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Abstract 

Plants respond to increasing atmospheric CO2 concentrations by reducing leaf nitrogen content and photosynthetic 
capacity—patterns that correspond with increased net photosynthesis and growth. Despite the longstanding no-
tion that nitrogen availability regulates these responses, eco-evolutionary optimality theory posits that leaf-level 
responses to elevated CO2 are driven by leaf nitrogen demand for building and maintaining photosynthetic enzymes 
and are independent of nitrogen availability. In this study, we examined leaf and whole-plant responses of Glycine 
max L. (Merr) subjected to full-factorial combinations of two CO2, two inoculation, and nine nitrogen fertilization 
treatments. Nitrogen fertilization and inoculation did not alter leaf photosynthetic responses to elevated CO2. Instead, 
elevated CO2 decreased the maximum rate of ribulose-1,5-bisophosphate oxygenase/carboxylase (Rubisco) car-
boxylation more strongly than it decreased the maximum rate of electron transport for ribulose-1,5-bisphosphate 
(RuBP) regeneration, increasing net photosynthesis by allowing rate-limiting steps to approach optimal coordination. 
Increasing fertilization enhanced positive whole-plant responses to elevated CO2 due to increased below-ground 
carbon allocation and nitrogen uptake. Inoculation with nitrogen-fixing bacteria did not influence plant responses to 
elevated CO2. These results reconcile the role of nitrogen availability in plant responses to elevated CO2, showing that 
leaf photosynthetic responses are regulated by leaf nitrogen demand while whole-plant responses are constrained by 
nitrogen availability.

Keywords:   Acclimation, biomass, eco-evolutionary optimality, growth chamber, least-cost theory, optimal coordination, 
photosynthesis, plant functional ecology, resource optimization.

Introduction

Complex carbon and nitrogen cycles regulate terrestrial eco-
systems. Terrestrial biosphere models that incorporate coupled 
carbon and nitrogen cycles must accurately represent the pro-
cesses and interactions governing these cycles across different 
environmental scenarios to simulate carbon and nitrogen fluxes 
reliably (Hungate et al., 2003; Prentice et al., 2015; Davies-
Barnard et al., 2020; Kou-Giesbrecht et al., 2023). However, 

uncertainties remain regarding how nitrogen availability and 
plant nitrogen acquisition strategy influences leaf and whole-
plant responses to increasing atmospheric CO2 concentrations, 
leading to divergent predictions of future carbon and nitrogen 
pools and fluxes across models (Arora et al., 2020; Davies-
Barnard et al., 2020, 2022; Meyerholt et al., 2020; Stocker et al., 
2025).
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Research spanning several decades has documented con-
sistent trends in leaf and whole-plant responses to elevated 
CO2. At the leaf level, C3 plants exhibit increased net photo-
synthesis rates that correspond with reduced leaf nitrogen con-
tent, stomatal conductance, and photosynthetic capacity when 
grown under elevated CO2 compared with ambient conditions 
(Curtis, 1996; Drake et al., 1997; Nakano et al., 1997; Medlyn 
et al., 1999; Ainsworth et al., 2002; Ainsworth and Long, 2005; 
Bernacchi et al., 2005; Ainsworth and Rogers, 2007; Crous 
et al., 2010; Lee et al., 2011; Pastore et al., 2019; Poorter et al., 
2022; Cui et al., 2023; Stocker et al., 2025). At the whole-
plant level, CO2 enrichment increases total leaf area, promot-
ing greater primary productivity and biomass accumulation 
(Coleman et al., 1993; Makino et al., 1997; Ainsworth et al., 
2002; Ainsworth and Rogers, 2007; Finzi et al., 2007; Poorter 
et al., 2022). Some studies suggest that elevated CO2 increases 
below-ground carbon allocation and root:shoot ratios (Iversen 
et al., 2008; Iversen, 2010; Nie et al., 2013; Stocker et al., 2025), 
although these responses are not consistently observed (Luo 
et al., 1994; Poorter et al., 2022) and are highly variable across 
experiments (Stocker et al., 2025).

Two hypotheses—the nitrogen limitation hypothesis and 
the eco-evolutionary optimality hypothesis—offer contrast-
ing views on how nitrogen availability shapes plant responses 
to elevated CO2. The nitrogen limitation hypothesis posits 
that nitrogen availability constrains plant responses to ele-
vated CO2, as nitrogen availability limits net primary produc-
tivity and influences the magnitude of the terrestrial carbon 
sink (Vitousek and Howarth, 1991; LeBauer and Treseder, 
2008; Sigurdsson et al., 2013; Wieder et al., 2015). Elevated 
CO2 increases whole-plant nitrogen demand for building new 
tissues, which may lead to greater nitrogen limitation of net 
primary productivity without additional ecosystem nitrogen 
inputs (Luo et al., 2004). Thus, increased nitrogen availability 
should amplify the positive effects of elevated CO2 on net pri-
mary productivity and biomass accumulation, provided that 
nitrogen availability exceeds whole-plant demand. Free-air 
CO2 enrichment studies offer mixed support for this hypo-
thesis, with some studies supporting its predictions (Reich 
et al., 2006; Norby et al., 2010) and others not (Finzi et al., 
2006; Moore et al., 2006; Liang et al., 2016). The hypothesis 
also implies that reductions in leaf nitrogen content and pho-
tosynthetic capacity under elevated CO2 are linked to eco-
system nitrogen limitation, as positive correlations between soil 
nitrogen availability, leaf nitrogen content, and photosynthetic 
capacity are common (Field and Mooney, 1986; Evans, 1989). 
However, evidence shows that reductions in leaf nitrogen con-
tent and photosynthetic capacity under elevated CO2 are often 
decoupled from changes in nitrogen availability (Crous et al., 
2010; Lee et al., 2011; Pastore et al., 2019), indicating that other 
factors, such as demand for building and maintaining photo-
synthetic tissues, might play an important role in determining 
leaf-level responses.

Conversely, the eco-evolutionary optimality hypothesis 
asserts that leaf-level demand to build and maintain photo-
synthetic enzymes drives leaf-level photosynthetic responses to 
elevated CO2 and that these responses are independent of ni-
trogen availability (Harrison et al., 2021). The hypothesis com-
bines photosynthetic least-cost (Wright et al., 2003; Prentice 
et al., 2014) and optimal coordination (Chen et al., 1993; Maire 
et al., 2012) theories, suggesting that elevated CO2 down-
regulates the maximum rate of Rubisco carboxylation (Vcmax) 
more strongly than the maximum rate of electron transport 
for ribulose-1,5-bisphosphate (RuBP) regeneration (Jmax). The 
down-regulation in Vcmax is attributed to increased CO2 availa-
bility under elevated CO2, which enhances Rubisco affinity for 
carboxylation relative to oxygenation and reduces demand for 
building and maintaining additional Rubisco enzymes (Bazzaz, 
1990; Dong et al., 2022). The eco-evolutionary optimality hy-
pothesis predicts that plants optimize leaf nitrogen allocation to 
photosynthetic capacity to use available light efficiently while 
avoiding overinvestment in Rubisco, which has high nitrogen 
and energetic costs to build and maintain (Evans, 1989; Sage, 
1994; Evans and Clarke, 2019). This strategy enhances photo-
synthetic nitrogen-use efficiency and allows increased net pho-
tosynthesis rates to be achieved by increasing the co-limitation 
of net photosynthesis rates by Rubisco carboxylation and elec-
tron transport for RuBP regeneration (Chen et al., 1993; Maire 
et al., 2012; Wang et al., 2017; Smith et al., 2019). Empirical 
evidence supports this hypothesis (Crous et al., 2010; Lee et al., 
2011; Smith and Keenan, 2020; Harrison et al., 2021; Dong 
et al., 2022; Cui et al., 2023), though few studies have con-
nected these patterns with concurrently measured whole-plant 
responses.

While the eco-evolutionary optimality hypothesis predicts 
that leaf-level photosynthetic responses are independent of ni-
trogen availability, it acknowledges that nitrogen availability 
may regulate whole-plant responses to elevated CO2. The hy-
pothesis suggests that the optimal whole-plant response to el-
evated CO2 involves allocating surplus nitrogen not needed to 
satisfy leaf-level demand to build and maintain photosynthetic 
enzymes toward constructing additional optimally coordinated 
leaves and other plant organs. Furthermore, the hypothesis 
implies that optimal resource allocation to photosynthetic ca-
pacity leads to nitrogen savings at the leaf level, maximizing re-
source allocation to support whole-plant growth (Smith et al., 
2024). Thus, the extent to which plant responses to elevated 
CO2 align with the nitrogen limitation or eco-evolutionary 
optimality hypothesis may be a question of scale, with leaf-
level responses driven by leaf-level photosynthetic demand and 
whole-plant responses regulated by nitrogen availability.

