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e We compared photosynthetic capacity (maximal rate of carboxylation of Rubisco (V¢max),
and the maximum rate of electron transport (Jy,4)), leaf mass, nitrogen (N) and phosphorus
(P) per unit leaf area (M,, N, and P,, respectively), and chlorophyll from 210 species at 18
field sites along a 3300-m elevation gradient. Western blots were used to quantify the abun-
New Phytologist (2016) dance of the CO,-fixing enzyme Rubisco.
doi: 10.1111/nph.14079 * Area- and N-based rates of photosynthetic capacity at 25°C were higher in upland than
lowland TMFs, underpinned by greater investment of N in photosynthesis in high-elevation
trees. Soil [P] and leaf P, were key explanatory factors for models of area-based Vmax and
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elevation, leaf traits, nitrogen (N), Jmax but did not account for variations in photosynthetic N-use efficiency. At any given N,

phosphorus (P), ribulose bisphosphate and P,, the fraction of N allocated to photosynthesis was higher in upland than lowland

regeneration, temperature, tropical forests. species. For a small subset of lowland TMF trees examined, a substantial fraction of Rubisco
was inactive.

e These results highlight the importance of soil- and leaf-P in defining the photosynthetic
capacity of TMFs, with variations in N allocation and Rubisco activation state further influenc-
ing photosynthetic rates and N-use efficiency of these critically important forests.

. prerequisite for modelling carbon storage in tropical ecosystems,
Introduction with A being influenced 7nter alia by nutrient supply [particularly

Tropical moist forests (TMFs) play a significant role in the terres- nitrogen (N) and phosphorus (P)], elevation and growth temper-
trial carbon cycle, contributing one-third of global gross primary ature.

productivity (Beer et al., 2010; Malhi, 2010). Understanding the Early studies in lowland TMFs implicated low foliar P concen-
factors that regulate leaf photosynthesis (4) in TMFs is a  trations as a major influence on light-saturated net photosynthesis
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(A, (Reich & Walters, 1994; Raaimakers ez al., 1995), with soil
P being a major factor limiting Amazon productivity (Quesada
etal., 2012). Foliar P is crucial to the fine-tuning of A, (Fredeen
etal., 1989; Jacob & Lawlor, 1993) via regulation of key interme-
diates in carbon metabolism (e.g. ATP, NADPH and sugar phos-
phates including ribulose 1,5-bisphosphate (RuBP)). While the
direct effect of P limitation is primarily on RuBP regeneration,
reductions in Rubisco activity also occur (Brooks, 1986; Jacob &
Lawlor, 1992; Loustau ez al., 1999). Although Meir ez al. (2002,
2007) and Reich ezal. (2009) showed that A, at a given leaf N
concentration ([N]) was lower in lowland tropical trees than in
their temperate counterparts, the extent to which P limitations
per se alter A, <> [N] relations within TMFs is uncertain
(Bloomfield eral., 2014a; Domingues eral., 2015). A further
unknown is the extent to which large elevation gradients affect
Agae <> [N] relations in the tropics. Upland TMFs are more likely
to be limited by N than their lowland counterparts (Tanner ez al.,
1998). Upland TMFs also experience lower temperatures and
atmospheric CO, partial pressures, more frequent cloud cover
and greater leaf wetness (Grubb, 1977; Vitousek, 1984; Girardin
etal., 2010; Bruijnzeel eral., 2011). Such factors can limit A,
(Terashima eral., 1995; Bruijnzeel & Veneklaas, 1998; Letts &
Mulligan, 2005), leading to declines in productivity (Girardin
etal., 2010). Ay, values in upland TMFs have been documented
(e.g. Quilici & Medina, 1998; Cordell eral, 1999; Hikosaka
etal., 2002; Letts & Mulligan, 2005; Rada ez al., 2009), showing
Agae to be constant with increasing elevation (Cordell eral.,
1999), or declining with increasing elevation (Hikosaka ezal,
2002; Wittich et al., 2012).

Rates of A, are subject to variations in stomatal conduc-
tance (g) and the partial pressure of internal leaf CO, (C)
(Santiago & Mulkey, 2003). As variations in ( alter both
CO, uptake and photorespiratory CO, release, variations in
G could potentially confound our understanding of how envi-
ronmental gradients alter N investment in A. By contrast,
variations in g have less impact on the fundamental, biochem-
ical parameter of photosynthetic capacity — that being the
maximum rate of carboxylation by Rubisco (i.e. V... Posi-
tive correlations between V.., and leaf [N] have been
reported for some tropical species (Carswell ezal, 2000; Meir
etal, 2002, 2007; Domingues eral, 2005; Kumagai eral.,
2006; Varhammar eral, 2015), whereas in others no strong
Vimax <> [N] relationship was observed (Coste ez al., 2005; van
de Weg eral., 2012; Dusenge eral., 2015). Although reports
on V.. are less widespread in the tropics than those on A,
the available data suggest that V.. values, as well as V.,
per unit N (herein termed ‘V N, are lower in lowland
TMFs than in their nontropical counterparts (Carswell ezal,
2000; Meir eral., 2002, 2007; Domingues ezal., 2007, 2010;
Walker eral, 2014; Varhammar eral, 2015). Kattge etal.
(2009) re-analysed data to show that V... per unit N in
TMFs growing on young, relatively high nutrient status soils
was higher compared with their older, Ferralsol and Acrisol
soil counterparts which are characterized by very low soil P
availability (Quesada etal, 2010). These observations are con-
sistent with laboratory studies showing reduced V.. (Lauer
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etal., 1989; Loustau eral, 1999) and reduced N allocation to
Rubisco (Warren & Adams, 2002) under P-limited condi-
tions. Increased allocation of N to nonphotosynthetic compo-
nents may also play a role (Domingues eral, 2010; Lloyd
eral, 2013), as might inactivation of Rubisco (Stitt &
Schulze, 1994). Yet, doubt remains regarding the general
Vimax <> [N] relationship in TMFs because of the scarcity of
data, in both lowland and upland TMFs. Comprehensive sur-
veys of Vi (and the maximum rate of electron transport
(Jmax)) across lowland and upland TMFs are required to estab-
lish whether there are generalized patterns of photosynthetic
capacity in relation to environmental conditions and/or other
leaf traits.

TMF species with higher leaf nutrient concentrations and
lower leaf mass per unit leaf area (A1,) values are often found in
more fertile soils (Fyllas ezal., 2009), and M, tends to increase
with increasing elevation (Hikosaka eral, 2002; van de Weg
et al., 2009; Almeida et al.,, 2012; Asner et al., 2014b); leaf chem-
istry also systematically shifts along elevation gradients in the
tropics (Asner eral., 2014b). Large variations in leaf traits have
also been observed among co-occurring species, reflecting the
importance of phylogenetic relationships in determining trait val-
ues in TMFs (Townsend etal., 2007; Kraft ezal., 2008; Fyllas
et al., 2009). Whether similar patterns hold for estimates of V.
in lowland and upland TMFs (and V_,..N), is, however, not
known.

