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Abstract

The connection between soil nitrogen availability, leaf nitrogen, and photosynthetic capacity is not perfectly under-
stood. Because these three components tend to be positively related over large spatial scales, some posit that soil
nitrogen positively drives leaf nitrogen, which positively drives photosynthetic capacity. Alternatively, others posit
that photosynthetic capacity is primarily driven by above-ground conditions. Here, we examined the physiological
responses of a non-nitrogen-fixing plant (Gossypium hirsutum) and a nitrogen-fixing plant (Glycine max) in a fully
factorial combination of light by soil nitrogen availability to help reconcile these competing hypotheses. Soil nitrogen
stimulated leaf nitrogen in both species, but the relative proportion of leaf nitrogen used for photosynthetic processes
was reduced under elevated soil nitrogen in all light availability treatments due to greater increases in leaf nitrogen
content than chlorophyll and leaf biochemical process rates. Leaf nitrogen content and biochemical process rates in
G. hirsutum were more responsive to changes in soil nitrogen than those in G. max, probably due to strong G. max
investments in root nodulation under low soil nitrogen. Nonetheless, whole-plant growth was significantly enhanced
by increased soil nitrogen in both species. Light availability consistently increased relative leaf nitrogen allocation to
leaf photosynthesis and whole-plant growth, a pattern that was similar between species. These results suggest that
the leaf nitrogen—-photosynthesis relationship varies under different soil nitrogen levels and that these species prefer-
entially allocated more nitrogen to plant growth and non-photosynthetic leaf processes, rather than photosynthesis,
as soil nitrogen increased.
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Introduction

Terrestrial photosynthesis is the largest flux of carbon between is highly sensitive to representations of photosynthetic pro-
the atmosphere and the Earth’s surface. As a result, the terres-  cesses (Bonan er al., 2011; Arneth et al., 2012; Booth et al.,
trial biosphere component of Earth System Models (ESMs)  2012; Smith and Dukes, 2013; Rogers et al., 2017; Smith et al.,

Abbreviations, Chl,.,, total leaf chlorophyll content per unit individual leaf area; J,.,, the maximum rate of electron transport per unit individual leaf area; J,ayos,

the maximum rate of electron transport per unit individual leaf area standardized to 25 °C; M., leaf mass per unit individual leaf area; N, leaf nitrogen content
per unit individual leaf area; N, leaf nitrogen content per unit individual leaf mass; V., the maximum rate of Rubisco carboxylation per unit individual leaf area;
Vemaxes, the maximum rate of Rubisco carboxylation per unit individual leaf area standardized to 25 °C; ppjoenergetics: the relative proportion of leaf nitrogen in bioener-
getics; pigntnanesting: the relative proportion of leaf nitrogen in light harvesting; ppisso, the relative proportion of leaf nitrogen in Rubisco.
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2016, 2017; Ziehn et al., 2011). The differential representation
of these processes in ESMs (Rogers et al., 2017) probably con-
tributes the wide range of their projections of future terrestrial
carbon uptake and storage (Keenan et al., 2012; Friedlingstein
et al.,2014;Bonan et al.,2019; Davies-Barnard et al., 2020).The
inability to consistently model these processes is in part due to
incomplete understanding of the mechanisms driving photo-
synthetic responses to global change conditions (Knorr and
Heimann, 2001; Smith and Dukes, 2013; Dietze, 2014; Rogers
et al., 2017).

Photosynthetic capacity in ESMs is often determined by the
nitrogen content in leaves (Smith and Dukes, 2013; Rogers,
2014; Rogers et al., 2017), following from the idea that much
of the nitrogen in leaves is found in photosynthetic proteins
(Evans, 1989; Evans and Seemann, 1989; Evans and Clarke,
2019) and the commonly observed positive relationship be-
tween leaf nitrogen and photosynthetic capacity (Field and
Mooney, 1986; Wright et al., 2005; Kattge et al., 2009; Walker
et al., 2014). However, more contemporary analyses on a wider
range of species suggests that the fraction of leaf nitrogen allo-
cated to photosynthetic processes may be lower and more var-
iable than previously suggested due to variations in nitrogen
allocation to structural and non-structural tissue (Ghimire
et al., 2017; Onoda et al., 2017; Luo et al., 2021), which calls
the generality of these relationships into question.

Another issue that complicates the use of leaf nitrogen to
predict photosynthetic processes is the relationship between
soil nitrogen and leaf nitrogen. Recent analyses of nitrogen ad-
dition experiments have suggested that leaf nitrogen increases
when nitrogen is added to soils (Firn et al.,2019; Li et al., 2020;
Liang et al., 2020) and that this coincides with an increase in
photosynthetic processes (Li et al., 2020; Liang et al., 2020).
However, these leaf-level responses are typically more muted
than responses seen at the whole-plant scale (e.g. increases in
leaf area and above-ground biomass; LeBauer and Treseder,
2008; Fay et al., 2015; Li et al., 2020; Liang et al. 2020). The
comparison of these results indicates that plant allocation
responses may ultimately determine the link between soil and
leaf nitrogen, as plants can use added soil nitrogen to boost leaf
quality or quantity. This may also depend on other factors such
as canopy light availability (Hikosaka, 2014) or species-specific
costs to acquire nitrogen (Terrer ef al., 2018; Perkowski et al.,
2021).

Some studies have indicated that soil nitrogen availability
is relatively unimportant for determining leaf nitrogen (Maire
et al., 2015; Dong et al., 2017, 2020) and photosynthetic ca-
pacity (Ali et al., 2015; Smith et al., 2019; Peng et al., 2021;
Dong et al., 2022), and that these traits are better predicted
from above-ground climate alone. It is well known that above-
ground variables such as light (Boardman, 1977; Poorter ef al.,
2019), temperature (Berry and Bjorkman, 1980; Sage and
Kubien, 2007; Yamori et al., 2014), and CO, (Bazzaz, 1990;
Poorter et al., 2022) are dominant controls on photosynthetic

capacity. However, plants need nitrogen from soils to build and
maintain photosynthetic enzymes, which generally have high
nitrogen requirements (Evans and Clarke, 2019). As a result,
both soil-centric and climate-centric frameworks need to be
unified to better understand linkages between soil nitrogen
availability, leaf nitrogen, and photosynthetic capacity.

