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• Background and Aims Andropogon gerardii is a highly productive C4 grass species with a large geographic 
range throughout the North American Great Plains, a biome characterized by a variable temperate climate. Plant 
traits are often invoked to explain growth rates and competitive abilities within broad climate gradients. For ex-
ample, plant competition models typically predict that species with large geographic ranges benefit from variation 
in traits underlying high growth potential. Here, we examined the relationship between climate variability and 
leaf-level traits in A. gerardii, emphasizing how leaf-level microanatomical traits serve as a mechanism that may 
underlie variation in commonly measured traits, such as specific leaf area (SLA).
• Methods Andropogon gerardii leaves were collected in August 2017 from Cedar Creek Ecosystem Science 
Reserve (MN), Konza Prairie Biological Station (KS), Platte River Prairie (NE) and Rocky Mountain Research 
Station (SD). Leaves from ten individuals from each site were trimmed, stained and prepared for fluorescent con-
focal microscopy to analyse internal leaf anatomy. Leaf microanatomical data were compared with historical and 
growing season climate data extracted from PRISM spatial climate models.
• Key Results Microanatomical traits displayed large variation within and across sites. According to AICc 
(Akaike’s information criterion adjusted for small sample sizes) selection scores, the interaction of mean precipi-
tation and temperature for the 2017 growing season was the best predictor of variability for the anatomical and 
morphological traits measured here. Mesophyll area and bundle sheath thickness were directly correlated with 
mean temperature (annual and growing season). Tissues related to water-use strategies, such as bulliform cell and 
xylem area, were significantly correlated with one another.
• Conclusions The results indicate that (1) microanatomical trait variation exists within this broadly  
distributed grass species, (2) microanatomical trait variability appears likely to impact leaf-level carbon and water 
use strategies, and (3) microanatomical trait values vary across climate gradients, and may underlie variation in 
traits measured at larger ecological scales.

Key words:  Grasslands, climate variability, intraspecific trait variability, plant functional traits, microanatomy, 
Great Plains.

INTRODUCTION

Grasslands occupy 30–40 % of Earth’s terrestrial surface, more 
than any other single biome (Gibson, 2009), and are charac-
terized by the dominance of grasses (Poaceae) and grass-like 
species such as sedges (Cyperaceae) and rushes (Juncaceae). 
Grasslands range from the tropical bushvelds of Africa and the 
campos and llanos of South America to the temperate regions, 
including the Mongolian steppes, the South African velds, the 
pampas of Argentina and the North American Great Plains 
(Blair et  al., 2014). For many grassland ecosystems, climate 
(including gradients of both temperature and precipitation) is 
a key driver of ecosystem function (Borchert, 1950). For ex-
ample, mean annual precipitation ranges from 85 to 380 mm in 
the Mongolian steppe (Ma et al., 2012) and from 375 to 925 mm 
in the South African savannah (Holdo et al., 2018). The North 
American Great Plains is a unique region because it contains 
both a large precipitation gradient (mean annual precipitation 
400 to + 2000 mm) and a large mean annual temperature gra-
dient (3–27  °C). Widespread species within the Great Plains 

can experience a wide range of temperatures and precipitation 
regimes (Gibson, 2009; Eters et  al., 2014). Many grassland 
plant species possess morphological, physiological and struc-
tural traits that facilitate responses to a variable climate (Linder 
et al., 2018; Ott et al., 2019; Nunes et al., 2020). These traits are 
commonly referred to as plant functional traits and often reflect 
an individual’s functional response to biotic and abiotic factors 
(Violle et  al., 2007; Carmona et  al., 2016). Many grass spe-
cies have developed and refined functional traits that promote 
persistence in this disturbance-rich environment, including 
varying growth morphology (caespitose, rhizomatous), strong 
narrow leaves that contain specialized cells for water storage 
and leaf rolling (Alvarez et al., 2008), physiological alterations 
in carbon fixation (C3 and C4) congruent with altered photosyn-
thetic cell organization, and phytoliths to discourage herbivory 
from intense grazing (Lisztes-Szabó, 2019).

Understanding patterns of intraspecific trait variation may fa-
cilitate a deeper understanding of how climate variability drives 
the expression of a range of plant traits that reflect variation in 
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growth across both temporal and spatial gradients (Valladares 
et  al., 2007, 2014; Funk and Cornwell, 2013; Becklin et  al., 
2016). Broad suites of plant functional traits enable differential 
responses to abiotic factors that can foster coexistence or com-
petition, such as rooting depth differences between grasses and 
woody species (Fargione and Tilman, 2005; Nippert and Holdo, 
2015; Holdo et  al., 2018) or water-use efficiency (O’Keefe 
and Nippert, 2018; Nadal and Flexas, 2019). However, trait 
variation within a species (intraspecific variability) may also 
contribute to acquisition of resources, continued growth and 
climate buffering during adverse periods (Funk et al., 2017). 
Consequently, a linkage between trait variation, influenced by 
biotic and abiotic factors, is assumed to impact population- 
and community-level responses (Suding et al., 2003). For this 
reason, intraspecific trait variability within a broadly distrib-
uted dominant species may help identify ecosystem suscepti-
bility and sensitivity to future climate changes (Avolio et al., 
2019).

Andropogon gerardii (big bluestem) is a C4 grass species 
found throughout the Great Plains, accounting for >70  % of 
annual biomass in the tallgrass prairie (Weaver, 1968; Smith 
et al., 2017). Previous investigations of A. gerardii have focused 
on ecotypic differences and intraspecific trait variability of key 
traits used in the leaf economic spectrum (LES), such as spe-
cific leaf area and leaf mass per area, over large geographic re-
gions varying in climate (Avolio and Smith, 2013; Olsen et al., 
2013; Bachle et  al., 2018). Other investigations have focused 
on physiological traits such as water-use efficiency and fluctu-
ations in species establishment and cover over geographic gra-
dients and ranges of ecotypes (Johnson et al., 2015; McAllister 
et al., 2015; Smith et al., 2017). Prior investigations concerning 
A. gerardii reported large variation in physiological traits such as 
photosynthetic rate, water-use efficiency and leaf nitrogen con-
tent when water availability was altered (Knapp, 1985; Nippert 
et al., 2009). Such physiological responses are influenced by the 
structural components existing at the microanatomical scale (Xu 
and Zhou, 2008; Christin et al., 2013). Microanatomical traits 
have also been observed to influence physiological processes that 
impact carbon assimilation (mesophyll area and bundle sheath 
area), which can underlie variation in leaf mass per area, leaf 
thickness and chlorophyll content (De La Riva et al., 2016; Reich 
and Flores-Moreno, 2017; Ivanova et al., 2018). Consequently, 
alterations in water use and acquisition traits like xylem diam-
eter/area, interveinal distance and bulliform area have been re-
ported to influence physiological traits in agricultural species (de 
Souza et al., 2013; Retta et al., 2016; Ouyang et al., 2017; Kulya 
et  al., 2018) and, less frequently, rangeland or non-agronomic 
species (Ocheltree et al., 2016; Moinuddin et al., 2017; Bachle 
and Nippert, 2018). Some traits, such as interveinal distance, 
have been previously observed to influence both water use and 
quantum yield in C4 grasses, resulting in altered carbon assimi-
lation (Ogle, 2003; Ocheltree et al., 2011). However, a determin-
ation of the variability in leaf-level microanatomical traits that 
may influence commonly measured functional traits at the leaf 
level is missing from the literature (Carmo-Silva et  al., 2009; 
Ocheltree et al., 2011; Rao and Dixon, 2016).