Variations in V.~ underlie variations in photosynthetic
N-use efficiency. Further insights can be gained by quantifying
the proportion of N allocated to the pigment—protein complexes
(np), electron transport (7z) and Rubisco (#g) (Evans &
Seemann, 1989; Pons ez al., 1994; Hikosaka, 2004). Quantifica-
tion of Vi ax Jmax leaf chlorophyll and [N] can be used to esti-
mate 7p, ng and ng (Evans & Seemann, 1989; Niinemets &
Tenhunen, 1997). In nontropical plants, lower A, at a given N
(An) is associated with reduced allocation of N to photosynthesis
and increased allocation to nonphotosynthetic components
(Poorter & Evans, 1998; Westbeek eral, 1999; Warren &
Adams, 2001; Takashima eral, 2004; Hikosaka & Shigeno,
2009). Similarly, variations in Ay were associated with differ-
ences in N allocation to and within the photosynthetic apparatus
in glasshouse-grown tropical tree seedlings (Coste ezal., 2005)
and in high-elevation TMFs of Rwanda (Dusenge ez al., 2015).
To our knowledge, no study has quantified N allocation patterns
in field-grown tropical trees, and not with respect to field sites in
upland and lowland TMFs.

We examined variations in photosynthetic capacity and leaf
traits across TMF canopies located at 18 sites along a 3300-m ele-
vation gradient stretching from lowland western Amazonia to the
Andean tree line in Peru. The study included 11 lowland sites in
northern and southern Peru (elevation 117-223 m above sea level
(asl)), and seven upland sites at elevations of 1527-3379 m asl in
southern Peru. Our site selection enabled an assessment of the
potential role of P availability on photosynthetic performance
across Amazonian—Andean TMF sites differing > 40-fold in total
soil P. The upland sites were characterized by a floristically dis-
tinct assemblage of montane forest species, with the transition
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from lowland moist forests to upland montane forests coinciding
with an increase in cloud cover (van de Weg ez al., 2009; Brui-
jnzeel etal., 2011). In conjunction with the recent findings of the
key role of P in modulating carbon investment (Quesada ezal.,
2012) and photosynthesis (Bloomfield ezal., 2014b) of tropical
trees, and that leaf P varies predictably along soil P and elevation
gradients (Asner ez al., 2014b), we addressed the following ques-
tions: do tropical TMF species growing on low-P soils exhibit
lower photosynthetic capacity and photosynthetic N-use effi-
ciency than TMF trees growing on sites with higher P availabil-
ity? Are there marked differences in Vo Jfmax a0d VinaeN
between lowland Amazonian and upland Andean TMFs? Are dif-
ferences in Viyao Jmax and Vogaen linked to concomitant varia-
tions in other leaf traits and/or environmental variables?

Materials and Methods

Study sites

Field work was carried out in 18 one-hectare long-term monitor-
ing plots in Peru which contribute to the ABERG and
RAINFOR networks of permanent sample plots. The plots are
arrayed along gradients of elevation (117-3379 m asl) and soil
nutrient status (Table 1). For each site, climate data were
obtained from Asner etal (2014a) and Y. Malhi (unpublished).
Marked changes in species richness, canopy cover and tree height
occur along the elevation gradient (Asner ez al., 2014a; Girardin
et al., 2014b; Silman, 2014), reflecting local geological substrates,
as well as changes in growth temperature, cloud cover and light
environment. In addition to marked inter-site differences in total
soil [N] (0.6-15.5 gngfl), substantial variation in total soil
[P] occurs across both the lowland (38-727 mgP kg_l) and
upland sites (496-1631 mngg_l) (Table 1). Soils at three of
the lowland sites in northern Peru (JEN-12, ALP-30 and ALP-
40) are notable for being low nutrient status arenosols/podzols
(‘white sands’). Among the lowland and upland sites, mean
annual precipitation (MAP) values range from 1560 to
5300 mmyr~'. Mean annual temperature ranged from 8.0 to
18.8°C across the upland sites, and 24.4 to 26.6°C among the
lowland sites.

At each site, tree climbers collected upper canopy branches
(supporting leaves considered to be typically exposed to full sun-
light for much of the day) from dominant tree species. There was
litele replication of individual species possible at any site. Each
tree was initially identified to the genus level and, whenever possi-
ble, to the species level. A total of 353 individual trees drawn
from 210 species were sampled across the 18 sites. See Support-
ing Information Methods S1 for further details.

Leaf gas exchange measurements

Measurements of leaf gas exchange were made during July to
September 2011, using portable photosynthesis systems (Li-Cor
6400XT infrared gas analyser; Li-Cor BioSciences, Lincoln, NE,
USA). Measurements were made on the most recently fully
expanded leaves attached to the cut branches (which had been re-
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cut under water immediately after harvesting to preserve xylem
water continuity).

CO, response curves of light-saturated photosynthesis
(A <> G curves) (at 1800 pmol photons m~s!) were obtained
within 30—-60 min after branch detachment. CO, concentrations
inside the reference chamber ranged in a stepped sequence from
35 to 2000 pmol mol ! (see Methods S2 for details). Block tem-
peratures within the chamber were set to the prevailing daytime
air temperature at each site (from 25 to 28°C). The resultant
A<> C curves (examples shown in Fig. 1) were fitted following
the model described by Farquhar ezl (1980) in order to calcu-
late V_ax and /. on a leaf area basis; see Methods S2 for details.
For every A <> C curve, recorded air pressure was used to correct
for altitudinal changes in O, partial pressure, and to calculate
intercellular CO, (C) values on a partial pressure basis.

Rates of CO, exchange were corrected for possible gas dif-
fusion through the gasket of the Li-Cor 6400XT leaf chamber
(Bruhn eral, 2002) before calculation of V... and /o
Assuming infinite internal diffusion conductance (g,),
Michaelis constants of Rubisco for CO, (K. and O, (K,) at
a reference temperature of 25°C were assumed to be 40.4 Pa
and 24.8 kPa, respectively (von Caemmerer ezal., 1994); these
values were adjusted to actual leaf temperatures assuming acti-
vation energies of 59.4 and 36k] mol™' for K. and K,
respectively (Farquhar ezal, 1980). Fitted parameters were
then scaled to a reference temperature of 25°C using activa-
tion energies of 64.8 and 37.0Kk]J mol ™! for Vi and Joao
respectively  (Farquhar eral, 1980). Finally, rates of A
obtained at ambient CO, concentrations of 400 and
2000 pmol mol ™" (A400 and Aygno, respectively) were extracted
from the A<> G curves and reported separately.

As atmospheric CO, was not always saturating for measure-
ments of upland species (because of low atmospheric partial pres-
sure, resulting in insufficient CO,-saturated rates of A4 to enable
calculation of /), it was likely that /.., may have been under-
estimated in some cases; where this was likely to be the case (i.e.
where there was no clear plateauing of A at high C values), we
excluded the resultant /., values from the Andean data set. With
the exception of a few cases (e.g. Schefflera sp.; Fig. 1), A< G
curves typically flattened out at high G values (> 90% of curves),
with A increasing slightly as G values increased further (see
Fig. 1), suggesting that feedback inhibition of A through limita-
tions in triose-phosphate utilization (TPU) was unlikely.

