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Summary 

● Affecting biodiversity, plants with larger genome sizes (GS) may be restricted in 

nutrient-poor conditions. This pattern has been attributed to their greater cellular nitrogen (N) 

and phosphorus (P) investments and hypothesized nutrient–investment tradeoffs between cell 

synthesis and physiological attributes associated with growth. However, the influence of GS 

on cell size and functioning may also contribute to GS-dependent growth responses to nutri- 

ents. 
● To test whether and how GS is associated with cellular nutrient, stomata, and/or physiologi- 

cal attributes, we examined > 500 forbs and grasses from seven grassland sites conducting a 

long-term N and P fertilization experiment. 

● Larger GS plants had increased cellular nutrient contents and larger, but fewer stomata than 

smaller GS plants. Larger GS grasses (but not forbs) also had lower photosynthetic rates and 

water-use efficiencies. However, nutrients had no direct effect on GS-dependent physiologi- 

cal attributes and GS-dependent physiological changes likely arise from how GS influences 

cells. At the driest sites, large GS grasses displayed high water-use efficiency mostly because 

transpiration was reduced relative to photosynthesis in these conditions. 

● We suggest that climatic conditions and GS-associated cell traits that modify physiological 

responses, rather than resource–investment tradeoffs, largely explain GS-dependent growth 

responses to nutrients (especially for grasses). 

 

Introduction 

Angiosperms (flowering plants) show tremendous variance in 

genome sizes (GS) both within and among species (Dodsworth 

et al., 2015; Pellicer et al., 2018) and GS variation can alter com- 

munity eco-evolutionary dynamics. Recent studies have found 

that angiosperm GS can influence productivity and biodiversity 

responses to nutrient availabilities such that nutrient-limiting 

conditions favor the fitness and growth of smaller GS plants, 

whereas nutrient enrichments have opposite effects and favor the 

fitness and growth of larger GS plants (Smarda et al., 2013; 

Guignard et al., 2016; Bales & Hersch-Green, 2019; Walczyk & 

Hersch-Green, 2019, 2023; Anneberg & Segraves, 2020; Peng 

et al., 2022). These patterns have, in part, been attributed to 

hypothesized GS-dependent differences in cellular nitrogen (N) 

and phosphorus (P) requirements (aka ‘material costs’) that are 

predicted to more strongly constrain the growth of larger GS 

plants under nutrient limitations (Lewis, 1985; Leitch & Ben- 

nett, 2004; Cavalier-Smith, 2005; Mei et al., 2018; Simonin & 

Roddy, 2018). By contrast, under nutrient enrichments, larger 

GS plants are thought to benefit more from growth via cell 

expansion and/or heterosis, as in the case of allopolyploids (Fai- 

zullah et al., 2021). Increased cellular nutrient requirements of 

larger genome organisms are thought to arise because GS scales 

positively with DNA content and cell sizes (Beaulieu et al., 2008; 

Mueller, 2015; Simonin & Roddy, 2018; Roddy et al., 2020), 

and more N and P atoms are needed for the synthesis of longer 

strands of nucleic acids, sugar-phosphate backbones (Sterner & 

Elser, 2002; Elser et al., 2011), and phospholipid bilayer cell 

membranes. However, across phylogenetically divergent lineages 

and independently of polyploidy, there is very limited informa- 

tion as to whether foliar nutrient investments scale with GS (Jeya- 

singh & Weider, 2007; Kang et al., 2015) or the mechanistic 

bases for observed GS-dependent growth responses to nutrients. 

Photosynthesis and transpiration are integral to plant growth 

and examining whether GS affects these processes could provide 

mechanistic insights into determining when GS-dependent 

growth responses to nutrients are most probable. These processes 

are likely to be influenced by GS independently of nutrient avail- 

ability because stomatal attributes vary across diverse plant 

lineages dependent upon GS, with smaller but more numerous 

stomata being associated with smaller GS plants (Knight & 
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Beaulieu, 2008; Liu et al., 2017; Simonin & Roddy, 2018; 

Roddy et al., 2020; Theroux-Rancourt et al., 2021). Further- 

more, smaller and more numerous stomata and overall increases 

in stomatal pore volumes are associated with higher rates of sto- 

matal conductance, photosynthesis, and transpiration (Franks & 

Beerling, 2009; Drake et al., 2013; Lawson & Blatt, 2014; Harri- 

son et al., 2020). GS may also influence gas diffusion rates within 

plant tissues because larger GS plants tend to have larger cells 

(Beaulieu et al., 2008; Roddy et al., 2020) with lower packing 

densities and reduced surface area to volume ratios that have been 

associated with slower gas diffusion rates across cell boundaries 

(Roddy et al., 2020; Theroux-Rancourt et al., 2021). Therefore, 

due to GS-dependent ‘physiological constraints’ (e.g. lower gas 

uptake from the atmosphere and diffusion capacities), larger GS 

plants might have lower rates of photosynthesis and transpiration 

than smaller GS plants, and lower photosynthesis and transpira- 

tion rates of larger GS plants have been reported (Beaulieu 

et al., 2008; Herben et al., 2012; Roddy et al., 2020; Theroux- 

Rancourt et al., 2021; Walczyk & Hersch-Green, 2023). 

Site soil nutrient availabilities and specific plant characteristics 

affecting nutrient requirements might further influence whether 

and to what extent GS affects photosynthesis, transpiration, 

and/or the balance between these processes. For instance, the pro- 

teins, pigments, ATP, and electron transport molecules used in 

photosynthesis require significant N and P atoms (Evans, 1989; 

Hessen et al., 2010; Hohmann-Marriott & Blankenship, 2011) 

and many species have higher rates of photosynthesis and produc- 

tivity under nutrient enrichments (Vaitkus et al., 1993; Liang 

et al., 2020; Shen et al., 2022). Thus, especially in 

nutrient-limiting conditions, N and P investments into macro- 

molecules involved in photosynthesis might compete with invest- 

ments into nucleic acids and cell synthesis (aka ‘material costs’), 

with these resource allocation tradeoffs being most intense for lar- 

ger GS plants (Faizullah et al., 2021). However, because most 

transpiration occurs through stomatal pores (Jarvis & Mcnaugh- 

ton, 1986; Marschner, 2011; Xu et al., 2019) and stomatal con- 

ductance and gas diffusion between cells should be less 

dependent on nutrient inputs than photosynthesis, we might 

expect that GS-associated resource allocation tradeoffs would 

have minimal effects on transpiration. GS–resource allocation 

tradeoffs affecting photosynthesis rates may also be influenced by 

a plant’s photosynthetic pathway. For instance, while anatomical 

and chemical adaptations of C4 plants are energetically and meta- 

bolically more intensive than C3 plants, C4 plants tend to be 

more efficient at conserving and using water and nutrients for 

photosynthesis than C3 plants (Brown & Rickless, 1949; Mon- 

son, 1989; Taylor et al., 2010; Zhao et al., 2022). Lastly, to maxi- 

mize growth and fitness, plants must balance the amount of 

carbon (C) accumulated for photosynthesis relative to water lost 

from transpiration (measured as water-use efficiency, WUE), and 

thus, ultimately, GS-dependent responses to nutrients may 

depend upon tradeoffs that vary depending upon a plant’s GS, 

photosynthetic pathway, site nutrient availability, and/or prevail- 

ing climatic conditions. 