Plant nitrogen acquisition strategy complicates the role of ni-
trogen availability in plant responses to elevated CO2. Plants use 
a variety of strategies to acquire nitrogen, including direct uptake 
from the soil or through symbiotic relationships with mycorrhizal 
fungi and nitrogen-fixing bacteria (Barber, 1962; Gutschick, 1981; 
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Smith and Read, 2008). The carbon costs associated with nitrogen 
acquisition vary among species with different acquisition strategies 
and depend on environmental factors such as atmospheric CO2, 
temperature, light availability, and nutrient availability (Fisher et al., 
2010; Brzostek et al., 2014; Terrer et al., 2018; Allen et al., 2020; 
Perkowski et al., 2021; Lu et al., 2022; Peng et al., 2023; Perkowski 
et al., 2024; Cheaib et al., 2025). Carbon costs to acquire nitrogen 
can influence nitrogen uptake and, in turn, affect nitrogen alloca-
tion to different plant organs, investment in photosynthetic tissues, 
and biomass accumulation (Terrer et al., 2018; Perkowski et al., 
2021, 2024; Waring et al., 2023). Therefore, considering the ni-
trogen acquisition strategy is important when examining plant 
responses to elevated CO2 across nitrogen availability gradients, 
especially because whole-plant responses to elevated CO2 are 
often positively correlated with nitrogen uptake (Feng et al., 2015; 
Stocker et al., 2025). However, few studies account for plant acqui-
sition strategy when considering the role of nitrogen availability in 
plant responses to elevated CO2 (Terrer et al., 2016, 2018; Smith 
and Keenan, 2020). Despite this, emerging evidence suggests that 
acquisition strategies with lower carbon costs for nitrogen acqui-
sition may mitigate nitrogen limitation at the whole-plant level, 
though leaf-level responses remain less clear (Terrer et al., 2018; 
Smith and Keenan, 2020).

Here, we examined whether plant responses to elevated CO2 
align with the nitrogen limitation or eco-evolutionary opti-
mality hypothesis and assessed how the nitrogen acquisition 
strategy modifies these responses. Using a growth chamber ex-
periment, we grew Glycine max L. (Merr.) seedlings under two 
CO2 concentrations (420 ppm and 1000 ppm CO2), two ni-
trogen acquisition strategies (with and without Bradyrhizobium 
japonicum), and nine soil nitrogen fertilization treatments (rang-
ing from 0 ppm to 630 ppm N) in a full-factorial design. We 
used this experimental setup to test the following hypotheses.

(i)	 Following the eco-evolutionary optimality hypothesis, 
leaf photosynthetic responses to elevated CO2 will be in-
dependent of nitrogen fertilization and inoculation treat-
ment. Instead, elevated CO2 will decrease Vcmax more than 
Jmax, increasing the ratio of Jmax to Vcmax. This response will 
increase net photosynthesis rates under growth CO2 con-
ditions by allowing rate-limiting steps to approach optimal 
coordination while enhancing photosynthetic nitrogen- 
use efficiency.

(ii)	 Following the nitrogen limitation hypothesis, increasing 
nitrogen fertilization will enhance the positive effects of 
elevated CO2 on total leaf area and total biomass. This 
response will be due to increased below-ground carbon 
allocation and nitrogen uptake, and with increasing ni-
trogen fertilization that will be stronger under elevated 
CO2. Biomass responses to elevated CO2 will be driven by 
a greater increase in below-ground biomass than above-
ground biomass, as plants will invest in resource acquisi-
tion strategies to meet the increased whole-plant nitrogen 
demand for building new tissues.

(iii)	 Following the nitrogen limitation hypothesis, inocula-
tion with nitrogen-fixing bacteria will enhance positive 
whole-plant responses to elevated CO2. These responses 
will be strongest under low nitrogen availability, where 
inoculated plants will invest in nitrogen uptake through 
symbiotic nitrogen fixation over more costly direct up-
take pathways. However, these patterns will diminish with 
increasing nitrogen fertilization as plants acquire more 
nitrogen through increasingly less costly direct uptake 
pathways.

Materials and methods

Seed treatments and experimental design
Glycine max L. (Merr) seeds (Territorial Seed Co., Cottage Grove, OR, 
USA) were planted in 144 surface-sterilized pots (NS-600, 6 liter capacity; 
Nursery Supplies, Orange, CA, USA) containing a steam-sterilized 70:30 
v:v mix of Sphagnum peat moss (Premier Horticulture, Quakertown, 
PA, USA) to sand (Pavestone, Atlanta, GA, USA). Before planting, all 
G. max seeds were surface-sterilized in 2% sodium hypochlorite for 3 
min, followed by three 3 min washes with ultrapure water (MilliQ 7000; 
MilliporeSigma, Burlington, MA, USA). Subsets of surface-sterilized 
seeds were inoculated with B. japonicum (Verdesian N-Dure™ Soybean, 
Cary, NC, USA) in a slurry following the manufacturer’s recommenda-
tions (3.12 g of inoculant and 241 g of ultrapure water per 1 kg of seed).

Seventy-two pots were randomly planted using surface-sterilized seeds 
inoculated with B. japonicum, while the remaining 72 pots were planted 
using surface-sterilized uninoculated seeds. Thirty-six pots in each in-
oculation treatment were placed in one of two atmospheric CO2 treat-
ments (420 μmol mol–1 CO2 or 1000 μmol mol–1 CO2). CO2 treatments 
were decided based on current ambient CO2 concentrations and pro-
jections from the Intergovernmental Panel on Climate Change indicat-
ing that CO2 concentrations could surpass 1000 ppm by 2100 under 
the Shared Socioeconomic Pathway 5-8.5 (IPCC, 2021). Plants in each 
unique inoculation×CO2 treatment combination received one of nine 
nitrogen fertilization treatments equivalent to 0 (0 mM), 35 (2.5 mM), 70 
(5 mM), 105 (7.5 mM), 140 (10 mM), 210 (15 mM), 280 (20 mM), 350 
(25 mM), or 630 ppm (45 mM) N. This experimental setup resulted in 
four replicates per unique inoculation×CO2×nitrogen fertilization treat-
ment combination. Nitrogen fertilization treatments were created using 
a modified Hoagland’s solution (Hoagland and Arnon, 1950) designed 
to keep concentrations of all other macronutrients and micronutrients 
equivalent across treatments (Supplementary Table S1). Plants received 
the same nitrogen fertilization treatment twice per week in 150 ml doses 
as topical agents to the soil surface. Plants were well watered between 
fertilization doses to ensure that physiology and growth were not limited 
by water availability.

Growth chamber conditions
Plants were randomly placed in one of six calibrated Percival LED-41L2 
growth chambers (Percival Scientific Inc., Perry, IA, USA) over two ex-
perimental iterations due to chamber space limitation. The first iteration 
included all plants grown under elevated CO2, while the second included 
all plants grown under ambient CO2. Average (±SD) CO2 concentrations 
across chambers throughout the experiment were 439±5 μmol mol–1 
CO2 for the ambient treatment and 989±4 μmol mol–1 CO2 for the 
elevated treatment. Each experimental iteration lasted 7 weeks, which 
was sufficient for plants to grow through the majority of their vegetative 
growth phase without evidence of reproduction.
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Daytime growth conditions were simulated using a 16 h photoperiod, 
with incoming light radiation set to chamber maximum (mean ±SD: 
1230±12 μmol m–2 s–1 across chambers), air temperature to 25 °C, and 
relative humidity set 50%. This daylength allowed plants to maximize 
vegetative growth across the 7 week experiment while minimizing the 
onset of reproduction. The remaining 8 h period simulated night-time 
growing conditions, with incoming light radiation set to 0 μmol m–2 s–1, 
chamber temperature to 17 °C, and relative humidity to 50%. Transitions 
between daytime and night-time growing conditions were simulated by 
ramping incoming light radiation in 45 min increments and temperature 
in 90 min increments over 3 h (Supplementary Table S2).

Plants grew under average (±SD) daytime light intensity of 1049±27 
μmol m–2 s–1, including ramping periods. In the elevated CO2 iteration, 
plants grew under 24.0±0.2 °C during the day, 16.4±0.8 °C during the 
night, and 51.6±0.4% relative humidity. In the ambient CO2 iteration, 
plants grew under 23.9±0.2 °C during the day, 16.0±1.4 °C during the 
night, and 50.3±0.2% relative humidity. Any differences in climate condi-
tions across the six chambers were accounted for by shuffling the same 
group of plants throughout the growth chambers. This process was done 
by iteratively moving the group of plants on the top rack of a chamber to 
the bottom rack of the same chamber while simultaneously moving the 
group of plants on the bottom rack of a chamber to the top rack of the 
adjacent chamber. Plants were moved within and across chambers daily 
during each experiment iteration.