Microanatomical traits are often overlooked due to the in-
tensive time and effort required for data collection; however, 
these traits may provide key insight into our understanding of 

species’ drought tolerance, uptake of soil resources, carbon 
balance and leaf hydraulic traits that scale up to influence 
competition, productivity and overall species resiliency to dis-
turbance (Kattge et al., 2011; Reich, 2014; Funk et al., 2017; 
Griffin-Nolan et  al., 2018). Species-level anatomical traits 
play an important role in parameterizing ecological models 
that link organismic and population levels to community and 
macroecological scales (He et al., 2019). Previous research has 
also shown that variation of such anatomical traits can provide 
an understanding of how species adjust to suboptimal growing 
conditions (Olsen et al., 2013; Guo et al., 2017). Shifting focus 
from species means to coefficient of variation (CV) can pro-
vide a deeper understanding of intraspecific trait variability 
and more effectively reveal the influence of ecosystem func-
tioning, productivity and composition (Bolnick et  al., 2011). 
To our knowledge, intraspecific microanatomical trait variation 
has been seldom evaluated in grass species outside of important 
agronomic cultivars (Bellasio and Lundgren, 2016; Kulya 
et al., 2018).

Our study aims to characterize the variability in 
microanatomical traits that underlie key leaf-level traits in a 
widespread grass species throughout the North American Great 
Plains. We hypothesize that (1) due to site-level variation in 
climate history and environmental conditions, mean values 
of microanatomical traits will vary across sampling locations, 
while microanatomical traits will express similar within-site 
variation; (2) due to the variability in water availability from 
location to location, but general similarity in atmospheric [CO2] 
within a region, anatomical traits reflecting water use/storage 
will exhibit more variability among sites compared with carbon 
assimilation traits; and (3) because specific leaf area reflects 
a combination of multiple leaf-level microanatomical traits, 
similar patterns of variation (expressed as CV) in anatom-
ical traits will be measured in specific leaf area across climate 
gradients.

MATERIALS AND METHODS

Site description

Andropogon gerardii leaf samples were collected from four 
sites that were chosen to span a temperature and precipita-
tion gradient characteristic of the Great Plains (Table 1). Two 
Long Term Ecological Research sites were used: Cedar Creek 
Ecosystem Science Reserve (CDR) (45°N, 93°W) and Konza 
Prairie Biological Station (KPBS) (39°N, 96°W). We sampled 
at a tallgrass prairie site affiliated with the Platte River Prairie 
(PRP) Nature Conservancy site (40°N, 98°W) as well as at the 
Rocky Mountain Research Station (RMRS), which is a United 
States Forest Service site (44°N, 103°W).

Anatomical sampling and analyses

Healthy leaf samples were randomly collected in July of 
2017 from ten individuals from each site by clipping the newest 
mature leaf tissue (~30-mm sections) and immediately placing 
into FAA (10 % formalin/5 % glacial acetic acid/50 % ethanol 
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(95 % EtOH)/35 % DI water) for vacuum infiltration. Samples 
were kept at room temperature until processing in August 2017.

Anatomical trait analyses

Leaf tissues were cross sectioned to a 4-µm thickness with a 
Leica RM2135 microtome (Leica Biosystems, Newcastle, UK) 
at the Kansas State University College of Veterinary Medicine 
Histopathology Laboratory. Samples were mounted in paraffin 
and then adhered to charged slides for biological staining. The 
tissues were stained with Safranin-O and Fast Green (Ruzin, 
2000), coverslipped and imaged at ×100 and ×200 when ne-
cessary on a Zeiss 880 confocal microscope (Carl Zeiss, 
Walldorf, Germany) (Fig.  1). Image analysis was performed 
at ~850  ×  850  µm with a 0.83-µm pixel size using a multi-
track configuration, digital dual-bandpass filters and a GaAsP 

detector for enhanced sensitivity. All microanatomical data 
were collected using ImageJ software (Rasband, 1997–2020). 
Analysis consisted of measuring two tissue regions from each 
side of the blade midrib collected between two major vascular 
bundles (Bachle and Nippert, 2018). Traits measured from sub-
sampled areas were averaged for each leaf, prior to analysis. 
Measurements included bundle sheath thickness (BSt), xylem 
area (XA), xylem wall thickness (t), xylem diameter (b), xylem 
reinforcement (t/b) (Hacke et al., 2001) and interveinal distance 
(IVD). Xylem measurements (XA, t/b) included all major con-
duits within major vascular bundles and averaged within the 
subsampled area. Interveinal distance was measured by aver-
aging the distance between the centre of each vascular bundle 
across the whole leaf cross-section (not subsampled). Traits 
measured on an area basis (as a percentage of subsampled area) 
included mesophyll (MSA), bundle sheath (BSA), vein (VA) 
and bulliform (BA) (Fig. 1). While mesophyll tissue is located 
throughout the leaf, the majority is found within major and 
minor vascular bundles due to the reduced intercellular space 
observed in C4 leaf anatomy. Therefore, MSA and BSA meas-
urements were concentrated in both major and minor vascular 
bundles. We determined VA as all tissues enclosed within the 
interior of the bundle sheath layer (xylem and phloem vessels). 
A portion of the original whole-leaf tissue collection was used 
to calculate specific leaf area (SLA; ratio of leaf area to dry 
mass) by measuring the 2D leaf area and recording oven-dried 
mass after 2  d of drying at 60  °C (Cornelissen et  al., 2003; 
Pérez-Harguindeguy et al., 2013).