To enhance mechanistic understandings of observed 

GS-dependent growth responses to nutrients, we examined 

whether GS per se influences cellular nutrient contents and 

whether GS is correlated with metabolic processes associated 

with growth and survival. We collected GS, cellular nutrient 

content, stomata size, stomata density, and gas exchange data 

from > 500 forbs and grasses that occurred at seven grassland 

sites spanning a north–south environmental gradient in Mid- 

western United States. Each site was fertilized once per year 

with identical amounts of N and P in a factorial design (Nut- 

Net; https://nutnet.org). We tested five interrelated hypotheses: 

Cellular C, N, and P contents (aka ‘material costs’) increase 

with plant GS, arising from them having larger cells that con- 

tain more DNA (H1); larger GS plants have larger and fewer 

stomata (‘physiological constraints’, H2); because of increased 

physiological constraints, larger GS plants have lower rates of 

photosynthesis especially under nutrient-limiting conditions 

when resource–investment tradeoffs between cell/nucleic acid 

syntheses and photosynthesis are the most intense (H3); 

because of physiological constraints, larger GS plants have 

lower transpiration rates (H4); and WUE decreases with GS 

when resource–investment tradeoffs and physiological con- 

straints on cells more strongly affect photosynthesis than tran- 

spiration (H5a), does not change with GS when photosynthesis 

and transpiration are equally affected by the combined 

resource–investment and physiological constraints on cells or 

when GS is not correlated with either (H5b), and increases 

with GS when physiological constraints on cells have greater 

impacts on transpiration than resource–investment tradeoffs 

and physiological constraints combined have on photosynthesis 

(H5c, Fig. 1). 

 

Materials and Methods 

Experimental design and site measurements 

This study was conducted across seven grassland sites situated 

along a North–South transect in Midwestern United States. All 

sites are part of the Nutrient Network (https://nutnet.org), a 

globally distributed experiment in which plots are fertilized 

annually using a standard protocol (Borer et al., 2014) that 

allows rigorous cross-site comparisons of the effects of nutrients 

on biodiversity. The sites chosen varied in latitude, longitude, 

mean annual precipitation (MAP) and mean annual tempera- 

ture (MAT); MAP and MAT were extracted at the 30 arc sec- 

ond scale from WORLDCLIM v.2, (Fick & Hijmans, 2017) 

(Supporting Information Table S1). At each site, we collected 

measurements from plants that occurred in one of four treat- 

ment plots that were replicated across three blocks (total = 12 

plots/site): unfertilized control (Cont.), nitrogen-added (N), 

phosphorus-added (P), and nitrogen- and phosphorus-added 

(NP). Treatments were randomly assigned to 25-m2 plots in 

fully factorial combinations with site coordinators having 

applied N and P fertilization treatments before the growing sea- 

son annually at a rate of 10 g m-2 (for experimental design 

details see Borer et al., 2014); the length of time since the nutri- 

ent treatments were first initiated ranged from 2–15 yr before 
we collected data (Table S1). 
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Fig. 1 Hypothesis (H) of relationships between genome size (GS) and gas exchange properties. (H1) Material costs defined – the amount of nitrogen (N) 

and phosphorus (P) per cell are expected to increase with GS. (H2) Physiological constraints defined – stomata and cell sizes are expected to increase with 

GS. (H3) Photosynthesis rates are expected to decline with GS as a result of material costs and physiological constraints, but declines are expected to be 

moderated under NP enrichments due to the weakening of resource–investment tradeoffs. (H4) Transpiration rates are expected to decline with GS as a 

result of physiological constraints. Water-use efficiency (WUE) is (H5a) expected to decline with GS if resource–investment tradeoffs and material cost 

constraints are stronger than physiological constraints in affecting metabolic rates, (H5b) expected to not change with GS if gas exchange properties are 

equally affected by resource–investment and physiological constraints or when GS is not correlated with either, and (H5c) expected to increase with GS if 

physiological constraints have a greater impact on transpiration than resource–investment tradeoffs and physiological constraints combined have on 

photosynthesis. 

 

Individual plant and species measurements 

At each site, we collected leaves to estimate foliar nutrient con- 

tents and measured leaf gas exchange on 6–10 of the most com- 

mon plants in each plot, with the intention of measuring the 

same taxa across multiple treatment plots per site. Adjacent to, 

but outside of, the treatment plots, we also collected four to six 

fresh leaves from species in which we obtained individual plant 

measurements to obtain ‘site-specific species-level’ GS, cell den- 

sity, and stomata data. All data were collected around site-specific 

peak biomass, which ranged from May through August 2022 

(Table S1). 

Genome size From site-specific species-level leaf collections, we 

measured holoploid GS (2C DNA content, total amount of 

DNA in un-replicated chromosome sets, Greilhuber et al., 2005) 

by co-chopping samples with internal standards (Dolezel 

et al., 2007) and then using flow cytometry (Accuri Inc Ann 

Arbor, MI, USA) to determine 2C-DNA content values. The 

details of buffers and internal standards are given in Methods S1. 

Low-quality samples (CV of flow histogram peaks > 5%) were 

removed before statistical analysis and species-level, site-specific 

GS values from 112 taxa (85 forbs and 27 grasses) are given in 

Table S2. 
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Cellular foliar nutrients We collected approximately two leaves 

(exact number depended on leaf architecture) from the upper 

portion (mostly forbs) or the middle rosette (mostly grasses) of 

each plant that was measured for photosynthesis and transpira- 

tion and combined leaves for each species per site collected from 

the same treatment plots (Cont, N, P, or NP). We then ground 

and homogenized the combined leaves and determined foliar [C] 

and [N] with an elemental analyzer (Costech Analytical Technol- 

ogies, Valencia, CA, USA) and foliar [P] with acid digestion 

(Masson et al., 2010) on a Thermo 6500 Duo Inductively 

Coupled Plasma Spectrometer (Thermo-Fischer Scientific, 

Waltham, MA, USA); total sample sizes for foliar [P] were lower 

because the process requires more tissue (for [C] and [N]: 

n = 460, for [P]: n = 268). From site-specific species-level leaf 

collections, we took two adjacent leaf punches from plants: one 

was dried, and one was weighed and digested in 10% chromic 

acid where we counted and averaged the number of cells in three 

10 ll aliquots of a 100 ll solution using a hemocytometer 

(Brown & Rickless, 1949; Walczyk & Hersch-Green, 2023). We 

then divided the number of cells by dry mass of the undigested 

leaf punch to get cell density per milligram of dry tissue. Divid- 

ing foliar C, N, or P content measurements in nanogram per 

milligram of dry tissue by cell density provided site-treatment- 

species-specific cellular foliar [C], [N] and [P] in ng per cell. 