A possible unification theory for how soil nitrogen impacts
leat’ photosynthetic capacity under varying climates was pro-
posed by Paillassa ef al. (2020).The theory is based on optimi-
zation (Franklin et al., 2020; Harrison et al., 2021) and follows
from earlier theoretical developments (Wright et al., 2003;
Prentice et al., 2014; Maire et al., 2015; Smith et al., 2019).
The theoretical framework suggests that climate determines
leat demand to build and maintain enzymes that drive leaf
photosynthesis. Nitrogen is acquired and then allocated to
photosynthetic leaf tissue to meet that demand. In such cases
where leaf nitrogen demand is met, plants are then expected
to allocate excess available nitrogen to build new plant tissues
(e.g. leaves in an open canopy scenario) or increase leaf ni-
trogen as a means to increase water use efficiency (Paillassa
et al., 2020). While compelling, few direct tests of this theory
exist outside of environmental gradient studies on a limited set
of traits in leaves (Dong et al., 2017, 2020; Paillassa et al., 2020;
Westerband et al., 2023) and manipulation of soil symbionts
(Bialic-Murphy et al., 2021). No studies, to date, have tested
the theory on whole-plant or within-leaf allocation processes
under direct soil nitrogen manipulation.

Here, we measured leaf and whole-plant responses to ni-
trogen demand, created using a light availability gradient, and
nitrogen availability, created using a soil nitrogen fertilization
gradient, in a fully factorial greenhouse experiment. Responses
were measured in a species without the ability to form asso-
ciations with symbiotic nitrogen-fixing bacteria, cotton
(Gossypium hirsutum L.), and a species with the ability to form
associations with symbiotic nitrogen-fixing bacteria, soybean
[Glycine max (L.) Merr]. This experiment was done in con-
cert with the experiment described by Perkowski et al. (2021),
using the same plants for both experiments. Perkowski et al.
(2021) found that structural carbon costs to acquire nitrogen—
the ratio of below-ground carbon allocation to whole-plant
nitrogen uptake—increased with nitrogen addition due to a
stronger increase in whole-plant nitrogen uptake than below-
ground carbon allocation and decreased with increasing light
availability due to a stronger increase in below-ground carbon
allocation than whole-plant nitrogen uptake. Similar direc-
tional responses to nitrogen addition and light availability were
observed in both species, though carbon costs to acquire ni-
trogen in G. max were anecdotally less sensitive to increas-
ing fertilization than in G. hirsutum. Perkowski et al. (2021)
speculated that this pattern may have been due to a reduction
in root nodulation that prompted a switch away from nitrogen
acquisition through nitrogen fixation and toward direct uptake
with increasing fertilization.
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In this study, we measured photosynthetic traits at the in-
dividual leaf level using gas exchange and quantified nitrogen
allocation to different photosynthetic processes. At the whole-
plant level, we measured leaf tissue production and whole-plant
biomass. We quantified trade-offs between leaf and whole-
plant physiological processes in response to fertilization and
light availability treatments, contextualizing our results using
patterns observed in Perkowski e al. (2021). Specifically, we
tested the following hypotheses.:

(1) Increasing nitrogen demand (i.e. greater light availa-
bility) would increase leaf-level photosynthetic nitrogen,
resulting in increased leaf-level photosynthetic capacity
in both species and under all levels of nitrogen availa-
bility. We expected that increased light availability would
result in increased whole-plant growth due, in part, to
higher leaf-level photosynthesis, and would be further
increased by greater leaf area and, thus, greater whole-
plant photosynthesis.

(1) Increasing soil nitrogen availability would not impact leaf-
level photosynthetic processes because leat demand for
nitrogen would be met for all leaves. Instead, increasing
soil nitrogen availability would increase total leaf tissue
production as a means of maximizing whole-plant pho-
tosynthesis, resulting in greater biomass, due to reduced
carbon costs to acquire nitrogen with increasing fertiliza-
tion (Perkowski et al., 2021).

(11) Gossypium hirsutum would show a stronger total leaf area
response to nitrogen availability than G. max because its
whole-plant processes are more nitrogen limited due to its
relatively high costs of nitrogen acquisition under low soil
nitrogen availability (Perkowski et al., 2021). However, we
expected that the species differences would only be seen
at the whole-plant level and not at the leaf level, as the
ability to associate with symbiotic nitrogen-fixing bacteria
should not directly modify leaf nitrogen demand.

Materials and methods

Greenhouse experimental design

Gossypium hirsutum and Glycine max were planted in individual 3 liter
pots (NS-300; Nursery Supplies, Orange, CA, USA) containing a 3:1
mix of unfertilized potting mix (Sungro Sunshine Mix #2,Agawam, MA,
USA) to native soil extracted from an agricultural field most recently
planted with G. max at the USDA-ARS Laboratory in Lubbock, Texas
(33.59°N,—-101.90°W).The field soil was classified as Amarillo fine sandy
loam (75% sand, 10% silt, 15% clay). Prior to planting, G. max seeds were
inoculated with Bradyrhizobium japonicum (Verdesian N-Dure™ Soybean,
Cary, NC, USA) to stimulate root nodulation. A total of 192 individu-
als per species were grown under similar, unshaded, ambient greenhouse
conditions for 2 weeks to germinate and begin vegetative growth.
Three blocks were set up, each of which contained four light treat-
ments created using shade cloth that reduced incoming radiation by
either 0 (full sun), 30, 50, or 80%. Two weeks post-germination, indi-
viduals were randomly placed in one of the four light treatments in

each block. Individuals received one of four nitrogen fertilization doses
as 100 ml of a modified Hoagland solution (Hoagland and Arnon,
1950) equivalent to either O ppm N (0 mM N), 70 ppm N (5 mM N),
210 ppm N (15 mM N), or 630 ppm N (45 mM N) twice per week
within each light treatment. Each Hoagland solution was modified
to keep concentrations of other macro- and micronutrients equiva-
lent (Table 1). Plants were routinely well watered to eliminate any
water stress potential. Air temperature in the greenhouse house aver-
aged 30.0 £ 3.2 °C with 50% relative humidity during the day, and
24.0 £ 1.2 °C with 30% relative humidity during the night. Within
the light treatments, the mean *SE daytime (10.00-16.00 h) photo-
synthetically active radiation (PAR) was 111 = 4,170 £ 5,298 *+ 10,
and 397 + 11 pmol m % s for the 80, 50, 30, and 0% shade, respec-
tively. The mean *SE daily maximum PAR was 489 + 10,718 + 12,
1124 £ 21, and 1662 *+ 28 pmol m > s™' for the 80, 50, 30, and 0%
shade, respectively.