PRISM climate data

Climate data from 1981 to 2017 from each site were ex-
tracted from the AN81d dataset made available by PRISM 
Climate Group sites (PRISM Climate Group, 2014). The 
AN81d dataset utilizes Climatologically Aided Interpolation 
(CAI) series values and the Advanced Hydrometeorological 
Prediction System (AHPS) for individual sites, and includes 
mean annual precipitation (MAP), mean annual temperature 
(MAT) and mean maximum annual temperature (MMAT). 
Each variable was recorded daily and averaged over a given 
year. Growing season means were extracted from mean climate 
data to include the months of May to August, as they best reflect 
the dominant growth period of A. gerardii (Knapp et al., 1993; 
Fay et al., 2003).

Table 1. Historical climate for each location (1981–2017), mean values with italicized standard deviations and underlined variability 
(CV). Climate data from only 2017 are located at the bottom cell for each location. Variation refers to the CV from the historical dataset

Location (year) MAP (mm) Variation MAT (°C) Variation (%)

KPBS (1981–2017) 870.82 ± 167.13 19.19 % 12.46 ± 0.88 7.6 %
KPBS (2017) 748.64  13.71
PRP (1981–2017) 679.04 ± 109.13 16.14 % 10.47 ± 0.87 8.31 %
PRP (2017) 792.00  11.46  
RMRS (1981–2017) 467.29 ± 114.28 24.45 % 8.39 ± 0.97 11.56 %
RMRS (2017) 354.86  9.06  
CDR (1981–2017) 803.96 ± 136.22 16.95 % 6.62 ± 1.06 25.17 %
CDR (2017) 790.37  7.21  

10 μm
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Fig. 1. Example of leaf cross-section of A. gerardii stained with Safranin Red 
and Fast Green to more clearly identify anatomical structures. B, bulliform 
cells; St, stoma; M, mesophyll; BS, bundle sheath; V, vein; X, xylem. Image 

taken with a Zeiss 880 confocal microscope.
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Statistical analyses

All analyses were conducted in the statistical program R 
V3.4.3 (R Core Team, 2019). Normality was checked with 
Levene’s and Shapiro–Wilk tests. Xylem area was the only 
microanatomical trait that necessitated a non-parametric ap-
proach, which entailed the use of a Kruskal–Wallace test 
paired with a post hoc pairwise Wilcox test. Comparisons be-
tween locations were analysed using multiple mixed-effects 
model ANOVA performed with SLA as the response vari-
able, anatomical traits and climate data as predictor variables 
and sites as the random effect. Tests were performed using 
the lmer function within the lme4 package (Bates et  al., 
2015). To compare models using climate data extracted from 
PRISM, SLA and leaf trait data, we utilized Akaike’s in-
formation criterion adjusted for small sample sizes (AICc). 
Model selection was used to determine the best model given 
PRISM climate parameters and all leaf traits by using the 
model.sel function within the MuMIn package (Grueber 
et al., 2011; Bartoń, 2017).

RESULTS

Intraspecific trait variation

Microanatomical leaf traits in A.  gerardii had statistically 
significant variability across sites but did not exhibit lati-
tudinal trends of variation (Supplementary Data Table S1). 
Bundle sheath area was relatively similar across most loca-
tions, excluding A. gerardii at PRP, where it was significantly 

smaller than at KPBS and CDR ecotypes (P < 0.05; P < 0.005). 
Mesophyll area varied between locations (Supplementary 
Data Table S1; P < 0.005), most likely due to the reduced 
proportion of MSA at CDR when compared with other loca-
tions. Mean VA differed across locations (P < 0.005), corres-
ponding to reduced VA at PRP (Supplementary Data Table S1), 
where it was significantly less than at CDR (P < 0.005) and 
RMRS (P < 0.001). A.  gerardii at PRP displayed the largest 
BA (25.8%) of total leaf area, which was significantly higher 
than at both KPBS (P < 0.003) and RMRS (P < 0.005). Xylem 
area was observed to be the smallest at PRP (P < 0.05), while 
KPBS ecotypes were nearly double in area (Supplementary 
Data Table S1). Andropogon gerardii at PRP also displayed the 
highest xylem cavitation resistance (t/b; Supplementary Data 
Table S1; P < 0.05), which was twice that of KPBS ecotypes 
(Supplementary Data Table S1). Interveinal distance was the 
largest at KPBS and RMRS, and the smallest at CDR and PRP 
(Supplementary Data Table S1; P < 0.05), while the level of 
variability was relatively low (<15 %). The degree of variation 
(assessed using CV) in microanatomical traits associated with 
water use (XA and t/b) was greater than in traits associated with 
carbon assimilation (MSA and BSA) (Fig.  2; Supplementary 
Data Table S1). Carbon assimilation traits (MSA and BSA) had 
relatively small variation across collection sites (Fig. 2A, C). In 
contrast, XA and t/b (Fig. 2B, D) displayed three to four times 
the trait variation in comparison with carbon assimilation-
related tissues (Fig.  2A, C). Specific leaf area was observed 
to be statistically similar across all collection sites (Fig.  3B, 
P = 0.078); however, the CV within sites ranged from 5.4% 
(CDR) to 20% (PRP) (Fig. 3A).
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Fig. 2. Coefficient of variation of anatomical traits measured in Andropogon gerardii at each sampled location. (A) Bundle sheath area; (B) xylem area; (C) meso-
phyll area; (D) xylem reinforcement. Plot colour is related to trait function: tan, carbon assimilation; blue, water transport.
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Trait interdependency

While A. gerardii leaves expressed considerable variation in 
their anatomical traits across sites, significant trait relationships 
were present (Fig. 4; Supplementary Data Fig. S1). Specifically, 
a greater area of water storage (BA) was correlated with smaller 
diameter of xylem vessels (Fig. 4A; P < 0.001). Samples with 
greater CV for IVD were also correlated with increased CV in 
t/b (P < 0.038; Fig. 4B). Water-related traits had a higher CV at 
each site (Fig. 2B, D) than carbon assimilation traits (Fig. 2A, 
C). Mean IVD was positively correlated with several anatom-
ical traits (BSA, MSA and XA) and negatively correlated with 
others (BSA and t/b) (Supplementary Data Fig. S1).