Leaf structure and chemistry determination

Leaves were collected immediately following the gas exchange
measurements. Initially, the leaf mid rib was removed; thereafter,
a digital photograph was taken using a high-resolution scanner
(CanoScan LiDE 210; Canon, Hanoi, Vietnam) and later anal-
ysed for leaf area (IMAGE]J, v.1.38; National Institutes of Health
(NIH), USA). Leaves were then placed in an oven at 70°C for at
least 48 h, the dry mass was measured and the leaf mass per unit
leaf area (M) was calculated. Total leaf N and P concentrations
in dried leaves were determined using the Kjeldahl acid digest
method, as detailed in Ayub ezl (2011).
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Fig. 1 Fitted curves of the response of CO, assimilation rate (A (area-
based)) to intercellular CO, (C)) at saturating light for (a) a lowland species
Glycydendron amazonicum (TAM-09) and an upland species Cecropia
angustifolia (SPD-01) and (b) two upland species, Citronella incarum
(TRU-03) and Schefflera sp. (WAQ-01). Closed circles are the measured
rates of assimilation, A. Solid lines correspond to fitted response and
dashed lines correspond to estimated response at high C;. The maximum
Rubisco carboxylation capacity (Vcmax) was calculated from the curvature
of the dashed line and the maximum electron transport rate (Jiax) was
calculated from the points where A saturated. Individual leaves were
measured at temperatures set close to the prevailing growth temperature,
and therefore V max and Jmax Were then normalized to 25°C. CO, was not
always saturating for most upland measurements because of low partial
pressure and/or phosphate limitation.

Chlorophyll and Rubisco measurements

Leaf discs from mature leaves adjacent to the gas exchange leaf
were collected and transferred to a —80°C cryogenic field con-
tainer for subsequent chlorophyll and Rubisco assays in the labo-
ratory.

The chlorophyll content of each set of leaf discs was deter-
mined using a dual-beam scanning UV-VIS spectrometer
(Lambda 25; Perkin-Elmer, Shelton, CT, USA) after extraction
of chlorophyll pigments from two frozen leaf discs (0.77 cm?
each) with 100% acetone and MgCOj, as outlined in Asner ez al.
(2014b). Chlorophyll a: b ratios varied between 2.45 and 2.75,
which is consistent with results of past studies on tropical trees in
the Peruvian Amazon (Asner & Martin, 2011).

Protein was extracted from frozen leaf discs following the
method outlined in Gaspar ¢z al. (1997) with slight modifications
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(see Methods S3 for details of optimization of protein assays).
Frozen samples of 0.50 cm” were ground in Eppendorf tubes and
washed consecutively in 100% methanol, hexane and acetone.
Treated leaf powder was then resuspended in protein extraction
buffer (140 mM Tris base, 105mM Tris-HCI, 0.5 mM
ethylenediaminetetraacetic acid, 2% lithium dodecyl sulfate
(LDS) and 10% glycerol) containing 5 mM DTT and protease
inhibitor cocktail (Sigma-Aldrich, Castle Hill, NSW, Aus-
tralia), heated for 10 min at 100°C to completely dissolve
extracted protein, then clarified by centrifugation (14 000 g
10 min; room temperature). The supernatant was tested for
protein content.

Equivalent volumes of supernatant were diluted in 4x SDS-
PAGE sample buffer (Invitrogen Life Technologies, Carlsbad,
CA, USA) then loaded onto gels. As we extracted protein from a
known amount of leaf area, we were able to analyse our samples
on an equivalent leaf area basis. Varying concentrations of
Rubisco, purified from tobacco (Nicotiana tabacum), were also
loaded onto gels, serving as a calibration series. Proteins were run
on 4—-12% NuPAGE Bis-Tris gels (Invitrogen Life Technologies)
according to the manufacturer’s instructions and transferred to
Immobilon-P PVDF membranes (Merck Millipore, Kilsyth,
Vic., Australia) using an XCell II Blot module (Invitrogen).
Membranes were blocked with 5% skimmed milk powder in
Tris-buffered saline containing 0.5% Tween-20 (TBS-T) and an
antibody raised in rabbits against tobacco Rubisco (used at
1:5000) prepared by Spencer Whitney (Research School of Biol-
ogy, Australian National University, Canberra). Secondary anti-
body (goat-anti-rabbit-alkaline phosphatase conjugate; Agrisera,
Vannas, Sweden) was diluted 1:5000. Blots were visualized
using the Attophos AP fluorescent substrate system (Promega,
Madison, WI, USA) and imaged using a Versa-Doc (Bio-Rad,
Hercules, CA, USA) imaging system. Blots were analysed using
QuanTrTy ONE software (Bio-Rad) and the relative band densities
of each protein were determined from duplicate samples, and
data averaged. The Rubisco concentration was calculated from
the large subunit (molecular mass of 55kD and 16% N by
weight).

Estimation of N allocation in photosynthetic metabolism

N allocation in three major photosynthetic components (pig-
ment—protein complexes, electron transport and Rubisco) for all
leaves was estimated from chlorophyll concentration, V., and
Jmax> respectively. N allocation to pigment—protein complexes
(np) was calculated by assuming 44 mol N per mol of chlorophyll
(Evans, 1989). N allocation to Rubisco (7g) was estimated from
values of V. according to Harrison ezal. (2009), with slight
modification (2.33 mol CO, (mol Rubisco sites) 's~! for the
catalytic turnover number of Rubisco at 25°C; Harrison et al.,
2009). We here assumed that all Rubisco was fully activated and
mesophyll conductance was infinite. The allocation of N to elec-
tron transport components () was calculated from /., assum-
ing 160 mol electrons (mol cytochrome f)_1 s~ ! and 8.85 mol
N (mmol cytochrome )" (Evans & Seemann, 1989). The pro-
portion of total leaf N allocated to each photosynthetic
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component was calculated by dividing the N investment in each
component by the total N content per unit leaf area.

Data analysis

Log,o transformations were carried out on leaf trait values when
necessary to ensure normality and minimize heterogeneity of
residuals. Student #tests (two-tailed) were used to compare over-
all means of lowland and upland species. Standardized major axis
(SMA) estimation was used to describe the best-fit relationship
between pairs of variables and to assess whether relationships dif-
fered between lowland and upland elevation classes, using SMATR
version 2.0 software (Falster ezal, 2006; Warton et al., 20006).
The decision to compare upland and lowland trait relationships
reflects the strong elevation contrast in environments, phylogeny,
floristic composition and forest structure (Gentry, 1988; van de
Weg et al., 2009; Asner et al., 2014b). The significance of SMA
regression was tested at o0 = 0.05.