 

Stomata characteristics From site-specific species-level leaf col- 

lections, we calculated average stomata size (lm2, guard cell 

length multiplied by width of four randomly selected stomata at 

91000 total magnification) and density (number of stomata pre- 

sent in the field of view at 9400 total magnification) using an 

Olympus light microscope (Olympus Corp., Shinjuku, Tokyo, 

Japan); see methods in Hull-Sanders et al. (2009) and Walczyk 

& Hersch-Green (2022). 

 
Photosynthesis, transpiration, and water-use efficiency attribu- 

tes We used a portable infrared CO2 analyzer system (LI-6800; 

Li-Cor Inc., Lincoln, NE, USA) equipped with a CO2 mixer and 

1 9 3 cm2 chamber/red-blue LED light source to measure net 

photosynthetic C assimilation rates (Asat, lmol CO2 m-2 s-1) 

and instantaneous transpiration rates (E, mmol H2O m-2 s-1). 
All measurements were taken from the youngest set of fully 

matured leaves over 3–5 days between the hours of 08:00 and 

16:00 with care to avoid damaged leaves and cloudy, windy, or 

hot conditions. Inside the chamber, we set the CO2 concentra- 

tion to 420 ppm, relative humidity to 50%, flow rate to 

500 lmol m-2 s-1, light to 2000 lmol m-2 s-1, and tempera- 

ture to match ambient conditions which ranged between 23°C 
and 26°C. Once photosynthetic rates stabilized, we logged mea- 
surements every 5 s for 30 s (total = 6 per plant), and the infra- 

red gas analyzer was matched between every plant. To control for 

variation of leaf area in the chamber, we measured the total leaf 

area contained within the chamber (using the LeafByte app, 

Getman-Pickering et al., 2020) and adjusted gas exchange mea- 

surements accordingly. We used R packages in RSTUDIO (v.4.1.2; 

R Core Team, 2021) to average values of Asat and E for each 

plant and then calculated leaf water-use efficiency (WUEl) as 

Asat/E (lmol CO2 mmol H2O-1). Before subsequent analyses, 

we removed low-quality outlier data (e.g. nonreal negative values 
that could possibly be due to leaks and/or machine/user-errors; 
n = 8). 

 

Statistical analyses 

We examined our hypotheses with linear mixed-effect models 

and structural equation models (SEMs). In general, we analyzed 

GS influences on gas exchange properties separately for forbs and 

grasses, for C3 and C4 grasses without environmental variables (in 

linear mixed-effect models), or by excluding P/cell (in the SEM’s) 

because we wanted to avoid both low statistical power issues asso- 

ciated with unbalanced designs and low sample sizes (e.g. N for: 

forbs = 377, grasses = 136, C3 grasses = 52, C4 grasses = 136, 

forb N/cell = 340, grass N/cell = 120, forb P/cell = 209, and 

grass P/cell = 59) and difficulties in interpreting complex signifi- 

cant three-way interactions. We believed that complex interac- 

tions were likely given that: the distribution of GS varies among 

lifeforms, environments, and C3/C4 grasses (see results, Bures 

et al., 2024); lifeforms and C3/C4 grasses have different stomata, 

root, and vein morphologies that have been correlated with differ- 

ences in gas exchange rates (Ueno et al., 2006; Franks & Farqu- 

har, 2007; Taylor et al., 2012; Harrison et al., 2020; Zhou 

et al., 2021, 2022; Chen et al., 2023); and lifeforms and C3/C4 

grasses can respond differently to nutrient enrichments and 

changes in MAP and MAT (Rubio et al., 2010; Song et al., 2011; 

You et al., 2017; Havrilla et al., 2022). 

 

Linear mixed-effect models Before fitting linear mixed-effect 

models, we examined whether closely related lineages were more 

likely to have similar GS, indicating a phylogenetic signal in GS 

variation, which could shape the relationships of GS to response 

variables. We pruned an existing phylogeny (Qian & Jin, 2016) 

with the APE (Paradis & Schliep, 2019) and PHYTOOLS 

(Revell, 2011) packages in RSTUDIO (v.4.1.2; R Core Team, 

2021) to obtain three phylogenies: one for all the plants 

(n = 513), one for the 377 forbs (62 unique taxa) and one for 

the 136 grasses (16 unique taxa) in our dataset. Then, for all phy- 

logenies, we used the phylosig function from PHYTOOLS to test for 

phylogenetic signals in GS by calculating Pagel’s k (Pagel, 1999), 

which is a scaling function and ranging from zero if traits are 

independently distributed on a phylogeny to one if traits are dis- 

tributed according to Brownian Motion. Pagel’s k was evaluated 

for significance by likelihood ratio tests. 
To test our hypotheses, we accordingly used models that 

either accounted for a significant phylogenetic signal in GS 

(phylogenetic generalized linear mixed (PGLM) models) or that 

did not (restricted maximum likelihood (REML) models); 

PGLM models were done using the PHYR package (Li 

et al., 2020) in RSTUDIO (v.4.1.2; R Core Team, 2021) and 

REML models were done using the JMP PRO v.16.0 statistical 

software (SAS Institute, Cary, NC, USA). Cellular nutrients 

and Asat and E were square-root transformed to meet model 
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assumptions of normality and homoscedasticity of variances. 

Furthermore, GS was right-skewed and was log-transformed 

and MAP and MAT were each standardized to have a mean of 

zero and a SD of one. In all analyses, model factors of lifeform 

(forbs, grasses), GS, MAP, MAT, photosynthetic pathway (C3, 

C4), and treatment (Cont., N, P, and NP) were treated as fixed 

effects while site and block nested within site were treated as 

random effects. We first examined whether GS, treatment, life- 

form, and/or their interactions influenced cellular C, N, and P 

contents, stomatal sizes, and stomatal densities. Then separately 

for forbs and grasses, we examined whether GS, treatment, 

MAP, MAT, and/or two-way interactions between GS and the 

other factors (treatment, MAP, and MAT) influenced Asat, E, 

and WUEl. Within grasses only, we also examined whether GS, 

treatment, photosynthetic pathway, and/or two-way interactions 

between GS and treatment and photosynthetic pathway influ- 

enced Asat, E, and WUEl. 

