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Photosynthesis links terrestrial carbon, water and nutrient cycles. Photosynthetic least-cost theory suggests that plants optimize photosynthesis 
at the lowest summed investments in nutrient and water use. The theory predicts that increasing nutrient availability should increase nutrient 
allocation toward photosynthetic enzymes and r educe stomatal conductance, allowing similar photosynthetic rates achieved at a lower ratio of
leaf intercellular to atmospheric CO2 concentration (χ ) and reduced water loss. The theory suggests similar responses to increasing soil pH in 
acidic soils due to common correlations between soil pH and nutrient availability. However, empirical tests of the theory outside of environmental 
gradients are rare. To test this theory experimentally, we measured photosynthetic traits in mature Acer saccharum Marshall trees growing in 
a 9-year, nitrogen-by-pH manipulation in the northeastern USA. Increasing soil nitrogen availability did not affect net photosynthesis (Anet) or
stomatal conductance (gs) rates, but was associated with increased area-based leaf nitrogen content (Narea), increased photosynthetic capacity
(V cmax, Jmax) and decreased χ (i.e, increased water-use efficiency). These patterns strengthened the tradeoff between nitrogen and w ater use,
indicated by steeper slopes of Narea–χ and V cmax –χ with increasing soil nitrogen availability. When examined across all plots, soil pH had no 
effect on any traits. However, in plots without nitrogen additions, increasing soil pH increased the slopes of Narea–χ and V cmax –χ , though did not
modify χ . Supporting the theory, A. saccharum maintained Anet across the soil nitrogen availability gradient by trading less efficient nitrogen use 
for more efficient water use. Additionally, the effects of soil pH on nitrogen–water use tradeoffs appear to occur through indirect pH effects on 
soil nitrogen availability. These results indicate that elevated nitrogen deposition c ould stimulate photosynthesis less than commonly expected
and instead reduce water losses, and conversely, that reductions in photosynthesis expected from increasing nitrogen limitation in some regions
could be lessened if accompanied by increased transpiration.

Keywords: least-cost theory, nutrient addition, nutrient allocation, photosynthetic capacity, p lant functional ecology, soil pH.

Introduction 
Photosynthesis represents the largest carbon flux between the 
atmosphere and land surface (IPCC 2021) and plays a central 
role in biogeochemical cycling at multiple spatiotemporal
scales (Vitousek and Howarth 1991, LeBauer and Treseder 
2008, Wieder et al. 2015). Therefore, carbon and energy 
fluxes simulated by terrestrial biosphere models are sensitive
to the formulation of photosynthetic processes (Bonan et al. 
2011, Ziehn et al. 2011, Booth et al. 2012, Smith et al. 
2016, 2017) and must be represented using robust, empirically 
tested processes (Prentice et al. 2015, Wieder et al. 2019). 
Current formulations of photosynthesis vary across t erres-
trial biosphere models (Smith and Dukes 2013, Rogers et al. 
2017), which causes variation in modeled ecosystem processes
(Knorr 2000, Knorr and Heimann 2001, Bonan et al. 2011, 
Friedlingstein et al. 2014) and casts uncertainty on the ability 
of these models to predict terrestrial ecosystem responses and
feedbacks to global change accurately (Zaehle et al. 2005, 
Schaefer et al. 2012, Davies-Barnard et al. 2020). 

Terrestrial biosphere models commonly represent C3 pho-
tosynthesis through the Farquhar et al. (1980) biochemical 
model (Smith and Dukes 2013, Rogers 2014, Rogers et al. 
2017, Stocker et al. 2025). This well-tested photosynthesis 

model estimates leaf-level carbon assimilation, or photosyn-
thetic capacity, as a function of the maximum rate of Ribulose-
1,5-bisphosphate carboxylase-oxygenase (Rubisco) carboxy-
lation (Vcmax) and the maximum rate of electron transport for
Ribulose-1,5-bisphosphate (RuBP) regeneration (Jmax; Far-
quhar et al. 1980). Many terrestrial biosphere models predict 
these model inputs based on plant functional group-specific 
relationships between area-based leaf nitrogen content (Narea)
and Vcmax (Smith and Dukes 2013, Rogers 2014, Rogers et al. 
2017, Stocker et al. 2025) under the tenet that a large fraction 
of leaf nutrients, and nitrogen in particular, is partitioned 
toward building and maintaining enzymes that support pho-
tosynthetic capacity, such as Rubisco (Brix 1971, Gulmon and 
Chu 1981, Evans 1989, Kattge et al. 2009, Walker et al. 2014). 
Terrestrial biosphere models predict leaf nutrient content from 
soil nutrient availability based on ample evidence showing 
that increasing soil nutrient availability generally increases
leaf nutrients (Firn et al. 2019, Li et al. 2020, Liang et al. 2020, 
Stocker et al. 2025, Cheaib et al. 2025b) which, in the case of 
nitrogen, often corresponds with an increase in photosynthetic
capacity (Walker et al. 2014, Waring et al. 2023, Perkowski 
et al. 2025). 

Recent work calls the generality of relationships 
between soil nutrient availability, leaf nutrient content and
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photosynthetic capacity into question, suggesting that leaf 
nutrients and photosynthetic capacity are better predicted 
as an integrated product of aboveground climate, leaf traits
and soil properties, rather than soil nutrient availability alone
(Dong et al. 2017, 2020, 2022, Firn et al. 2019, Smith et al. 
2019, Peng et al. 2021, Stocker et al. 2025, Cheaib et al. 
2025b). It has been reasoned that this result is because plants 
allocate added nutrients to growth and storage rather than
alterations in leaf chemistry (Smith et al. 2019, Waring et al. 
2023, Perkowski et al. 2025), perhaps as a result of nutrient 
limitation of primary productivity (LeBauer and Treseder 
2008, Fay et al. 2015). Additionally, recent work suggests that 
relationships between leaf nutrient content and photosynthe-
sis vary across environments and that the proportion of leaf 
nutrient content allocated to photosynthesis varies over space 
and time with plant acclimation and adaptation responses to
light availability, vapor pressure deficit, soil pH, soil nutrient
availability and environmental factors that influence leaf
mass per unit leaf area (Pons and Pearcy 1994, Niinemets 
and Tenhunen 1997, Evans and Poorter 2001, Hikosaka and 
Shigeno 2009, Ghimire et al. 2017, Onoda et al. 2017, Luo 
et al. 2021, Waring et al. 2023, Perkowski et al. 2025). The 
use of parameterized relationships between leaf nutrients and 
Vcmax to predict photosynthetic capacity, as commonly used
in terrestrial biosphere models (Rogers 2014), is not capable 
of detecting such responses.

Photosynthetic least-cost theory provides an alternative 
framework for understanding relationships between soil 
nutrient availability, leaf nutrient content and photosyn-
thetic capacity (Harrison et al. 2021). Using a two-input 
microeconomics approach (Wright et al. 2003), the theory 
posits that plants acclimate to a given environment by 
optimizing leaf photosynthesis rates at the lowest summed
cost of using nutrients and water (Prentice et al. 2014, 
Wang et al. 2017, Smith et al. 2019, Paillassa et al. 2020). 
Across resource availability gradients, the theory predicts 
that optimal photosynthetic rates can be achieved by trading 
less efficient use of a resource that is less costly to acquire 
(or more abundant) for more efficient use of a resource more
costly to acquire (or less abundant). For example, an increase
in soil nutrient availability should reduce the cost of acquiring
and using nutrients (Bae et al. 2015, Eastman et al. 2021, 
Perkowski et al. 2021, 2024, Cheaib et al. 2025a), which 
could increase leaf nutrient investments in photosynthetic 
proteins to allow similar photosynthetic rates to be achieved 
with higher nutrient use (lower nutrient-use efficiency) and 
lower water use (greater water-use efficiency; indexed here
as the ratio of intercellular CO2 to atmospheric CO2, or leaf
Ci:Ca).

Photosynthetic least-cost theory suggests similar tradeoffs 
in response to soil pH because increasing soil pH is often asso-
ciated with greater soil nutrient availability (Paillassa et al. 
2020). Indeed, soil pH can alter ecosystem nitrogen mineral-
ization rates and nitrogen availability (e.g. through changes
in soil microbial community biomass; Li et al. 2019), and has 
been asserted to be a dominant control of phosphorus forms
in topsoils (Hou et al. 2018). If soil pH affects soil nutrient 
availability, then changes in soil pH should lead to nutrient– 
water use tradeoffs predicted by photosynthetic least-cost 
theory. For example, in acidic soils, increasing soil pH should
reduce the cost of acquiring nutrients due to an increase in
plant-available nutrient concentration (Paillassa et al. 2020, 
Dong et al. 2022), allowing similar photosynthetic rates to 

be achieved with higher nutrient use and lower water use. 
Opposite patterns may be expected in alkaline soils, where
increasing soil pH may increase the cost of acquiring nutrients
due to a decrease in plant-available nutrient concentrations
(Truog 1947), allowing similar photosynthetic rates achieved 
with lower nutrient use and higher water use. Although the 
effects of soil pH on patterns expected from photosynthetic 
least-cost theory have not been tested experimentally, previous
work using environmental gradients has demonstrated effects
of soil pH on nutrient–water use tradeoffs that are supportive
of the theory (Paillassa et al. 2020). 