Leaf gas exchange measurements
Leaf gas exchange measurements were collected in all plants (n=144 
individuals) during the seventh week of development, before the onset 
of reproduction. All gas exchange measurements were collected on the 
center leaflet of the most recent fully expanded trifoliate leaflet set using 
LI-6800 portable photosynthesis machines configured with a 6800-01A 
fluorometer head and 6 cm2 aperture (LI-COR Biosciences, Lincoln, NE, 
USA). Specifically, net photosynthesis rates (Anet; μmol m–2 s–1), stomatal 
conductance rates (gsw; mol m–2 s–1), and intercellular CO2 concentra-
tions (Ci; μmol mol–1) were measured across a range of atmospheric CO2 
concentrations (i.e. an Anet/Ci curve) using the Dynamic Assimilation™ 
Technique. The Dynamic Assimilation™ Technique corresponds well 
with traditional steady-state Anet/Ci curves in G. max (Saathoff and 
Welles, 2021; Tejera-Nieves et al., 2024). Anet/Ci curves were generated 
along a reference CO2 ramp down from 420 µmol mol–1 CO2 to 20 µmol 
mol–1 CO2, followed by a ramp up from 420 µmol mol–1 CO2 to 1620 
µmol mol–1 CO2 after a 90 s wait period at 420 µmol mol–1 CO2. The 
ramp rate for each curve was set to 200 μmol mol–1 min–1, logging every 
5 s, generating 96 data points per response curve. All Anet/Ci curves were 
conducted after Anet and gsw stabilized in an LI-6800 cuvette set to a 500 
mol s–1 flow rate, 10 000 rpm mixing fan speed, 1.5 kPa vapor pressure 
deficit, 25 °C leaf temperature, 2000 μmol m–2 s–1 incoming light radi-
ation, and initial reference CO2 concentration set to 420 µmol mol–1.

Snapshot Anet measurements were extracted from each Anet/Ci curve, 
at both a common CO2 concentration, 420 µmol mol–1 CO2 (Anet,420; 
μmol m–2 s–1), and growth CO2 concentration, 420 µmol mol–1 CO2 
and 1000 µmol mol–1 CO2 (Anet,gc; μmol m–2 s–1). We quantified Anet,420 
to gauge the relative investment in photosynthetic tissues between treat-
ment combinations, and Anet,gc to quantify photosynthetic performance 
between treatment combinations. Dark respiration (Rd; μmol m–2 s–1) 
measurements were collected on the same leaflet used to generate Anet/Ci 
curves following at least a 30 min period of darkness. Dark respiration 
measurements were collected on a 5 s log interval for 60 s after the leaf 
stabilized in an LI-6800 cuvette set to a 500 mol s–1 flow rate, 10 000 rpm 
mixing fan speed, 1.5 kPa vapor pressure deficit, 25 °C leaf temperature, 
and 420 µmol mol–1 reference CO2 concentration (regardless of CO2 
treatment), with incoming light radiation set to 0 μmol m–2 s–1. A single 

Rd value was determined for each leaflet by calculating the mean Rd value 
across the logging interval.

A/Ci curve fitting and parameter estimation
Anet/Ci curves were fit using the ‘fitaci’ function in the ‘plantecophys’ 
R package (Duursma, 2015). This function estimates the apparent max-
imum rate of Rubisco carboxylation (Vcmax; µmol m–2 s–1) and apparent 
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 pho-
tosynthesis. Triose phosphate utilization (TPU) limitation was included as 
an additional rate-limiting step after visually observing clear TPU limi-
tation for most curves. All curve fits included measured dark respiration 
values. As Anet/Ci curves were generated using a common leaf temper-
ature (25 °C), curves were fit using Michaelis–Menten coefficients for 
Rubisco affinity for CO2 (Kc; μmol mol–1) and O2 (Ko; mmol mol–1), and 
the CO2 compensation point (Γ*; μmol mol–1) reported in Bernacchi 
et al. (2001). Specifically, Kc was set to 404.9 μmol mol–1, Ko was set to 
278.4 μmol mol–1, and Γ* was set to 42.75 μmol mol–1. Vcmax, Jmax, and 
Rd estimates are referenced throughout the rest of the paper as Vcmax25, 
Jmax25, and Rd25.

Leaf trait measurements
The leaflet used for Anet/Ci curves and dark respiration measurements was 
harvested immediately following gas exchange measurements. Images of 
each focal leaflet were curated using a flat-bed scanner to determine fresh 
leaf area using the ‘LeafArea’ R package (Katabuchi, 2015), which auto-
mates leaf area calculations using ImageJ software (Schneider et al., 2012). 
Post-processed images were visually assessed to check against errors in the 
automation process. Each focal leaflet was dried at 65 °C for at least 48 
h, weighed, and ground until homogenized. Leaf mass per area (Marea; g 
m–2) was calculated as the ratio of dry leaflet biomass to fresh leaflet area. 
Leaf nitrogen content (Nmass; gN g–1) was quantified using a subsample 
of ground and homogenized leaflet tissue through elemental combustion 
(Costech-4010, Costech, Inc., Valencia, CA, USA). Leaf nitrogen content 
per unit leaf area (Narea; gN m–2) was calculated by multiplying Nmass and 
Marea. Photosynthetic nitrogen-use efficiency (PNUEgc; µmol CO2 g

–1 N 
s–1) was estimated as the ratio of Anet,gc to Narea.

Chlorophyll content was extracted from a second leaflet in the same 
trifoliate leaf set as the leaf used to generate Anet/Ci curves. A cork borer 
was used to punch between three and five 0.6 cm2 disks from the leaflet. 
Images of each set of leaflet disks were curated using a flat-bed scanner 
to determine wet leaf area using the ‘LeafArea’ R package (Katabuchi, 
2015). Leaflet disks were shuttled into a test tube containing 10 ml of 
DMSO, vortexed, and incubated at 65 °C for 120 min (Barnes et al., 
1992). Incubated test tubes were vortexed again before being loaded in 
150 μl triplicate aliquots to a 96-well plate. DMSO was loaded in each 
plate as a single 150 μl triplicate aliquot and used as a blank. Absorbance 
measurements at 649 nm (A649) and 665 nm (A665) were recorded using 
a plate reader (Biotek Synergy H1; Biotek Instruments, Winooski, VT. 
USA), with triplicate measurements averaged and corrected by the mean 
of the blank absorbance value. Blank-corrected absorbance values were 
used to estimate Chl a (μg ml–1) and Chl b (μg ml–1) following equations 
from Wellburn (1994):

Chla = 12.19A665 − 3.45A649�  (1)

and

Chlb = 21.99A649 − 5.32A665�  (2)
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Chl a and Chl b were converted to mmol ml–1 using the molar masses of 
Chl a (893.51 g mol–1) and Chl b (907.47 g mol–1), then added together 
to calculate the total chlorophyll content in DMSO extractant (mmol 
ml–1). Total chlorophyll content (mmol) was determined by multiplying 
the total chlorophyll content in DMSO by the volume of DMSO (10 
ml). Area-based chlorophyll content (Chlarea; mmol m–2) was calculated by 
dividing the total chlorophyll content by the total area of the leaflet disks.

Whole-plant measurements
All individuals were harvested, and the biomass of major organ types 
(leaves, stems, roots, and nodules when present) were separated imme-
diately following gas exchange measurements during the seventh week 
of development. Fresh leaf area of all harvested leaflets was measured 
using an LI-3100C (LI-COR Biosciences). Total fresh leaf area (cm2) was 
calculated as the sum of all leaflet areas, including those used for gas ex-
change and chlorophyll extractions. Harvested material was separately 
dried in an oven set to 65 °C for at least 48 h to a constant mass, weighed, 
and then ground to homogeneity. Leaves and root nodules were ground 
using a mortar and pestle, while stems and roots were ground using an 
E3300 Single Speed Mini Cutting Mill (Eberbach Corp., MI, USA). Total 
biomass (g) was calculated as the sum of dry leaf, stem, root, and root 
nodule biomass. Carbon and nitrogen content was measured for each 
organ type through elemental combustion (Costech-4010, Costech, Inc., 
Valencia, CA, USA) using ground and homogenized organ tissue sub-
samples. The ratio of root nodule biomass to root biomass was calculated 
as an indicator of plant investment toward nitrogen fixation relative to 
other uptake pathways (e.g. direct uptake). The root:shoot ratio (unit-
less) was calculated as the ratio of below-ground biomass (root and root 
nodule biomass) to shoot biomass (leaf and stem biomass). Leaf, stem, and 
root mass fractions were calculated as the dry biomass of each respective 
organ per unit total biomass (g g–1 in all cases).