Structural equation models To better tease apart any direct vs 

indirect effects that GS may have on Asat and E (mediated by 

resource–investment tradeoffs and/or physiological constraints), 

we developed separate SEMs for forbs and grasses. The two mod- 

els included identical paths and were fit separately to forbs and 

grasses. The paths included were as follows: (1) GS predicted by 

MAP and MAT; (2) N/cell predicted by GS, N treatment, and P 

treatment; (3) stomatal density predicted by GS; (4) stomatal size 

predicted by GS; (5) Asat predicted by stomatal density, stomatal 

size, GS, N/cell, MAT, MAP, N treatment, and P treatment; and 

(6) E predicted by stomatal density, stomatal size, GS, N/cell, 

MAT, MAP, N treatment, and P treatment (Fig. S1). All vari- 

ables were transformed as described above and standardized 

before model fitting to aid in comparison of fitted coefficients. 

SEM paths were fit as mixed-effects models with species identity 

as a random intercept term using the lmer function in the LME4 

package (Bates et al., 2015) and whole SEM’s were fit with the 

psem function in the PIECEWISESEM package (Lefcheck, 2016) in 

RSTUDIO (v.4.1.2; R Core Team, 2021). Paths were considered 

significant at an alpha level of 0.05. 

 

Results 

Cellular nutrient investments and stomatal attributes 

Across forbs and grasses combined, GS was found to be statisti- 

cally phylogenetically constrained (k = 0.27, LR = 8.34, 

P = 0.0039) with GS (in pg), on average, being larger in grasses 

(ranging from 1.41 to 23.67, mean = 8.36, median = 5.14) than 

in forbs (ranging from 0.52 to 28.07, mean = 4.64, med- 

ian = 2.91, Tables S2, S3). Therefore, we used PGLM models to 

examine whether GS, lifeform, and/or treatment influenced cel- 

lular nutrient contents and/or stomata sizes and densities. Cellu- 

lar nutrient contents tended to increase with GS but the increase 

also depended upon lifeform and treatment. For instance, grasses 

had on average less [C]/cell than forbs (Table 1); however, this 
 

 

 

Table 1 Parameter estimates from phylogenetically corrected mixed linear (PGLM) models for the fixed effects of genome size (GS), lifeform (forbs, 

grasses), and treatment (control = Cont., nitrogen-added = N, nitrogen and phosphorus-added = NP, phosphorus-added = P) and the random effects of 

site and block (site) on cellular carbon (C) and nitrogen (N) (sample size = 377) and phosphorus (P) (sample size = 136) contents. 
 

 
[C]/cella 

   
[N]/cellb 

   
[P]/cellc 

 

Parameter Estimate |Z| score P-value 
 

Estimate |Z| score P-value 
 

Estimate |Z| score P-value 

Intercept 10.2854 6.6137 < 0.0001 
 

1.8746 4.2872 < 0.0001 
 

0.4720 2.1803 0.0292 

GS 0.9804 1.1259 0.2240  0.4327 2.5269 0.0115  0.2916 3.1035 0.0026 

Lifeform -13.5061 4.3235 < 0.0001  -1.7750 2.1133 0.0346  0.2157 0.5890 0.5558 

N -0.0316 0.0501 0.9600  0.1358 0.8760 0.3810  -0.0421 0.8637 0.3878 

P 0.4847 0.8120 0.4168  0.1324 0.9027 0.3667  0.1398 3.0941 0.0020 

NP 0.5295 0.9018 0.3672  0.2842 1.9696 0.0489  0.0180 0.4065 0.6844 

GS 9 Lifeform 6.8430 4.7239 < 0.0001  0.5811 1.9560 0.0505  -0.3104 2.1037 0.0354 

GS 9 N 0.1037 0.2641 0.7917  0.1925 1.9992 0.0456  0.0008 0.0254 0.9797 

GS 9 P -0.3085 0.8558 0.3921  -0.0218 0.2468 0.8051  0.0244 0.8605 0.3895 

GS 9 NP -0.1848 0.5022 0.6155  0.0617 0.6833 0.4944  0.0903 3.2487 0.0012 

Lifeform 9 N -0.8559 0.6630 0.5073  0.2889 0.9100 0.3628  -0.0490 0.5255 0.5993 

Lifeform 9 P -1.3638 0.9542 0.3400  0.1448 0.4116 0.6806  0.1303 1.2469 0.2124 

Lifeform 9 NP -2.4392 1.8844 0.0595  -0.4563 1.4354 0.1512  0.2488 2.5983 0.0094 

GS 9 Lifeform 9 N 0.2615 0.4015 0.6880  -0.2228 1.3933 0.1635  0.0617 1.2062 0.2277 

GS 9 Lifeform 9 P 0.4916 0.6922 0.4888  -0.0917 0.5248 0.5997  -0.0348 0.6464 0.5181 

GS 9 Lifeform 9 NP 1.1101 1.7069 0.0878  0.2240 1.4028 0.1607  -0.1352 2.5019 0.0124 

Before analysis, GS was log +1 transformed, and [C]/cell, [N]/cell and [P]/cell were square-root transformed. Bold values indicate a significant effect at 

a = 0.05 and the intercept terms represent the predicted value of the dependent variable when categorical factors are at their reference levels (‘forbs’ and 

‘control treatment’) and the continuous factor (GS) is set to zero, averaged across all the groups defined by the random effects. In the footnotes a, b, c the 

variance (V ) and SD of random factors are given for taxa, taxa_ (indicating that a phylogenetic covariance matrix was used), site, block (site), and residual. 
a(V, SD) for [C]/cell: taxa = (17.210, 4.149), taxa_ = (0.000, 0.004), site = (3.397, 1.843), block(site) = (0.000, 0.001), residual = (2.095, 1.447). 
b(V, SD) for [N]/cell: taxa = (0.521, 0.722), taxa_ = (0.014, 0.120), site = (0.067, 0.260), block(site) = (0.000, 0.000), residual = (0.127, 0.357). 
c(V, SD) for [P]/cell: taxa = (0.045, 0.211), taxa_ = (0.003, 0.005), site = (0.066, 0.257), block(site) = (0.000, 0.000), residual = (0.007, 0.085). 
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discrepancy was most pronounced for small GS grasses as [C]/cell 

within grasses was positively and significantly correlated with GS 

(Fig. 2; Table 1). Larger GS plants and forbs also generally had 

greater [N]/cell and [P]/cell than smaller GS plants and grasses, 

although the difference in [P]/cell between lifeforms only 

occurred for larger GS plants as grass [P]/cell was less impacted 

by changes in GS then forbs (Fig. 2; Table 1). Furthermore, 

plants in N-added plots tended to have greater concentrations of 

N per cell and plants in P-added plots tended to have greater con- 

centrations of P per cell, although patterns slightly varied by GS 

and lifeform (Table 1; Fig. S2). Lastly, plant GS was significantly 

negatively correlated with stomata density (parameter 

estimate = -4.1675, P = 0.0038) but positively correlated with 

stomata size (parameter estimate = 7.2119, P < 0.0001), 

although lifeforms did not significantly differ in these stomatal 
attributes (Table S4). 