Nitrogen–water use tradeoffs expected from photosynthetic 
least-cost theory have recently received empirical support 
both in global environmental gradient (Paillassa et al. 2020, 
Querejeta et al. 2022, Fan et al. 2023, Westerband et al. 2023) 
and local manipulative invasion (Bialic-Murphy et al. 2021) 
studies, but have yet to be directly assessed through a nutrient 
addition experiment. Furthermore, only environmental gra-
dient studies testing the theory have considered soil pH in 
their analyses. Quantifying plant ecophysiological responses 
to soil nitrogen and soil pH is important for understanding 
ecosystem biogeochemical cycle dynamics both in regions
undergoing acidification from high rates of nitrogen and
sulfate deposition (e.g. east Asia) and in regions recovering
from historically high deposition rates (e.g. the northeastern
USA and much of central and northern Europe, Vet et al. 
2014). 

Recent work in a soil nitrogen-by-pH manipulation exper-
iment in mixed hardwood forests suggests that soil nitro-
gen availability, rather than soil acidif ication, is the stronger
driver of changes in the belowground plant and soil processes
that contribute to soil respiration (Frey et al. 2025). This 
factorial field experiment also provided an opportunity to 
examine the roles of soil nitrogen availability and soil acidi-
fication in affecting a range of important photosynthetic pro-
cesses (including net photosynthesis, stomatal conductance, 
and photosynthetic capacity), and to assess whether above-
ground and belowground biogeochemical processes respond 
similarly to manipulations of soil nitrogen and acidity. Thus,
the experiment described herein provides a valuable opportu-
nity to disentangle these two soil influences of acid deposition,
while also evaluating whether photosynthetic responses to
experimentally altered soil resource availability follow predic-
tions from photosynthetic least-cost theory.

In this study, leaf responses to soil nitrogen availability were 
assessed for sugar maple (Acer saccharum Marshall) trees 
growing in mature temperate forests in the northeastern USA. 
Acer saccharum is an abundant, late-successional tree species
in northern hardwood forests that shapes ecosystem biogeo-
chemical cycles through nutrient-rich, fast-decomposing leaf
litter, while also supporting regional economies through its use
in timber and maple syrup production (Lovett and Mitchell 
2004). Soil nitrogen availability and pH were modified 
through a long-term nitrogen-by-pH field manipulation 
experiment. Two different soil nitrogen treatments were 
applied to increase nitrogen availability with opposing effects 
on soil pH. An additional nitrogen-free acidifying treatment 
was applied to decrease soil pH. We hypothesized that
increased soil nitrogen availability would enable plants to
increase nutrient uptake and create more photosynthetic
enzymes per leaf, allowing similar photosynthetic rates
achieved with lower leaf Ci:Ca and increased leaf nitrogen
content allocated to photosynthetic leaf tissue. A reduction
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in leaf Ci:Ca with increasing soil nitrogen availability in 
our study would be reflective of a reduction in stomatal 
conductance that allows plants to maintain photosynthetic
rates under increasing water stress by enhancing water-
use efficiency (Paillassa et al. 2020, Querejeta et al. 2022, 
Westerband et al. 2023). It would likely not reflect a change 
in CO2 drawdown because light availability is expected to
set maximum rates of photosynthetic carbon assimilation
(Wright et al. 2003) and full-sun leaves were used for all 
measurements. We expected that leaf responses to increased 
soil nitrogen availability would be driven by a reduction in 
the cost of acquiring nitrogen, which would cause trees to 
sacrifice efficient nitrogen use to enable more efficient use of
other limiting resources (i.e. water). We hypothesized opposite
leaf responses to decreasing soil pH in the absence of nitrogen
addition.

Materials and methods

Study site description

This study was conducted in summer 2019 at three mature 
forest stands located within a 20-km radius of Ithaca, NY, 
USA (42.444◦ N, 76.502◦ W), dominated by late-successional 
mixed deciduous tree species. Stands contained abundant 
sugar maple (A. saccharum Marshall), accounting for 43% 
of the total aboveground biomass across the three stands, 
with less abundant American beech (Fagus grandifolia Ehrh., 
15%), white ash (Fraxinus americana L., 17%), red maple
(Acer rubrum L.; 9%) and red oak (Quercus rubra L.; 10%).
Soils at each site were broadly classified as channery silt
loam Inceptisols using the USDA NRCS Web Soil Survey data
product (Soil Survey Staff 2022). Between 1991 and 2020, 
the closest weather station located near the Cornell University 
campus (42.449◦ N, 76.449◦ W and part of the NOAA NCEI
Global Historical Climatology Network; Menne et al. 2012), 
received an average of 972 mm of precipitation per year and 
had an annual average temperature of 7.9 ◦C. Measurements 
from a nearby Clean Air Status and Trends Network mon-
itoring site show large declines in atmospheric deposition
of nitrogen and sulfur between 2000 and 2021: nitrogen
deposition (wet + dry, including NH3) decreased from 13.4
to 8.9 kg N ha−1 year−1, while sulfur deposition decreased 
from 13.0 to 1.7 kg S ha−1 year−1 (CASTNET 2024). These 
trends are consistent with regional declines in nitrogen and 
sulfur emissions in response to the Clean Air Act and its 1990
Amendments (Driscoll et al. 2024). 

Experimental design 
At each of the three mature stands, four 40 m × 40 m plots 
were established in 2009 (12 plots total across stands), and all 
trees with greater than or equal to 9.5 cm diameter at breast 
height were inventoried and tagged. The plots were set up as 
a nitrogen-by-pH field manipulation experiment, with four
treatments at each site applied since 2011 to the core plot
and an additional 10 m buffer along plot perimeters (60 m
× 60 m total). Two nitrogen treatments were applied, both at
50 kg N ha−1 year−1, as either sodium nitrate (NaNO3)  to  
raise soil pH, or ammonium sulfate ((NH4)2SO4)  to acidify
(S application rate of 54 kg S ha−1 year−1); an elemental 
sulfur treatment was selected to acidify soils without nitrogen 
addition, applied at the same rate of sulfur addition as in 
the ammonium sulfate treatment. Control plots received no

additions. Amendment rates are similar to rates of nitrogen
and sulfur deposition to parts of Europe during the 1980s and
1990s and in contemporary eastern China (Dise and Wright 
1995, Kolář et al. 2015, Zhou et al. 2023). 

All amendments were added in pelletized form using hand-
held fertilizer spreaders to both the main plots and buffers. 
Amendments were divided into three equal doses distributed 
across the growing season from 2011 to 2017 and added as a 
single dose at the beginning of the growing season from 2018 
onward. During 2019, plots were fertilized during the week of
20 May. Previous work in this experiment in these and in three
younger adjacent stands has shown that nitrogen addition
decreases annual soil respiration fluxes through suppression
of both root-associated respiration (∼2/3) and heterotropic
respiration (∼1/3), with no net effect of soil acidification (Frey 
et al. 2025). 

Leaf gas exchange and trait measurements

We sampled one canopy leaf each from 6 to 10 dominant 
broadleaf trees per plot between 25 June and 12 July
2019 for gas exchange measurements (Table S 1 available as 
Supplementary Data at Tree Physiology Online). Trees were 
selected to reflect dominant species composition in each plot.
Gas exchange measurements were conducted on all target
leaves (n = 98; Table S 1 available as Supplementary Data at 
Tree Physiology Online) and are included in Supplemental 
Information. Only one species, A. saccharum, occurred on all
twelve plots and in sufficient abundance (n = 2–7 samples
per plot, 47 total; Table S 1 available as Supplementary Data 
at Tree Physiology Online) to confidently test our hypotheses,
and so it forms the focus of this study.

Gas exchange measurements were collected during the 
growing season several weeks after full leaf expansion to min-
imize any effect of seasonal phenology on plant physiology. 
We sought to collect leaves from the upper canopy to reduce 
differential shading effects on leaf physiology . Leaves were
accessed by pulling down small branches using an arborist’s
slingshot and weighted beanbag attached to a throwline.
Branches were immediately recut under deionized water and
remained submerged to reduce stomatal closure and avoid
xylem embolism (as in Smith and Dukes 2018) until gas 
exchange data were collected. Randomly selected leaves with 
little to no visible external damage were attached to a Li-COR
LI-6800 (Li-COR Bioscience, Lincoln, NE, USA) portable
photosynthesis machine to measure net photosynthesis (Anet;
μmol m−2 s−1), stomatal conductance (gs; mol m−2 s−1) 
and intercellular CO2 concentration (Ci; μmol mol−1)  at  
different atmospheric CO2 (Ca; μmol mol−1) concentrations 
(i.e. an Anet/Ci curve) under saturating light conditions
(2000 μmol m−2 s−1) after leaves stabilized in the cuvette. 
Reference CO2 concentrations (Ca; μmol mol−1) followed 
the sequence: 400, 300, 200, 100, 50, 400, 400, 600, 800,
1000, 1200, 1500 and 2000 μmol mol−1. Anet/Ci curves were 
not collected if stomatal conductance rates at the starting CO2 
concentration were below 0.01 mol m−2 s−1, as these values 
were considered indicative of stress associated with branch
severance (Bahar et al. 2017). Instead, a new full-sun branch 
was brought down from the same tree and a new leaf was 
stabilized in the LI-6800 cuvette. In all cases, this approach
yielded stomatal conductance rates above 0.01 mol m−2 s−1. 
Leaf temperatures were not controlled in the cuvette and 
ranged from 21.8 ◦C to 31.7 ◦C  (mean ± SD: 27.2 ± 2.2 ◦C).
However, a linear and second order log-polynomial nonlinear
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regression suggested no effect of cuvette leaf temperature on 
stomatal conductance or net photosynthesis when measured
at 400 μmol mol−1 CO2 (Tables S 2 and S3, and Figure S1
available as Supplementary Data at Tree Physiology Online). 
All Anet/Ci curves were generated within one hour of branch
severance.