Few statistically significant relationships were found be-
tween SLA and the microanatomical traits measured here 
(Supplementary Data Fig. S1). Surprisingly, given the large 
proportion that MA and BSA (carbon assimilation tissues) en-
compass in a leaf, there was no statistically significant correl-
ation with mean SLA (P > 0.05). Our results also indicated 
that water-related anatomical traits in A. gerardii (XA, BA and 
t/b) were not correlated with SLA across sites (P > 0.10). The 
CV in SLA did show a negative trend with IVD and XA, while 
displaying a positive trend with MSA and BA CV, but these rela-
tionships were non-significant (P > 0.05; Supplementary Data 
Fig. S1).

Using the AICc model selection process, the model that in-
cluded MAP, MMAT, and the interaction MAP × MMAT ex-
plained the greatest variation of economic and microanatomical 
traits in A. gerardii. Annual precipitation for 2017 was lower 
than the historical average for each site (excluding PRP) and 
did not display any correlation with MSA or BSt (Fig.  5B, 
D). Compared with long-term averages, all sites experienced 
higher mean temperatures in 2017. The mean air temperatures 
in 2017 had a positive relationship with the proportion of both 
MSA (Fig.  5A) and to a lesser extent BSt (Fig.  5B). Several 

microanatomical traits showed non-significant (P > 0.10) trends 
with climate data (e.g. the correlation between mean BA and 
mean XA with MAP, or the relationship between MAT and XA, 
t/b, BSA and SLA Supplementary Data Fig. S1). Comparisons 
of CVs also displayed similar patterns, such as the negative 
trend between BA and MAT.

DISCUSSION

A persistent research quest in physiological ecology involves 
the identification of mechanistic plant traits that help ex-
plain ecological species occurrence, abundance and persist-
ence (Reich, 2014; Funk et al., 2017; Linder et al., 2018; He 
et al., 2019). Here, the data presented illustrate that leaf-level 
microanatomical traits varied systematically along climate gra-
dients of the Great Plains while also influencing broad physio-
logical strategies in A. gerardii (Fig. 5A, B). For traits related 
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to carbon use (MSA, BSA; Fig.  2A, C), CV was low across 
sites, varying between 5 and 10 %. In contrast, traits associ-
ated with water use (t/b, XA; Fig. 2B, D) had ~2–5 times higher 
CV (20–40  %). Variation in microanatomical traits associ-
ated with water use was greater than that in carbon-use traits, 
suggesting a potentially higher coupling to water availability 
within and across sites (Fig. 2). Given the fundamental role of 
water availability as a driver of grassland ecosystem processes 
and grass species physiology, the expression of a broader range 
of trait values associated with water availability is expected 
(Weaver et  al., 1935; Nippert et  al., 2011; Reichstein et  al., 
2013; (O’Keefe et al., 2019). Stomatal aperture regulation is 
one such physiological trait, which controls carbon gain (CO2 
uptake) and water loss (transpiration) (Brodribb et al., 2007; 
Buckley, 2019; Nunes et  al., 2020). C4 grass species typic-
ally exhibit conservative regulation in stomatal aperture, be-
cause the biochemical adaptation for concentrating CO2 inside 
bundle sheath cells maximizes carboxylation per unit water 
loss (Hatch, 1987; Edwards et  al., 2001; Zhou et  al., 2018). 
Relatively low variation (CV) in carbon-use tissues (Fig. 3A, 
C) reflects the innate biochemical adaptations of C4 species, 
resulting in a lower quantum efficiency and a higher photosyn-
thetic capacity than C3 species (Taylor et al., 2011). While the 
C4 biochemical strategy has an additional carboxylation step 
requiring additional ATP, the modified leaf anatomy (Kranz) 
allows greater overall carbon assimilation, which reduces the 
need for large structural leaf variation (CV) within species 
(Lundgren et al., 2014).

Microanatomical trait data revealed novel tissue-specific 
water-use strategies that may facilitate the existence of 
A. gerardii across a regional gradient that experiences shifting 

water availability (Fig. 4). When individuals of A. gerardii were 
measured across the region, functional responses of water-use 
strategies illustrate a clear pattern of maximizing water trans-
port or water storage. Individuals that produced larger xylem 
vessels (XA) had decreased bulliform area (BA) (Fig.  4A), 
enabling a larger potential for water and mineral transport while 
decreasing the potential for water storage (Carmo-Silva et al., 
2009; Gibson, 2009). However, variation (CV) in interveinal 
distance (IVD) across sites was strongly associated with vari-
ation in resistance (t/b) (Fig. 4B), equating to greater flexibility 
in the amount of transport vessels (IVD) and the capability of 
those vessels to withstand decreased water availability (t/b) 
(Jordan et al., 2013). These strategies may allow populations of 
A. gerardii to respond to climate fluctuations (temperature and 
rainfall) within a growing season. For example, within popu-
lations at a given site, some individuals can acquire water and 
nutrients quickly (increased XA) while others exhibit a more 
conservative approach (increased BA); this variation may buffer 
the impact of climate fluctuations on population-level perform-
ance. The higher regional variability in microanatomical traits 
associated with water use (Figs 2 and 4C), may facilitate the 
persistence of populations of A. gerardii through dry periods 
that would otherwise require decreased carbon assimilation 
caused by stomatal closure (Buckley, 2019; Dusenge et  al., 
2019), degradation of photosynthetic machinery (Maricle and 
Adler, 2011) and increased water stress leading to the loss of 
vessel integrity or cavitation (Blackman et al., 2010; Ocheltree 
et al., 2014).

Plant physiological responses are directly impacted by tem-
perature and water availability (Tsypin and Macpherson, 2012; 
Griffin-Nolan et al., 2019), which also influences plant growth 
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and system productivity (Hoover et al., 2014; Felton and Smith, 
2017). Leaf microanatomical traits may also display similar 
climate–trait relationships, but have been infrequently inves-
tigated across species or systems (Carmo-Silva et  al., 2009; 
Ouyang et al., 2017; Bachle and Nippert, 2018). The results in 
this study indicate a positive relationship between the invest-
ment in carbon assimilation tissues (MS and BSt) and mean 
annual temperature (Fig. 5A, B), while mean annual precipi-
tation yielded no such correlations (Fig. 5C, D). Relationships 
with temperature and carbon assimilation traits may be indir-
ectly linked to differences in stomatal regulation across sites 
(Berry and Patel, 2008; Sage et  al., 2014). Previously, indi-
viduals growing in locations with higher temperatures had 
increased stomatal regulation, likely reflecting the role of in-
creased vapour pressure deficit in leaf function (Lin et  al., 
2015). Therefore, these results may illuminate how ranges of 
intraspecific values of selected microanatomical traits may ex-
plain underlying variation in whole-leaf traits (such as SLA and 
leaf dry matter content) commonly reported across temperature 
gradients (Jung et al., 2014).