In addition to the above bivariate analyses, we also used a
mixed-effects linear model combining fixed and random compo-
nents (Pinheiro & Bates, 2000) to account for variability in area-
and N-based rates of V., and area-based rates of /... This
approach enabled the structured nature of the data set to be rec-
ognized, and for interactions between multiple terms to be con-
sidered. The model’'s fixed effect included continuous
explanatory variables only: leaf traits (M, and area-based leaf N
and P), and environment variables (soil P and N concentrations,
mean annual temperature (MAT) and the effective cation
exchange capacity of soil (ECEC)). Model specification and vali-
dation were based on the protocols outlined in Zuur ez 4l. (2009)
and fitted using the n/me package (R package v.3.1-105; R
Foundation for Statistical Computing, Vienna, Austria; R Devel-
opment Core Team, 2011). Details of the model selection pro-
cess are provided in Table S6. Briefly, phylogeny (family/genus/
species) was treated as a nested random effect, placing focus on
the variation contained within these taxonomic terms, rather than
mean values for each level. Site variation was captured by soil and
environmental factors considered in the model’s fixed compo-
nent; because of this, no site term was included in the random
component. Model comparisons and the significance of fixed-
effects terms were assessed using Akaike’s information criterion
(AIC). Unless otherwise stated, statistical analysis was performed
using Spss v.20 (IBM Corporation, Armonk, NY, USA).

Results

Variations in leaf chemistry and structure

Among lowland sites, there was a six-fold variation in leaf N : P
ratios (7.6-45.9) (Table S1), but for upland sites, when ranked
according to increasing elevation, mean values of leaf N : P were
largely consistent across sites of similar elevation (Table 1). Across
all sites (lowland and upland combined), variations in leaf N : P
ratios were predominantly driven by variations in leaf [P]
(#=0.59; P<0.01; Table S2) rather than leaf [N]. Variations in
area-based leaf [P] (P,) were positively correlated with soil [P]
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(#=0.37; P<0.01) and elevation (*=0.48; P<0.01). Weaker
positive associations were observed for area-based leaf [N] (N,)
with total soil [N] (#=0.10; P<0.01) and elevation (*=0.14;
P<0.01).

Leaf mass per unit leaf area (A4,) varied widely, both among
and within lowland (54-230 g m ) and upland (60249 ¢ m ?)
sites (Tables 1, S1). Although variations in M, were not corre-
lated with variations in soil [P], there were significant (but weak)
correlations between M, and total soil [N] (#*=0.04; P<0.01)
and elevation (#*=0.03; P<0.01) (Table S2). The overall mean
of M, for the sampled upland species (143 & 39 gm ™ ?) was sig-
nificantly  higher than that of the lowland species
(132 435 gm™ % Table 2, P<0.05).

Across all 18 sites, leaf N, was positively correlated with A,
(P<0.01; #=0.12; Table S2), with the N, <> M, relationship
being stronger among upland than lowland sites (#=0.07 for
lowland sites and 7> = 0.20 for upland; see Table S3 for P-values,
slopes and intercepts of each SMA relationship). The slope and
intercept of the relationship differed between the two elevation
classes (Fig. 2a) — upland species exhibited higher N, for a given
M, than lowland species, particularly in low A, species. Across
all sites, leaf P, exhibited a weak, positive correlation with A,
(P<0.01; #=0.04; Table S2). Similarly, a weak positive
P, <> M, relationship (2= 0.003; 7 =0.04; Table S3) was found
among upland species (Fig 2b). Although no significant P, <> M,
relationship was found among lowland species (with leaf P, vary-
ing 20-fold; Table S1), mean values of P, at a given M, were
lower than those of their upland counterparts.

Variations in photosynthetic metabolism

Light-saturated rates of photosynthesis per unit leaf area, mea-
sured at the prevailing daytime air temperature (7) at each site
and at an atmospheric CO, concentration of 400 umol mol ™'
(A400.,0)> differed among co-occurring species (Table S1). How-
ever, there was no significant difference between mean values of
A400.. from lowland and upland classes (Table 2). This uniformity
of A0, occurred despite significantly lower measuring 7 values
at the high-elevation sites (overall means: lowland 29.4 £ 0.9°C;
upland 25.7 £ 2.1°C; P<0.05) and lower intercellular CO, par-
tial pressure () (overall means: lowland 28.4 & 3.7 Pa; upland
18.8 +3.0 Pa; 2<0.05) (Table S4). Assessed on a per unit leaf N
basis (Aso0n), average rates were lower at the upland sites com-
pared with their lowland counterparts (Tables 2, S4), reflecting
higher leaf N, for trees at high elevation (Table 1). Across sites,
mean Agp N decreased with decreasing MAT (Fig. S1d). Area-
based rates of photosynthesis at elevated CO, (Aypp0.) Wwere
higher in upland (17.1-26.5 pmol m 25! Table S4) than low-
land (16.1-22.6 pmol m %5~ 1) species (P£<0.05). The higher
values of Ayppo. at the upland sites were achieved despite the
colder temperatures. On a per unit leaf N basis (A4y000,n), average
rates were similar for the two elevation classifications (Table S4;
Fig. Sle).

To explore differences in the rates of the underlying compo-
nents of net photosynthesis, we compared maximal area-based
rates of CO, fixation by Rubisco (V nax.) and photosynthetic
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depicted in the A <> C; curves in Fig. 1. Closed symbols, lowland species;
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was particularly pronounced at the upland sites (Fig. 3;
Table S1).

Variations in _]max‘,a25 were strongly correlated with chme,
both for lowland (#*=0.59) and upland classifications (#=0.75)
(Fig. 4). Overall, the ]rmm25 <~ chax,azsrelationship was similar
in the two elevation groups, with mean ]max,a25 : chax,azs
being statistically equivalent in lowland and upland classes
(Table 2). Importantly, marked differences in ]max,a25 : chaxvazs

ratios

New Phytologist (2016)
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ratios were observed among individuals (Figs 3, 4), underpinned
by fundamental differences in the CO, response of net photosyn-
thesis (e.g. Fig. 1b). In most leaves, ]max,a25 and chax’azs co-
varied, resulting in relatively constant Jpea® @ Vemaxs ratios, as
illustrated by data from individual plants of Cecropia angustifolia
and Glycydendron amazonicum where the ]mm25 : chaX7325 ratio
was 1.8 (Figs la, 4). However, some leaves exhibited high
Vimaxa® but low Jow.? (Fig. 1b; individual of Schefflera sp.,
where ]max_’az5 : chaxvazs =1.1) while other leaves with a similar
Vmax,fs had markedly higher Jmaxa’ (e.g. the Citronella
incarum  individual in Fig. 1b) leading to a higher
]max,a25 : chax,azsvalue (2.4). Such variations in ]ma,(’a25 and
Vimaxa” probably reflect intra- and/or inter-specific variations in
relative allocation of N allocation to Rubisco vs electron trans-

port/bioenergetics.

Bivariate relationships

Across all 18 sites, V;mamzs and ]max,azs exhibited positive corre-
lations with soil P, soil N and elevation, and negative correlations
with MAT (Table S2); the strength of these relationships was
greater for ]maxyfs than chxjazs. Relationships with MAP were
either weak (]max‘,aﬁ) or not significant (chax,azs) (Table S2).
Across all sites, variations in chax,azs and ]max‘,a25 were also corre-
lated with leaf chemical composition traits (Table S2), with
bivariate relationships being stronger with P, (P<0.01; #*=0.11
for Vimaxa™s 7 =0.13 for Juaua>’) than N, (P<0.01; #=0.05
for both chax,azs and Jmaxa>). Leaf N : P ratios exhibited weak,
negative correlations with Vi ,> and ],,rla,;7a25 (P<0.01;
#=0.08 for Kmax’azs, #=0.06 for]max’azs; Table S2). No signif-
icant relationship was found between chamzs and M, whereas
the ]max,a25 <> M, relationship was significant (P<0.05;
# =0.04; Table S2).