Leaf morphological and chemical traits were collected on 
the same leaf used to generate each Anet/Ci curve. Images of 
each leaf were collected using a flat-bed scanner to determine
fresh leaf area using the ‘LeafArea’ R package (Katabuchi 
2015), which automates leaf area calculations using ImageJ
software (Schneider et al. 2012). Each leaf was dried at 
65 ◦C for at least 48 h, weighed and ground using a Retsch 
MM200 ball mill grinder (V erder Scientific, Inc., Newtown,
PA, USA) until homogenized. Leaf mass per area (Marea;
gdry_mass mleaf

−2) was calculated as the ratio of dry leaf 
biomass to fresh leaf area. Using a subsample of ground and
homogenized leaf biomass, leaf nitrogen content (Nmass; gN
gdry_mass

−1)  and  leaf δ13C (�, relative to Vienna Pee Dee 
Belemnite international reference standard) were measured at 
the Cornell University Stable Isotope Lab with an elemental 
analyzer (NC 2500, CE Instruments, Wigan, UK) interfaced 
to an isotope ratio mass spectrometer (Delta V Isotope Ratio
Mass Spectrometer, ThermoFisher Scientific, Waltham, MA,
USA). Leaf nitrogen content per unit leaf area (Narea; gN
mleaf

−2) was calculated by multiplying N mass and Marea.
Leaf δ13C values were used to estimate χ (unitless), which 

is an isotope-derived estimate of the ratio between the leaf 
intercellular CO2 concentration to the atmospheric CO2 con-
centration (or leaf Ci:Ca). This trait corresponds with an 
increase in stomatal conductance and water loss per unit 
CO2 gain, and can be interpreted as an inverse proxy of
water-use efficiency. While intercellular and atmospheric CO2
concentrations were directly measured during each Anet/Ci
curve, deriving χ from δ13C provides an integrative estimate 
of the leaf Ci:C a over an individual leaf’s lifespan. We derived
χ following the approach of Farquhar et al. (1989): 

χ = 
Δ13C − a 

b − a 
(1)

where �13C represents the relative difference between leaf
δ13C (�)  and  air δ13C (�), a represents the fractionation 
between 12C  and  13C due to diffusion in air, assumed to be
4.4�,  and  b represents the fractionation caused by Rubisco
carboxylation, assumed to be 27� (Farquhar et al. 1989).
�13C was calculated as: 

Δ13C = 
δ13Cair − δ13Cleaf 

1 +
(

δ13Cleaf 
1000

) (2) 

where δ13C air was assumed to be −8� (Keeling et al. 1979, 
Farquhar et al. 1989). 

Anet/Ci curve-fitting and parameter estimation

Anet/Ci curves were fit for each individual tree using the 
‘fitaci’ function in the ‘plantecophys’ R package (Duursma 
2015). This function estimates the maximum rate of Rubisco
carboxylation (Vcmax; μmol m−2 s−1) and maximum rate 
of electron transport for RuBP regeneration (Jmax; μmol 
m−2 s−1)  based  on the Farquhar et al. (1980) biochemical 

model of C3 photosynthesis. For each curve fit, triose phos-
phate utilization (TPU) was included as an additional rate-
limiting step to avoid underestimating Jmax (Gregory et al. 
2021). Curves were visually examined to confirm the likely 
presence of TPU limitation. Curve fits assumed that mesophyll 
conductance was non-limiting and were fit using intercel-
lular CO2 concentration. This approach may risk under-
estimating Vcmax due to mesophyll resistance slowing the
rate of Rubisco carboxylation (Evans 2021). We determined 
Michaelis–Menten coefficients for Rubisco affinity to CO2
(Kc; μmol mol−1)  and  O2 (Ko; mmol mol−1), and the CO2 
compensation point (Γ ∗; μmol mol−1) using leaf temperature 
and equations derived in Bernacchi et al. (2001). Specifically, 
Kc and Ko were calculated as: 

Kc = 404.9 ∗ exp

(
79430(Tk−298) 

298 RTk

)
(3a) 

and 

Ko = 278.4 ∗ exp

(
36380(Tk−298) 

298 RTk

)
(3b)

while Γ ∗ was calculated as:

Γ ∗ = 42.75 ∗ exp

(
37830(Tk−298) 

298 RTk

)
(3c)

In all three equations, Tk is the leaf temperature (in Kelvin) 
during each Anet/Ci curve and R is the universal gas constant
(8.314 J mol−1 K−1). 

Vcmax and Jmax were standardized to 25 ◦C using a modified 
Arrhenius equation as done in Kattge and Knorr (2007): 

f (T) = e

[
Ha

(
Tleaf −Treference

)
RTleaf 298.15

]
1 + e

(
Treference(�S)−Hd 

RTreference

)

1 + e

(
Tleaf (�S) −Hd 

RTleaf 

) (4) 

and 

k25 = 
kTleaf 
f ( T)

(5)

k25 represents the standardized Vcmax or Jmax rate at 25 ◦C, 
kTleaf represents Vcmax or Jmax at the average leaf temperature 
measured inside the cuvette during the Anet/Ci curve. Ha is the
activation energy of Vcmax (71,513 J mol−1; Kattge and Knorr 
2007)  or  Jmax (49,884 J mol−1; Kattge and Knorr 2007). Hd 
represents the deactivation energy of both Vcmax and Jmax
(200,000 J mol−1; Medlyn et al. 2002), and R represents 
the universal gas constant (8.314 J mol−1 K−1). Treference 
represents the standardized temperature of 298.15 K (25 ◦C) 
and Tleaf represents the mean leaf temperature (in K) during
each Anet/Ci curve. �S is an entropy term that Kattge and 
Knorr (2007) derived as a linear relationship with average 
growing season temperature (Tg; ◦C), where:

�Svcmax = −1.07Tg + 668.39 (6a)

and:

�Sjmax = −0.75Tg + 659.70 (6b)
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Tg was estimated using the mean daily air temperature 
of the 30 days leading up to the day of each sample col-
lection using the same weather station reported in the site 
description. Given that this weather station is positioned
∼ 200 m lower elevation (293 m.a.s.l.) than the experimental
sites (mean ± SD: 510.1 ± 46.7 m.a.s.l.), it should report
slightly higher temperatures (∼1–1.5 ◦C). These climate data
therefore overestimate �Svcmax and �Sjmax and slightly under-
estimate Vcmax25 and Jmax25. However, comparisons across 
sites were not expected to be influenced by this, as the three
sites were positioned at similar elevations.

Finally, we calculated the ratio of Jmax25 to Vcmax25 
(Jmax25:Vcmax25; unitless).

Tradeoffs between nitrogen and water use

Photosynthetic nitrogen-use efficiency (PNUE; μmol CO2
mol−1 N  s−1) was calculated by dividing Anet by Narea, 
first converting Narea to mol N mleaf

−2 using the molar 
mass of nitrogen (14 g mol−1). We used χ as an indicator 
of water-use efficiency, where high χ values are indicative 
of high stomatal conductance and low water-use efficiency. 
Tradeoffs between nitrogen and w ater use were determined
by calculating the slope relationship between Narea and χ 
(Narea–χ ;  gN mleaf

−2), between Vcmax25 and χ (Vcmax25–χ ; 
μmol m−2 s−1), and between PNUE and χ (PNUE–χ ; μmol 
CO2 mol−1 N  s−1) across the soil nitrogen availability and 
soil pH gradient. This approach is similar to calculations 
used in previous studies, where nitrogen–water use tradeoffs
were measured as the ratio of Narea or Vcmax25 to stomatal
conductance (Paillassa et al. 2020, Bialic-Murphy et al. 2021). 
Here, these relationships were quantified using χ because 
stomatal conductance changes rapidly with environmental 
conditions and may have been altered by recent tree branch
severance or placement in the cuvette. We also quantified
slope relationships using χ because this trait is integrated 
across the lifespan of a leaf and therefore should acclimate 
over a more similar timescale with Narea and Vcmax25 than an
instantaneous stomatal conductance rate.

Soil nitrogen availability and soil pH

To characterize soil nitrogen availability at the time of leaf 
gas exchange measurements, we used mixed bed resin bags to 
quantify mobile ammonium-N and nitrate-N concentrations 
in each plot. Lycra mesh bags were filled with 5 g of Dowex 
Marathon MR-3 hydrogen and hydroxide form resin (Milli-
poreSigma, Burlington, MA, USA) and sealed with a zip tie.
Each bag was activated by soaking in 0.5 M HCl for 20 min,
then in 2 M NaCl until pH of the saline solution stabilized,
as described in Allison et al. (2008). Five resin bags were 
inserted about 10 cm below the soil surface at each plot on 25 
June 2019: one placed near each of the four plot corners, and
one placed near the plot center. All resin bags were collected
24 days later on 19 July 2019, and were frozen until extracted.