Below-ground biomass carbon costs to acquire nitrogen were quanti-
fied as the ratio of below-ground biomass carbon to whole-plant ni-
trogen biomass (g C g N–1) (Perkowski et al., 2021). Below-ground 
biomass carbon (g C) was calculated as the sum of root and root nodule 
carbon biomass. Root carbon biomass and root nodule carbon biomass 
were calculated as the product of the organ biomass and the respective 
organ carbon content. Whole-plant nitrogen biomass (g N) was calcu-
lated as the sum of total leaf, stem, root, and root nodule nitrogen bio-
mass. Leaf, stem, root, and root nodule nitrogen biomass was calculated as 
the product of the organ biomass and respective organ nitrogen content. 
This calculation does not account for additional carbon costs associated 
with respiration, root exudation, or root turnover, and may underestimate 
carbon costs to acquire nitrogen (Perkowski et al., 2021).

Statistical analyses
Uninoculated plants with substantial root nodule formation (root nodule 
biomass:root biomass values >0.05 g g–1) were removed from analyses 
following the assumption that plants were incompletely sterilized or con-
taminated. This decision resulted in the removal of 16 plants from the 
analysis: two plants in the elevated CO2 treatment that received 35 ppm 
N, three plants in the elevated CO2 treatment that received 70 ppm N, 
one plant in the elevated CO2 treatment that received 210 ppm N, two 
plants in the elevated CO2 treatment that received 280 ppm N, two plants 
in the ambient CO2 treatment that received 0 ppm N, three plants in 
the ambient CO2 treatment that received 70 ppm N, two plants in the  
ambient CO2 treatment that received 105 ppm N, and one plant in 
the ambient CO2 treatment that received 280 ppm N. A summary of  
the replication scheme after these individuals were removed is included 
in Supplementary Tables S3 and S4).

A series of linear mixed-effects models were built to investigate the 
impacts of CO2 concentration, nitrogen fertilization, and inoculation 

on G. max leaf nitrogen content, leaf gas exchange, total leaf area, bi-
omass, biomass allocation, and plant investment in symbiotic nitrogen 
fixation. All models included CO2 treatment and inoculation treatment 
as categorical fixed effects and nitrogen fertilization as a continuous 
fixed effect, with all possible interaction terms between all three fixed 
effects included. Models accounted for climatic differences between 
chambers across experiment iterations by including a random inter-
cept term that nested the starting chamber rack within CO2 treatment. 
Models with this independent variable structure were created for each 
of the following dependent variables: Narea, Marea, Nmass, Chlarea, Anet,420, 
Anet,gc, Vcmax25, Jmax25, Jmax25:Vcmax25, Rd25, PNUEgc, total leaf area, total 
biomass, total leaf biomass, stem biomass, root biomass, root nodule 
biomass, root:shoot ratio, leaf mass fraction, stem mass fraction, root 
mass fraction, below-ground biomass carbon costs to acquire nitrogen, 
below-ground biomass carbon, whole-plant nitrogen biomass, and the 
root nodule biomass:root biomass ratio.

Shapiro–Wilk tests of normality were used to assess whether linear 
mixed-effects models satisfied residual normality assumptions. Models 
for Narea, Nmass, Chlarea, Anet,420, Anet,gc, Vcmax25, Jmax25, Jmax25:Vcmax25, Rd25, 
PNUEgc, total leaf area, leaf mass fraction, stem mass fraction, below-
ground biomass carbon, and whole-plant nitrogen biomass satisfied re-
sidual normality assumptions without data transformation. Models for 
Marea, root:shoot ratio, below-ground biomass carbon costs to acquire ni-
trogen, and root mass fraction satisfied residual normality assumptions 
with a natural log data transformation. Models for total biomass, leaf bi-
omass, stem biomass, root biomass, root nodule biomass, and root nodule 
biomass:root biomass satisfied residual normality assumptions with a 
square root data transformation.

In all models, the ‘lmer’ function in the ‘lme4’ R package (Bates 
et al., 2015) was used to fit each model, and the ‘Anova’ function in the 
‘car’ R package (Fox and Weisberg, 2019) was used to calculate Type 
II Wald’s χ2 and determine the significance (α=0.05) of each fixed 
effect coefficient. The ‘emmeans’ R package (Lenth, 2019) was used 
to conduct post-hoc comparisons using Tukey’s tests, where degrees 
of freedom were approximated using the Kenward–Roger approach 
(Kenward and Roger, 1997). Trendlines and error ribbons representing 
the 95% confidence intervals were drawn in all figures using ‘emmeans’ 
outputs across the range in nitrogen fertilization values with a max-
imum of 36 data points per trendline (Supplementary Table S4). 
All analyses and plots were conducted in R version 4.1.0 (R Core 
Team, 2021). Results for Nmass and Marea (Supplementary Table S5; 
Supplementary Fig. S1), dark respiration (Supplementary Table S6), 
and organ biomasses (Supplementary Table S7) are summarized in 
Supplementary Protocol S1.

Results

Leaf nitrogen content

Elevated CO2 reduced Narea and Chlarea by 29% and 30%, re-
spectively (P<0.001 in both cases; Table 1; Fig. 1). Increasing 
nitrogen fertilization increased Narea (P<0.001; Table 1; Fig. 
1) more strongly under ambient CO2 than elevated CO2 
(CO2×nitrogen fertilization interaction: P<0.05; Table 1), 
resulting in a stronger reduction in Narea under elevated CO2 
as nitrogen fertilization increased (Supplementary Fig. S2). 
Uninoculated plants experienced a stronger reduction in Narea 
under elevated CO2 than inoculated plants (CO2×inoculation 
interaction: P<0.05; Table 1). Increasing nitrogen fertilization 
increased Narea and Chlarea (P<0.001 in both cases; Table 1; Fig. 1)  
more strongly in uninoculated plants than in inoculated plants 
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(inoculation×nitrogen fertilization interaction: P<0.001 in 
both cases; Table 1).

Gas exchange

Elevated CO2 decreased Anet,420 by 17% and increased Anet,gc 
by 33% (P<0.001 in both cases; Table 2). Increasing nitrogen 
fertilization increased Anet,420 and Anet,gc similarly between CO2 
treatments (CO2×nitrogen fertilization interaction: P>0.05; 
Table 2; Fig. 2A). Inoculated plants experienced a stronger in-
crease in Anet,gc under elevated CO2 than uninoculated plants 
(CO2×inoculation interaction: P<0.05; Table 2). Increasing ni-
trogen fertilization increased Anet,420 and Anet,gc (P<0.001 in 
both cases; Table 2) more strongly in uninoculated plants than 
in inoculated plants (inoculation×nitrogen fertilization inter-
action: P<0.001 in both cases; Fig. 2A, B).

Elevated CO2 decreased Vcmax25 by 16% and Jmax25 by 10%, 
increasing Jmax25:Vcmax25 by 8% (P<0.05 in all cases; Table 2). 
Increasing nitrogen fertilization increased Vcmax25 and Jmax25, but 
decreased Jmax25:Vcmax25, similarly between CO2 (CO2×nitrogen 
fertilization interaction: P>0.05 in all cases; Table 2; Fig. 2B–D) 
and inoculation treatments (CO2×inoculation interaction: 
P>0.05 in all cases; Table 2). Increasing nitrogen fertiliza-
tion increased Vcmax25 and Jmax25, and decreased Jmax25:Vcmax25 
(P<0.001; Table 2), but these patterns were only observed in 
uninoculated plants (inoculation×nitrogen fertilization inter-
action: P<0.05 in all cases).

Photosynthetic nitrogen-use efficiency

Elevated CO2 increased PNUEgc by 97% (P<0.001; 
Supplementary Table S6; Supplementary Fig. S3) due to a 
33% increase in Anet,gc (Fig. 2A) and a 29% decrease in Narea 
(Fig. 1B). Increasing nitrogen fertilization decreased PNUEgc 
(P<0.001; Supplementary Table S6) more strongly under el-
evated CO2 (CO2×nitrogen fertilization interaction: P<0.05; 
Supplementary Table S6; Supplementary Fig. S3), leading 
to a weaker increase in PNUEgc due to elevated CO2 as ni-
trogen fertilization increased (Supplementary Fig. S4). 
Increasing nitrogen fertilization decreased PNUEgc (P<0.001; 
Supplementary Table S4), but this pattern was only observed in 
inoculated plants (inoculation×nitrogen fertilization interac-
tion: P<0.05; Supplementary Table S6; Supplementary Fig. S3).

Total leaf area and total biomass

Elevated CO2 increased total leaf area and total biomass 
by 51% and 102%, respectively (P<0.001 in both cases; 
Table 3). Increasing nitrogen fertilization increased total 
leaf area and total biomass (P<0.001 in both cases; Table 

Table 1.  Effects of CO2 concentration, inoculation, and nitrogen 
fertilization on area-based leaf nitrogen content and chlorophyll 
contenta

Narea Chlarea

df χ2 P χ2 P

CO2 1 155.908 <0.001 62.056 <0.001
Inoculation (I) 1 86.029 <0.001 133.828 <0.001
N fertilization (N) 1 316.408 <0.001 156.659 <0.001
CO2×I 1 4.729 0.030 1.647 0.199
CO2×N 1 5.723 0.017 2.780 0.095
I×N 1 43.381 <0.001 73.494 <0.001
CO2×I×N 1 0.489 0.484 2.123 0.145

a Significance determined using Type II Wald χ2 tests (α=0.05). P-values 
<0.05 are in bold. df, degrees of freedom; Narea, leaf nitrogen content 
per unit leaf area (gN m–2); Chlarea, chlorophyll content per unit leaf area 
(mmol m–2).