 

Gas exchange attributes 

Genome sizes varied among and within different grass and forb 

species (Table S2), and within forbs, plants belonging to 

Acanthaceae, Caryophyllaceae, and Asteraceae had the largest 

genomes, whereas plants belonging to Apocynaceae, Rubiaceae, 

and Rosaceae had the smallest genomes (Table S3). However, 

despite this variation and in contrast to the combined data set, 

GS was not statistically phylogenetically constrained within either 

functional group (forbs: k = 0.21, LR = 2.69, P = 0.1010; 

grasses: k = 0.42, LR = 2.12, P = 0.1457), and therefore, we 

did not need to account for phylogenetic signals of GS in statisti- 

cal analyses of gas exchange attributes. 

In forbs, except for treatment having a significant effect on E 
and WUEl, no other factors nor interactions among factors sig- 

nificantly affected forb gas exchange properties (Table 2). Speci- 

fically, forbs in the NP-added plots had significantly lower E 
and greater WUEl values than forbs in the other plots and forbs 

in the P-added plots had significantly lower WUEl values than 

forbs in the control plots (Table 2). By contrast, GS influenced 

grass gas exchange properties in three significant ways. First, 

GS influenced Asat dependent upon MAT (Table 2) with smal- 

ler GS grasses generally having higher Asat values than larger 

GS grasses, especially at the coolest sites (Fig. 3). Second, 

WUEl of grasses was a function of MAT, MAP, and GS 

(Fig. 3; Table 2). Specifically, smaller GS grasses had higher 

WUEl values across both warmer and colder sites (Fig. 3) and 

at wetter and dryer sites (Fig. 3), although at the driest sites all 

grasses, irrespective of their GS, had high WUEl values 

(Fig. 3). Third, larger GS C4-grasses had higher WUEl 

values than smaller GS C4-grasses, while GS did not correlate 

with WUEl of C3 grasses (Table S5; Fig. 4). Furthermore, in 

comparison with control plots, grasses in the NP-added plots 

tended to have lower E but higher WUEl values vs those in the 

N-added plots that had lower WUEl values (Tables 2, S5). 

Lastly, C3 grasses had lower Asat and WUEl values than C4 

grasses and grasses at wetter sites exhibited marginally signifi- 

cantly higher transpiration rates (Tables 2, S5; Fig. 4). 

 

 
 

Fig. 2 Scatter plots of raw data displaying patterns from phylogenetically 

corrected mixed linear models between cellular carbon (C), nitrogen (N), 

and phosphorus (P) contents and genome sizes (GS) in picograms (pg) of 

forbs and grasses collected at seven nutrient network sites. Solid and 

dashed lines show relationships that are significant at P < 0.01 and 

P = 0.05, respectively. (a) [C]/cell increases with GS in grasses but is 

uncorrelated with GS for forbs (GS 9 Lifeform, P < 0.0001); (b) [N]/cell 

increases with GS generally (GS, P = 0.0115) but more steeply for grasses 

than for forbs (GS 9 Lifeform, P = 0.0505); (c) [P]/cell increases with GS 

generally (GS, P = 0.0026) but more steeply for forbs than grasses 

(GS 9 Lifeform, P = 0.0354). Full statistical details are in the text and 

Table 1. 
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Table 2 Parameter estimates from linear mixed (LM) models for the fixed effects of genome size (GS), treatment (control = Cont., nitrogen-added = N, 

nitrogen and phosphorus-added = NP, phosphorus-added = P), mean annual temperature (MAT), mean annual precipitation (MAP), two-way 

interactions with GS, and the random effects of site and block (site) on photosynthetic capacity (Asat), transpiration (E), and leaf water-use efficiency 

(WUEl) in forbs (sample size = 377) and grasses (sample size = 136). 
 

 
Asat 

   
E 

   
WUEl 

 

Parameter Estimate |t|(den_df) Prob > t 
 

Estimate |t|(den_df) Prob > t 
 

Estimate |t|(den_dfs) Prob > t 

A. Forbsa 
           

Intercept 3.5826 10.90(9) < 0.0001  2.5062 10.26(8) < 0.0001  2.5345 10.52(11) < 0.0001 

GS -0.1464 1.19(353) 0.2342  -0.0600 0.72(353) 0.4750  -0.0891 0.91(352) 0.3617 

N -0.0435 0.34(354) 0.7373  0.0066 0.08(354) 0.9402  0.1616 1.57(351) 0.1178 

P -0.0154 0.12(352) 0.9040  0.0926 1.07(353) 0.2869  -0.2425 2.40(352) 0.0170 

NP 0.0422 0.34(350) 0.7333  -0.1981 2.34(351) 0.0196  0.3674 3.74(350) 0.0002 

MAT 0.2659 0.76(6) 0.4786  -0.0316 0.12(5) 0.9094  0.2479 0.98(6) 0.3622 

MAP 0.1004 0.31(4) 0.7710  0.5090 2.05(4) 0.1061  -0.4901 2.15(4) 0.0917 

GS 9 N 0.1776 0.84(349) 0.4017  0.0631 0.44(349) 0.6623  -0.1716 1.02(349) 0.3068 

GS 9 P 0.0380 0.19(350) 0.8504  0.0503 0.37(350) 0.7149  -0.1152 0.72(349) 0.4718 

GS 9 NP -0.0376 1.59(351) 0.1137  -0.0583 0.44(352) 0.6602  -0.2925 1.90(350) 0.0584 

GS 9 MAT -0.3185 1.12(358) 0.2615  -0.1988 1.03(358) 0.3047  -0.0476 0.21(355) 0.8334 

GS 9 MAP 
B. Grassesb 

0.0738 0.38(354) 0.7060  0.0511 0.38(354) 0.7021  0.0299 0.19(353) 0.8477 

Intercept 3.2647 7.37(16) < 0.0001  1.8178 7.57(17) < 0.0001  3.8361 5.46(22) < 0.0001 