Each resin bag was rinsed with ultrapure water (MilliQ 
IQ 7000; Millipore Sigma, Burlington, MA, USA) to remove 
any surface soil residues prior to anion and cation extrac-
tion. Anions and cations were extracted from surface-cleaned
resin bags by individually soaking each bag in 100 mL of a
0.1 M HCl/2.0 M NaCl matrix and shaking with an Innova™ 
2000 platform shaker (New Brunswick Scientific, Edison, 
NJ, USA) for 1 h at room temperature (∼25 ◦C). Using a 
microplate reader (Biotek Synergy H1; Biotek Instruments, 
Winooski, VT, USA), nitrate-N concentrations were quantified

spectrophotometrically at 540 nm with the end product of a
single reagent vanadium (III) chloride reaction (Doane and 
Horwáth 2003), while ammonium-N concentrations were 
quantified at 650 nm with the end product of a modified
phenol-hypochlorite reaction (Weatherburn 1967, Rhine et al. 
1998). Both the single reagent vanadium (III) chloride and 
modified phenol-hypochlorite reactions are well established 
methodologies for determining nitrate-N and ammonium-
N concentrations in resin bag extracts (Arnone 1997, Alli-
son et al. 2008). Negative and positive controls were used 
throughout each well plate to verify the accuracy and preci-
sion of measurements, with each resin bag extract and control 
assayed in triplicate. Soil nitrogen availability was estimated
as the sum of the nitrate-N and ammonium-N concentration
in each resin bag, normalized per g of resin and duration in
the field (μg  N  g  resin

−1 day−1), then averaged across all resin 
bags in a plot for a plot-level mean.

It is unlikely that soil water status influenced ion exchange 
rates across plots and sites. This conclusion is supported by 
data from a nearby weather station, which reported 11% 
greater precipitation during the 12 months leading up to our 
measurement period (1082 mm) compared with the 1991– 
2020 annual precipitation normal (972 mm). Furthermore, 
precipitation during the specific period where resin bags were
deployed closely matched the 1991–2020 monthly precipi-
tation normal. Specifically, precipitation in June was 137%
of normal expectations (138 mm received compared with
101 mm normally expected), while precipitation in July was
96% of normal expectations (95 mm received compared with
99 mm normally expected).

Soil pH was measured on 0–10 cm mineral soil samples 
collected immediately prior to fertilization in May 2019. Near 
each of the four plot corners, three 6 cm diameter soil cores 
were collected after first removing the forest floor where 
present. Each set of three cores was placed in a plastic bag, 
and later composited by hand mixing and sieved to 4 mm.
Soil pH was determined for a 1:2 soil:water slurry (10 g
field-moist soil to 20 mL DI water) of each sample using
an Accumet AB15 pH meter with a flushable junction probe
(Fisher Scientific; Hampton, NH, USA), and was estimated at
the plot level as the mean soil pH within each plot.

Statistical analyses 
Three series of linear mixed-effects models were built to 
explore effects of soil nitrogen availability, soil pH and area-
based leaf nitrogen content on A. saccharum leaf physiological 
traits (n = 47). Parallel analyses including all measured species
(n = 10–18 per species) are reported in the Supplemental
Information (Tables S1 4–S16,  a  nd Figures S6–S8 available as 
Supplementary Data at T ree Physiology Online).

In the first series of linear mixed-effects models, we explored 
the effect of soil nitrogen availability and soil pH on A. sac-
charum leaf nitrogen content, leaf photosynthesis, resource-
use efficiency and nitrogen–water use tradeoffs. Models 
included soil nitrogen availability and soil pH as continuous 
fixed effects, and site was designated as a random intercept
term. Soil nitrogen availability and soil pH were included as
continuous variables in lieu of categorical treatments due to
the high degree of heterogeneity of soil nitrogen availability
and soil pH within treatments across sites (Table S 4
available as Supplementary Data at Tree Physiology Online). 
Interaction terms between fixed effects were not included due
to the small number of experimental plots. We built a series
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of separate models with this independent variable structure 
to quantify individualeffects of soil nitrogen availability, soil 
pH, and species on Narea, M area, Nmass, Anet, Vcmax25, Jmax25,
Jmax25:Vcmax25, χ , PNUE,  the Narea–χ slope, the Vcmax25–χ 
slope and the PNUE–χ slope. To understand whether these 
traits were more strongly associated with soil nitrate or 
soil ammonium availability, parallel analyses that isolate the 
effects of soil nitrate availability and soil ammonium availabil-
ity on these traits were quantified using the same independent
variable structure described above, replacing soil nitrogen
availability with either soil nitrate availability or soil ammo-
nium availability (Tables S6 , S8 and S10,  a  nd Figures S3–S5 
available as Supplementary Data at T ree Physiology Online).

Nitrogen addition treatments increased soil nitrogen avail-
ability, while the different forms of nitrogen addition had
different effects on soil pH, as intended (Figure S2 available 
as Supplementary Data at Tree Physiology Online). To isolate 
the effect of soil pH on measured leaf traits, we constructed a 
second series of linear mixed-effects models using only mea-
surements collected from the control and sulfur treatments
that acidified the soil without adding nitrogen (Table S 5 and 
Figure S2 available as Supplementary Data at Tree Physiology 
Online). Models included soil pH as a fixed effect and site as 
a random intercept term and were constructed for each of the
response variables (Narea, Marea, Nmass, Anet, Vcmax25, Jmax25,
Jmax25:Vcmax25, χ , PNUE,  the Narea–χ slope, the Vcmax25–χ 
slope and the PNUE–χ slope). 

A third series of linear mixed-effects models were built 
to investigate relationships between area-based leaf nitrogen 
content and photosynthetic parameters. Statistical models 
included Narea as a fixed effect and site as a random intercept 
term. We used this independent variable structure to quantify
individual effects of leaf nitrogen content on Anet, Vcmax25,
Jmax25, Jmax25:Vcmax25, χ and the Vcmax25–χ slope. 

For all linear mixed-effects models, Shapiro–Wilk tests of 
normality were used to determine whether models satisfied 
residual normality assumptions. If residual normality assump-
tions were not met, then models were fit using dependent vari-
ables that were natural log transformed. If residual normality 
assumptions were still not met (Shapiro–Wilk: P < 0.05), 
then models were fit using dependent variables that were 
square root transformed. Residual normality assumptions 
were met in the first series of linear mixed-effects models
with untransformed response variables for all models, except
for Anet (square root transformation required) stomatal con-
ductance (natural log transformation required) and PNUE
(square root transformation required). Residual normality
assumptions were met in the second series of models with
untransformed response variables for all models except Anet,
stomatal conductance, PNUE and the PNUE–χ slope (square 
root transformation required in all cases). Finally, residual 
normality assumptions were met in the third series of models 
with untransformed response variables for all models except
for Anet (square root transformation required), stomatal con-
ductance (natural log transformation required) and PNUE
(square root transformation required).

In all models, we used the ‘lmer’ function in the ‘lme4’ R
package (Bates et al. 2015) to fit each model and the ‘Anova’ 
function in the ‘car’ R package (Fox and Weisberg 2019)  to  
calculate Type II Wald’s χ2 and determine the significance 
level (α = 0.05) of each fixed effect coefficient. We also
used the ‘emmeans’ R package (Lenth 2019) to conduct post-
hoc comparisons using Tukey’s tests, where degrees of free-
dom were approximated using the Kenward-Roger approach

(Kenward and Roger 1997). All analyses and plots were 
conducted in R version 4.1.0 (R Core Team 2021). All figure 
regression lines and associated 95% confidence interval error 
bars were plotted using predictions generated across the soil
nitrogen availability or soil pH gradient using the ‘emmeans’
R package (Lenth 2019). In addition to linear mixed-effects 
models, we constructed a correlation matrix using Pearson’s
R to visualize trait–trait relationships (Table S13 available as 
Supplementary Data at T ree Physiology Online).

Results 
Leaf nitrogen 
Increasing soil nitrogen availability increased Narea (P = 0.004;
Table 1; Figure 1a) through marginal increases in N mass
(P = 0.095; Table 1; Figure 1c) and Marea (P = 0.073; Table 1; 
Figure 1e). This pattern appears driven by a positive effect 
of increasing soil nitrate availability on Narea (P = 0.010;
Table S 6 and Figure S3a available as Supplementary Data 
at Tree Physiology Online) through a weak increase in
Nmass (P = 0.062; Table S 6 and Figure S3c available as 
Supplementary Data at Tree Physiology Online) and no 
change in Marea (P = 0.137; Table S 6 and Figure S3e available 
as Supplementary Data at Tree Physiology Online) coupled 
with a positive effect of increasing soil ammonium availability
on Narea (P < 0.002; Table S 6 and Figure S3b available as 
Supplementary Data at Tree Physiology Online) through an 
increase in Marea (P = 0.007; Table S6 and Figure S3f available 
as Supplementary Data at Tree Physiology Online) and no 
change in Nmass (P = 0.977; Table S6 and Figure S3d available 
as Supplementary Data at T ree Physiology Online).