Fig. 1.  Effects of CO2 concentration, inoculation, and nitrogen fertilization on leaf nutrient content. The effects of CO2 concentration, inoculation, and 
nitrogen fertilization on leaf nitrogen per unit leaf area (A) and chlorophyll content per unit leaf area (B) are shown. Nitrogen fertilization is on the x-axis in 
both panels. Red shaded points and trendlines indicate plants grown under elevated CO2, while blue shaded points and trendlines indicate plants grown 
under ambient CO2. Light blue and light red circular points and trendlines indicate measurements collected from uninoculated plants, while dark blue and 
dark red triangular points indicate measurements collected from inoculated plants. Solid trendlines indicate regression slopes that are different from zero 
(P<0.05), while dashed trendlines indicate slopes that are not distinguishable from zero (P>0.05). Error ribbons of each trendline represent the upper and 
lower 95% confidence intervals.
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3) more strongly under elevated CO2 than ambient CO2 
(CO2×nitrogen fertilization interaction: P<0.001 in both 
cases; Table 3), leading to an amplified positive effect of el-
evated CO2 on total leaf area and total biomass as nitrogen 
fertilization increased (Fig. 3A, B). Inoculation had no effect 
on total leaf area or total biomass responses to elevated CO2 

(CO2×inoculation interaction: P>0.05 in both cases; Table 
3). Increasing nitrogen fertilization increased total leaf area 
and total biomass (P<0.001 in both cases; Table 3) more 
strongly in uninoculated plants than in inoculated plants 
(inoculation×nitrogen fertilization interaction: P<0.001; 
Table 3; Fig. 3A, B).

Table 2.  Effects of CO2 concentration, inoculation, and nitrogen fertilization on leaf gas exchangea

Anet,420 Anet,gc Vcmax25 Jmax25 Jmax25:Vcmax25

df χ2 P χ2 P χ2 P χ2 P χ2 P

CO2 1 15.747 <0.001 52.716 <0.001 18.039 <0.001 6.042 0.014 92.010 <0.001
Inoculation (I) 1 77.137 <0.001 83.008 <0.001 98.579 <0.001 85.064 <0.001 27.768 <0.001
N fertilization (N) 1 11.986 <0.001 14.658 <0.001 37.053 <0.001 25.356 <0.001 28.147 <0.001
CO2×I 1 1.032 0.310 5.634 0.018 0.065 0.799 0.667 0.414 2.916 0.088
CO2×N 1 1.998 0.158 0.135 0.713 1.758 0.185 0.742 0.389 3.210 0.073
I×N 1 46.800 <0.001 50.774 <0.001 60.394 <0.001 57.41 <0.001 9.607 0.002
CO2×I×N 1 0.002 0.964 1.332 0.248 0.748 0.387 0.377 0.539 1.102 0.294

a Significance determined using Type II Wald χ2 tests (α=0.05). P-values <0.05 are in bold. df, degrees of freedom; Anet,420, net photosynthesis rate at 420 
μmol mol–1 CO2 (μmol m–2 s–1); Anet,gc, net photosynthesis rate under growth CO2 condition (μmol m–2 s–1); Vcmax25, apparent maximum rate of Rubisco 
carboxylation at 25 °C (μmol m–2 s–1); Jmax25, apparent maximum rate of electron transport for RuBP regeneration at 25 °C (μmol m–2 s–1).

Fig. 2.  Effects of CO2 concentration, inoculation, and nitrogen fertilization on leaf photosynthetic traits. The effects on net photosynthesis measured 
under growth CO2 concentration (A), the apparent maximum rate of Rubisco carboxylation at 25 °C (B), the apparent maximum rate of electron transport 
for RuBP regeneration at 25 °C (C), and the ratio of the apparent maximum rate of electron transport for RuBP regeneration to the apparent maximum 
rate of Rubisco carboxylation (D) are shown. Nitrogen fertilization is on the x-axis in all panels. Red shaded points and trendlines indicate plants grown 
under elevated CO2, while blue shaded points and trendlines indicate plants grown under ambient CO2. Light blue and light red circular points and 
trendlines indicate measurements collected from uninoculated plants, while dark blue and dark red triangular points indicate measurements collected 
from inoculated plants. Solid trendlines indicate regression slopes that are different from zero (P<0.05), while dashed trendlines indicate slopes that are 
not distinguishable from zero (P>0.05). Error ribbons of each trendline represent the upper and lower 95% confidence intervals.
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Biomass partitioning

The root:shoot ratio decreased under elevated CO2 (P<0.05; 
Table 3; Fig. 3C), although this pattern was only observed 
in inoculated plants (CO2×inoculation interaction: P<0.05; 
Table 3; Fig. 3C). Reductions in the root:shoot ratio under 
elevated CO2 were driven by an increase in the leaf mass 
fraction under elevated CO2 (P<0.001; Supplementary 
Table S7) that was only observed in inoculated plants 
(CO2×inoculation interaction: P<0.05; Supplementary 
Table S7). CO2 treatment did not affect stem mass frac-
tion (P>0.05; Supplementary Table S7), although an inter-
action between CO2 and inoculation treatment indicated 
that elevated CO2 increased the root mass fraction in 
inoculated plants (CO2×inoculation interaction: P<0.05; 
Supplementary Table S7). Increasing nitrogen fertilization 
decreased the root:shoot ratio (P<0.001; Supplementary 
Table 3), a pattern that was marginally stronger in unin-
oculated plants than in inoculated plants (CO2×inoculation 
interaction: P=0.051; Table 3; Fig. 3C). Increasing nitrogen 
fertilization increased the leaf mass fraction and decreased the 
root mass fraction (P<0.001 in both cases; Supplementary 
Table S7), but these patterns only occurred in uninocu-
lated plants (inoculation×nitrogen fertilization interaction: 
P<0.05 in both cases; Supplementary Table S7). Increasing 
nitrogen fertilization increased stem mass fraction (P<0.001; 
Supplementary Table S7), but these patterns only occurred 

in inoculated plants (inoculation×nitrogen fertilization in-
teraction: P<0.001; Supplementary Table S7).

Below-ground biomass carbon cost to acquire 
nitrogen

Elevated CO2 increased below-ground biomass carbon costs 
to acquire nitrogen (P<0.001; Table 3) more strongly in unin-
oculated plants than in inoculated plants (CO2×inoculation 
interaction: P<0.001; Table 3). Increasing nitrogen fertilization 
decreased carbon costs to acquire nitrogen (P<0.001; Table 3) 
more strongly in uninoculated plants than in inoculated plants 
(inoculation×nitrogen fertilization: P<0.001; Table 3; Fig. 3D). 
Interactions between inoculation and nitrogen fertilization 
treatments were more pronounced when plants were grown 
under elevated CO2 (CO2×inoculation×nitrogen fertiliza-
tion interaction: P<0.05; Fig. 3D). This pattern was driven by 
a strong negative effect of increasing nitrogen fertilization on 
carbon costs to acquire nitrogen in uninoculated plants grown 
under elevated CO2 (Tukey: P<0.001) coupled with no ni-
trogen fertilization effect in inoculated plants grown under el-
evated CO2 (Tukey: P<0.001). Under ambient CO2, increasing 
nitrogen fertilization decreased carbon costs to acquire nitrogen 
similarly between inoculation treatments (Tukey: P>0.05).