Specific leaf area is a frequently measured trait due to the 
ease of collection and observable plasticity within popula-
tions and species (Garnier et al., 2001; Tjoelker et al., 2005; 
Wellstein et al., 2017). Differences in SLA are determined by 
biotic and abiotic factors and interpreted as varying economic 
strategies: conservative (high SLA: wide and thin leaves) or 
structurally expensive (low SLA: thick and narrow leaves) 
(Wohlfahrt et  al., 1999; Garnier et  al., 2001; Reich, 2014). 
However, economic strategies inferred from changes in SLA 
are mechanistically derived from underlying microanatomical 
tissues (mesophyll, bundle sheath, bulliform, xylem) that ag-
gregate to form whole-leaf properties (i.e. thickness, area, 
mass) (Carmo-Silva et  al., 2009; Reich and Flores-Moreno, 
2017). Thus, variation in microanatomical traits should at least 
theoretically coincide with variation in SLA (John et al., 2017). 
While we observed significant differences in microanatomical 
traits across sites, SLA was statistically similar across sites 
(Fig.  3B), and unrelated to the microanatomical traits meas-
ured here (Supplementary Data Fig. S1). Thus, it is surprising 
that we see predictable variability in anatomical traits, but not 
for one of the most common leaf-level traits studied. We at-
tribute the similarity in SLA values across this grassland re-
gion to a variety of possible factors. (1) Our microanatomical 
subsampling method, which utilized only a portion of the leaf 
may not scale to the whole leaf. (2) Insights shown here arise 
from four different grassland locations. Perhaps more data/
sites are required to detect intraspecific SLA differences than 
are required for microanatomical trait differences. (3) The in-
clusion of additional sites could also be used to resolve any 
potential confounding between MAT and MAP among the sites 
used here. With more sites, links between climate and SLA 
trait variability may improve. (4) The functional interpretation 
of microanatomical tissues (e.g. tissues associated with water 
transport, structure, C assimilation, etc.) is more straightforward 
than the functional interpretation of a composite whole-leaf 
trait like SLA. (5) Here, we focused on responses of a single, 
common grass species. Future studies investigating the plasti-
city of different species representing different plant functional 
types may yield different results. While statistically significant 
differences in SLA between locations or climate variables were 

absent, CV did vary, suggesting that variability in SLA is not 
equivalent among the populations compared here. (6) Finally, 
the components of SLA (leaf area and leaf mass) may vary 
systematically across sites such that changes in SLA mask or 
cancel each other out. Regardless of these caveats for SLA, we 
do show clear mechanistic linkages among microanatomical 
traits, relationships with regional climate gradients and the 
utility of microanatomical traits for drawing physiological in-
ference within a common grass species.

Results from this study contribute to a growing volume of 
research that suggests trait variability (here measured as CV) 
can provide insight into functional plant responses on a par 
with investigations of mean trait values (Funk et  al., 2007; 
Poorter et  al., 2009; Li et  al., 2016). Our data also high-
light and support how increased utilization of intraspecific 
microanatomical trait variability, highly sensitive to lower-
level parameters (Verheijen et al., 2013), in a dominant grass 
species may reveal investment options for both carbon- and 
water-use tissues, which collectively vary to elucidate leaf 
form and function.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: mean ana-
tomical and morphological trait data with standard error and 
CV for each collection. Figure S1: correlation matrix of leaf 
traits, mean annual precipitation and mean annual temperature 
at each site.

FUNDING

S.B.  and J.B.N.  were supported by the Konza Prairie LTER 
Program (NSF DEB-1440484) and the NSF MSB-NES 
Program (1926345).

ACKNOWLEDGEMENTS

We would like to thank Jacqueline Ott, Forest Isbell and Chris 
Helzer for their help in collecting A. gerardii samples at their 
respective locations. Additionally, we thank Joel Sanneman of 
the Core Confocal Microscopy Unit at Kansas State University 
for training and access to their facilities. We declare that the 
submitted work was not carried out in the presence of any per-
sonal, professional or financial relationships that could poten-
tially be construed as a conflict of interest.

LITERATURE CITED

Alvarez JM, Rocha JF, Machado SR. 2008. Bulliform cells in Loudetiopsis 
chrysothrix (Nees) Conert and Tristachya leiostachya Nees (Poaceae): 
structure in relation to function. Brazilian Archives of Biology and 
Technology 51: 113–119.

Avolio ML, Smith MD. 2013. Intra-specific responses of a dominant C4 grass 
to altered precipitation patterns. Plant Ecology 214: 1377–1389.

Avolio  ML, Forrestel  EJ, Chang  CC, La  Pierre  KJ, Burghardt  KT, 
Smith MD. 2019. Demystifying dominant species. New Phytologist 223: 
1106–1126.

Bachle S, Nippert JB. 2018. Physiological and anatomical trait variability of 
dominant C4 grasses. Acta Oecologica 93: 14–20.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

caa146/5891011 by Kansas State U
niversity Libraries user on 15 Septem

ber 2020

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa146#supplementary-data
https://academic.oup.com/aob
https://academic.oup.com/aob


Bachle and Nippert — Intraspecific microanatomical trait variation in Andropogon gerardii8

Bachle  S, Griffith  DM, Nippert  JB. 2018. Intraspecific trait variability in 
Andropogon gerardii, a dominant grass species in the US Great Plains. 
Frontiers in Ecology and Evolution 6: 217.

Bartoń K. 2017. MuMIn: multi-model inference. R package, version 1.40.0. 
https://CRAN.R-project.org/package=MuMIn.

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects 
models using lme4. Journal of Statistical Software 67: 1–48.

Becklin KM, Anderson JT, Gerhart LM, Wadgymar SM, Wessinger CA, 
Ward  JK. 2016. Examining plant physiological responses to climate 
change through an evolutionary lens. Plant Physiology 172: 00793.