There was no effect of soil pH on any trait related to 
leaf nitrogen (P > 0.1 in all cases; Table 1; Figure 1b, d, f) 
when pooled across treatments. However, there was a weak 
positive effect of increasing soil pH on Narea (P = 0.057;
Table S 7 available as Supplementary Data at Tree Physiology 
Online) when models included measurements only from 
control and sulfur addition plots, a pattern that was driven
by a weak positive effect of increasing soil pH on Marea
(P = 0.080; Table S 7 available as Supplementary Data at 
Tree Physiology Online) paired with a null effect of soil pH
on Nmass (P = 0.240; Table S 7 available as Supplementary 
Data at T ree Physiology Online).

Gas exc hange

While there was no effect of soil nitrogen availability on
Anet (P = 0.507; Table 2; Figure 2a) or stomatal conduc-
tance (P = 0.356; Table 2), increasing soil nitrogen avail-
ability had a weak positive effect on Vcmax25 (P = 0.063;
Table 2; Figure 2d) and a positive effect on J max25 (P = 0.041;
Table 2; Figure 2g). These effects were primarily associated 
with changes in soil nitrate availability. Specifically, while soil
nitrate availability had no effect on Anet (P = 0.609; Table S 8
and Figure S4a available as Supplementary Data at Tree Phys-
iology Online), increasing soil nitrate availability marginally
increased Vcmax25 (P = 0.052; Table S 8 and Figure S4c 
available as Supplementary Data at Tree Physiology Online) 
and increased Jmax25 (P = 0.031; Table S 8 and Figure S4e 
available as Supplementary Data at Tree Physiology Online). 
There was no effect of increasing soil ammonium availability 
on Anet, Vcmax25 or Jmax25 (P > 0.1 in all cases; Table S 8
and Figure S4b, d, f available as Supplementary Data at 
Tree Physiology Online). Vcmax25 and Jmax25 responses to soil
nitrogen availability were similar in magnitude, indicated by a
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Soil N modifies nitrogen–water use tradeoffs 7

Table 1. Effects of nitrogen availability and soil pH on A. saccharum leaf nitrogen content per unit leaf area (Narea), leaf nitrogen content per unit leaf mass 
(Nmass) and leaf mass per unit leaf area (Marea)∗. 

Narea (gN m leaf
−2) Nmass (gN g leaf 

−1) Marea (gdry_mass m leaf
−2) 

df Coefficient χ2 P Coefficient χ2 P Coefficient χ2 P 

(Intercept) – 4.56∗10−1 – – 2.14∗100 – – 1.57∗101 – – 
Soil N (μg  N  g  resin

−1 

day−1) 
1 1.84∗10−2 8.388 0.004 1.10∗10−2 2.779 0.095 6.17∗10-1 3.215 0.073 

Soil pH 1 1.20∗10−1 0.671 0.413 4.25∗10−3 0.001 0.978 6.94∗100 0.760 0.383 

∗Significance determined using Type II W ald χ2 tests (α = 0.05). P-values less than 0.05 are in bold, while P-values between 0.05 and 0.1 are italicized. Model 
results indicate responses when pooled across all treatments.

Table 2. Effects of nitrogen availability, soil pH and Narea on A. saccharum leaf gas e xchange∗. 

Anet (μmol m−2 s−1) gs (mol m−2 s−1) Vcmax25 (μmol m−2 s−1) 

df Coefficient χ2 P Coefficient χ2 P Coefficient χ2 P 

(Intercept) – 3.08∗100b – – −2.18∗100a – – 3.52∗101 – – 
Soil N (μg  N  g  resin

−1 

day−1) 
1 −6.64∗10-3b 0.440 0.507 −1.07∗10-2a 0.853 0.356 5.95∗10−1 3.441 0.064 

Soil pH 1 −2.64∗10-1b 1.291 0.256 −2.23∗10-1a 0.688 0.407 −1.11∗100 0.023 0.879 
(Narea intercept) – 2.16∗100b – – −2.66∗100a – – 1.55∗101 – – 
Narea 1 −2.62∗10-1b 1.496 0.221 −5.26∗10-1a 4.861 0.027 1.89∗101 8.395 0.004 

Jmax25 (μmol m−2 s−1) Jmax25:Vcmax25 (unitless) 

df Coefficient χ2 P Coefficient χ2 P 

(Intercept) – 7.20∗101 – – 1.57∗100 – – 
Soil N (μg  N  g  resin

−1 

day−1) 
1 1.02∗100 4.181 0.041 3.91∗10−3 0.405 0.525 

Soil pH 1 −3.79∗100 0.111 0.739 5.57∗10−2 0.152 0.696 
(Narea intercept) – 4.21∗101 – – 2.11∗100 – – 
Narea 1 2.27∗101 4.435 0.035 −1.97∗10−1 2.278 0.131 

∗Significance determined using Type II Wald χ2 tests (α = 0.05). P-values less than 0.05 are in bold, while P-values between 0.05 and 0.1 are italicized. A 
superscript ‘a’ indicates slope coefficients estimated from models fit with natural-log transformed data, while a superscript ‘b’ indicates coefficients estimated 
from models fit with square-root transformed data. Relationships between Narea and each response variable were fit using a separate mixed-effects model and 
are independent from results reported for modelled effects of nitrogen and soil pH on each response variable. Model results indicate responses when pooled 
across all treatments. Key: Anet—light saturated net photosynthesis rate; gs—stomatal conductance; Vcmax25—maximum rate of Rubisco carboxylation at 
25 ◦C; Jmax25—maximum rate of electron transport for RuBP regeneration at 25 ◦C; Jmax25:Vcmax25—the ratio of Jmax25 to Vcmax25.

null effect of increasing soil nitrogen, nitrate and ammonium 
availability on the ratio o f Jmax25 to Vcmax25 (P > 0.1 in all
cases; Table 2; Tab le S8 available as Supplementary Data at 
T ree Physiology Online).

There was no effect of soil pH on any trait related to leaf 
gas exchange (P > 0.1 in all cases; Table 2; Figure 2b, e, h) 
when pooled across treatments. Null effects of soil pH on Anet, 
stomatal conductance, Jmax25 and Jmax25:Vcmax25 persisted 
when models included only measurements from control and
sulfur addition plots (P > 0.1 in all cases; Table S 9 available 
as Supplementary Data at Tree Physiology Online); however, 
a weak positive effect of increasing soil pH on Vcmax25
(P = 0.054; Table S 9 available as Supplementary Data at Tree 
Physiology Online) emerged.

Despite the lack of relationship between Narea and Anet
(P = 0.221; Table 2; Figure 2c), increasing Narea was posi-
tively associated with Vcmax25 (P = 0.004; Table 2; Figure 2f) 
and Jmax25 (P = 0.035; Table 2; Figure 2i). The null rela-
tionship between Narea and Anet (Figure 2c) likely arose from 
the strong positive relationship between Anet and stomatal 
conductance (r2 = 0.83) and the negative correlation between 
Narea and stomatal conductance (r2 = 0.07) that was opposite 
in direction but similar in magnitude to the positive corre-
lation between Narea and Vcmax25 (r2 = 0.14) and positive

correlation between Narea and Jmax25 (r2 = 0.09) (Table S13 
available as Supplementary Data at T ree Physiology Online).

Tradeoffs between nitrogen and water use

Analyses that assess the slope relationships between Narea, 
Vcmax25 and PNUE to stomatal conductance across the soil
nitrogen and pH gradient are included in Table S11 available 
as Supplementary Data at Tree Physiology Online. These 
results indicate patterns that are directionally similar but
weaker in magnitude than relationships between these traits
and χ . 

Increasing soil nitrogen availability had a weak negative
effect on χ (P = 0.070; Table 3; Figure 3a)  and  PNUE 
(P = 0.077; Table 3; Figure 3c). Increasing soil nitrate 
availability (P = 0.098; Table S10 and Figure S5a available 
as Supplementary Data at Tree Physiology Online) and
ammonium availability (P = 0.094; Table S10 and Figure S5b 
available as Supplementary Data at Tree Physiology Online) 
each contributed to the negative effect of increasing soil
nitrogen availability on χ ; however, only soil ammonium 
availability decreased PNUE (P = 0.031; Table S10 and Fig-
ure S5d available as Supplementary Data at Tree Physiology 
Online). There was also a positive effect of increasing soil
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Figure 1. Effects of soil nitrogen availability and soil pH on A. saccharum leaf nitrogen content per unit leaf area (a, b), leaf nitrogen content per unit leaf 
biomass (c, d) and leaf mass per unit leaf area (e, f). Soil nitrogen availability on the x-axis in the left column of panels and soil pH is on the x-axis in the 
right column of panels. Treatment plots are represented as shaped and colored points. Measurements from the control treatment (no N; no S) are noted 
with circular points, measurements from the sodium nitrate treatment (+ N; no S) are noted with square points, measurements from the ammonium 
sulfate treatment (+ N; + S) are noted with diamond points, while measurements from the sulfur treatment (no N; + S) are noted with triangular points. 
Trendlines that describe the relationship between soil nitrogen availability or soil pH and each response variable are only included when the slope of  the  
regression line is different from zero (P < 0.05, solid trendline) or marginally dif ferent from zero (0.05 < P < 0.1, dashed trendline). Error ribbons indicate
the upper and lower 95% confidence interval, drawn across the range in x-axis values using the ‘emmeans’ R package (Lenth 2019). N = nitrogen, 
S = sulfur. 