Elevated CO2 increased below-ground biomass carbon 
by 93% and increased whole-plant nitrogen biomass by 26% 
(P<0.001 in both cases; Supplementary Table S8). Increasing 

Table 3.  Effects of CO2 concentration, inoculation, and nitrogen fertilization on total leaf area, total biomass, carbon costs to acquire 
nitrogen, and plant investment toward symbiotic nitrogen fixationa 

Total leaf area Total biomassb Root:shoot ratioc

df χ2 P χ2 P χ2 P

CO2 1 69.291 <0.001 131.477 <0.001 4.892 0.027
Inoculation (I) 1 35.715 <0.001 34.264 <0.001 9.790 0.002
N fertilization (N) 1 274.199 <0.001 269.046 <0.001 50.742 <0.001
CO2×I 1 2.064 0.151 0.518 0.472 10.467 0.001
CO2×N 1 18.655 <0.001 16.877 <0.001 0.012 0.914
I×N 1 10.804 0.001 15.779 <0.001 3.802 0.051

CO2×I×N 1 <0.001 0.990 0.023 0.880 0.417 0.519

Carbon cost to
acquire nitrogenb

Nodule biomass:root biomass

χ2 p χ2 p

CO2 76.462 <0.001 0.010 0.921
Inoculation (I) 70.846 <0.001 902.063 <0.001
N fertilization (N) 74.961 <0.001 254.741 <0.001
CO2×I 33.329 <0.001 21.632 <0.001
CO2×N 1.889 0.169 1.590 0.207
I×N 26.719 <0.001 132.463 <0.001
CO2×I×N 6.860 0.009 2.481 0.115

a Significance determined using Type II Wald χ2 tests (α=0.05). P-values <0.05 are in bold and P-values where 0.05<P<0.1 are in italics. df, degrees of 
freedom; total leaf area (cm2); total biomass (g); the ratio of root biomass to shoot biomass (unitless), below-ground biomass carbon cost to acquire 
nitrogen (gC gN–1), the ratio of root nodule biomass to root biomass (unitless).
b Variable was natural log transformed before model fitting, c variable was square root transformed before model fitting.
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nitrogen fertilization increased below-ground biomass carbon 
and whole-plant nitrogen biomass more strongly under elevated 
CO2 than under ambient CO2 (CO2×nitrogen fertilization in-
teraction: P<0.001; Supplementary Table S8; Supplementary 
Fig. S5). These patterns resulted in an amplified positive effect 
of elevated CO2 on below-ground biomass carbon and whole-
plant nitrogen biomass as nitrogen fertilization increased, 
though this pattern was stronger for whole-plant nitrogen bio-
mass than below-ground biomass carbon (Supplementary Fig. 
S5). Increasing nitrogen fertilization increased below-ground 
biomass carbon and whole-plant nitrogen biomass (P<0.001; 
Supplementary Table S8) more strongly in uninoculated plants 
than in inoculated plants (inoculation×nitrogen fertilization 
interaction: P<0.001 in both cases; Supplementary Table S8; 
Supplementary Fig. S5).

Plant investment toward symbiotic nitrogen fixation

CO2 treatment did not affect root nodule:root biomass 
(P>0.05; Table 3; Fig. 4) despite anecdotally stronger posi-
tive effects of elevated CO2 on root biomass (96% increase; 
P<0.001; Supplementary Table S7) than on root nodule 

biomass (70% increase; P<0.001; Supplementary Table S7). 
Increasing nitrogen fertilization decreased root nodule:root bi-
omass (P<0.001; Table 3) more strongly in inoculated plants 
than in uninoculated plants (inoculation×nitrogen fertilization 
interaction: P<0.001; Table 3; Fig. 4).

Discussion

Glycine max plants were grown under two CO2 concentra-
tions, two inoculation treatments, and nine nitrogen fertiliza-
tion treatments in a full-factorial growth chamber experiment. 
We used data collected from this experiment to (i) determine 
whether plant responses to elevated CO2 aligned more closely 
with the nitrogen limitation or eco-evolutionary optimality 
hypothesis and (ii) assess how the ability to associate with sym-
biotic nitrogen-fixing bacteria might influence these responses.

Leaf photosynthetic responses to elevated CO2 are 
unrelated to nitrogen availability

Individuals grown under elevated CO2 experienced a re-
duction in Anet,420 (Table 2), leaf nitrogen content (Fig. 1A, 

Fig. 3.  Effects of CO2 concentration, inoculation, and nitrogen fertilization on whole-plant traits. Effects on total leaf area (A), total biomass (B), the 
ratio of root biomass to shoot biomass (C), and below-ground carbon cost to acquire nitrogen (D) are shown. Nitrogen fertilization is on the x-axis in 
all panels. Red shaded points and trendlines indicate plants grown under elevated CO2, while blue shaded points and trendlines indicate plants grown 
under ambient CO2. Light blue and light red circular points and trendlines indicate measurements collected from uninoculated plants, while dark blue and 
dark red triangular points indicate measurements collected from inoculated plants. Solid trendlines indicate regression slopes that are different from zero 
(P<0.05), while dashed trendlines indicate slopes that are not distinguishable from zero (P>0.05). Error ribbons of each trendline represent the upper and 
lower 95% confidence intervals.
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Supplementary Fig. S1), Vcmax25 (Fig. 2B), and Jmax25 (Fig. 2C) 
compared with plants grown under ambient CO2. These pat-
terns suggest a down-regulation of leaf-level investment toward 
photosynthetic enzymes under elevated CO2. This down- 
regulation was probably driven by increased Rubisco affinity 
for carboxylation relative to oxygenation, which decreased leaf-
level demand to build and maintain photosynthetic enzymes 
(Bazzaz, 1990; Dong et al., 2022). Despite reduced investment 
toward photosynthetic enzymes, elevated CO2 increased Anet,gc 
(Fig. 2A). This response was associated with a reduction in Narea 
and a larger reduction in Vcmax25 than Jmax25, which increased 
PNUE (Supplementary Fig. S3B) and Jmax25:Vcmax25, and 
allowed enhanced Anet,gc to be achieved by approaching optimal 
coordination (Chen et al., 1993; Maire et al., 2012; Smith and 
Keenan, 2020). These patterns are consistent with our expecta-
tions and previous studies that have investigated leaf photosyn-
thetic responses to elevated CO2 (Drake et al., 1997; Ainsworth 
et al., 2002; Ainsworth and Long, 2005; Ainsworth and Rogers, 
2007; Crous et al., 2010; Lee et al., 2011; Smith and Dukes, 2013; 
Poorter et al., 2022; Cui et al., 2023; Stocker et al., 2025).

Positive effects of elevated CO2 on Anet,gc (Fig. 2A) and 
Jmax25:Vcmax25 (Fig. 2D), and negative effects of elevated CO2 
on Anet,420, Vcmax25, and Jmax25 (Fig. 2A–C) were not modi-
fied by nitrogen fertilization, as the slope that explained the 
effects of increasing nitrogen fertilization on each of these 
traits was similar between CO2 treatments. Instead, the increase 
in Jmax25:Vcmax25 (Fig. 2D) and PNUEgc (Supplementary Fig. 
S3B) under elevated CO2 provides strong support for the idea 
that leaves were down-regulating Vcmax25 in response to ele-
vated CO2 such that enhanced Anet,gc could be achieved by 

approaching optimal coordination of Rubisco carboxylation 
and electron transport for RuBP regeneration (Chen et al., 
1993; Maire et al., 2012; Smith and Keenan, 2020).

Negative effects of elevated CO2 on mass- and area-based 
leaf nitrogen content became more pronounced with increas-
ing nitrogen fertilization (Supplementary Fig. S2A, B). Since 
nitrogen fertilization did not affect photosynthetic responses to 
elevated CO2, this decline in leaf nitrogen content may reflect 
reduced allocation to non-photosynthetic pools, such as struc-
tural tissue or chemical pathways that contribute to herbivore 
defense (Zavala et al., 2013; Onoda et al., 2017; Johnson et al., 
2020). While not a primary focus of this study, understanding 
leaf nitrogen allocation responses to elevated CO2 across ni-
trogen availability gradients would help clarify the role of leaf 
nitrogen allocation in leaf-level responses to elevated CO2.

Overall, leaf photosynthetic responses to elevated CO2 
showed strong support for the eco-evolutionary optimality hy-
pothesis. Photosynthetic responses to elevated CO2 were in-
dependent from nitrogen fertilization, suggesting that these 
responses were wholly determined through changes in leaf-
level demand to build and maintain photosynthetic enzymes. 
These findings also reinforce previous work showing that leaf 
photosynthetic responses to elevated CO2 are decoupled from 
nitrogen availability (Lee et al., 2011; Pastore et al., 2019; Smith 
and Keenan, 2020; Harrison et al., 2021). Additionally, our results 
indicate that optimal resource investment in photosynthetic ca-
pacity may function as a nitrogen-saving mechanism that allows 
plants to maximize resource-use efficiency at the leaf level as 
a strategy for maximizing resource allocation to whole-plant 
growth (Smith and Keenan, 2020; Smith et al., 2024).

Whole-plant responses to elevated CO2 are 
constrained by nitrogen availability

Leaf photosynthetic responses to elevated CO2 corresponded 
with increased total leaf area and total biomass (Fig. 3A, B), 
supporting previous work (Ainsworth et al., 2002; Ainsworth 
and Long, 2005; Smith and Dukes, 2013; Poorter et al., 2022; 
Stocker et al., 2025). Increased total leaf area increased whole-
plant capacity for light interception, boosting whole-plant 
photosynthesis and supporting biomass accumulation when 
coupled with an increase in leaf-level Anet,gc. In contrast to 
expectations and previous work (Nie et al., 2013; Stocker 
et al., 2025), elevated CO2 decreased the root-to-shoot ratio 
(Fig. 3C) through an increase in the leaf mass fraction and 
no change in the stem or root mass fractions (Supplementary 
Table S7). Despite this, plants experienced an increase in root 
biomass (Supplementary Fig. S6) and below-ground carbon al-
location (Supplementary Fig. S5) under elevated CO2, suggest-
ing that plants responded to heightened whole-plant demand 
under elevated CO2 by investing in structures that support nu-
trient acquisition even if they allocated relatively more biomass 
above-ground.