Gas exchange measurements

After 5 weeks of growth under the light and nitrogen treatments, we
quantified the effects of light availability and nitrogen addition on whole-
plant and leat-level traits (n=12 for each light and nitrogen treatment
combination).

Prior to harvesting individuals for biomass and leaf area, we attached
a young, fully expanded, outer canopy leaf to a Li-COR 6800 portable
photosynthesis machine (Li-COR Biosciences, Lincoln, NE, USA) and
generated a carbon dioxide response curve under greenhouse saturated
light conditions (1800 wmol m™2 s™') and constant chamber tempera-
ture (25 °C) using the following reference carbon dioxide concentra-
tion (ppm) sequence: 400, 300, 200, 100, 50, 0, 400, 400, 600, 800, 1000,
and 1200. Dark respiration was also measured after placing leaves in a
dark chamber for 5 min to acclimate. We used these response curves and
dark respiration rates to fit net photosynthesis (A, by intercellular CO,
(C) curves (A,./ C; curves) of each individual using the ‘fitaci’ function
in the R package ‘plantecophys’ (Duursma, 2015), which estimates the
maximum rate of Rubisco carboxylation (V. pmol m ™2 s™") and the
maximum rate of electron transport (J,. wmol m™> s7') based on
the Farquhar ef al. (1980) biochemical model of C; photosynthesis. The
fitting was done using C;, not mesophyll CO,. The ‘fitaci’ function esti-
mated the Michaelis—Menten coefficient for Rubisco as

Table 1. Summary table containing volumes of compounds
used to create modified Hoagland solutions for each soil nitrogen
fertilization treatment

Compound 0ppm N 70 ppm N 210 ppm N 630 ppm N
1 MNHH,PO, O 0.33 1 1
2 M KNOg 0 0.67 2 2
2 M Ca(NO,), 0 0.67 2 2
1 M NH,NO, 0 0.33 1 0
8 M NH;NO3 0 0 0 2
1 M KH,PO, 1 0.67 0 0
1M KCI 4 1.33 0 0
1 M CaCOgq 4 3 0 0
2 M MgS0, 1 1 1 1
10% Fe-EDTA 1 1 1 1
Trace elements 1 1 1 1

All volumes are expressed as milliliters of each solution per liter H,O (ml

).
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O
K =K. (1 + Z) "

where K. (umol mol™") and K, (umol mol™") are Michaelis-Menten
coeflicients of Rubisco activity for CO, and O,, respectively, and O,
(210 000 umol mol™") is the intercellular O, concentration. Leaf tem-
perature-corrected values of K and the CO, compensation point (I')
were calculated using the equations and parameters of Bernacchi ef al.
(2001).

Because leaf temperatures varied slightly from 25 °C (mean £SD:
26.1 £ 1.5 °C), Ve and J,,,, were standardized to values at a leaf tem-
perature of 25 °C (i.e. Vo5 and J .05, respectively) using equations
from Kattge and Knorr (2007), assuming an acclimated temperature of
32 °C (average daytime temperature in the greenhouse throughout the
experiment) as

298.15(AS) —Hy
R298.15

Hy (Tieas—29815) 1 +e
f (T) — ¢ RT29%B15

Tieaf (AS) —Hy
RTjeaf

1+e

and

o leeaf

T

FT) 5
where k is the rate of I, or J,,,, at the leaf temperature (kpy.,g) or at 25
°C (kys), H, is the activation energy (71 513 ] mol™" and 49 884 J mol ™'
for Vi and J., respectively), R is the universal gas constant (8.314 J
mol™" K™, Hj is the deactivation energy (200 000 J mol™"), and AS is
the entropy term that characterizes the changes in reaction rate caused by
substrate concentration (J mol ' K ™). AS was assumed to be a function of

the acclimated temperature in Kelvin (7, ; 305.15 K) as

accr

kos

AS = apnsTyee + b
AS Lacc AS (4)

where a,g is the slope of the relationship (assumed to be 1.07 and 0.70

for Ve and J.., respectively) and b, is the intercept of the relationship

(assumed to be 668.39 and 659.70 for V. and J,.., respectively) (Kattge
and Knorr, 2007).

Leaf nitrogen allocation and chlorophyll content

The focal leaf used to generate each CO, response curve was harvested
upon the completion of each curve. Three leaf discs were removed from
each focal leaf for chlorophyll analysis. Scans of the focal leaf and leaf discs
were curated using a flatbed scanner, and total areas of the focal leaf and
leaf discs were analyzed using ImageJ (Schneider et al., 2012). The focal
leaf was placed in a drying oven set to 65 °C, then weighed after at least
48 h in the drying oven to obtain dry focal leaf biomass. The leaf mass
per area (M,.,; g m ) was determined by dividing dry leaf biomass by
fresh focal leaf area.

Dry focal leaf biomass was then ground and homogenized for ele-
mental combustion analysis. Leaf nitrogen content (N,,.; gN g~ ') was
determined with subsamples of ground and homogenized focal leat bio-
mass using an elemental analyzer (Costech 4010; Costech, Inc.,Valencia,
CA, USA). Leaf nitrogen content was then converted to leaf nitrogen per
unit leaf area (N,,.,;; gN m~?) by multiplying N, by M,..,.

Leaf discs were placed in 10 ml of DMSO and incubated at 65 °C for
1 h (Barnes et al., 1992). The chlorophyll content was measured using a

spectrophotometer at 649.1 nm and 665.1 nm, and then calculated by
using the equations described by Wellburn (1994):

Chla = 12-19A665 — 3.45A649 (5)

and

Chl, = 21.99A449 — 5.32A¢65 ©)

where Chl, is total Chl a content (ug ml™") and Chl, is total Chl
b content (ug ml™"). Chl, and Chl, were converted to molar amounts
by dividing each value by the molecular mass of chlorophyll (893.51 g
mol ™! for Chl, and 907.47 g mol™' for Chl,) and subsequently multi-
plying by the volume of the DMSO extractant (10 ml). Total chloro-
phyll content was calculated by adding molar amounts of Chl, and Chl,.
Total chlorophyll content was converted to area- (Chl,,; mmol m?)
and mass- (Chl,,,,; mmol g™') based amounts using the weight and area
of the discs.