Bellasio C, Lundgren MR. 2016. Anatomical constraints to C4 evolution: 
light harvesting capacity in the bundle sheath. New Phytologist 212: 
485–496.

Berry JO, Patel M. 2008. Kranz anatomy and the C4 pathway. Encyclopedia 
of life sciences (ELS). John Wiley & Sons, 1–6.

Blackman CJ, Brodribb TJ, Jordan GJ. 2010. Leaf hydraulic vulnerability 
is related to conduit dimensions and drought resistance across a diverse 
range of woody angiosperms. New Phytologist 188: 1113–1123.

Blair J, Nippert JB, Briggs JM. 2014. Grassland ecology. In: Monson RK, ed. 
Ecology and the environment. New York: Springer, 389–423.

Bolnick DI, Amarasekare P, Araújo MS, et al. 2011. Why intraspecific trait 
variation matters in community ecology. Trends in Ecology & Evolution 
26: 183–192.

Borchert  JR. 1950. The climate of the central North American grassland. 
Annals of the Association of American Geographers 40: 1–39.

Brodribb TJ, Feild TS, Jordan GJ. 2007. Leaf maximum photosynthetic rate 
and venation are linked by hydraulics. Plant Physiology 144: 1890–1898.

Buckley TN. 2019. How do stomata respond to water status? New Phytologist 
224: 1–13.

Carmona CP, de Bello F, Mason NWH, Lepš J. 2016. Traits without bor-
ders: integrating functional diversity across scales. Trends in Ecology & 
Evolution 31: 382–394.

Carmo-Silva AE, Francisco A, Powers SJ, et al. 2009. Grasses of different 
C4 subtypes reveal leaf traits related to drought tolerance in their natural 
habitats: changes in structure, water potential, and amino acid content. 
American Journal of Botany 96: 1222–1235.

Christin PA, Osborne CP, Chatelet DS, et al. 2013. Anatomical enablers and 
the evolution of C4 photosynthesis in grasses. Proceedings of the National 
Academy of Sciences of the USA 110: 1381–1386.

Cornelissen JHC, Lavorel S, Garnier E, et al. 2003. A handbook of protocols 
for standardised and easy measurement of plant functional traits world-
wide. Australian Journal of Botany 51: 335–380.

Dusenge ME, Duarte AG, Way DA. 2019. Plant carbon metabolism and cli-
mate change: elevated CO2 and temperature impacts on photosynthesis, 
photorespiration and respiration. New Phytologist 221: 32–49.

Edwards  GE, Franceschi  VR, Ku  MS, Voznesenskaya  EV, Pyankov  VI, 
Andreo CS. 2001. Compartmentation of photosynthesis in cells and tis-
sues of C(4) plants. Journal of Experimental Botany 52: 577–590.

Eters D, Tarks P, Ernandez M. 2014. Functional response of U.S. grasslands 
to the early 21st-century drought. Ecology 95: 2121–2133.

Fargione  J, Tilman  D. 2005. Niche differences in phenology and rooting 
depth promote coexistence with a dominant C4 bunchgrass. Oecologia 
143: 598–606.

Fay PA, Carlisle JD, Knapp AK, Blair JM, Collins SL. 2003. Productivity 
responses to altered rainfall patterns in a C4-dominated grassland. 
Oecologia 137: 245–251.

Felton AJ, Smith MD. 2017. Integrating plant ecological responses to cli-
mate extremes from individual to ecosystem levels. Philosophical 
Transactions of the Royal Society B: Biological Sciences 372: 20160142.

Funk JL, Cornwell WK. 2013. Leaf traits within communities: context may 
affect the mapping of traits to function. Ecology 94: 1893–1897.

Funk JL, Jones CG, Lerdau MT. 2007. Leaf- and shoot-level plasticity in 
response to different nutrient and water availabilities. Tree Physiology 27: 
1731–1739.

Funk JL, Larson JE, Ames GM, et al. 2017. Revisiting the Holy Grail: 
using plant functional traits to understand ecological processes. 
Biological Reviews of the Cambridge Philosophical Society 92: 
1156–1173.

Garnier E, Shipley B, Roumet C, Laurent G. 2001. A standardized protocol 
for the determination of specific leaf area and leaf dry matter content. 
Functional Ecology 15: 688–695.

Gibson  DJ. 2009. Grasses and grassland ecology. New York: Oxford 
University Press.

Griffin-Nolan RJ, Bushey JA, Carroll CJW, et al. 2018. Trait selection and 
community weighting are key to understanding ecosystem responses to 
changing precipitation regimes. Functional Ecology 32: 1746–1756.

Griffin-Nolan RJ, Ocheltree TW, Mueller KE, Blumenthal DM, Kray JA, 
Knapp AK. 2019. Extending the osmometer method for assessing drought 
tolerance in herbaceous species. Oecologia 189: 353–363.

Grueber CE, Nakagawa S, Laws RJ, Jamieson IG. 2011. Multimodel in-
ference in ecology and evolution: challenges and solutions. Journal of 
Evolutionary Biology 24: 699–711.

Guo C, Ma L, Yuan S, Wang R. 2017. Morphological, physiological and ana-
tomical traits of plant functional types in temperate grasslands along a 
large-scale aridity gradient in northeastern China. Scientific Reports 7: 
40900.

Hatch MD. 1987. C4 photosynthesis: a unique blend of modified biochemistry, 
anatomy and ultrastructure. Biochimica et Biophysica Acta 895: 81–106.

Hacke  UG, Sperry  JS, Pockman  WT, Davis  SD, McCulloh  KA. 2001. 
Trends in wood density and structure are linked to prevention of xylem 
implosion by negative pressure. Oecologia 126: 457–461.

He N, Liu C, Piao S, et al. 2019. Ecosystem traits linking functional traits to 
macroecology. Trends in Ecology & Evolution 34: 200–210.

Holdo RM, Nippert JB, Mack MC. 2018. Rooting depth varies differentially 
in trees and grasses as a function of mean annual rainfall in an African sa-
vanna. Oecologia 186: 269–280.

Hoover D, Knapp A, Smith M. 2014. Resistance and resilience of a grassland 
ecosystem to climate extremes. Ecology 95: 2646–2656.

Ivanova  LA, Yudina  PK, Ronzhina  DA, Ivanov  LA, Hölzel  N. 2018. 
Quantitative mesophyll parameters rather than whole-leaf traits predict 
response of C3 steppe plants to aridity. New Phytologist 217: 558–570.