GS 0.1086 0.57(90) 0.5725  0.0028 0.03(104) 0.9772  0.1723 0.57(102) 0.5684 

N -0.1667 1.05(113) 0.2952  0.0497 0.62(107) 0.5372  -0.8159 3.22(112) 0.0017 

P -0.1600 0.97(117) 0.3348  -0.0462 0.55(111) 0.5825  0.0234 0.09(116) 0.9296 

NP -0.0479 0.31(117) 0.7599  -0.2062 2.60(112) 0.0106  0.6263 2.50(116) 0.0137 

MAT 0.2515 0.85(5) 0.4357  -0.2529 1.37(5) 0.2261  1.3511 2.68(7) 0.0317 

MAP -0.3393 1.23(4) 0.2922  0.4589 2.61(4) 0.0544  -1.6759 3.56(5) 0.0150 

GS 9 N -0.2355 1.16(112) 0.2472  -0.0820 0.80(106) 0.4256  -0.2969 0.92(111) 0.3614 

GS 9 P 0.0599 0.24(115) 0.8139  0.0547 0.43(108) 0.6711  0.0935 0.23(113) 0.8181 

GS 9 NP 0.0340 0.16(116) 0.8717  -0.0739 0.69(113) 0.4914  0.2718 0.81(116) 0.4216 

GS 9 MAT 1.1778 2.12(73) 0.0376  -0.2125 0.76(99) 0.4501  2.0021 2.29(91) 0.0241 

GS 9 MAP -0.5876 1.53(107) 0.1285  0.2577 1.33(118) 0.1874  -1.2653 2.08(115) 0.0394 

Before analysis, GS was log +1 transformed, MAT and MAP were standardized with mean = 0 and SD =1, and Amax and E were square-root transformed. 

Bold values indicate a significant effect at a = 0.05 and the intercept terms represents the predicted value of the dependent variable when the categorical 

factor is at the reference level (‘control treatment’) and the continuous factors (GS, MAT, and MAP) are set to zero, averaged across all the groups defined 

by the random effects. In the footnotes a, b are given the overall model fit and percent total variation accounted for by the random factors in the models. 
aOverall model fit and % total variation accounted for by random factors for forb models for Asat: R2 = 0.24, % of total = 24.2%; E: R2 = 0.43, % of 

total     =      28.3%;   WUEl:    R2     =      0.44,   %   of   total     =      32.6%. 
bOverall model fit and % total variation accounted for by random factors for grass models for Asat: R2 = 0.41, % of total = 23.9%; E: R2 = 0.48, % of 

total = 35.9%; WUEl: R2 = 0.55, % of total = 27.2%. 

 

Direct and indirect relationships 

SEMs identified different combinations of direct and indirect 

relationships among the examined variables for forbs and grasses 

(Fig. 5). In forbs, increasing GS had a weak negative effect 

(-0.09) on Asat mediated by cell N content, a product of oppos- 

ing effects of GS on N/cell and of N/cell on Asat (Fig. 5; 

Table S6). Addition of N to plots was also associated with 

increasing N/cell, reinforcing the effect of GS. However, even 

though GS was strongly related to stomatal size (Fig. 5; 

Table S6), the model resolved no other significant paths from 

stomatal traits to N/cell, Asat, or E, indicating that stomatal varia- 

tion in these forbs did not strongly predict the contributions of 

Asat or E to forb WUEl (Fig. 5; Table S6). Instead, Asat was mod- 

erately, and E was strongly predicted by MAP, suggesting that 

variation in the physiological attributes of these forbs was predo- 

minantly related to site level mean precipitation (Fig. 5; 

Table S6). By contrast, in grasses although GS had strong posi- 

tive effects on N/cell, GS effects on Asat and E were mediated by 

stomatal traits rather than by N/cell. Specifically, increasing GS 

reduced Asat (-0.18), which was a product of the opposing 

effects of GS on stomatal density and of stomatal density on Asat. 

By contrast, increasing GS increased E (0.20) as a product of 

positive relationships between GS and stomatal size and stomatal 
size and E (Fig. 5; Table S6). Climate variables were unrelated to 

Asat but reinforced the positive GS-E relationship because increas- 

ing MAP more strongly increased E than increasing MAT 

decreased E (Fig. 5; Table S6). Thus, larger GS grasses have lower 

WUEl than smaller GS grasses, most notably in sites with high 

precipitation. No other model paths were significantly resolved 

in the forb and grass SEM’s. 

 

Discussion 

The observation that angiosperm GS distribution is heavily 

skewed toward plants with smaller genomes (Dodsworth 

et al., 2015) is puzzling. While traditional explanations of selec- 

tion for functional traits (Mei et al., 2018) and/or the fixation of 
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Fig. 3 Contour plots of raw data displaying patterns from mixed linear models of photosynthesis (Asat, lmol CO2 m-2 s-1), instantaneous transpiration 

rates (E, mmol H2O m-2 s-1) and leaf water-use efficiency (WUEl, lmol CO2 mmol H2O-1) for grasses based upon their genome sizes (GS) in picograms 

(pg) and their sites standardized mean annual temperature (MAT, °C, a–c) or mean annual precipitation (MAP, mm yr-1, d–f). Statistical significance of the 
interactions is given as the P-value or as ns for nonsignificant interactions and full statistical details are in the text and Table 2. 
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Fig. 4 Scatter plots of raw data displaying patterns from mixed linear 
models between leaf water-use efficiency (WUEl, lmol CO2 mmol H2O-1) 

and genome size (GS) in picograms (pg) of C3 and C4 grasses collected at 

seven nutrient network sites. WUEl is generally higher in C4 grasses 

(Photosynthetic pathway, P < 0.0001, indicated by the solid blue line) and 

increases with GS in C4 grasses but not in C3 grasses (GS 9 Photosynthetic 

pathway, P = 0.0473). Full statistical details are in the text and Supporting 

Information Table S5. 

 

genomic rearrangement and deletions that promote stability 

(Wang et al., 2021) likely explain most instances of genome 

downsizing, selection to reduce material costs of building gen- 

omes has also been proposed as a contributing influence 

(Lewis, 1985; Leitch & Bennett, 2004; Cavalier-Smith, 2005; 

Mei et al., 2018; Faizullah et al., 2021). Lending support to this 

hypothesis is research showing that plants with smaller genomes 

are selectively favored in nutrient-limiting environments (e.g. 

natural grassland studies: Smarda et al., 2013; Guignard 

et al., 2016; Peng et al., 2022; Morton et al., 2024; glasshouse 

studies: Bales & Hersch-Green, 2019; Walczyk & Hersch- 

Green, 2019; Anneberg & Segraves, 2020), that resource strate- 

gies can vary dependent upon GS (Bales & Hersch-Green, 2019; 