nitrogen availability on the Narea– χ slope (P = 0.003; Table 3; 
Figure 3e)  and  the Vcmax25–χ slope (P = 0.036; Table 3; 
Figure 3g), but a weak negative effect on the PNUE–χ slope 
(P = 0.089; Table 3). Increasing soil nitrate availability 
and ammonium availability also each contributed to the 

positive effect of increasing soil nitrogen availability on the
Narea–χ slope (P < 0.05 in both cases; Table S10 and Fig-
ure S5e, f available as Supplementary Data at Tree Physiology 
Online); however, the Vcmax25–χ slope increased with only 
increasing soil nitrate availability (P = 0.033; Table S10
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Soil N modifies nitrogen–water use tradeoffs 9

Figure 2. Effects of soil nitrogen availability (left column of panels), soil pH (middle column of panels) and leaf nitrogen content per unit leaf area (right 
column of panels) on A. saccharum net photosynthesis rate per unit leaf area (a–c), maximum Rubisco carboxylation rate per unit leaf area (d–f), and 
maximum rate of electron transport for RuBP regeneration per unit leaf area (g–i). Soil nitrogen availability is on the x-axis in the left column of panels, 
soil pH is on the x-axis in the middle column of panels, and leaf nitrogen content per unit leaf area on the x-axis in the right column of panels. Shapes,
trendlines and error bars are as explained in Figure 1. 

and Figure S5g available as Supplementary Data at Tree 
Physiology Online) and the PNUE–χ slope only decreased 
with increasing soil ammonium availability (P = 0.068;
Table S10 available as Supplementary Data at T ree Physiology
Online).

Increasing soil pH had no effect on any trait related 
to resource-use efficiency (P > 0.1 in all cases; Table 3; 
Figure 3b, d, f, h) when pooled across treatments. When 
models included only measurements collected from control
and sulfur-addition plots, soil pH had no effects on χ ,  PNUE  
or the PNUE–χ slope (P > 0.1 in all cases; Table S12 
available as Supplementary Data at Tree Physiology Online); 
however, increasing soil pH increased both the Narea–χ slope 
(P = 0.051; Table S12 available as Supplementary Data at 
Tree Physiology Online) and the Vcmax25–χ slope (P = 0.031;
Table S12 available as Supplementary Data at T ree Physiology
Online).

Finally, indices of water-use efficiency showed strong 
relationships with leaf nitrogen content. The leaf Ci:Ca ratio
(χ ) decreased steeply with increasing N area (P < 0.001;

Table 3; Figure 4a), while the Vcmax25–χ slope increased with 
Narea (P < 0.05; Table 3; Figure 4b). The positive relationship 
between Narea and the Vcmax25–χ slope was driven by a 
positive correlation between Narea and Vcmax25 (Figure 2f) 
and a negative relationship between Narea and χ (Figure 4a). 
We also found evidence for tradeoffs between nitrogen and
water-use efficiency, where χ , an inverse proxy for water-use 
efficiency, was positively correlated with PNUE (χ2 = 14.719, 
df = 1, P < 0.001; Figure 4c). 

Discussion 
Photosynthetic least-cost theory provides an explanation for 
understanding the relationships between nutrient availability, 
leaf nutrient allocation and photosynthetic capacity. In a 
given environment, the theory predicts that an increase in 
soil nutrient availability should allow similar photosynthe-
sis rates to be achieved with increased leaf nutrient con-
tent and apparent photosynthetic capacity (i.e. Vcmax and
Jmax) at lower leaf Ci:Ca (χ ), resulting in an increase in
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Figure 3. Effects of soil nitrogen availability and soil pH on A. saccharum χ (a, b), photosynthetic nitrogen-use efficiency (c, d), the slope relationship 
between area-based leaf nitrogen content and χ (e, f), and the slope relationship between the maximum Rubisco carboxylation rate and χ (g, h). Soil 
nitrogen availability on the x-axis in the left column of panels and soil pH is on the x -axis in the right column of panels. Shapes, trendlines and error bars
are as explained in Figure 1. 
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Table 3. Effect of nitrogen availability, soil pH and Narea on tradeoffs between nitrogen and water use∗. 

χ (unitless) PNUE (μmol CO2 mol−1N  s−1) Narea–χ (gN m−2) 

df Coefficient χ2 P Coefficient χ2 P Coefficient χ2 P 

(Intercept) – 9.31∗10−1 – – 1.20∗100a – – 3.39∗10−3 – – 
Soil N (μg  N  g  resin

−1 

day−1) 
1 −2.25∗10−3 3.272 0.070 −6.74∗10−2a 3.136 0.077 3.17∗10−2 8.557 0.003 

Soil pH 1 −3.30∗10−2 1.312 0.252 −1.07∗100a 1.463 0.227 2.81∗10−1 1.251 0.263 
(Narea intercept) – 9.02∗10−1 – – – – – – – – 
Narea 1 −1.22∗10−1 43.831 <0.001 – – – – – – 

Vcmax25–χ (μmol m−2 s−1) PNUE–χ (μmol CO2 mol−1N 
s−1) 

df Coefficient χ2 P Coefficient χ2 P 

(Intercept) – 8.22∗101 – – 1.40∗102 – – 
Soil N (μg  N  g  resin

−1 

day−1) 
1 8.01∗10−1 4.393 0.036 −1.03∗100 2.897 0.089 

Soil pH 1 −1.00∗101 1.176 0.278 1.55∗101 1.203 0.273 
(Narea intercept) – 4.85∗100 – – – – – 
Narea 1 1.69∗100 7.131 0.008 – – – 

∗Significance determined using Type II W ald χ2 tests (α = 0.05). P-values less than 0.05 are in bold and P-values between 0.05 and 0.1 are italicized. A 
superscript ‘a’ indicates slope coefficients estimated from linear mixed-effects models fit with square root transformed data. Relationships between Narea 
and each response variable were fit using a separate mixed-effects model and are independent from results reported for relationships between nitrog en and
soil pH for each response variable. Model results indicate responses when pooled across all treatments. Key: χ—isotope-derived estimate of the leaf Ci:Ca; 
PNUE—photosynthetic nitrogen-use efficiency, ratio of net photosynthesis to leaf nitrogen content per unit leaf area; Narea–χ—slope relationship between 
Narea and χ ; Vcmax25 –χ—slope relationship between Vcmax25 and χ ; PNUE –χ—slope relationship between photosynthetic nitrogen-use efficiency and χ . 

water-use efficiency, decrease in nutrient-use efficiency, and 
increase in the slope relationship between leaf nutrient content
and χ and the slope relationship between apparent photo-
synthetic capacity and χ . The theory predicts similar leaf 
responses to increasing soil pH under acidic conditions, pre-
sumably due to generally faster nutrient cycling and lower
costs of acquiring nutrients relative to water with increasing
soil pH in low pH soils (Wang et al. 2017, Dong et al. 2020, 
Paillassa et al. 2020). 

Here, we take advantage of a nitrogen-by-pH field manipu-
lation experiment to assess whether variability in soil nitrogen 
availability and soil pH induce nitrogen–water use tradeoffs 
expected from photosynthetic least-cost theory. Supporting
photosynthetic least-cost theory, our results show that as soil
nitrogen availability increased, A. saccharum net photosyn-
thesis did not change (Figure 2a), even as area-based leaf nitro-
gen content (Figure 1a) and apparent photosynthetic capacity
(Figure 2d, g) increased and χ decreased (Figure 3a). In fur-
ther support of the theory, increasing soil nitrogen availability
reduced photosynthetic nitrogen-use efficiency (Figure 3c), 
increased the slope relationship between area-based leaf nitro-
gen content and χ (Figure 3e), increased the slope relationship 
between apparent photosynthetic capacity and χ (Figure 3g), 
and decreased the slope relationship between PNUE and χ 
(Table 3). These results indicate that A. saccharum individuals 
maintained net photosynthesis rates in response to increasing 
soil nitrogen availability by sacrificing inefficient use of a rel-
atively more abundant resource (nitrogen) for more efficient 
use of a relatively less abundant resource (water). However, 
there was no effect of soil pH on measured traits, contrasting 
with our expectations. These findings provide some of the first 
support for patterns expected from photosynthetic least-cost 
theory in a field nutrient manipulation experiment and can be
used to better understand mechanisms driving leaf nitrogen-
photosynthesis relationships across resource availability gra-
dients. Additionally, they can be used to better understand

the consequences of atmospheric deposition on plant eco-
physiological traits, as these results suggest that nitrogen
deposition has a stronger impact on plant communities than
soil acidification.

