals from the fits of Eqn 2 were significantly correlated
with general vegetation descriptors (Fig. 8). Clearly, the
properties of the open canopy savannas differed from the
closed canopy forests. Although a fully mechanistic under-
standing is not yet available, our observations could possi-
bly be explained by a need for potentially large and readily
mobile non-photosynthetic metabolic pools containing high
amounts of N and/or P (e.g. as protein and/or mRNA). Such
pools are thought to be more often necessary for fast adjust-
ments of photosynthetic machinery for closed canopy
species, which are often subject to large fluctuations in light
regime because of competition from neighbouring trees or
as a consequence of self-shading (Walters & Horton 1994;
Walters 2005; Dietzel, Briautigam & Pfannschmidt 2008).
There is considerable variation in the degree to which dif-
ferent tropical tree species can acclimate to changes in light
regime (Turnbull, Doley & Yates 1993, Rozendaal, Hurdato
& Poorter 2006) and this might reflect a trade-off between
an allocation of N and P for immediate photosynthetic
carbon gain versus N and P being retained as reserve
mRNA and protein precursors, should the need for photo-
synthetic acclimation arise. Consistent with this idea is the
fact that pioneer species, when contrasted with climax
species, tend to have not only higher rates of photosynthesis
per unit N and, where examined, per unit P (Raaimakers
et al. 1995; Reich, Ellsworth & Uhl 1995; Rijkers, Pons &
Bongers 2000), but are also associated with a lower ability
to acclimate to variations in light regime (Rozendaal et al.
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2006). Short-living pioneer species also tend to have low M4
and shorter leaf lifespans (Turner 2001), and indeed, gener-
ally speaking, it also seems intuitive that deciduous species,
with short-lived leaves, would be less advantaged through
investing some resources as insurance against a change in
light regime (through non-photosynthetically active N
and/or P) than would be the case for evergreen trees with
longer-lived leaves. This postulate provides not only an
explanation for the patterns observed between the model
residuals and deciduousness in Fig. 8b, but also for the
apparent contradiction between this study and that of
Wright et al. (2001) who, working in New South Wales,
Australia, found that N and P, although expressed on a
dry-weight basis, seemed to be used less efficiently for low-
rainfall species growing in an aseasonal rainfall environ-
ment than for those from high-rainfall species — this being
the opposite result to that found here (Fig. 2). This may
be because all species examined in Wright eral. (2001)
were evergreen (Ian Wright, personal communication) as
opposed to the predominately deciduous species encoun-
tered in the present study. Similar lifespans are commonly
observed for evergreen leaves from both dry and moist
habitats (Wright & Westoby 2002; Wright et al. 2005b),
although increased leaf longevity in moist habitats is not
necessarily related to higher M, as observed for evergreen
tree species in drier habitats (Specht & Specht 1989). Fur-
thermore, evergreen leaves from dry habitats are often
exposed to periods of mild-to severe soil water deficits
especially as xeromorphic trees and shrubs are usually
found in aseasonal precipitation environments character-
ized by episodic precipitation events (Lloyd & Farquhar
1994). This suggests that leaves in such climates (as was the
case for Wright er al. 2001) might be advantaged by allocat-
ing some of their N and/or P away from short-term photo-
synthetic carbon gain to allow for the involvement of N-
and P-containing compounds in drought induced metabolic
pathways, including, amongst others, late embryogenesis
abundant (LEA) proteins, mRNA binding proteins, water
channel proteins, detoxification enzymes, transcription
factors, protein kinases, protein phosphotases and enzymes
involved in phospholipid metabolism (Boudsocq & Lau-
riere 2005, Shinozaki & Yamaguchi-Shinozaki 2007). On the
other hand, drought-deciduous trees tend to occur in envi-
ronments characterized by a regular seasonal water supply
(Lloyd & Farquhar 1994) — as was the case in the present
study — and, because of the less likelihood of severe soil
water deficits occurring during the growing season, are also
characterized by an aggressive water use strategy (Lloyd
& Farquhar 1994). An allocation of the bulk of N and P to
the photosynthetic apparatus (rather than as N- and
P-containing precursor compounds should drought induced
metabolic pathways need to be activated) would thus be
expected in such a situation with the proportion allocated
to non-photosynthetic pathways declining with shorter
growing seasons and hence lower leaf lifetimes thus consis-
tent with the generally higher photosynthetic rates per unit
N for the more open drier vegetation with shorter leaf
lifespans (Figs 5,7 and 8). Indeed, one subtlety in the data,