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust



New

Phyrclgis
(b) (d) .
T, 807 1 i 1 ° Om%0£20% ° e
) o *So0 L% °
IS c)O o @ o
S . ‘N
£ R i T
3 P onC J C)
5 204 . . E ° g Re N
] ° ®0 ° o
© L]
£
N o ® °® °
L] L]
5
S 0 ©@ (h)
e g
= ° oo o® o 0% ° P o . o
T o
2 & O@%O.og 0 o° g% 8°
é ° o O.. %) “oo.-o o .:: OO&..&.J.. ° ...
© =\ "' O'c'. ° '\" °
g 60 e o " " . 1 1 1 Cos oeiSe on” °
3 ° o e” o% ° 'o. ¢ o .0 x..' ® °
< ° ° ..' & o o ﬁ. i
% ° «® ©° ° %o ®e o
£ ° °
N
L] [ ] L]
15 T T T T T
50 200 0.5 1.0 2.0 4.0 0.01 0.05 050 4 16 64
M, (g m3) N, (g m=2) P, (g m7) Leaf N:P

Fig. 5 Upper panels: log-log plots of maximum carboxylation velocity of Rubisco normalized to 25°C (Vemaxa>>) in relation to (a) leaf mass per unit leaf
area (M), (b) leaf nitrogen (N) area (N,), (c) leaf phosphorus (P) area (P,) and (d) leaf N : P. Data points represent individual leaf values (150 lowland
species and 95 upland species). Standardized major axis (SMA) tests for common slopes revealed significant differences when comparing Vemaxa?> <> Na,
Vemaxa® <> Pa and Vemaxa?® <> leaf N: P relationships between lowland and upland species, but no significant difference when comparing slopes of
Vemaxa>> <> M, relationships between lowland and upland species. Lower panels: log-log plots of maximum rate of electron transport normalised to 25°C
Umaxa??) in relation to (e) M, (f) N, (g) P, and (h) leaf N : P. Data points represent individual leaf values (127 lowland species and 58 upland species).
SMA tests for common slopes revealed significant difference when comparing Jmax.22> and leaf traits relationships between lowland and upland species.

Closed symbols, lowland species; open symbols, upland species. SMA regressions are given only when the relationships are significant (P < 0.05); refer to
Supporting Information Table S3.

When assessed among upland sites, no significant relationships
were found between cha&fs, M, N,, P, or N:P ratio (Fig. 5a—
d). For lowland sites, chn,azs was positively related to P,
(P=0.013; #=0.04; Table S3) and N, (P=0.050; = 0.02;
Table S$3), but not leaf N : P ratio or M, (Fig 5a—d). The absence
of an N: P effect for upland or lowland classes was consistent
with SMA analyses comparing the slopes of chax’azs <~ N,,

opposed to N (and vice versa) (Glisewell, 2004). No significant
difference in the slopes of the relationships was found (P> 0.05;
data not shown). Similar patterns were observed for ]max‘,a25
(Fig. 5e-h), which was positvely related to N, (P=0.012;
#=0.05; Table S3) and P, (?=0.002; #*=0.08; Table S3) for
the lowland class only.

Investigating whether variations in photosynthetic N-use effi-

chaX,aZS <> P, and Kmax7a25 <> M, for the lowland class, split
according to leaf N : P ratios below and above 20 — this ratio gen-
erally being thought indicative of the N:P ratio above which
physiological processes are more likely to be limited by P as

ciency were related to M,, both across all sites (Table S2) and
within each elevation class (Fig. 6a), there was no significant
Vmax’st <> M, relationship across all 18 sites (Table S2) or
within the upland elevation class (Table S3). Nevertheless, for
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Fig. 6 Log-log plots of the ratio of maximum carboxylation velocity of Rubisco normalized to 25°C (Vemax.a>>) to leaf nitrogen (N) (Vemax ) in relation to
(a) leaf mass per unit leaf area (M,), (b) leaf phosphorus (P) area (P,) and (c) leaf N : P. Data points represent individual leaf values (150 lowland species
and 95 upland species). Standardized major axis (SMA) tests for common slopes revealed a significant difference only when comparing Vemaxn?® <> Pa

between lowland and upland species. Symbols: closed symbols, lowland species; open symbols, upland species. SMA regressions are given only when the
relationships are significant (P < 0.05); refer to Supporting Information Table S3.
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the lowland class, a weak negative chax’st <> M, relationship
was observed (P=0.01; Table S3). On average, chax,st at a
given M, was higher in upland species than in their lowland
counterparts. With respect to foliar P, there was no significant
relationship between chax,st and leaf P, or leaf N:P ratio
when considering the elevation classes separately. This conclusion
held for Vimun?® <> P, when combining upland and lowland
data (Table S2). For chax,st <> N: P, combining upland and
lowland data resulted in a weak significant relationship (£<0.05;
#=0.02; Table S2); similarly, relationships between chax,st
and soil P, soil N and elevation were relatively weak (Table S2).
Collectively, these results show that the proportion of the vari-
ance in VN> accounted for by the above soil- and leaf-level
parameters was negligible.

Variation in N-allocation patterns

To further explore what factors might contribute to variations in
Vemaxn2» we calculated the fraction of leaf N allocated to photo-
synthesis (724); 75 is dependent on the allocation of leaf N to
Rubisco (7g), electron transport (#zg) and pigment—protein com-
plexes (7p). Fig. 7 shows that mean values of 74 and its underly-
ing components exhibited relatively little variation across sites.
Nevertheless, inter-specific variations were evident at each site,
with 7y varying up to seven-fold at some sites (e.g. CUZ-03;
0.03—0.20; Table S1). A large proportion of N was inferred to be
allocated to pigment—protein complexes, with 7p being greater
than 7y and 7 combined. The overall mean of 7y for the upland
class (0.105) was significantly higher than that for the lowland
class (0.090; Table2; P<0.05). Similarly, g was higher for
upland (0.034) than for lowland groups (0.028; Table2;
P<0.05). There was no difference between the elevation classes
in np. Overall, 75 was similar in the lowland and upland group-

ings (37-38%; Table 2).

0.6
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There was considerable variability in 74 among lowland and
upland species (0.1-0.6), with significant negative correlations
being found with M,, N, and P, for the lowland group (Fig. 8;
Table S5). Similar significant correlations existed for the upland
class but with the important caveat that upland species consis-
tently exhibited higher 74 at a given N, and P, (Figs8, S2;
Table S5). Thus, while mean values of 74 were similar in upland
and lowland species, the fraction of leaf N allocated to photosyn-
thesis was greater in upland plants when comparisons were made
at common leaf N, and P, values.