Within-leaf nitrogen proportions

To examine the relative proportion of leaf nitrogen in Rubisco (D upiscos
gN gN), bioenergetics (Pbioenergeticss SN gN™), and light harvesting
(Pightharvesting: 2N gN™"), we first used a biochemical model (Niinemets
and Tenhunen, 1997; Niinemets et al., 1998) to calculate each proportion
where

chaxZS Nr
Narea Vcr

Prubisco =
7)

where N, is the amount of nitrogen in Rubisco, assumed to be 0.16 gN
(g Rubisco) ™!, and V, is the specific activity of Rubisco, assumed to be
20.5 pmol CO, (g Rubisco)™' s™" at 25 °C and

0 J max25 Nb
bioenergetics —
NareaJmc

®)

where Ny is the amount of nitrogen in cytochrome f, assumed to be
0.1240695 g N (umol cytochrome f)~ ', and ], is the capacity of electron
transport per cytochrome f; set to 156 pmol electron (umol cytochrome

f's " and

Chlmass

Plightharvesting = =~
Nmasscb

©)

where C, is the chlorophyll binding of the thylakoid protein complexes,
assumed to be 2.75 mmol chlorophyll (g chlorophyll N)™!. Note that
because V.05 Was estimated from C; rather than mesophyll CO,, the
estimated V.05 and Ppupiceo are likely to be slight underestimates of the
true values, but we do not expect this method of estimation to impact
reported treatment responses.

Whole-plant measurements

Leaves, stems, roots, and root nodules were harvested upon completion of
gas exchange measurements. Fresh leaf area was determined for all fully
expanded leaves using a flatbed scanner to curate images and Image] to
process leaf areas (Schneider ef al., 2012). We calculated total fresh leaf
area as the sum of all leaf areas, including the area of the focal leaf used
to curate gas exchange measurements. We then placed all organs into a
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drying oven set to 65 °C for at least 48 h before weighing all organ mate-
rial to determine dry biomass. Whole-plant biomass was calculated as the
sum of leaf, stem, and root dry biomass for each individual. Root nodule
biomass was not factored into the whole-plant biomass calculation. The
biomass:pot volume ratio was <1 g 17" (Poorter et al., 2012) for all treat-
ments except the 0% shading, 630 ppm N treatment in both species,
where the average ratio was 1.24 g 17" and 1.34 g 17! for G. max and G.
hirsutum, respectively (see Perkowski ef al., 2021).

Statistical analyses

We explored the effects of light availability, nitrogen availability, and plant
species on leaf-level and whole-plant level processes using linear mixed-
effects models. All models included plant species, shade cover, nitrogen
fertilization, and their interactions as fixed effects, and block as a random
intercept term. Species and block were used as categorical effects, while
shade cover and nitrogen fertilization were used as continuous predic-
tors. To examine treatment effects on leaf nitrogen, we fit models with
dependent variables M., N,,..,,, and N, with this structure. Each vari-
able was natural log transformed before fitting to meet residual normality
assumptions. Residual normality assumptions were assessed visually using
residual versus fitted plots. To examine treatment effects on the photo-
synthetic process and components, we fit models with dependent vari-
ables V005, Jimaxos, and Chl,,., with this structure. V.05 and J,.»5 were
natural log transformed before fitting to meet normality assumptions.
Next, to examine the treatment effects on the relative proportion of leaf
nitrogen allocated to photosynthetic components, we fit models with
dependent variables Pyypiscor Phioenergeticss N4 Prightharvesting With this struc-
ture. Finally, to examine treatment effects on whole-plant metrics, we fit
models with dependent variables of biomass (g) and total leaf area (m?)
with this model structure. Each variable was natural log transformed be-
fore fitting to meet normality assumptions.

We used the ‘Imer’ function in the ‘lme4’ R package (Bates ef al., 2015)
to fit each model and used the ‘Anova’ function in the ‘car’ R package
(Fox and Weisberg, 2019) to calculate Wald’s % to determine the signif-
icance (=0.05) using Type II ANOVA (Langsrud, 2003) of each fixed
effect coeflicient. Finally, we used the ‘emmeans’ R package (Lenth,2016)
to conduct post-hoc comparisons of categorical variables using Tukey’s
tests. Degrees of freedom for Tukey’s test were approximated using the
approach explained in Kenward and Roger (1997). All analyses and plots
were done in R version 4.0.5 (R Core Team, 2019).

Results
Leaf mass per area and leaf nitrogen

A significant species by shading effect indicated that shading
reduced M,,,, but this reduction was greater in G. hirsutum
than in G. max (P<0.01;Table 2; Fig. 1). The slope difference
between species was confirmed by a post-hoc comparison of
slopes (P<0.05). M,., was also greater in G. hirsutum than in G.
max (P<0.001;Table 2; Fig. 1).

There was a three-way interaction between species, shading
treatment, and fertilizer treatment for N, (P<0.01; Table 2;
Fig. 1). Post-hoc tests indicated a positive effect of nitrogen
fertilization on N, at all shade levels in G. hirsutum (P<0.05
in all cases; Fig. 1), but no fertilizer effect at any shade level for
G. max (P>0.05 in all cases; Fig. 1). Post-hoc tests also indi-
cated that shading had a positive effect on N, in both species
under the lowest three nitrogen fertilization levels (P<0.05 in

all cases). However, the shading effect was non-significant for
G. max at the highest nitrogen fertilization level (P>0.05; Fig.
1) and significantly positive for G. hirsutum at the highest ni-
trogen fertilization level (P<0.05; Fig. 1).