Fig. 4.  Effects of CO2 concentration, inoculation, and nitrogen fertilization 
on the ratio of root nodule biomass to root biomass. Nitrogen fertilization 
is on the x-axis. Red shaded points and trendlines indicate plants grown 
under elevated CO2, while blue shaded points and trendlines indicate 
plants grown under ambient CO2. Light blue and light red circular points 
and trendlines indicate measurements collected from uninoculated plants, 
while dark blue and dark red triangular points indicate measurements 
collected from inoculated plants. Solid trendlines indicate regression slopes 
that are different from zero (P<0.05), while dashed trendlines indicate 
slopes that are not distinguishable from zero (P>0.05). Error ribbons of 
each trendline represent the upper and lower 95% confidence intervals.
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Increasing nitrogen fertilization enhanced the positive 
effects of elevated CO2 on total leaf area and total biomass 
(Fig. 3A, B). Interestingly, this interaction revealed no effect 
of CO2 treatment on total leaf area in uninoculated indi-
viduals under low nitrogen fertilization, supporting previous 
work showing that CO2 fertilization effects on traits related 
to whole-plant growth are often absent under low nutrient 
availability (Sigurdsson et al., 2013). Similar effects of CO2 
treatment on total leaf area under low nitrogen fertilization 
may have been due to plants being unable to satisfy demand 
for soil nitrogen similarly between the two CO2 treatments. 
Stronger positive effects of elevated CO2 on total leaf area 
and total biomass with increasing nitrogen fertilization were 
associated with stronger increases in below-ground carbon 
allocation and whole-plant nitrogen uptake (Supplementary 
Fig. S5), supporting the nitrogen limitation hypothesis (Luo 
et al., 2004; Reich et al., 2006; Norby et al., 2010; Feng et al., 
2015). These findings indicate that plants grown under ele-
vated CO2 satisfied the greater whole-plant demand to build 
new tissues by increasing investment in nitrogen acquisition. 
Despite this, nitrogen fertilization did not modify whether 
plants invested in above-ground or below-ground tissues 
in response to elevated CO2, as indicated by similar posi-
tive effects of increasing nitrogen fertilization on the root-
to-shoot ratio (Fig. 3C) and all organ mass fractions between 
CO2 treatments (Supplementary Table S7). These responses 
indicate that biomass allocation responses to elevated CO2 
were more strongly dictated by changes in whole-plant de-
mand to build new tissues than the supply of nutrients, even 
though overall biomass responses to elevated CO2 were regu-
lated by nitrogen availability.

Inoculation does not affect leaf or whole-plant 
responses to elevated CO2

Inoculation increased Narea (Fig. 1A), Anet,420, Anet,gc (Fig. 2A), 
Vcmax25 (Fig. 2B), Jmax25 (Fig. 2C), total leaf area (Fig. 3A), and 
total biomass (Fig. 3B), but decreased Jmax25:Vcmax25 (Fig. 2D). 
These results support previous studies suggesting that species 
forming symbiotic associations with nitrogen-fixing bacteria 
have greater leaf nitrogen content, photosynthetic capacity, and 
growth than those that do not (Adams et al., 2016; Bytnerowicz 
et al., 2023). The positive effects of inoculation on leaf and 
whole-plant traits were strongest under low nitrogen fertiliza-
tion and diminished with increasing nitrogen fertilization due 
to a reduction in plant investment toward symbiotic nitrogen 
fixation as nitrogen fertilization increased (Fig. 4). These pat-
terns support the idea that forming associations with symbi-
otic nitrogen-fixing bacteria confers a competitive advantage 
in nitrogen-limited environments, where access to a less finite 
nitrogen pool (i.e. the atmosphere) allows plants to satisfy de-
mand more efficiently than relying on limited soil nitrogen 
(Rastetter et al., 2001; Andrews et al., 2011; McCulloch and 
Porder, 2021).

Inoculation had no effect on leaf or whole-plant responses 
to elevated CO2, but played a strong role in determining the 
effect of nitrogen fertilization on measured traits. The null in-
oculation effect on plant responses to elevated CO2 was con-
sistent across the nitrogen fertilization gradient, contrary to 
our hypothesis that inoculation would enhance plant responses 
to elevated CO2 most strongly under low nitrogen fertiliza-
tion (Rastetter et al., 2001; Perkowski et al., 2021). Previous 
research has highlighted that nitrogen-fixing species typically 
show stronger responses to elevated CO2 than non-fixing spe-
cies (Ainsworth et al., 2002; Ainsworth and Long, 2005), al-
though some studies question the generality of this pattern 
(Nowak et al., 2004; Rogers et al., 2009). Our findings assert 
that the ability to associate with symbiotic nitrogen-fixing bac-
teria played no role in determining whether plant responses 
to elevated CO2 aligned with the nitrogen limitation or eco-
evolutionary optimality hypothesis, even though inoculated 
individuals grown under elevated CO2 exhibited greater root 
nodule biomass (Supplementary Fig. S6A) and reduced carbon 
costs to acquire nitrogen (Fig. 3D) compared with those grown 
under ambient CO2.

As mentioned, plants grown under elevated CO2 exhibited 
greater root nodule biomass (Supplementary Fig. S6A). This 
pattern indicates that plants responded to heightened whole-
plant demand for new tissue growth by increasing nitrogen 
uptake through nitrogen fixation. However, the increase in 
root nodule biomass was circumvented by a stronger increase 
in root biomass (Supplementary Fig. S6B). This pattern indi-
cates an investment shift toward direct uptake with increasing 
CO2, a response that contrasts with previous work showing 
that plants increase investment in microbial symbionts when 
whole-plant demand to build new tissues increases (Taylor and 
Menge, 2018; Friel and Friesen, 2019; Perkowski et al., 2021). 
Increased relative allocation to root biomass may have been a 
strategy to prioritize the acquisition of non-nitrogen resources, 
as nitrogen fixation may increase the extent by which phys-
iology and plant growth become limited by other nutrients, 
such as phosphorus (Finzi and Rodgers, 2009). Previous re-
search has shown that phosphorus plays a key role in shaping 
plant responses to elevated CO2 and that the benefits of ni-
trogen fixation under elevated CO2 become more apparent 
when other nutrients (e.g. phosphorus) are available in suf-
ficient supply (van Groenigen et al., 2006; Jiang et al., 2020). 
Thus, null effects of inoculation on plant responses to elevated 
CO2 may have been driven by phosphorus co-limitation, al-
though future work is needed to test this hypothesis.

Modeling implications

Many terrestrial biosphere models predict photosynthetic ca-
pacity through parameterized relationships between Narea and 
Vcmax (Smith and Dukes, 2013; Rogers et al., 2017), which 
assumes that leaf nitrogen–photosynthesis relationships are 
constant across growing environments. Our results build on 
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previous work suggesting that leaf nitrogen–photosynthesis 
relationships dynamically change across growing environments 
(Luo et al., 2021; Waring et al., 2023). Specifically, elevated 
CO2 reduced leaf nitrogen content (Fig. 1A) more strongly 
than it increased Anet,gc (Fig. 2A) and decreased Vcmax25 (Fig. 
2B) and Jmax25 (Fig. 2C), while inoculation increased Vcmax25 
and Jmax25 more strongly than it increased leaf nitrogen con-
tent. These patterns indicate that elevated CO2 increased the 
fractional pool of leaf nitrogen content allocated to Rubisco 
and bioenergetics, while inoculation decreased the fraction of 
leaf nitrogen content allocated to these pools (Niinemets and 
Tenhunen, 1997).