Wu et al., 2019; Forrester et al., 2020), and that selection on gen- 

omes and transcriptomes toward nutrient conserving substitu- 

tions can occur in nutrient-limited environments (Acquisti 

et al., 2009a,b; Kelly, 2018; Majda et al., 2021). However, it is 

not known: whether cellular material costs increase with GS 

across divergent plant species and thus whether nutrient con- 

straints could impose stronger selective pressures on organisms 

with larger GS; nor whether associated GS-dependent resource– 

investment tradeoffs and/or nongenetic effects, such as physiolo- 

gical constraints associated with cell sizes and functioning 

(Bennett, 1971; Beaulieu et al., 2008; Franks et al., 2012; 

Simonin & Roddy, 2018; Roddy et al., 2020; Theroux-Rancourt 

et al., 2021) contribute to observed GS differences in growth 

responses to nutrients. Here, we examined plants from seven 

experimental grassland sites in which N and P soil levels were 

 

Fig. 5 Structural equation model (SEM) results for (a) forbs and (b) 

grasses. Arrows included are those that were significant (P < 0.05) 

following model fitting, where blue and red arrows indicate paths with 

positive and negative coefficients, respectively. Arrow width is 

proportional to the standardized coefficient of the path (see Supporting 

Information Table S5) and box width is proportional to the R2 of the 

predicted variable. Key: Asat, photosynthetic rate; E, transpiration rate; GS, 

genome size; MAP, mean annual precipitation of site; MAT, mean annual 

temperature of site; N/cell, nitrogen per cell; Ntreatment, nitrogen addition 

treatment; Ptreatment, phosphorus addition treatment; Sdensity, stomata 

density; Ssize, stomata size. 

 

experimentally enriched or not to begin to assess these gaps. We 

found evidence that cellular nutrient contents increased with GS 

for phylogenetically divergent forb and grass species but 

GS effects on gas exchange properties were more nuanced, vary- 

ing among species’ evolutionary histories, lifeforms, nutrient fer- 

tilization treatments, and prevailing site climatic conditions. We 

discuss our results below referring to the potential ecological and 

evolutionary effects of plant GS per se on plant growth responses 

to varied environmental conditions. 

 

Genome size effects on cell nutrient investments and 
evidence for material costs constraints 

We found that cellular nutrient contents generally increased with 

increasing GS in both forbs and grasses. Such increases are 

thought to arise from the greater elemental costs of synthesizing 
 

© 2024 The Author(s). 

New Phytologist © 2024 New Phytologist Foundation. 

New Phytologist (2024) 

www.newphytologist.com 

 9 

1
4

6
9

8
1

3
7

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://n
p

h
.o

n
lin

e
lib

ra
ry

.w
ile

y
.c

o
m

/d
o

i/1
0

.1
1

1
1

/n
p

h
.2

0
3

7
4

 b
y

 E
rik

a H
e
rsch

-G
re

en
 - M

ich
ig

an
 T

e
ch

n
o

lo
g
ical , W

iley
 O

n
lin

e
 L

ib
rary

 o
n
 [1

3
/0

1
/2

0
2

5
]. S

ee
 th

e
 T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.c
o
m

/term
s
-a

n
d

-c
o

n
d
itio

n
s) o

n
 W

ile
y

 O
n

lin
e
 L

ib
ra

ry
 fo

r ru
le

s o
f u

se; O
A

 articles are
 g

o
v

ern
e
d

 b
y

 th
e a

p
p

lica
b
le

 C
rea

tiv
e
 C

o
m

m
o

n
s L

icen
se 

http://www.newphytologist.com/


New 
Phytologist 

 

longer DNA strands (Sterner & Elser, 2002; Elser et al., 2011) 

and phospholipid membranes associated with larger cells (Leitch 

& Bennett, 2004; Cavalier-Smith, 2005; Roddy et al., 2020). A 

previous study also found that cellular N and P contents 

increased with GS of the autopolyploid Solidago gigantea (from 

diploids to tetraploids to hexaploids, Walczyk & Hersch- 

Green, 2023); our findings are remarkable in that increases in cel- 

lular nutrient contents with GS were found for plants that are 

phylogenetically divergent and that grow in a wide range of cli- 

mates and site conditions. Additionally, post hoc analysis of nutri- 

ents per mg of leaf tissue found that while N and P 

concentrations slightly increased with GS, that correlations 

between nutrient contents and GS were more muted and/or non- 

significant than those observed at the cellular levels (Table S7). 

Interestingly, previous studies have found both positive (Kang 

et al., 2015) and nonsignificant (Walczyk & Hersch-Green, 2023) 

associations between GS and foliar nutrient concentrations, and 

we believe that these more muted and nonsignificant GS-nutrient 

tissue level responses (such as observed here) most likely arise 

from tradeoffs between cell size and cell density per tissue area. 

Plants grown in plots with N-added and P-added also tended to 

have higher cellular N and P contents, respectively, suggesting 

that nutrient enrichments are incorporated into cells and that 

nutrient enrichments may contribute to the synthesis of addi- 

tional nucleic acids, organelles, carbohydrates, fats, and/or pro- 

teins. By contrast, we found that [C] per mg leaf tissue decreased 

with GS (Table S7), and this may relate to differences in nutrient 

inputs as C was not added to plots. 

Despite finding evidence that larger GS plants have increases 

in cellular nutrient contents, we did not find evidence to sug- 

gest that increased material costs influence resource allocation 

tradeoffs and gas exchange rates in either forbs or grasses. 

Thus, material cost constraints are unlikely to explain observed 

GS-dependent growth responses to nutrient fertilization. It 

should be noted, however, that material costs at the cellular 

level might not be indicative of material costs at the whole 

plant level. For example, plants vary in sizes, tissues vary in 

cell numbers and contents, and larger GS plants may have less 

cells per tissue (Beaulieu et al., 2008; Roddy et al., 2020) – all 

of which could offset increased nutrient costs per cell 

(Raven, 2013; Faizullah et al., 2021) and dampen resource 

allocation tradeoffs. 

 

Genome size effects on stomata attributes and evidence for 
physiological constraints 

In both forbs and grasses, we found that larger GS plants gener- 

ally had fewer but larger stomata per leaf area than smaller GS 

plants, which could indirectly influence gas exchange rates 

(Franks & Farquhar, 2001; Franks & Beerling, 2009; Drake 

et al., 2013; Lawson & Blatt, 2014; Dittberner et al., 2018; Ber- 

tolino et al., 2019; Harrison et al., 2020; Zhang et al., 2022). 

However, support for the hypothesis that GS-dependent cell 

changes (e.g. to stomata size and functioning) influence gas 

exchange processes and could ultimately affect plant growth to 

nutrient enrichments varied between forb and grass plants. 