that being that OSW rather than OSS leaves tend to have
the highest rates of A per unit N or P (Figs 2 and 3) and with
the most severely underestimated values for Vemax and Jimax
compared with model predictions (Figs5-7) is also
explained by the hypothesis mentioned earlier. This is
because the bulk of the precipitation in the Sahel occurs
during a small number of line squalls, with these being
highly variable in frequency and precipitation intensity and
with a strong year-to-year variability (Hayward & Ogun-
toyinbo 1987). It is therefore likely that, in contrast to the
OSW vegetation further south, that leaves of OSS are often
exposed to severe water deficits, even during the relatively
short wet season. According to the above theory, they would
therefore be expected to allocate more of their N and P to
potentially activated drought metabolic pathways than for
the OSW vegetation with more reliable rainfall patterns
further south; and hence with a lower rate of photosynthesis
per unit bulked leaf N or P.

The availability of data from tropical vegetation that is
suitable to test the proposed models is limited. However, we
note that by combining Eqn 1 with M4 and testing at a very
large scale, the estimates for Vimax and Jmax matched the
generalized differences in Vemax and Jmax expected for fertile
and non-fertile tropical soils and previously attributed to
low and high foliar P concentrations, respectively (Fyllas
et al. 2009; Kattge et al. 2009). Furthermore, Eqn 2 success-
fully predicted independent observations from a potentially
P-limited rain-forest (N : P ratio = 24). The wide availability
and low data acquisition cost of Ma, N and P for different
vegetation types (Reich ef al. 2007) make this a promising
step forward in trying to unravel and generalize the roles of
nitrogen and phosphorus in determining photosynthetic
capacity in tropical woody vegetation, a still poorly explored
but important research frontier in global ecophysiology.

CONCLUSIONS

This study presents substantial new combined leaf trait and
photosynthesis measurements to address the scarcity of
such data for tropical forests and savannas. Although our
results are broadly consistent with existing global patterns
in leaf traits governing A, Ma, N and P (Wright et al.
2004), differences from these global patterns are evident
(Fig. 2). Despite being required for vegetation models, esti-
mates of Vemax and Jmax are scarce for tropical ecosystems
(Xu et al. 2009) and our values are consistent with reported
measurements in rain forests and savanna, especially with
the peculiarly low slope for the regression of Vmax on Na
observed elsewhere (Meir efal. 2007). In a new model
framework that simultaneously fits independent linear rela-
tionships for both N and P with Vnax and Jim.x we show that
it is possible to improve on standard multiple regression
approaches and we indicate the potential for a single
general model of N and P limitation on the photosynthesis
of tropical vegetation. This model performs well when
tested against the limited data available and can be further
refined and improved as more tropical forest and savanna
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data sets across a wider range of climates and soil types
become available.
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APPENDIX B: A-C, CURVE FITTING ROUTINE FOR USE WITH ‘R’

## This script is a method for fitting a photosynthesis model to response curves of the dependency of assimilation rates over
CO; concentrations at the mesophyll.

## The method considers discontinuous nonlinear functions and solves for parameters by minimization of least-squares
differences between the data and the model.

## The output parameters (Vemax, Jmax (assuming saturating light), TPU, and Ry) are computed for temperatures measured
during the response curve.

## The error term takes into account the number of observations

## Photo = Net photosynthetic carbon assimilation (umol CO, m™2s7) Dependent Variable
## Ci=[CO,] inside the leaf (umol mol™) (same as ppm or ubar) Independent Variable
## Vemax = maximum carboxylation capacity (umol CO, m™2 s71) Parameter