Increasing nitrogen fertilization increased indices of apparent 
photosynthetic capacity, but this pattern was only observed 
in uninoculated plants. Increasing nitrogen fertilization also 
increased Narea and Chlarea more strongly in uninoculated 
plants (Fig. 1). Eco-evolutionary optimality theory predicts 
that plants should exhibit strong positive effects of increasing 
nitrogen availability on photosynthetic traits when nitrogen 
availability is insufficient for satisfying leaf-level demand for 
photosynthesis, or when changes in nitrogen availability de-
crease the relative costs of nitrogen acquisition and use com-
pared with those of water acquisition and use (Wright et al., 
2003; Harrison et al., 2021; Stocker et al., 2025). In cases where 
nitrogen availability exceeds leaf-level demand for photosyn-
thesis or costs to acquire nitrogen relative to water increase, 
the theory predicts that positive effects of increasing nitrogen 
availability on photosynthesis should diminish, with excess ni-
trogen not needed to satisfy leaf-level demand for photosyn-
thesis being allocated toward the construction of other plant 
tissues (e.g. additional leaves). Given this, strong positive effects 
of increasing nitrogen fertilization on indices of photosynthetic 
capacity in uninoculated plants were expected, as uninoculated 
plants were nitrogen limited under low nitrogen fertilization 
and could not meet the leaf-level demand for photosynthetic 
enzymes. We found some evidence for a diminished positive 
effect of nitrogen fertilization on photosynthetic traits, with 
uninoculated plants demonstrating smaller increases in Vcmax25 
between 350 ppm N and 630 ppm N (39% increase) than be-
tween 0 ppm N and 280 ppm N (79% increase). In contrast, 
nitrogen fertilization effects on photosynthetic traits were ab-
sent in inoculated individuals. This pattern was also expected, 
as inoculated plants were able to acquire sufficient nitrogen 
across the nitrogen availability gradient to satisfy leaf-level 
photosynthetic demand, investing more strongly in microbial 
symbionts under low nitrogen fertilization and shifting to ni-
trogen acquisition through direct uptake pathways as nitrogen 
became more available.

Overall, these results indicate that leaf nitrogen–photosyn-
thesis relationships are context dependent on nitrogen acqui-
sition strategy, may only be constant in environments where 
nitrogen availability limits leaf physiology, and will probably 
shift in response to increasing atmospheric CO2 concentra-
tions. Terrestrial biosphere models that predict photosynthetic 

capacity through parameterized relationships between Narea 
and Vcmax (Kattge et al., 2009; Walker et al., 2014) may risk 
overestimating photosynthetic capacity, therefore net primary 
productivity and the magnitude of the land carbon sink, under 
future novel growth environments.

Our results demonstrate that optimal resource alloca-
tion to photosynthetic capacity defines leaf photosynthetic 
responses to elevated CO2 and that these responses are not 
modified by nitrogen availability. Current approaches for 
simulating photosynthetic responses to CO2 in terrestrial bi-
osphere models with coupled carbon and nitrogen cycles 
often invoke patterns expected from the nitrogen limitation 
hypothesis, where nitrogen availability diminishes with time 
due to increasing CO2 concentrations because whole-plant 
nitrogen demand continually exceeds supply, depleting the 
pool of nitrogen available for plants to acquire and allocate 
to the construction and maintenance of new tissues. This re-
sponse causes models to simulate a reduction in leaf nitrogen 
content and therefore photosynthetic capacity, as leaf-level 
photosynthesis is commonly modeled as a function of posi-
tive relationships between nitrogen availability, leaf nitrogen 
content, and photosynthetic capacity (Smith and Dukes, 
2013; Rogers et al., 2017). Findings presented here con-
tradict this framework, suggesting that leaf photosynthetic 
responses to elevated CO2 result in optimized nitrogen allo-
cation to satisfy reduced leaf nitrogen demand to build and 
maintain photosynthetic enzymes. Optimality models that 
use principles from eco-evolutionary optimality theory can 
capture photosynthetic responses to CO2 independent of ni-
trogen availability (Smith and Keenan, 2020; Harrison et al., 
2021; Stocker et al., 2025), suggesting that the inclusion of 
such frameworks may improve the accuracy with which ter-
restrial biosphere models simulate photosynthetic processes 
with increasing atmospheric CO2 concentrations.

Limitations

Previous work highlights that pot experiments restrict 
below-ground rooting volume and may alter plant allocation 
responses to environmental change (Ainsworth et al., 2002; 
Poorter et al., 2012). In this study, the ratio of pot volume to 
total biomass was greater under elevated CO2 and increased 
with increasing nitrogen fertilization such that several treat-
ment combinations exceeded values recommended to 
avoid growth limitation imposed by pot volume (<1 g l–1; 
Supplementary Table S9; Supplementary Fig. S7; Poorter et al., 
2012). However, there was no evidence to suggest that pot size 
limited plant growth, as shown by the lack of a saturating ef-
fect of increasing fertilization on total biomass, below-ground 
carbon biomass, or root biomass under conditions where 
biomass:pot volume ratios exceeded 1 g l–1 (e.g. individuals 
of either inoculation status grown under high fertilization and 
elevated CO2). Field studies that do not restrict below-ground 
rooting volume have observed similar leaf and whole-plant 
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responses to elevated CO2 (Crous et al., 2010; Lee et al., 2011; 
Pastore et al., 2019; Smith and Keenan, 2020), indicating that 
the pot volume used in this study (6 liters) was sufficient to 
avoid growth limitation.

Importantly, there are inherent limitations in using a pot ex-
periment to make inferences about how nitrogen availability 
modifies community- or ecosystem-level responses to elevated 
CO2. While we caution against using this study to make such 
extrapolations, a similar experiment conducted under field 
conditions would help validate the patterns observed here 
while providing insight into how resource competition within 
and across species may shape plant responses to nitrogen avail-
ability and elevated CO2.

Conclusions

Our study provides strong support for the eco-evolutionary 
optimality hypothesis at the leaf level, where leaf photo-
synthetic responses to elevated CO2 were independent of 
nitrogen fertilization and inoculation treatment. Instead, el-
evated CO2 reduced the maximum rate of Rubisco carbox-
ylation more strongly than it reduced the maximum rate of 
electron transport for RuBP regeneration, allowing plants 
to achieve greater net photosynthesis rates under elevated 
CO2 by approaching optimal coordination while reducing 
leaf nitrogen demand to build and maintain photosyn-
thetic enzymes. At the whole-plant level, nitrogen availa-
bility played a central role in regulating plant responses to 
elevated CO2, consistent with the nitrogen limitation hypo-
thesis. Specifically, increases in total leaf area, total biomass, 
and plant nitrogen under elevated CO2 were enhanced with 
increasing nitrogen fertilization.

While inoculation increased root nodulation under elevated 
CO2, it did not significantly enhance whole-plant responses 
to elevated CO2, even under low nitrogen conditions where 
plants were most strongly invested in symbiotic nitrogen-
fixing bacteria. This response may have been due to stronger 
increases in root biomass that caused plants to prioritize direct 
nitrogen uptake pathways over symbiotic nitrogen fixation as 
whole-plant demand to build new tissues increased, perhaps  
as a strategy to reduce co-limitation by other nutrients, such 
as phosphorus.

Overall, plants grown under elevated CO2 responded to 
increased nitrogen availability by increasing the number of 
optimally coordinated leaves, while changes in nitrogen avail-
ability did not modify the down-regulation in apparent pho-
tosynthetic capacity under elevated CO2. The differential role 
of nitrogen availability on leaf and whole-plant responses to 
elevated CO2 and the dynamic leaf nitrogen–photosynthesis 
relationships across CO2 and nitrogen fertilization treatments 
suggest that terrestrial biosphere models may improve simu-
lations of photosynthetic responses to increasing atmospheric 
CO2 concentrations by adopting frameworks that include op-
timality principles.
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The following supplementary data are available at JXB online.
Protocol S1. A continuance of the Results describing the 

effects of treatment combinations on mass-based leaf nitrogen 
content and leaf mass per unit leaf area, organ biomass, and the 
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fertilization treatment.

Table S2. Summary of the daily growth chamber growing 
conditions program.

Table S3. Replication scheme for each unique 
CO2×inoculation×N fertilization combination.

Table S4. Replication scheme for each unique 
CO2×inoculation combination.

Table S5. Effects of treatment combinations on leaf nitrogen 
content and leaf mass per area.

Table S6. Effects of treatment combinations on dark respira-
tion and photosynthetic nitrogen-use efficiency.

Table S7. Effects of treatment combinations on biomass 
partitioning.

Table S8. Effects of treatment combinations on components 
of the carbon cost to acquire nitrogen.

Table S9. Effects of treatment combinations on the ratio of 
total biomass to pot volume.

Fig. S1. Effects of treatment combinations on mass-based 
leaf nitrogen content and leaf biomass per unit leaf area.

Fig. S2. Effects of CO2 and nitrogen fertilization on area-
based leaf nitrogen content, mass-based leaf nitrogen content, 
and leaf biomass per unit leaf area.

Fig. S3. Effects of treatment combinations on dark respira-
tion at 25 °C and photosynthetic nitrogen-use efficiency at 
growth CO2 concentration.

Fig. S4. Effects of CO2 and nitrogen fertilization on 
photosynthetic nitrogen-use efficiency at growth CO2 
concentration.

Fig. S5. Effects of treatment combinations on below-ground 
biomass carbon and total nitrogen biomass.

Fig. S6. Effects of treatment combinations on root nodule 
biomass and root biomass.

Fig. S7. Effects of treatment combinations on the ratio of 
whole-plant biomass to pot volume.
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