Validation of Rubisco estimates by in vitro assays

We used 77 vitro Rubisco assays on 16 lowland species (Fig. 9a)
to quantify zg, thus allowing direct comparison with that of the
in vivo estimates derived from chamzs. Fig. 9(b) shows that
there was considerable discrepancy between in vitro and in vivo
predicted ng. If one assumes that the in vitro values provide an
estimate of potential Rubisco capacity, and that the 77 vivo values
are indicative of the realized maximum rate in intact tissues, then
it is possible that the 77 vivo approach underestimates the propor-
tion of N allocated in Rubisco. Reliance on the iz vitro values
resulted in marked increases in 7y at a given M, albeit the overall
pattern of increasing ng with decreasing M, still held (Fig. S3a).
Considering the overall N investment pattern in photosynthetic
metabolism, adopting in vitro estimates of 7y resulted in marked
increases in the total fraction of N allocated to photosynthesis
compared with 77 vivo estimates (Fig. S4). Indeed, in some cases
in vitro estimates of N allocation to Rubisco was similar to, or
even higher than, N allocation to pigment—protein complexes
(Fig. S4). Collectively, these results suggest that the answer to the
question ‘How much leaf N is allocated to photosynthesis’ will
depend on whether 77 vivo or in vitro estimates of sy are used in
the underlying calculations.
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Fig. 7 Stacked graph showing the fraction of leaf nitrogen (N) in pigment—protein complexes (np), in electron transport (ng), and the in Rubisco (ng) for
each site. ng was estimated from the maximum carboxylation velocity of Rubisco (normalized to 25°C), Vemax.22>; ne was estimated from the maximum
electron transport rate (normalized to 25°C), Jmaxa>>; and np was estimated from the chlorophyll concentration. np values were unavailable for six sites as a
consequence of thawing of leaf samples. Sites are arranged according to decreasing leaf N : P for lowland sites and increasing elevation for upland sites.

Error bars, + SE of mean.
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I'IA (fraction of leaf N in photosynthesis)
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Fig. 8 Log-log plots of the total fraction of leaf nitrogen (N) allocated to photosynthetic metabolism (n,) in relation to (a) leaf mass per unit leaf area (M,),
(b) leaf N area (N,) and (c) leaf phosphorus (P) area (P,). Data points represent individual leaf values (126 lowland species and 40 upland species).
Standardized major axis (SMA) tests for common slopes revealed no significant difference when comparing relationships between lowland and upland
species, but with the elevation (i.e. y-axis intercept) of the bivariate relationship being higher in upland species than in lowland species. Closed symbols,
lowland species; open symbols, upland species. SMA regressions: solid line, lowland species; dashed line, upland species. SMA regressions are given only
when the relationships are significant (P <0.05); refer to Supporting Information Table S5.

Modelling variations in Vima.”, Jmaca>> and Vinaen™

We used mixed-effects to model variations in
Vimaxas ]max_raz5 and V;max"st; the starting model included

linear

(@) Tobacco dilution series L. unguiculata
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Fig.9 (a) SDS-PAGE profile of Rubisco extracted from frozen fresh leaf
discs. Individual bands show large subunits of Rubisco. The last five bands
on the right side (A-E) correspond to 0.47, 0.54, 0.57, 0.78 and

1.21 gm~2 of Rubisco for lowland species (Licania unguiculata from the
Chrysobalanaceae family), which then translate to values for the fraction
of leaf N in Rubisco (ng) of 0.03, 0.04, 0.04, 0.06 and 0.09. In this case,
the final value of in vitro ng for L. unguiculata was 0.04, as calculated
from A-C, as these values fall within the tobacco standard curve. The
standard curve was obtained for a dilution series of tobacco Rubisco. (b) In
vitro ng estimated from a Rubisco western blot assay plotted against

in vivo ng derived from the maximum carboxylation velocity of Rubisco
(normalized to 25°C), Vemax.a>>. n=16. The dashed line indicates the 1 : 1
relationship.
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only continuous explanatory terms for leaf traits and envi-
ronmental variables. Additional details of the model selection
procedure are provided in Table S6. When presented with
information on soil and leaf P and N as key nutrients driv-
ing maximum carboxylation capacity of Rubisco, the final
preferred model for Km“7325 (model 6; Table S6) retained P
only, suggesting an increase of chax’azs as soil and foliar P
increase (Table3). A combination of site-level soil P and
individual-level foliar P as fixed effects, and family as a ran-
dom effect, explained 39% of the variation in Vg
(Fig. S5). Inclusion of MAT, soil N, leaf N,, M, and effec-
tive cation exchange capacity of soils as fixed effects did not
improve model performance (Table S6). The model’s variance
components, as defined by the random term, indicated that
family accounted for only 2.5% of the unexplained variance
(i.e. the response variance not accounted for by the fixed
terms) (Table 3). Finer phylogenetic detail (genera and species)
did not improve the model. A review of diagnostic plots from
the final preferred model showed that inclusion of elevation
class did not improve model performance given the prior
inclusion of environmental variables that describe the elevation
gradient (e.g. soil P, soil N and MAT).

Similar to chax’a%, variations in ]max,a25 were largely
accounted for by a combination of site-level soil P and individ-
ual-level foliar P, with ]mmw25 increasing with increasing soil and
foliar P (Table 3); the final model explained 44% of the variation
in ]max,a25 (Fig. S5). The preferred model (determined by assess-
ing the effect of dropping sequentially explanatory variables;
Table S6) did not retain soil N, leaf N, M, or MAT (Table S6).
For the random effects, family contributed 2.8% to the unex-
plained variance (Table 3).

For chaX7N25 (i.e. photosynthetic N-use efficiency), we
attempted to construct a model using combinations of soil and
leaf P, soil and leaf N, soil ECEC, and climate (MAT). However,
in contrast to I/'Cmamzs and ]max‘,azs, no combination of available
explanatory variables produced a model superior to a null
construct that merely allowed for variation around the data-set
mean value of chavazs. This suggests that other factors, such as
how leaf N is allocated and/or whether Rubisco is fully active,
may have played a role.
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Table 3 Output from linear mixed-effects models, with Vemaxa2 (maximal capacity of carboxylation by Rubisco per unit leaf area, at 25°C) and Jmax,az‘5
(maximal capacity of photosynthetic electron transport per unit leaf area, at 25°C) as the response variables, each showing fixed and random effects

Final model (Vemax.a2>)

Final model (Jmax.a>>)

Fixed effect Estimate SE t value Fixed effect Estimate SE t value
Intercept 41.470 1.578 26.288 Intercept 77.217 2.712 28.477
Logso (soil P) 7.909 2.466 3.207 Logxo (soil P) 16.866 4327 3.898
P. 68.148 22.558 3.021 P. 94.483 40.245 2.348
Random effect Variance % of total Random effect Variance % of total
Intercept variance: family 45.568 2.49% Intercept variance: family 121.3 2.79%
Residual error (within family) 1783.626 97.51% Residual error (within family) 4232.9 97.21%
100.00% 100.00%
AIC 1645.6 AIC 1342.4
BIC 1662.0 BIC 1357.3
-2LL —-817.8 -2LL —666.2

Vemaxa’> =41.47 +(7.91 x logqo [soil P1) + (68.15 x P,)
Jmaxa?> =77.22+(16.87 x logyo [soil P1) +(94.48 x P,)

Predictive equations for Vemax.a2> and Jmax..>> based on final preferred models are shown at the bottom. For the Vemay 2> and Jmax 22> model, the fixed
component explanatory variables were soil P and leaf P. Parameter estimate, standard error (SE) and t-values are given for the explanatory variables. The
best predictive models were selected based on a stepwise selection process outlined in Supporting Information Table Sé. Before inclusion in the models,
continuous explanatory variables were centred on the population mean. For equations that are not centred on the population mean (i.e. using absolute
values), the y-axis intercept values are altered, yielding non-centred equations as follows: Vemaxa? = 12.82 + (7.91 x log,,[soil P]) + (68.15 x Pa);

Jmaxa>> = 24.07 4 (16.87 x log,[soil P]) + (94.48 x Pa).