A significant interaction between species and nitrogen fer-
tilizer treatment indicated that the positive effect of nitrogen
fertilizer on N,,., was stronger for G. hirsutum than for G. max
(P<0.001; Table 2; Fig. 1). However, post-hoc tests confirmed
that the slope of the average N

tion was significantly positive for both species (P<0.05 in both

area FESPONSE to nitrogen fertiliza-
cases; Fig. 1). We also used post-hoc tests to investigate a signif-
icant interaction between shading treatments and nitrogen fer-
tilizer treatments (P<0.05; Table 2). These tests indicated that

the significantly positive response of N, to soil nitrogen fer-

area
tilization was reduced with increasing shading; however, the re-
sponse was significantly negative across all treatments (P<0.05;

Fig. 1). This decreasing trend was probably driven by G. max
(Fig. 1).

Leaf photosynthetic components

There was an interaction between species and nitrogen fertilizer
treatment for Vs (P<0.01;Table 3; Fig. 2), which post-hoc
tests of slopes indicated was driven by a significantly positive
effect of soil nitrogen fertilization for G. hirsutum (P<0.05; Fig.
2), but no effect in G. max (P>0.05; Fig. 2). V.05 also signifi-
cantly decreased with increased shading (P<0.001;Table 3; Fig.
2) in both species and was significantly higher for G. hirsutum
than for G. max on average across treatments (P<0.001; Table
3; Fig. 2).

There was an interaction between species and nitrogen
fertilizer treatment for J, .5 (P<0.01;Table 3; Fig. 2), which
post-hoc tests of slopes indicated was driven by a significantly
positive effect of soil nitrogen fertilization for G. hirsutum
(P<0.05; Fig. 2), but no effect in G. max (P>0.05; Fig. 2).

Table 2. ANOVA results for linear mixed effects model fit for
dependent variables Myes (G M), Niass (N g71), and Nyea (g m™)

Marea NITIBSS Narea

df x? P-value ¥? P-value x? P-value
Species 1 970.976 <0.001 410.009 <0.001 80.153  <0.001
(Sp)
Shading 1 605.128 <0.001 22507 <0.001 248.874 <0.001
(Sh)
Fertilizer 1 0.849 0.357 71.481  <0.001 56.544  <0.001
)
SpxSh 1 7.068 0.008 0.469 0.493 2.816 0.093
SpxF 1 2640 0.104 48.791  <0.001 19.193  <0.001
Shx F 1 0.050 0.823 9.741 0.002 4.048 0.044
SpxShxF 1 1.015 0.314 8.721 0.003 1.593 0.207

df=degrees of freedom, x?>=Wald’s chi-squared statistic. P-values <0.05
are in bold.
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Fig. 1. The response of G. hirsutum (left panels) and G. max (right panels) Maea (A, B), Niass (C, D), and N4 (E, F) to nitrogen fertilization in the 0% (red),
30% (orange), 50% (blue), and 80% (purple) shade treatments. The dots represent individual data points and the lines are fitted lines from the linear mixed
effects models at each shade treatment value. Solid lines are statistically significant trends (P<0.05) and dashed lines are non-significant trends (P>0.05).
Separate lines are plotted for each shading treatment, with colors corresponding to the shading treatments. In cases where no fertilizer treatment by shading
treatment interaction effect existed (Table 2), a black line is plotted to show the average trend across shading treatments for each species, and per shading
treatments are shown as transparent lines. Nitrogen fertilizer amount (x-axis) is in parts per million (ppm) added twice per week and is jittered for visibility.

There was also an interaction between species and shading
treatment for J.»s (P<0.05). Post-hoc tests of slopes indi-
cated that .5 significantly decreased with shading in both
species, but the decrease was stronger in G. hirsutum than in G.
max (P<0.05; Fig. 2). J.0s Was higher in G. hirsutum than in
G. max on average across treatments (P<0.05;Table 3; Fig. 2).

There was an interaction between species and nitrogen
fertilizer treatment for Chl (P<0.01; Table 3; Fig. 2),

arca

which post-hoc tests of slopes indicated was driven by a sig-
nificantly positive effect of soil nitrogen fertilization for G.
hirsutum (P<0.05; Fig. 2), but no effect in G. max (P>0.05;
Fig. 2). There was also an interaction between species and
shade treatment for Chl,,,, (P<0.05;Table 3; Fig. 2), which
post-hoc tests of slopes indicated was driven by a signifi-
cantly negative effect of shading for G. max (P<0.05; Fig.
2), but no effect for G. hirsutum (P>0.05; Fig. 2). Chl,,., was

area
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Table 3. ANOVA results for linear mixed effects model fit for
dependent variables Va (WMol M™2 871, Jpax (WMol m=2 s7'), and
Chlea (Mmol M)

chax25 Jmax25 Ch Iarea

df 2 P-value x? P-value x2 P-value
Species 1 22208 <0.001 5.940 0.015 178.787 <0.001
(Sp)
Shading 1 334.370 <0.001 592.324 <0.001 34.818  <0.001
(Sh)
Fertilizer 1 12712 <0.001 18.158 <0.001 11.413  0.001
Q)
SpxSh 1 1.087 0.308 4.974 0.026 8.582 0.003
Spx F 1 10.620 0.001 7.366 0.007 31.115  <0.001
ShxF 1 2.306 0.129 2.910 0.088 3.403 0.065
SpxShxF 1 0.092 0.762 0.373 0.541 1.297 0.255

df=degrees of freedom, x>=Wald’s chi-squared statistic. P-values <0.05
are in bold.

greater for G. hirsutum than for G. max (P<0.001; Table 3;
Fig. 2).

Proportion of leaf nitrogen in photosynthetic
components

The leaf nitrogen and photosynthetic treatment responses re-
ported above resulted in a reduction in P, yyiscos Phicenergetics> And
Plightharvesting With increasing soil nitrogen fertilization (P<0.01
in all cases; Table 4; Fig. 3), with no interaction between fertil-
ization treatment and species or shade treatment (P>0.05 in all
cases; Table 4; Fig. 3). When totaled, this represents a reduction
of 0.066 g of nitrogen used in photosynthesis per g of nitrogen
in the leaf in the highest soil nitrogen treatment relative to the
lowest soil nitrogen treatment, or an 11.5% reduction.

Prubisco AN Phienergerics Were also both reduced by the shading
treatments (P<0.001 in all cases; Table 4; Fig. 3). There was no
effect of the shading treatments on Pjghharvesting (P>0.05; Table
4; Fig. 3). Plightharvesting Was greater for G. hirsutum than for G.
max (P<0.05;Table 4; Fig. 3), while P, pico a0d Prioenergeics Were
greater in G. max than in G. hirsutum (P<0.05;Table 4; Fig. 3).