Nitrogen availability modifies tradeoffs between 
nitrogen and water use

Photosynthetic least-cost theory suggests that reductions in 
PNUE should be driven by an increase in the proportion 
of leaf nitrogen allocated to photosynthetic enzymes such 
as Rubisco, a pattern that allows plants to achieve opti-
mal photosynthetic rates with greater photosynthetic capac-
ity to make more efficient use of available light. Following
this prediction, increasing soil nitrogen availability increased
Narea (Figure 1a), Vcmax25 (Figure 2d)  and  Jmax25 (Figure 2g) 
despite no effect of soil nitrogen availability on net photosyn-
thesis (Figure 2a) or stomatal conductance (Table 2). These 
patterns corresponded with reduced χ with increasing soil 
nitrogen availability (Figure 3a), and yielding strong positive 
effects of increasing soil nitrogen availability on the slope
relationship between area-based leaf nitrogen content and
χ (Figure 3e), and the slope relationship between apparent
photosynthetic capacity and χ (Figure 3g), and a negative 
effect of increasing soil nitrogen availability on the slope
relationship between PNUE and χ (Table 3). These patterns 
support nitrogen–water use tradeoffs predicted from the the-
ory.

Positive effects of soil nitrogen availability on area-based
leaf nitrogen content (Figure 1a) and apparent photosynthetic 
capacity (Figure 2d, g) were coupled with a strong positive 
correlation between area-based leaf nitrogen content and
apparent photosynthetic capacity (Table S13 available 
as Supplementary Data at Tree Physiology Online and
Figure 2f, i). These results support the idea that A. saccharum 
individuals were using additional nitrogen acquired through
increased soil nitrogen availability to enhance photosynthetic
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Figure 4. Relationships between A. saccharum leaf nitrogen content per unit leaf area and χ (a), leaf nitrogen content per unit leaf area and the 
maximum Rubisco carboxylation rate per unit χ (b), and χ and photosynthetic nitrogen-use efficiency (c). Leaf nitrogen content per unit leaf area is on 
the x-axis in panels (a) and (b), while χ is on the x-axis in panel (c). Shapes, trendlines and error bars are as explained in Figure 1. 

capacity through increased nitrogen allocation to photo-
synthetic enzymes (Niinemets and Tenhunen 1997, Wright 
et al. 2003). However, the stronger response of leaf nitrogen 
than photosynthetic capacity to soil nitrogen availability
(as observed in Waring et al. 2023) suggests that additional 
nitrogen acquisition due to increased nitrogen availability was 
also being used to support non-photosynthetic nitrogen pools,
possibly to leaf structural tissue or stress-induced amino acid
and polyamine synthesis (Minocha et al. 2000, 2019, Onoda 
et al. 2004, Bubier et al. 2011, Young et al. 2023). Future 
work should consider explicitly measuring nitrogen allocation 

to cell wall tissue and stress-induced amino acid synthesis to
confirm these hypotheses.

Consistent with the nitrogen–water use tradeoffs predicted 
from photosynthetic least-cost theory, χ decreased with 
increasing soil nitrogen availability (Figure 3a) and decreased 
steeply with increasing area-based leaf nitrogen content
(Figure 4a). Further supporting the theory, χ increased with 
increasing PNUE (Figure 4c), and the slope relationship 
between PNUE and χ decreased with increasing nitrogen 
availability (Table 3). These findings build on previous work 
using data collected in arid and semi-arid systems (Paillassa
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et al. 2020, Querejeta et al. 2022, Westerband et al. 2023), 
suggesting that nitrogen–water use tradeoffs expected from 
photosynthetic least-cost theory are consistently observed 
across terrestrial ecosystems of varying precipitation regimes.
However, as suggested in Paillassa et al. (2020) and 
Querejeta et al. (2022), negative relationships between soil 
nitrogen availability and χ may become more pronounced 
with increasing aridity. This strategy could be especially 
advantageous if it allows individuals growing in arid or 
semi-arid regions to maintain carbon assimilation rates with 
reduced water loss. Future work should attempt to quantify 
the interactive roles of climate and soil nitrogen availability on
leaf nitrogen–water use tradeoffs, which could be done using
coordinated and multi-factor field nutrient manipulation
experiments across climatic gradients, such as the Nutrient
Network (Borer et al. 2014). 

Tradeoffs between nitrogen and water use were 
more strongly related to changes in nitrate
availability than ammonium availability

Nitrogen–water use tradeoffs were assessed using a summed 
pool of soil nitrate and ammonium availabilities collected dur-
ing the gas exchange measurement period. This approach pro-
vided an opportunity to isolate the effect of nitrate and ammo-
nium availability on nitrogen–water use tradeoffs across the
soil nitrogen availability gradient. Increasing soil nitrate avail-
ability was associated with an increase in area-based leaf
nitrogen content (Figure S3a available as Supplementary Data 
at Tree Physiology Online), an increase in apparent photosyn-
thetic capacity (Figure S4c, e available as Supplementary Data 
at Tree Physiology Online) and a decrease in χ (Figure S5a 
available as Supplementary Data at Tree Physiology Online). 
These patterns increased the slope relationship between area-
based leaf nitrogen content and χ (Figure S5e available as 
Supplementary Data at Tree Physiology Online) and the slope
relationship between apparent photosynthetic capacity and χ 
(Figure S5g available as Supplementary Data at Tree Physi-
ology Online) as soil nitrate availability increased, support-
ing theoretical expectations. While increased soil ammonium
availability was also associated with increased area-based leaf
nitrogen content (Figure S3b available as Supplementary Data 
at Tree Physiology Online) and a weak decrease in both χ (Fig-
ure S5b available as Supplementary Data at Tree Ph ysiology
Online) and PNUE (Figure S5d available as Supplementary 
Data at Tree Physiology Online), there was no relationship 
between soil ammonium availability and apparent photo-
synthetic capacity (Figure S3d, f available as Supplementary 
Data at Tree Physiology Online). The positive response of 
area-based leaf nitrogen content to increasing soil ammonium 
availability may have been the product of increased leaf 
nitrogen allocation to non-photosynthetic pools, as further
evidenced by the positive response of Marea and the null
response of Nmass to increasing soil ammonium availability
(Onoda et al. 2004, 2017). 

Our results suggest that nitrogen–water use tradeoffs across 
the soil nitrogen availability gradient were more strongly 
correlated with soil nitrate than soil ammonium availability. 
These patterns were observed despite the fact that nitrate 
assimilation is more metabolically costly than ammonium
assimilation, as nitrate must be converted to ammonium
through a series of energetically expensive reduction reactions
before it can be used by the plant (Tischner 2000, Hirel et al. 
2011). We therefore expected that nitrate assimilation would 

be more costly, leading to weaker nitrogen–water use trade-
offs compared with the less costly ammonium assimilation 
pathway. However, greater costs of nitrate assimilation may be
partly offset by its much greater abundance in high-nitrogen
soils, and by the greater mobility of nitrate relative to ammo-
nium (Fraterrigo et al. 2011, Zhou et al. 2021). Quantifying 
the costs of nitrate and ammonium assimilation, along with 
the associated uptake rates of each form, would help deter-
mine if nitrogen–water use tradeoffs were driven by increased 
nitrate uptake compared with ammonium uptake. Such work
would also help determine whether these patterns were driven
by the greater variation in soil nitrate availability (plot mean
range: 0.55–21.10 μg  NO3-N gresin

−1 day−1; Table S 4 avail-
able as Supplementary Data at Tree Physiology Online) than 
soil ammonium availability (plot mean range: 0.51–6.67 μg 
NH4-N g resin

−1 day−1; Table S 4 available as Supplementary 
Data at Tree Physiology Online) across plots, which partly 
confounds our attempts to distinguish the form of nitrogen 
availability from its total amount. In addition, recent work
indicates that the dominant nitrogen form taken up by plants
is partly driven by its relative availability (Aanderud and 
Bledsoe 2009, Liu et al. 2025). 

Soil nitrogen availability matters more for 
determining tradeoffs between nitrogen and water
use than soil pH

Previous correlational studies along environmental gradients 
have identified soil pH as an important edaphic factor that
can modify tradeoffs between nutrient and water use (Smith 
et al. 2019, Paillassa et al. 2020, Westerband et al. 2023)  and  
the proportion of leaf nitrogen allocated to photosynthesis
(Luo et al. 2021). Such studies implied that these patterns 
may be driven by reduced soil nitrogen availability commonly 
observed in acidic soils, though no prior studies have experi-
mentally evaluated this hypothesis.

When pooled across all treatments, leaf traits were not sig-
nificantly correlated with soil pH. The lack of an overarching 
pH response was expected because both of the experimental
nitrogen additions increased nitrogen supply, even as one
form (ammonium sulfate) decreased soil pH (Table S 5 and 
Figure S2 available as Supplementary Data at Tree Physiology 
Online). When excluding the nitrogen-amended plots and 
examining measurements collected from only the sulfur addi-
tion and control plots, increasing soil pH had no detectable
effect on net photosynthesis or χ , but increased area-based 
leaf nitrogen content and Vcmax25 (Tables S 7 and S9 available 
as Supplementary Data at Tree Physiology Online). These 
patterns increased the slope relationship between area-based
leaf nitrogen content and χ and the slope relationship between 
Vcmax25 and χ with increasing soil pH despite no apparent 
change in PNUE across the soil pH gradient (Table S12 
available as Supplementary Data at T ree Physiology Online).