Discussion

Regional and inter-biome context

Past studies on forest biomes revealed variability in the slope of
Vimaxa> <> N, relationships, with lower rates of Vi, per unit
N in nutrient-poor, lowland tropical forests compared with low-
land forests on more fertile soils, upland tropical forests and tem-
perate broadleaf forests (Carswell ezal., 2000; Domingues ez al.,
2007, 2010; Meir ez al., 2007; Kattge et al., 2009; Mercado ez al.,
2011; van de Weg etal., 2012). Moreover, Reich eral. (2009)
concluded that the slope of mass-based A <> N relationships is
lower in the tropics than in colder arctic and temperate biomes.
Our study supports such studies, with chaXTNZS values for our
upland and lowland TMFs (22.5 and 18.9 umol CO, g N-'s !
respectively) being markedly lower than those reported for tem-
perate broadleaved trees (34 pmol COng71 sl Kattge eral.,
2009).

How do our results compare with other analyses of photosyn-
thetic capacity in tropical ecosystems? The ranges of Vi
(6-96 pmol m™?s™'; Table S1) and fpu > (21-176 pmol m™—>
s'; Table S1) values from our study were wider than those
reported for drier tropical sites in West Africa (Domingues ez al.,
2010), perhaps reflecting environmental differences, or differ-
ences in the number of species sampled (210 here vs 39 in the
West African study). For our lowland TMFs (which included
three low nutrient status white sand sites in northern Peru), the
overall mean V;max’azs (36 £ 15 umol m %5~ ') was lower than
previously reported tropical values: Carswell eral. (2000):
43 umolm %51 Domingues ezal. (2007): 53 pmol m %s
Meir etal. (2007): 49-68 pmol m %5~ '; Kattge etral. (2009):
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41 pmolm *s™'  (nonoxisol); Bloomfield eral  (2014a):

63 pmol m ™~ %5 '; Domingues ezal. (2015): 3946 pmol m™%s™ .
By contrast, our mean chax,azs values were higher than the val-
ues for lowland TMFs only growing on nutrient-poor oxisol
(29 pmol m%s7Y; Kattge eral, 2009). As Jmaa>> was tightly
correlated with Vnao® (Fig. 4), our estimates of Jou,> for
lowland TMFs were also lower than those reported in the above-
mentioned studies. Rates of chaxvazs at our upland sites
(49 + 20 pmol m % s~ ') were similar to those reported by van de
Weg et al. (2012): 56 pmol m s~ ! for the same Andean region,
and fell in the middle of the range of values reported in Dusenge
etal. (2015) and Varhammar eral. (2015) for high-elevation
tropical trees of Rwanda.

Taken together, our results support the hypothesis that both
chax’azs and photosynthetic N efficiency are lower in lowland
TMFs than in temperate broadleaved forests. In addition, each
parameter is highly variable, both among co-existing tropical
species growing at individual sites and between environmentally
contrasting sites.

Phosphorus — does it modulate photosynthetic capacity
and/or N-use efficiency?

Our site selection aimed to assess the potential effect of P limita-
tion on photosynthetic performance across TMFs in western
Amazonia and the Andes where substantial variations in soil
P occur (lowland sites: 38-727 mnggfl; upland sites:
496-1631 mgPkg™'). Low P availability can limit rates of
photosynthesis via reduced maximal rates of RuBP regeneration
(i.e. Jmax)> with maximal Rubisco activity (i.e. V. also often
being reduced (Brooks, 1986; Jacob & Lawlor, 1992; Loustau
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etal, 1999). While the mechanisms responsible for reduced
Vimax Temain uncertain, possible factors include the need to
maintain co-limitation by RuBP regeneration and carboxylation,
as well as feedback inhibition on Rubisco resulting from the
inability to export triose phosphates to the cytosol (Wullschleger,
1993; Walker et al., 2014).

The hypothesis that photosynthetic capacity would be positively
correlated with soil [P] and leaf P, was supported by our results — a
finding consistent with earlier studies on tropical species in South
America, West Africa and Australia (Domingues ezal, 2007,
2010; Meir ezal, 2007; Kattge eral, 2009; Bloomfield eral,
2014b). Among lowland sites alone, and the combination of low-
land and upland sites together, significant positive relationships
were observed between photosynthetic capacity (expressed as either
Vﬂﬂﬂ@zs or ]max,azs) and foliar P,, and soil [P] (Tables S2, S3).
Across all 18 TMF sites, chax’azs and ]max’a25 also exhibited signif-
icant negative relationships with leaf N : P (Table S2). Moreover,
foliar P, and soil [P] emerged as significant explanatory variables in
linear mixed-effect models of variations in photosynthetic capacity
(Table 3), accounting for ~40% of the observed variations in
chax’azs and jmax@ZS. That MAT was not retained in the preferred
models suggests that, while growth temperature can affect photo-
synthetic capacity (Hikosaka ez al., 2006; Sage & Kubien, 2007)
and patterns of N investment, knowledge of growth temperature
along the western Amazon—Andes elevation gradient is not
required when data on leaf and soil P are available.

Past studies reported that P deficiencies also reduce photosyn-
thetic N-use efficiency (Reich ezal., 2009) and the fraction of leaf
N allocated to photosynthesis (Warren & Adams, 2002). While
average values V., N and foliar [P] were highest in our upland
trees, no significant V. n <> P, relationships were observed,
either across all sites or within each elevation class. Furthermore, we
could not identify key factors explaining variation in V., N using
linear mixed-effects models; this included models that contained
data on soil and foliar [P]. While this does not preclude a role for
deficiencies in cytosolic [P] in regulating iz vivo values of Vipaxns
it seems unlikely that either soil or total leaf [P] can be used as a
predictor of variations in 7 vivo Rubisco capacity per unit leaf N.