Whole-plant leaf area and biomass

An interaction between shading and nitrogen fertilization
treatments (P<0.05) indicated that, while soil nitrogen gen-
erally had a positive effect on total leaf area, this effect was
reduced with increased shading (Table 5; Fig. 4). Post-hoc slope
tests indicated that the soil nitrogen effect on total leaf area was
positive in all species (P<0.05) and all shade combinations ex-
cept for G. hirsutum under the highest shading level (P>0.05;
Fig. 4). An interaction between shade treatment and species
(P<0.05) indicated that shading reduced total leat area in both
species, but to a greater degree in G. hirsutum than in G. max
(Fig. 4).

The biomass responses closely mimicked the total leaf area
responses. Specifically, an interaction between shading and ni-
trogen fertilization treatments (P<0.05) indicated that, while
soil nitrogen generally had a positive effect on total leaf area,
this effect was reduced with increased shading (Table 5; Fig.
4). Post-hoc slope tests indicated that the soil nitrogen effect
on total leaf area was positive in all species (P<0.05) and shade
combinations except for G. hirsutum under the highest shading
level (P>0.05; Fig. 4). An interaction between shade treatment
and species (P<0.01) indicated that shading reduced total leaf
area in both species, but to a greater degree in G. hirsutum than
in G. max (Fig. 4).

Discussion

We used a manipulation experiment to test hypotheses re-
garding the connection between soil nitrogen, leaf nitrogen, and
photosynthetic processes, as well as the connection and rela-
tionship to light availability. Counter to our second hypothesis,
we found that soil nitrogen fertilization tended to increase leaf
nitrogen (Fig. 1) and photosynthetic processes (Fig. 2), partic-
ularly in the non-nitrogen-fixing G. hirsutum. However, the
relative proportion of leaf nitrogen in each of the photosyn-
thetic processes examined (Rubisco, bioenergetics, and light
harvesting) decreased with increasing nitrogen fertilization
(Fig. 3). This pattern indicated that there was a change in the
leat’ nitrogen—photosynthesis relationship with increased soil
nitrogen. Alternatively, photosynthetic processes were strongly
and consistently stimulated by greater light availability (Fig. 2),
in support of our first hypothesis and as shown by previous
studies and theory (Boardman, 1977; Evans and Poorter, 2001;
Niinemets et al., 2015; Luo and Keenan, 2020). Whole-plant
processes (total leaf area and biomass) were more consistently
and positively stimulated by soil nitrogen availability regardless
of species (Fig. 4), contrary to the species-specific responses
expected in our third hypothesis. This suggests that the plants
in this experiment were preferentially allocating additional ni-
trogen to the growth of new tissues over modifications of ex-
isting leaf tissue, supporting our second hypothesis. We expand
and contextualize these results in the sections below.

Proportion of leaf nitrogen in photosynthesis decreases
with soil nitrogen availability

We found that increasing soil nitrogen availability increased
area-based leaf nitrogen (N,,.,) in both species (Fig. 1), cor-
roborating previous results from fertilization studies (Firn
et al., 2019; Li et al., 2020; Liang et al., 2020). This happened
alongside a slight stimulation of photosynthetic processes in
the non-nitrogen-fixing G. hirsutum (Fig. 2). This result pro-
vides some support for the positive linkage between soil ni-
trogen, leaf nitrogen, and photosynthetic processes (Kattge
et al., 2009; Walker et al., 2014). However, the lack of an effect
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Fig. 2. The response of G. hirsutum (left panels) and G. max (right panels) Vimaxes (A, B), Imaxes (C, D), and Chl,., (E, F) to nitrogen fertilization in the 0%
(red), 30% (orange), 50% (blue), and 80% (purple) shade treatments. The dots represent individual data points and the lines are fitted lines from the linear
mixed effects models at each shade treatment value. Separate lines are plotted for each shading treatment, with colors corresponding to the shading
treatments. Solid lines are statistically significant trends (P<0.05) and dashed lines are non-significant trends (P>0.05). Because there was no fertilizer
treatment by shading treatment interaction effect for any variable (Table 3), a black line is plotted to show the average trend across shading treatments for
each species, and per shading treatments are shown as transparent lines. Nitrogen fertilizer amount (x-axis) is in parts per million (ppm) added twice per

week and is jittered for visibility.

of soil nitrogen availability on photosynthetic processes in G.
max (Fig. 2) contradicts these relationships and builds on pre-
vious work that calls the generality of these relationships into
question (Ali ef al., 2015; Maire et al., 2015; Dong et al., 2017,
2020; Rogers et al., 2017; Smith et al., 2019; Paillassa et al.,
2020; Peng et al., 2021).

Our results showed that the proportion of leaf nitrogen used
for photosynthesis was reduced under increasing soil nitrogen

availability (Fig. 3). This pattern was true for the fraction of leaf
nitrogen allocated to Rubisco, bioenergetics, and light-harvest-
ing components of photosynthesis, and did not difter between
species. This result indicates that the relationship between leaf
nitrogen and photosynthesis (Kattge et al., 2009; Walker et al.,
2014) varies with soil nitrogen availability. Many land surface
models that couple terrestrial carbon and nitrogen cycles sim-
ulate photosynthetic processes based on correlations with leaf
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Table 4. ANOVA results for linear mixed effects model fit for
dependent variables Prubisco (gN qu)u pbioenergetics (gN qu)v and

plightharvesting (gN qu)

Prubisco Pbioenergetics Plightharvesting

df x? P-value ¥? P-value y? P-value
Species 1 5165 0.023 33.787 <0.001 46.26 <0.001
(Sp)
Shading 1 19.3556  <0.001 33.522 <0.001 1.909 0.167
(Sh)
Fertiizer 1 9.491 0.002 18.375 <0.001 156.839 <0.001
)
SpxSh 1 0.188 0.664 0.244 0.621 0.354 0.5652
SpxF 1 0.042 0.838 0.833 0.362 0.017 0.897
ShxF 1 0.145 0.704 0.708 0.400 0.01 0.92
SpxShxF 1 0.067 0.795 0.143 0.706 0.227 0.634

df=degrees of freedom, x>=Wald’s chi-squared statistic. P-values <0.05
are in bold.

nitrogen (e.g. Nemani ef al., 2009; Zaehle et al., 2010, 2014;
Lawrence et al., 2019; Zhu et al., 2019; reviewed in Smith and
Dukes, 2013). Our results indicate that these relationships are
not static with the environment and, if assumed to be static,
may give erroneous predictions under changing soil nitrogen
availability.