In grasses, the relationship of GS to photosynthesis and WUE 

depended on site MAP and MAT. For instance, in alignment 

with our hypotheses, smaller GS grasses tended to have higher 

rates of photosynthesis, especially at cooler sites, and to be more 

water-use efficient, especially at cooler and dryer sites, than larger 

GS grasses. For several reasons we suspect that these patterns are 

attributed to how GS influences cell sizes, stomata functioning, 

and associated gas exchange rates rather than to increased mate- 

rial costs and stronger resource–investment tradeoffs in larger GS 

plants. First, GS differences in rates of photosynthesis were not 

more pronounced under nutrient-limiting conditions as would 

be expected if tradeoffs between cell and nucleic acid synthesis 

and photosynthesis largely explained observed patterns. In fact, 

we found no evidence that photosynthesis increased with nutrient 

enrichments. Other studies have reported null or species-specific 

photosynthesis responses to nutrient enrichments (Vaitkus 

et al., 1993; Lovelock et al., 2004; Liang et al., 2020; Shen 

et al., 2022). Second, despite larger GS forbs also having greater 

cellular nutrient investments, GS was not directly correlated with 

their photosynthesis responses. Instead, larger GS grasses had 

fewer stomata, and fewer stomata was directly correlated with 

lower rates of photosynthesis. Third, smaller GS grasses tended 

to be more water-use efficient than larger GS grasses in cooler 

and slightly dryer sites, and this pattern did not appear to be dri- 

ven by resource–investment tradeoffs. Specifically, greater WUE 

of smaller GS grasses was a result of them having slightly higher 

rates of photosynthesis than larger GS grasses in cooler, dryer 

sites, in combination with lower transpiration rates in dryer sites; 

lower transpiration rates in dry climates have been reported for 

other species (Song et al., 2016). Lastly, if material costs largely 

explained patterns, then resource–investment tradeoffs should be 

more pronounced in C4 grasses (especially in control plots) due 

to their greater nutrient investments into photosynthetic enzymes 

(Brown, 1978). However, independent of plot nutrient treat- 

ments, C4 grasses had higher rates of photosynthesis and were 

more water-use efficient than C3 grasses and within C4 grasses 

WUE increased, not decreased, with GS. Other studies have also 

reported elevated photosynthesis and WUE rates of C4 over C3 

grasses irrespective of nutrient availabilities and especially at dry 

sites (Monson, 1989; Sage, 2004; Taylor et al., 2010; Zhao 

et al., 2022). Such patterns may be because C4 grasses continue 

to fix C despite closed stomata, have more numerous smaller sto- 

mata per leaf area, and have vein architectures that reduce tran- 

spiration rates – all of which have been correlated with 

differences in gas exchange rates and higher overall WUE (Ueno 

et al., 2006; Taylor et al., 2012; Harrison et al., 2020; Zhou 

et al., 2021, 2022; Chen et al., 2023). 

Deviating from the overall patterns, at the driest site, larger GS 

grasses also displayed high WUE. As discussed above, this pattern 

most likely reflects the lower transpiration rates for all grasses at 

dry sites. The ability of larger GS grasses (and C4 grasses in parti- 

cular) to photosynthesize with higher WUE may allow them to 

grow more than smaller GS grasses in dry conditions or following 

nutrient enrichments, which could provide a mechanistic expla- 

nation as to why some larger GS plants (especially grasses) 

respond more positively to nutrient enrichments than smaller GS 
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plants (Smarda et al., 2013; Guignard et al., 2016; Peng 

et al., 2022; Morton et al., 2024). For instance, plant growth is 

mostly accomplished by cell elongation rather than cell synthesis 

and larger GS plants with larger cell volumes might be able to 

expand their cells more than smaller GS plants with smaller cell 

volumes (Beaulieu et al., 2008). It should be noted that because 

we did not sample larger GS grasses at the warmest sites, we are 

not able to assess how GS affects photosynthesis, transpiration, 

and WUE rates of grasses at these sites. 

By contrast, gas exchange properties in forbs were mostly 

influenced by the site’s MAP and not by GS, suggesting limited 

support for physiological constraints affecting forb growth 

responses to nutrients. Specifically, forbs at wetter sites had 

much higher rates of transpiration than photosynthesis, which 

together resulted in these forbs having lower water-use efficien- 

cies. Several studies have also noted that forbs, in comparison 

with grasses, are less impacted in terms of growth or photo- 

synthesis by changes in nutrients, temperatures, and/or water 

availability (Song et al., 2011; Bai et al., 2015; You 

et al., 2017). The more muted responses of forbs vs grasses that 

we observed could be due to several factors. For instance, forbs 

have roots with more vessels and wider stele diameters (Zhou 

et al., 2021), which may enable them to store more nutrients 

and/or water than grasses (Dietz et al., 2020; Chen 

et al., 2023). Forbs and grasses also differ in stomata morphol- 

ogy and functioning; forbs have kidney-shaped guard cells, 

whereas grasses have dumbbell-shaped guard cells with addi- 

tional subsidiary lateral cells, which are thought to make grass 

stomata more responsive (Franks & Farquhar, 2007; Chen 

et al., 2023). Thus, forbs may be better buffered whereas 

grasses may be more responsive and influenced by changing 

environmental conditions. Furthermore, although increasing 

GS was similarly correlated with larger stoma and presumably 

larger cells in both forbs and grasses, the generally larger stele 

diameters and the less responsive stomata of forbs may be less 

affected by changes in cell sizes, also contributing to their more 

muted responses. Lastly, in comparison with grasses, most of 

the forbs we sampled had smaller GS (their GS distribution 

was heavily skewed to the right), and thus, we may have had 

less power to detect GS-dependent responses within forbs. 

 

Conclusion 

The preponderance of small genomes in angiosperms has led to 

speculations that selection disproportionately favors small over 

large genomes (Lewis, 1985; Leitch & Bennett, 2004; Cavalier- 

Smith, 2005; Mei et al., 2018; Simonin & Roddy, 2018) and 

that increases in cellular nutrient investments might constrain 

GS evolution (Kang et al., 2015; Faizullah et al., 2021; Wang 

et al., 2021). Our results lend partial support to these hypoth- 

eses. We show that cellular nutrient investments increase with 

GS across widely divergent plant assemblages but that such 

increases are unlikely to be a major factor constraining plant 

growth and GS evolution. Instead, we suggest that changes in 

other attributes also associated with GS (such as cell sizes and 

stomata functioning) and/or with lifeforms (e.g. nutrient 

storage capacities and photosynthetic pathways) may more 

strongly influence GS-dependent growth responses to nutrients 

and abiotic site conditions. Because many different genomic 

processes contribute to changes in GS variation (e.g. retention 

and deletion of repetitive sequences, polyploidy), all of which 

can uniquely affect genomic and phenotypic traits, we suggest 

that additional studies should explore how GS in a range of 

lineages and climates affect primary and secondary metabolic 

attributes to better ascertain whether and how GS per se effects 

eco-evolutionary dynamics. 
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