John GP, Scoffoni C, Buckley TN, Villar R, Poorter H, Sack L. 2017. The 
anatomical and compositional basis of leaf mass per area. Ecology Letters 
20: 412–425.

Johnson  LC, Olsen  JT, Tetreault  H, et  al. 2015. Intraspecific variation of 
a dominant grass and local adaptation in reciprocal garden communities 
along a US Great Plains’ precipitation gradient: implications for grassland 
restoration with climate change. Evolutionary Applications 8: 705–723.

Jordan GJ, Brodribb TJ, Blackman CJ, Weston PH. 2013. Climate drives 
vein anatomy in Proteaceae. American Journal of Botany 100: 1483–1493.

Jung V, Albert CH, Violle C, Kunstler G, Loucougaray G, Spiegelberger T. 
2014. Intraspecific trait variability mediates the response of subalpine grass-
land communities to extreme drought events. Journal of Ecology 102: 45–53.

Kattge J, Díaz S, Lavorel S, et al. 2011. TRY—a global database of plant 
traits. Global Change Biology 17: 2905–2935.

Knapp  AK. 1985. Effect of fire and drought on the ecophysiology of 
Andropogon gerardii and Panicum virgatum in a tallgrass prairie. Ecology 
66: 1309–1320.

Knapp AK, Hamerlynck EP, Owensby CE. 1993. Photosynthetic and water 
relations responses to elevated CO2 in the C4 grass Andropogon gerardii. 
International Journal of Plant Sciences 154: 459–466.

Kulya C, Siangliw JL, Toojinda T, et al. 2018. Variation in leaf anatomical 
characteristics in chromosomal segment substitution lines of KDML105 
carrying drought tolerant QTL segments. ScienceAsia 44: 197–211.

Li H, Yu K, Ratajczak Z, et al. 2016. When variability outperforms the mean: 
trait plasticity predicts plant cover and biomass in an alpine wetland. Plant 
and Soil 407: 401–415.

Lin YS, Medlyn BE, Duursma RA, et al. 2015. Optimal stomatal behaviour 
around the world. Nature Climate Change 5: 459–464.

Linder HP, Lehmann CER, Archibald S, Osborne CP, Richardson DM. 
2018. Global grass (Poaceae) success underpinned by traits facilitating 
colonization, persistence and habitat transformation. Biological Reviews 
of the Cambridge Philosophical Society 93: 1125–1144.

Lisztes-Szabó Z. 2019. Complex environmental research: do we need exact 
knowledge of plant anatomy? A critical discussion of Rashid et al. (2019). 
Earth-Science Reviews 198: 102920.

Lundgren  MR, Osborne  CP, Christin  PA. 2014. Deconstructing Kranz 
anatomy to understand C4 evolution. Journal of Experimental Botany 65: 
3357–3369.

Ma JJ, Ji CJ, Han M, et al. 2012. Comparative analyses of leaf anatomy of di-
cotyledonous species in Tibetan and Inner Mongolian grasslands. Science 
China Life Sciences 55: 68–79.

Maricle BR, Adler PB. 2011. Effects of precipitation on photosynthesis and 
water potential in Andropogon gerardii and Schizachyrium scoparium in 
a southern mixed grass prairie. Environmental and Experimental Botany 
72: 223–231.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

caa146/5891011 by Kansas State U
niversity Libraries user on 15 Septem

ber 2020

https://CRAN.R-project.org/package=MuMIn


Bachle and Nippert — Intraspecific microanatomical trait variation in Andropogon gerardii 9

McAllister  C, Blaine  R, Kron  P, et  al. 2015. Environmental correlates 
of cytotype distribution in Andropogon gerardii (Poaceae). American 
Journal of Botany 102: 92–102.

Moinuddin M, Gulzar S, Hameed A, Gul B, Ajmal Khan M, Edwards GE. 
2017. Differences in photosynthetic syndromes of four halophytic marsh 
grasses in Pakistan. Photosynthesis Research 131: 51–64.

Nadal  M, Flexas  J. 2019. Variation in photosynthetic characteristics with 
growth form in a water-limited scenario: implications for assimilation 
rates and water use efficiency in crops. Agricultural Water Management 
216: 457–472.

Nippert JB, Holdo RM. 2015. Challenging the maximum rooting depth para-
digm in grasslands and savannas. Functional Ecology 29: 739–745.

Nippert  JB, Fay  PA, Carlisle  JD, Knapp  AK, Smith  MD. 2009. 
Ecophysiological responses of two dominant grasses to altered tempera-
ture and precipitation regimes. Acta Oecologica 35: 400–408.

Nippert JB, Ocheltree TW, Skibbe AM, et al. 2011. Linking plant growth 
responses across topographic gradients in tallgrass prairie. Oecologia 166: 
1131–1142.

Nunes TDG, Zhang D, Raissig MT. 2020. Form, development and function of 
grass stomata. Plant Journal 101: 780–799.

O’Keefe K, Nippert JB. 2018. Drivers of nocturnal water flux in a tallgrass 
prairie. Functional Ecology 32: 1155–1167.

O’Keefe  K, Nippert  JB, McCulloh  KA. 2019. Plant water uptake along a 
diversity gradient provides evidence for complementarity in hydrological 
niches. Oikos 128: 1748–1760.

Ocheltree  TW, Nippert  JB, Prasad  PVV. 2011. Changes in stomatal con-
ductance along grass blades reflect changes in leaf structure. Plant, Cell & 
Environment 35: 1040–9.

Ocheltree TW, Nippert JB, Kirkham MB, Prasad PVV. 2014. Partitioning 
hydraulic resistance in Sorghum bicolor leaves reveals unique correlations 
with stomatal conductance during drought. Functional Plant Biology 41: 
25–36.

Ocheltree  TW, Nippert  JB, Prasad  PVV. 2016. A safety vs efficiency 
trade-off identified in the hydraulic pathway of grass leaves is decoupled 
from photosynthesis, stomatal conductance and precipitation. New 
Phytologist 210: 97–107.

Ogle  K. 2003. Implications of interveinal distance for quantum yield in C4 
grasses: a modeling and meta-analysis. Oecologia 136: 532–542.

Olsen  JT, Caudle  KL, Johnson  LC, Baer  SG, Maricle  BR. 2013. 
Environmental and genetic variation in leaf anatomy among popula-
tions of Andropogon gerardii (Poaceae) along a precipitation gradient. 
American Journal of Botany 100: 1957–1968.