Directionally, our results support findings from Paillassa 
et al. (2020) and other gradient studies that note the positive 
effects of increasing soil pH on area-based leaf nitrogen 
content and the apparent maximum rate of Rubisco carboxy-
lation, while not supporting expectations of a negative effect
of increasing soil pH on χ (Viet et al. 2013, Cornwell et al. 
2018, Luo et al. 2021). The range in soil pH values across plots 
in this study (3.85–5.34) are within the range of soil pH values 
reported in previous studies that show patterns supportive 
of least-cost outcomes, although other studies demonstrate
support for the theory using a broader range in soil pH values
(e.g. Paillassa et al. 2020 use a soil pH range from 3.5 to
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8.5). Regardless, our results indicate that increasing soil pH 
increased leaf nitrogen allocation to photosynthetic enzymes, 
providing some evidence for pH-driven nitrogen–water use 
tradeoffs mediated by pH effects on soil nitrogen availability. 
These results support the role of soil pH in contributing to 
nitrogen–water tradeoffs because of how soil pH affects soil
nitrogen availability, as the larger dataset shows that soil
nitrogen availability, regardless of soil pH, was the overriding
driver of nitrogen–water use tradeoffs across the soil nitrogen
and pH gradients, while modest pH effects emerged in plots
with varying pH and no additional nitrogen input.

It is also possible that these observed pH responses may 
have been driven by changes in phosphorus availability, as
phosphorus availability is emerging as a key regulator of
relationships between leaf nitrogen and photosynthesis (Jiang 
et al. 2020, Ellsworth et al. 2022) and is reduced at low
soil pH (Hou et al. 2018, 2020). However, acidity-driven 
suppression of phosphorus availability should have occurred 
similarly at acidified plots both with and without nitrogen 
addition and manifested as an overall pH effect, which we did 
not see in the general models. While phosphorus availability
was not measured here, future work should consider phospho-
rus availability when assessing nutrient–water use tradeoffs
across resource availability and soil pH gradients.

Study limitations and future directions

Soil nitrogen availability explained fairly small amounts of 
variation for all leaf traits. This result is likely due to spa-
tiotemporal variability in both leaf properties and soil nitro-
gen availability within plots (Akana et al. 2023). However, 
variance in leaf nitrogen content and photosynthetic pro-
cesses may be driven by other factors, such as climate-driven
changes in demand to build and maintain photosynthetic
enzymes (Smith et al. 2019, Prieto et al. 2023, Cheaib et al. 
2025b) or species phylogeny (Yan et al. 2023). The deci-
sion to use a single species in these analyses allowed us 
to isolate the role of soil nitrogen availability and soil pH 
on theoretical expectations while controlling for phylogeny. 
While similar effects of soil nitrogen availability and pH on
leaf traits were observed when analyses included measure-
ments collected from all species, interspecies variation gener-
ally explained greater variation in leaf traits than explained
by the combined effects of soil nitrogen availability and
soil pH (Tables S1 4–S16 and Figures S6–S8 available as 
Supplementary Data at Tree Physiology Online). Understand-
ing how the magnitude and direction of these patterns vary 
across plant functional groups is an important next step for
testing the generality of nitrogen–water use tradeoffs across
resource availability gradients.

Gas exchange measurements were collected during a single 
growing season after multiple years of nutrient addition. The 
traits measured in this study are highly plastic and known to 
respond quickly to changes in environmental stimuli; however, 
these traits can also be influenced by longer-term changes in 
nutrient allocation, canopy structure or relationships with soil 
microbiota (e.g. mycorrhizal fungi). The results presented here 
therefore represent the culmination of both short- and long-
term processes that influence measured leaf traits across the
soil nitrogen availability and soil pH gradient, although effects
of pH could require more than nine years to emerge. Our
sampling approach does not allow us to assess the tempo-
ral element that regulates leaf-level photosynthetic responses
to soil nitrogen availability or soil pH; however, this is an

important component of leaf trait variation that future studies
should address.

Our treatments might be expected to drive some divergent 
trajectories in terms of ecosystem biogeochemical cycling and
plant-fungal interactions. Nitrate is highly mobile in soils and
prone to leaching (Vitousek and Howarth 1991). In contrast, 
ammonium tends to be more readily retained on soil cation 
exchange sites and immobilized by soil microbial communi-
ties. However, chronically elevated deposition of ammonium
can nitrify quickly, especially when plant and microbial capac-
ity for uptake are exceeded (van Breemen et al. 1984), such 
that nitrate dominates soil nitrogen availability in both types 
of nitrogen addition in this study, and to date no differences
have emerged in any plant or soil response variable (this
study, Frey et al. 2025). Long-term increases in soil nitrogen 
availability should reduce plant investment in mycorrhizal-
mediated nitrogen uptake, and has been shown to induce 
large decreases in soil respiration in both nitrogen treatments,
driven in large part by reduced plant allocation belowground
to roots and microbial symbionts (Frey et al. 2025). That 
said, soil microbial communities and most temperate and 
boreal tree species tend to preferentially assimilate ammonium
over nitrate (Templer and Dawson 2004, Fraterrigo et al. 
2011, Mao et al. 2025). The lower energetic cost for assim-
ilation of ammonium should produce greater efficiency in its 
plant uptake than that of nitrate and correspondingly larger
tradeoffs with water-use efficiency, and should be a target of
future work.

Implications for photosynthetic least-cost theory in 
the context of changing deposition

Photosynthetic least cost theory indicates that leaf nitrogen 
content is the product of both (i) leaf nutrient demand to 
build and maintain photosynthetic enzymes, which is set by
aboveground environmental conditions such as light avail-
ability, CO2, temperature or vapor pressure deficit through
optimized changes in χ , and (ii) modifications to χ that result 
from changes in the cost to acquire and use nutrients to build 
photosynthetic proteins, which can be modified by nutrient
availability (Wright et al. 2003, Prentice et al. 2014, Smith 
et al. 2019, Paillassa et al. 2020, Westerband et al. 2023). This 
study allowed us to isolate the importance of soil nitrogen 
availability and soil pH as drivers of these allocation tradeoffs 
given the close spatial proximity of plots and the experimental 
manipulations of these two variables. Our results show pat-
terns consistent with those expected from least-cost theory in
response to increasing soil nitrogen availability, and weaker
patterns in response to increasing soil pH that were primarily
driven by increased leaf nitrogen allocation to photosynthetic
enzymes.

Our findings—that increasing soil nitrogen availability 
maintained net photosynthesis rates at reduced nitrogen-use 
efficiency and increased water-use efficiency—have at least 
two important implications for interpreting the consequences 
of changing atmospheric nitrogen deposition. First, Earth 
system models that do not incorporate frameworks for 
patterns expected from photosynthetic least-cost theory will
likely overestimate the enhancement of photosynthesis by
elevated nitrogen deposition and corresponding decreases in
evapotranspiration. This overestimation may be particularly
apparent if constant nutrient and water-use efficiencies are
assumed to be constant across soil nitrogen availability
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gradients. Second, concerns for forest productivity are emerg-
ing over evidence of increasing nitrogen oligotrophication 
in the northeastern USA and similar regions where rising 
atmospheric CO2 and longer growing seasons combine with
reductions in historically elevated nitrogen deposition to
increase plant nitrogen limitation (Groffman et al. 2018, 
Mason et al. 2022). If our results hold for sugar maple and 
other major forest species in the region, gradual reductions 
in soil nitrogen availability from these oligotrophication 
processes could be partly compensated by increased plant
nitrogen-use efficiency and reduced water-use efficiency, for
lessened impacts on photosynthesis accompanied by increased
transpirational water losses.

Conclusions 
We used a long-term nitrogen-by-pH experiment to test nitro-
gen–water use tradeoffs predicted by photosynthetic least-
cost theory using the experiment’s dominant tree species, A. 
saccharum. Across plots, increasing soil nitrogen availabil-
ity decreased the ratio of intercellular CO2 to atmospheric
CO2 (χ , proxy for stomatal conductance and inverse proxy 
for water-use efficiency), while area-based leaf nitrogen con-
tent and apparent photosynthetic capacity increased. How-
ever, soil nitrogen availability did not detectably affect net 
photosynthesis. As a result, photosynthetic nitrogen-use effi-
ciency decreased, and indices of leaf nitrogen content and
photosynthetic capacity increased relative to water-use effi-
ciency, as indicated by steeper slope relationships with χ .  The  
decrease in χ with increasing area-based leaf nitrogen con-
tent and positive correlation between χ and photosynthetic 
nitrogen-use efficiency also supported expectations of leaf
nitrogen-water tradeoffs.

Altogether, these results provide robust mechanistic sup-
port for patterns expected from photosynthetic least-cost 
theory, among the first to do so in a nutrient manipulation 
experiment. Our findings also highlight the role of nitrogen– 
water use tradeoffs as a potential buffering mechanism that 
enables plants to maintain net photosynthesis rates across 
gradients of soil resource availability (e.g. due to elevated 
nitrogen deposition or processes that contribute to nitrogen 
oligotrophication) by adjusting water - and nitrogen-use effi-
ciencies. Finally, this study provides experimental support for
prior work suggesting that leaf nitrogen–water use economies
vary with soil nitrogen availability and soil pH, showing that
soil nitrogen availability was more important in shaping leaf
photosynthetic trait variation than soil pH. These patterns
suggest that nitrogen deposition may have a greater influence
on plant ecophysiological responses to atmospheric inputs
than soil acidification.
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