Additionally, the proportion of leaf nitrogen used for pho-
tosynthesis increased under increasing light availability (Fig. 3).
This was true for the nitrogen in Rubisco and bioenergetic
components of photosynthesis, but not the light-harvesting
components. This confirms the results of previous studies
(Pons and Pearcy, 1994; Evans and Poorter, 2001), although
Evans and Poorter (2001) saw reduced relative allocation to
light harvesting. This was an expected response based on clas-
sical qualitative theory (Boardman, 1977) and more recently
quantified theory (Wang et al., 2017; Smith et al., 2019) of
photosynthesis that suggests that plants acclimate to light avail-
ability by increasing investment in the enzymatic components
of photosynthesis to maximize the use of available light for
carbon assimilation. However, the present theory only predicts
rates of enzymatically driven fluxes (e.g. Vi uxos and J.0s), but
not the relative proportion of total leaf nitrogen invested in
these processes. To improve carbon—nitrogen coupling in land
surface models, the relative proportion must also be simulated
(Ghimire et al.,2017). Recent work combining theory and ob-
servational data provides a potential avenue for achieving this
goal (Luo et al., 2021).

Photosynthetic processes are more tightly coupled to
light than to soil nitrogen availability

In support of our hypotheses, light availability tended to be a
stronger driver of photosynthetic processes than soil nitrogen
availability. While the treatments are not perfectly comparable,
they do represent extreme high and low levels of each variable.
On average across the two species, the light gradient ranging

from a daily maximum of 489 pmol m 2 s™' (80% shading) to
1662 pmol m™2s™" (0% shading) resulted in a 17% and 16% in-
crease in V.05 and J, .05, respectively, while twice-per-week
applications of 630 ppm N only increased V5 and J .05
by 5% and 4%, respectively (Fig. 2). These results confirm that
light availability is a strong driver of photosynthetic capacity
(Boardman, 1977; Niinemets et al., 2015; Poorter et al.,2019).

A primary goal of our study was to use light availability
as a proxy for photosynthetic demand and, in support of
our first hypothesis, increases in light availability resulted in
plants using more nitrogen to increase V.5 and J..o5 (Fig.
2). Importantly, this happened consistently across all soil ni-
trogen availability treatments and in both species. This strongly
indicates that plants adjust photosynthetic capacity to meet
demands dictated by light availability irrespective of how much
nitrogen is available to meet those demands, corroborating pre-
vious studies (Dong et al.,2017,2020; Poorter et al.,2019). This
comes at a clear distinction from the limited photosynthetic
capacity response to soil nitrogen availability and, together,
suggest that light (or other factors that influence photosyn-
thetic demand) is more important for dictating per-leaf-area
photosynthetic capacity than soil nitrogen availability. Many
land surface models include light—photosynthesis relationships
through the implementation of sun and shade portions of the
canopy (Bonan ef al., 2021), but these results suggest that fur-
ther consideration of spatial variability in sunlight across the
land surface should also be considered for correctly modeling
photosynthetic capacity.

One approach for predicting photosynthetic capacity
responses to light availability is via eco-evolutionary optimality
(Harrison et al., 2021; Mengoli et al., 2022). Photosynthetic
theory based on these principles would suggest that 17.,,,,.»5 and
Jmaxos should scale proportionally with light availability (Dong
et al., 2017; Wang et al., 2017; Smith et al., 2019). However,
that is not what we saw here. Instead, the light availability
response, while strong, was more muted than expected (Fig.
2). Similarly muted responses have been observed along light
availability gradients within plant canopies (Niinemets et al.,
2015). This may be the result of ‘overinvestment’ in photosyn-
thetic capacity by shaded plants to allow them to quickly ini-
tiate photosynthesis when light becomes available (Meir ef al.,
2002;Way and Pearcy, 2012; Buckley et al., 2013), although this
mechanism deserves further investigation. Nonetheless, this
reflects a limitation to our understanding of plant photosyn-
thetic investment that requires further investigation.

Whole-plant responses to soil nitrogen availability are
greater than leaf-level responses

Supporting our hypotheses, both light and soil nitrogen avail-
ability increased the total leaf area and biomass in each spe-
cies (Fig. 4). While this was not surprising given that light and
nitrogen are well known to limit productivity (LeBauer and
Treseder, 2008; Fay et al., 2015; Harpole et al., 2017; Menge
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Fig. 3. The response of G. hirsutum (left panels) and G. max (right panels) prupisco (A, B), Poicenergetics (C D), @Nd piigntnarvesting (E, F) 10 nitrogen fertilization in
the 0% (red), 30% (orange), 50% (blue), and 80% (purple) shade treatments. The dots represent individual data points and the lines are fitted lines from
the linear mixed effects models at each shade treatment value. Solid lines are statistically significant trends (P<0.05) and dashed lines are non-significant
trends (P>0.05). Separate lines are plotted for each shading treatment, with colors corresponding to the shading treatments. Because there was no
fertilizer treatment by shading treatment interaction effect for any variable (Table 4), a black line is plotted to show the average trend across shading
treatments for each species, and per shading treatments are shown as transparent lines. Nitrogen fertilizer amount (x-axis) is in parts per million (ppm)

added twice per week and is jittered for visibility.

et al.,2017), the comparison of these responses with that of the
leat physiological responses can be used to better understand
plant nitrogen and carbon allocation decisions.

Notably, and in support of our second hypothesis, the
whole-plant responses to soil nitrogen availability (Fig. 4) were
stronger and more consistent than the leaf-level responses (Figs
1-3). Similar results were found in a recent meta-analysis that

compared effects of nitrogen addition on common leaf and
whole-plant measurements (Liang et al., 2020). This indicates
that plants use added nitrogen preferentially to build new tis-
sues, as opposed to increasing per-leaf-area photosynthetic
enzymes. In our study, the primary tissues being built were
for leaves, allowing the plant to access more light and there-
fore achieve greater whole-plant carbon assimilation. Similarly,
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additional light also resulted in greater leaf area and biomass,
reflecting the plants’ allocation of increased carbon (due higher

per-leaf-area photosynthesis) to enhanced light capture.