Activation state of Rubisco

In vitro quantification in several lowland TMF species revealed
that Rubisco content inferred from CO, response curves may
have substantially underestimated absolute contents of this key
protein (Fig.9). When estimating Rubisco abundance from
A<> C curves, Rubisco is assumed to be fully activated — how-
ever, there is growing evidence that Rubisco often operates at less
than maximum activity or is in excess of CO, fixation require-
ments (Stitt & Schulze, 1994; Warren et al., 2000). Partial activa-
tion could be linked to limitations in sink demand for
carbohydrates and/or co-limitation by other rock-derived nutri-
ents such as calcium (e.g. Asner eral., 2014b). Inactive Rubisco
might serve as a temporary N store — as such, Rubisco can act as
both a metabolic and nonmetabolic protein (Stitt & Schulze,
1994; Warren et al., 2000). Viewed from this perspective, in vivo
estimates of V.. provide insights into N investment in the
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metabolically active Rubisco, relevant when modelling gross pri-
mary productivity of TMF ecosystems. However, if the objective
is to assess how plants differ in N investment in both active and
inactive forms of Rubisco, then np estimated using other
approaches, such as western blots (or similar quantitative tech-
niques), might be required.

As noted earlier in the Discussion, the observed values of
Kmax7N25 were lower than that of trees growing in temperate
environments (Kattge ¢z al., 2009). Similarly, when compared at
any given M,, in vivo estimates of 7g (i.e. the fraction of leaf N
allocated to Rubisco estimated from gas exchange) were, on aver-
age, lower in our TMF trees compared with the global average
(Hikosaka, 2004; Wright eral, 2004) (Fig. S3). By contrast,
in vitro estimates of ng (i.e. 7g estimated from protein extraction)
were often higher than the global average (Fig. S3). This finding
raises the possibility that the efficiency of N investment in
Rubisco may not necessarily be lower in TMFs; rather, it may be
that the activation state is lower in tropical forests compared with
their temperate counterparts. Further work is needed to explore
this question; additional work is also needed to determine what
effect, if any, limitations in mesophyll conductance (g,,) have on
estimates of V.., and the associated values of 75.

Additional factors influencing V max estimates

In our study, we have so far estimated 77 vivo rates of chamzs

assuming a common, single set of kinetic constants (K and K)
for Rubisco (von Caemmerer ez al., 1994) and associated activa-
tion energies (£,) (Farquhar ezal., 1980), as well as infinite g,
Such assumptions were made necessary in the absence of K, K,
E, and g, values for tropical species. Application of different K,
and K, values, such as those reported by Bernacchi eral. (2002),
would alter estimates of chaxﬁazs for all trees but would not alter
relative differences among sites or elevational classes. By contrast,
application of Bernacchi eral. (2002) E, values for K. and K
(80.99 and 23.72kJmol™", respectively), and Vi
(65.3 k] mol™") could potentially produce relative differences in
chaxvazs between upland and lowland trees, depending on the
extent to which leaf temperatures differed among the sites. Simi-
larly, replacement of the Farquhar ez al. (1980) E, values of V.«
and /. (of 64.8 and 37.0 kJ mol ™", respectively) with those of
Bernacchi eral (2002) (65.3 and 43.9 k] mol ™', respectively)
could alter the relative differences in chax@25 and ]maxva25
between upland and lowland sites. To check whether application
of alternative E, values changed our conclusions regarding site-
to-site differences, we calculated chamzs and ]max_’a25 using the
respective activation energies of Farquhar eral (1980) and Ber-
nacchi et al. (2002). Use of the Bernacchi eral. (2002) E, values
resulted in an average 10.6% increase in estimates of V,,.,05 for
lowland trees (Table S7), reflecting the fact that lowland leaf tem-
peratures were near 30°C (Table S4). Upland estimates were less
affected (3.5% increase; Table S7) as the average leaf temperature
of upland group was 25.7°C (Table S4). Despite the increased
estimates of V.05 for lowland trees when using E, values from
Bernacchi etal. (2002), there remained a significant difference
between lowland and upland mean V,,,,25 values (Table S7); the
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same was true for ]ma,(,az5 (Table S7). As a result, relationships
between photosynthetic properties and site MAT and soil P were
similar when using Farquhar eral (1980) and Bernacchi eral.
(2002) E, values (Fig. S1). Thus, irrespective of which £, values
are used (see Medlyn eral. (2002) for further discussion on the
temperature dependence of these constants), we are confident
that mean values of Va5 and Jmaxa” are indeed higher in the
upland plants growing in the Peruvian Andes.

What impact might systematic differences in g, between
upland and lowland TMFs have on our results? If g,, was finite,
but similar in upland and lowland TMF environments, then our
conclusion that chaxﬁazs is higher in upland species would hold
(albeit with modified values). However, if g,, was more limiting
in lowland TMF trees than in their upland counterparts, then
calculation of V., using A— C_ curves might fail to differentiate
between the upland and lowland groups. A definitive assessment
of this issue will require further work assessing g, in tropical trees
(e.g. using concurrent measurements of leaf gas exchange and car-
bon isotope discrimination or chlorophyll fluorescence).
Although g, tends to decrease with increasing M, (Flexas ez al.,
2008), the M, difference between lowland and upland groups
was small (Table 1). Given the potential for large variations in g,
among species (at a given M), it is unlikely that g, would have
been higher in the selected lowland TMF trees. Irrespective of
the effect of elevation on g, rates of A4, and A0, (measured
at prevailing leaf 7s) were surprisingly high in plants at the
cooler, high-elevation sites (Table S4). Given this and our exten-
sive sample size, we feel confident that photosynthetic capacity at
a standardized 7'is probably larger in trees growing at high eleva-
tions in the Andes compared with those in the lowland regions of
Amazonia, as proposed by van de Weg eral (2012, 2014).
Enhanced photosynthetic capacity at high altitude could help
negate the inhibitory effects of low 7 on leaf-level CO, uptake,
with the result that gross primary productivity (GPP) would not
decline with increasing elevation as much as expected.

Recent modelling of C-exchange processes at a high-elevation
TMF site (3025 m asl) in Peru suggested that GPP may be
20—40% lower compared with lowland TMFs (Girardin ezal.,
2014a; van de Weg etal., 2014); low T appeared to be most
important factor limiting GPP at high elevations (van de Weg
etal., 2014). Our results suggest that the inhibitory effect of low
T on GPP of upland TMFs would be greater if photosynthetic
capacity remained constant across the elevation gradient. Thus,
the greater photosynthetic capacity of upland TMFs might con-
tribute to GPP being relatively homeostatic across the Peruvian
Amazon—Andes elevation gradient. Further work is needed to
explore how elevation-dependent variations in photosynthetic
capacity impact on current and future net primary productivity
(NPP) of TMFs, when taking into account other NPP compo-
nents (e.g. leaf area index, biomass allocation, litter fall and
autotrophic respiration).

Concluding statements

Our findings reveal greater photosynthetic capacity in Andean
forest leaves compared with lowland western Amazonian leaves,
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underpinned by greater concentrations of leaf N and N-use effi-
ciency per unit leaf area (Table 2; Fig. 8). Our data also support
the hypothesis that variations in leaf and soil P play a key role in
modulating the photosynthetic capacity of TMFs (Fig. 5;
Tables 3, S2), with the mixed-effects models (Table 3) providing
the modelling community with predictive equations that will
enable model parameterization based on arguably the largest sin-
gle tropical V., data set available. Finally, our analyses indicate
that a substantial fraction of Rubisco is inactive in trees growing
in the Peruvian Amazon and suggest that a greater fraction of leaf
N may well be invested in photosynthetic machinery than indi-
cated by leaf gas exchange measurements.
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