## Jmax = electron transport rate (umol CO, m?s™!) Parameter

## TPU = triose phosphate utilization (umol CO, m2 s71) Parameter

## Ry =respiration under light (umol CO, m™2 s71) Parameter

## Tleaf = leaf temperature (°C) Independent Variable

#i# Start from a “clean” R environment
rm(list=Is(all=TRUE))
detach()
## Load relevant libraries
library(stats)
## Import data from a text file, skipping 12 initial information lines from a Licor 6400 standard output file. This value might
change according to individual machine’s setup.
response.curve <- read.table(filename <- choose.files(), skip = 12, header = TRUE)
attach(response.curve)
# the following prints the names of the variables from the data set, useful to check if file was loaded correctly
names(response.curve)
## Photosynthesis model based on:
## Farquhar G.D., von Caemmerer S. & Berry J.A. (1980) A biochemical model of photosynthetic CO, assimilation in leaves
of C; species. Planta 149, 78-90
## Sharkey T.D., Bernacchi C.J., Farquhar G.D. & Singsaas E.L. (2007) Fitting photosynthetic carbon dioxide response curves
for C; leaves. Plant, Cell & Environment 30, 1035-1040
# Model Constants

02 <-21 # Estimated Oxygen concentration at mesophyll - (kPa)
Kc <-40.49 # Michaelis-Menten constant for CO, (Pa) - von Caemmerer et al. (1994)
delta_Kc <- 59356 # activation energy (kJ mol™) - Badger & Collatz (1977)
# Kc adjusted to actual leaf temperature - (Pa)
Kc_Tleaf <- Kc * exp((Tleaf+273.15-298.15)+delta_Kc/(298.15%8.314+(Tleaf+273.15)))
Ko <-24.8 # Michaelis-Menten constant for CO, (kPa)- von Caemmerer et al. (1994)
delta_Ko <- 35948 # activation energy (kJ mol™) - Badger & Collatz (1977)
# Ko adjusted to actual leaf temperature - (kPa)
Ko_Tleaf <- Ko # exp((Tleaf+273.15-298.15)*delta_Ko/(298.15%8.314%(Tleaf+273.15)))
gstar <-3.69 # CO, compensation point (Pa)- von Caemmerer et al. (1994)
delta_gstar <- 29000 # activation energy (kJ mol™) - Jordan & Ogren (1984)

# gstar adjusted to actual leaf temperature - (Pa)
gstar_Tleaf <- gstar * exp((Tleaf+273.15-298.15)=delta_gstar/(298.15%8.314+(Tleaf+273.15)))
Km <- Kc_Tleafx(1+0O2/Ko_Tleaf)
# converts Ci from ppm to Pa
C <- Ci = Press * 0.001
## Function that contains the model equations and the variables
ffitt <- function(x){

Vemax <-x[1] # variable 1
Jmax <-x[2] # variable 2
TPU <- x[3] # variable 3
R4 <- x[4] # variable 4

# electron transport rate fitted to high C values

aj <- ifelse (C >=45, Jyax * (C - gstar_Tleaf) / (4+C + 8 * gstar_Tleaf)-Rqy, 999)
# ignore intermediary C values (region of co-limitation)

aa <- ifelse ((C > 30 & C < 45), Phot0,999)
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# carboxylation rate fitted to low C values

av <- ifelse (C <= 30, Vimax * (C - gstar_Tleaf) / (Km + C)- Rq4, 999)
# triose phosphate utilization fitted to the last point of the curve

atpu <- ifelse (C == max(C),3 * TPU - Rq, Photo)

a <- pmin(av,aj,aa)

adiff <- sum((Photo - a)"2) # least-square minimization
bdiff <- sum((Photo - atpu)”2)
diffsum <- adiff + bdiff # object to be minimized