Table 5. ANOVA results for linear mixed effects model fit for

dependent variables total leaf area (cm?) and biomass (g)

Total leaf area Biomass
df 2 P-value x? P-value
Species (Sp) 1 162.384 <0.001 1.905 0.168
Shading (Sh) 1 35.267 <0.001 230.163 <0.001
Fertilizer (F) 1 62.190 <0.001 51.259 <0.001
SpxSh 1 5.499 0.019 7.199 0.007
SpxF 1 0.072 0.789 2.756 0.097
ShxF 1 6.172 0.013 4.856 0.028
SpxShxF 1 2.890 0.089 0.250 0.617

df=degrees of freedom, x?>=Wald’s chi-squared statistic. P-values <0.05
are in bold.
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Our whole-plant responses can be more contextualized
using the information about the individuals’ structural carbon
cost to acquire nitrogen, presented in Perkowski ef al. (2021).
Those results indicated that the individuals in our study, which
were the same as those used in Perkowski ef al. (2021), had
lower structural carbon costs to acquire nitrogen when soil
nitrogen fertilization increased, regardless of species. This re-
sponse allowed individuals to increase whole-plant nitrogen
uptake with lower below-ground carbon investments when
there was more nitrogen available in the soil. These patterns
probably resulted in an additional stimulation of biomass out-
side of what would be possible just from the added nutrients
alone and also probably helped drive the increase in leaf area.
These types of dynamic whole-plant allocation responses
follow what is known from theory (Dybzinski et al., 2011;
Franklin et al., 2012; Farrior et al., 2013) and should be in-
cluded in land surface models (e.g. as in Shi ef al., 2016; Zhu
et al.,2019; Braghiere et al., 2022).
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Fig. 4. The response of G. histutum (left panels) and G. max (right panels) total leaf area (A, B) and biomass (C, D) to nitrogen fertilization in the 0% (red),
30% (orange), 50% (blue), and 80% (purple) shade treatments. The dots represent individual data points and the lines are fitted lines from the linear mixed
effects models at each shade treatment value. Solid lines are statistically significant trends (P<0.05) and dashed lines are non-significant trends (P>0.05).
Separate lines are plotted for each shading treatment, with colors corresponding to the shading treatments. Nitrogen fertilizer amount (x-axis) is in parts

per million (ppm) added twice per week and is jittered for visibility.
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Study limitations

In the highest light (0% shading) and highest nitrogen
(630 ppm) availability treatment combination, the biomass:pot
volume ratio was greater than the 1 g 17! recommended by
Poorter et al. (2012) to avoid pot size limitation to growth and
physiological processes. This was not the case for the other 15
treatment combinations. It is possible that pot size may have
limited the responses seen in this treatment, which may have
caused leaf and whole-plant responses to soil nitrogen fertiliza-
tion and light availability to be underestimated. However, any
potential pot size limitation in this treatment combination did
not influence our qualitative results, which found that individ-
uals grown under 0% shade and 630 ppm N had the greatest
growth and fastest photosynthesis rates compared with any of
the other treatment combinations. Future experiments should
carefully select pot size to avoid additional factors that limit the
interpretation of experimental results.

In our study, plants were well spaced in order to nullify po-
tential light competition from neighboring plants. Therefore,
our results may not hold for more closed canopy systems or
in canopies of species with high leaf area indices. In these
instances, increased light competition may reduce allocation
to new growth under increased nitrogen availability if new
growth would only result in self-shading. Thus, the increased
nitrogen available may instead be preferentially allocated else-
where (e.g. to photosynthetic processes). The results found
here should be further validated in closed canopy systems or in
species with complex canopy architectures.

The species differences found here and in Perkowski et al.
(2021) suggest that nitrogen fertilization may have a more
muted effect on growth and physiology in a plant that is ca-
pable of forming symbiotic associations with nitrogen-fixing
bacteria (G. max) than a plant that is incapable of forming
such associations (G. hirsutum). This may be due to changes
in the strength of the association with differing levels of ni-
trogen availability, where increasing fertilization decreased
plant investments in root nodulation and may have promoted
nitrogen uptake through less costly direct uptake pathways
(Perkowski et al., 2021). However, we caution against assigning
causality to these species differences due to the lack of phylo-
genetic relatedness and the different life history strategies of G.
max (herbaceous annual) and G. hirsutum (woody perennial). If
the nutrient acquisition strategy is the causal explanation for
driving the interspecies variation observed in this experiment,
future studies that examine these responses in a single species
with and without the presence of symbiotic nitrogen-fixing
bacteria would be a useful follow-up to address these patterns.

While species differed in the magnitude of their response
to changing soil nitrogen availability and light availability,
species did not differ with respect to the direction of their
responses. Given additional life history trait differences be-
tween both species, similar directional responses could indi-
cate that these patterns might be generalizable across species.

In this study, we used crop seedlings with high growth rates,
and thus high resource demands; however, it is possible that
these results may not hold in less resource-demanding spe-
cies. Thus, future work could consider using a greater number
of species with different life history strategies to make gen-
eralizable claims about the impact of soil nitrogen availability
and light availability on leaf nitrogen—photosynthesis rela-
tionships and how these relationships scale to whole-plant
growth.

Conclusions

The results of our light by nitrogen availability experiment
showed that, while nitrogen availability tended to increase leaf
nitrogen, nitrogen availability consistently reduced the propor-
tion of leaf nitrogen used for photosynthetic processes. This re-
sult suggests that the leaf nitrogen—photosynthesis relationship
varies with soil nitrogen availability, contrasting with previous
work and calling the use of these relationships in terrestrial
biosphere models into question. Instead, plants tended to pref-
erentially allocate increased nitrogen to the building of new
tissues, specifically leaves. Light availability, on the other hand,
consistently increased the proportion of leaf nitrogen used for
photosynthetic processes. These results indicate that soil ni-
trogen availability strongly controls whole-plant processes,
while leaf photosynthetic processes are more responsive to
above-ground conditions. These responses should be included
in coupled carbon—nitrogen models of terrestrial ecosystems.
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