Ott JP, Klimešová J, Hartnett DC. 2019. The ecology and significance of 
below-ground bud banks in plants. Annals of Botany 123: 1043–1052.

Ouyang W, Struik PC, Yin X, Yang J. 2017. Stomatal conductance, meso-
phyll conductance, and transpiration efficiency in relation to leaf anatomy 
in rice and wheat genotypes under drought. Journal of Experimental 
Botany 68: 5191–5205.

Pérez-Harguindeguy N, Diaz S, Garnier E, et al. 2013. New handbook for 
standardized measurement of plant functional traits worldwide. Australian 
Journal of Botany 61: 167–234.

Poorter H, Niinemets U, Poorter L, Wright IJ, Villar R. 2009. Causes and 
consequences of variation in leaf mass per area (LMA): a meta-analysis. 
New Phytologist 182: 565–588.

PRISM Climate Group. 2014. PRISM climate data. http://www.prism.
oregonstate.edu/ (1 August 2019).

R Core Team. 2019. R: a language and environment for statistical computing. 
https://www.r-project.org/ (3 August 2020).

Rao X, Dixon RA. 2016. The differences between NAD-ME and NADP-ME 
subtypes of C4 photosynthesis: more than decarboxylating enzymes. 
Frontiers in Plant Science 7: 1525.

Rasband WS. 1997–2020. ImageJ. Bethesda, MD: U.S. National Institutes of 
Health. http://imagej.nih.gov/ij/.

de La Riva EG, Olmo M, Poorter H, Ubera JL, Villar R. 2016. Leaf mass 
per area (LMA) and its relationship with leaf structure and anatomy in 34 

Mediterranean woody species along a water availability gradient. PLoS 
ONE 11: e148788.

Reich PB. 2014. The world-wide ‘fast-slow’ plant economics spectrum: a traits 
manifesto. Journal of Ecology 102: 275–301.

Reich PB, Flores-Moreno H. 2017. Peeking beneath the hood of the leaf eco-
nomics spectrum. New Phytologist 214: 1395–1397.

Reichstein M, Bahn M, Ciais P, et al. 2013. Climate extremes and the carbon 
cycle. Nature 500: 287–295.

Retta M, Yin X, van der Putten PE, et al. 2016. Impact of anatomical traits 
of maize (Zea mays L.) leaf as affected by nitrogen supply and leaf age on 
bundle sheath conductance. Plant Science 252: 205–214.

Ruzin S. 2000. Microtechnique: plant microtechnique and microscopy. New 
Phytology 148: 57–58.

Sage RF, Khoshravesh R, Sage TL. 2014. From proto-Kranz to C4 Kranz: 
building the bridge to C4 photosynthesis. Journal of Experimental Botany 
65: 3341–3356.

Smith AB, Alsdurf J, Knapp M, Baer SG, Johnson LC. 2017. Phenotypic 
distribution models corroborate species distribution models: a shift in the 
role and prevalence of a dominant prairie grass in response to climate 
change. Global Change Biology 23: 4365–4375.

de  Souza  TC, de  Castro  EM, César  Magalhães  P, De  Oliveira  Lino  L, 
Trindade  Alves  E, de  Albuquerque  PEP. 2013. Morphophysiology, 
morphoanatomy, and grain yield under field conditions for two maize 
hybrids with contrasting response to drought stress. Acta Physiologiae 
Plantarum 35: 3201–3211.

Suding KN, Goldberg DE, Hartman KM. 2003. Relationships among spe-
cies traits: separating levels of response and identifying linkages to abun-
dance. Ecology 84: 1–16.

Taylor SH, Ripley BS, Woodward FI, Osborne CP. 2011. Drought limitation 
of photosynthesis differs between C3 and C4 grass species in a compara-
tive experiment. Plant, Cell and Environment 34: 65–75.

Tjoelker MG, Craine JM, Wedin D, Reich PB, Tilman D. 2005. Linking leaf 
and root trait syndromes among 39 grassland and savannah species. New 
Phytologist 167: 493–508.

Tsypin M, Macpherson GL. 2012. The effect of precipitation events on inor-
ganic carbon in soil and shallow groundwater, Konza Prairie LTER Site, 
NE Kansas, USA. Applied Geochemistry 27: 2356–2369.

Valladares F, Gianoli E, Gómez JM. 2007. Ecological limits to plant pheno-
typic plasticity. New Phytologist 176: 749–763.

Valladares F, Matesanz S, Guilhaumon F, et al. 2014. The effects of pheno-
typic plasticity and local adaptation on forecasts of species range shifts 
under climate change. Ecology Letters 17: 1351–1364.

Verheijen LM, Brovkin V, Aerts R, et al. 2013. Impacts of trait variation 
through observed trait-climate relationships on performance of an Earth 
system model: a conceptual analysis. Biogeosciences 10: 5497–5515.

Violle C, Navas M-L, Vile D, et al. 2007. Let the concept of traits be func-
tional! Oikos 116: 1–11.

Weaver  JE. 1968. Prairie plants and their environment. Lincoln, NE: 
University of Nebraska Press.

Weaver JE, Stoddart LA, Noll W. 1935. Response of the prairie to the great 
drought of 1934. Ecology 16: 612.

Wellstein C, Poschlod P, Gohlke A, et al. 2017. Effects of extreme drought 
on specific leaf area of grassland species: a meta-analysis of experimental 
studies in temperate and sub-Mediterranean systems. Global Change 
Biology 23: 2473–2481.

Wohlfahrt G, Bahn M, Haubner E, et al. 1999. Inter-specific variation of the 
biochemical limitation to photosynthesis and related leaf traits of 30 spe-
cies from mountain grassland ecosystems under different land use. Plant, 
Cell and Environment 22: 1281–1296.

Xu Z, Zhou G. 2008. Responses of leaf stomatal density to water status and 
its relationship with photosynthesis in a grass. Journal of Experimental 
Botany 59: 3317–3325.

Zhou H, Helliker BR, Huber M, Dicks A, Akçay E. 2018. C4 photosynthesis 
and climate through the lens of optimality. Proceedings of the National 
Academy of Sciences of the USA 115: 12057–12062.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

caa146/5891011 by Kansas State U
niversity Libraries user on 15 Septem

ber 2020

http://www.prism.oregonstate.edu/
http://www.prism.oregonstate.edu/
https://www.r-project.org/
http://imagej.nih.gov/ij/