}

## curve fitting procedure, using the “optim” command. It will vary the variables to get the smallest “diffsum” possible
#i# initial values (first guess) for the starting point of “optim”
start.values1 <- ¢(100,130,10,3)
first <- optim(start.values1,ffitt,control = list (maxit =9000), method = "BFGS”)
## calculating the error for the curve fitting
fit.error<-first§value[1]/(length(Photo)-sum(C>30 & C<45))
## creates a sequence of CO, values for the figures
Cseq <- seq(0,200,0.5)
# creates values of av based on estimated parameters (Vemax and Ry)
avl <- first$par[1] # (Cseq - mean(gstar_Tleaf))/(mean(Km) + Cseq ) - first$par[4]
# creates values of af based on estimated parameters (Jmax and Rq)
ajl <- first§par[2] * (Cseq - mean(gstar_Tleaf))/(4+Cseq + 8xmean(gstar_Tleaf)) - first§par[4]
# creates values of atpu based on estimated parameters (TPU and Rq)
atpul <- first$par[3] * 3 - first$par[4] + (Cseq /10710)
## creating a figure showing the relationship between Photo and [CO2] at the mesophyll
plot (C,Photo,col ="blue”,pch=19 xlim=c(0,200), ylim=c(-5,60), ylab="A (umol CO, m= s7')”, xlab="[CO,] at
mesophyll-Ci (Pa)”)
title(main = c(filename),cex.main=0.8)
lines (Cseq, avl, col = "red”, Iwd = "2”)
lines (Cseq, aj1, col = “orange”, Iwd = "2”)
lines (Cseq, atpul, col = “purple”, lwd = "2”)
text (50,60,”Vemax =”,pos=2,col = "red”);text (45,60,round(first$par[1],digits=1),pos=4,col = “red”)
text (50,55,”Jmax =",pos=2,col = “orange”);text (45,55, round(first$par[2],digits=1),pos=4,col = “orange”)
text (50,50,”TPU =",pos=2,col = “purple”);text (45,50,round(first$par[3],digits=1),pos=4,col = “purple”)
text (160,0,”Rd =",pos=2);text (170,0,round(first$par[4],digits=2),pos=4)
text (160,-5,”error =”,pos=2);text (170,—5,round(fit.error,digits=2),pos=4)
## end
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APPENDIX C

Table A2. Regression coefficients of the relationships between leaf photosynthetic capacity (Vemax-a and Jmax-a) and leaf traits (nitrogen
content, NA; phosphorus content, PA; and leaf mass to area ratio, MA), presented on area basis. Coefficients are not shown when p > 0.05.
Data was log;, transformed before analyses

Model All data 0SS OSW SwW SDF

Vemax.a =@ + bNa a=1.57,b=0.55, a=1.62,b=0.55, a=1.59,b=0.69, a=1.52,b=0.38, ns
?=0.20 =061 =027 r=0.14

Vemaxa =@ + bPx a=2.08,b=0.41, a=2.17,b=0.43, a=2.20,b=0.49, a=1.95,b=0.40, ns
=012 ?=035 #=0.19 ?=0.18

Viemax-a =a+bMa a=0.84,b=0.43, a=1.07,b=0.36, a=0.98, b=0.36, a=1.16,b=0.23, ns
r?=0.21 =037 ?=0.09 =011

ns

Vemax.a =@ + DNA + cPa a=1.76,b =045, ns ns ns ns
¢=0.18,7=0.21

Vemax.a =@+ bNa + cMa a=1.04,b=0.34, ns a=242,b=1.08, ns ns
¢=0.29,7”=0.26 c=-0.44,r=032

Vemaxa =a +bPa +cMa a=1.15b=0.17, a=1.53,b=0.23, ns ns ns
¢=0.36,=023 c=0.23,r7=042

Vemax.a =@+ BNA + cPa + dM 4 ns ns a=3.13,b=0.95, ns ns

c=0.34,d=-0.62,
=036

Jmax-a =€+ dNp c=1.76,d =048, c=1.79,d =048, ¢=1.77,d =0.70, c=1.77,d=0.29, c=1.66,d=0.36,
r?=0.20 ?=0.49 ?=0.10 *=0.09 r?=0.11

Jmax-a =€+ dPa ¢=2.23,d=0.36, ¢=2.23,d=032, ¢=2.35,d=045, c=2.14,d=0.35, ns
r?=0.13 »=0.20 r?=0.19 =011

Jinaxa =C+dMa c=1.16,d=0.37, c=1.34,d=0.30, ¢c=1.13,d=0.38, ns ns
=021 =027 r?=0.11

Jmax-a =d +eNa + fPa d=1.95,e=0.38, ns ns ns ns
f=017,r7=0.22

Jmax-a =d + eNa + fMa d=1.34,¢=0.30, ns d=2.57,e=1.07, ns ns
f=0.24,r*=0.26 f=-0.42,=039

Jmax-a =d + ePa+ fMa d=1.46,e=0.17, ns ns ns ns
£=029,72=0.23

Jmax-a =€+ fNA + gPa+hMa ns ns e=3.04, f=0.99, e=2.78, f=0.53, ns

g=023,h=-054,

=041

g=042,h=-036,

=024

ns, non-significant; OSS, open Sudan savanna; OSW, open savanna woodland; SW, savanna woodland; DF, semi-deciduous dry forest.
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