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Plant quantitative traits are often influenced by the environment. While water availality is
perhaps the greatest environmental determinant of plant yield and fitness, our understanding
of plant-water relations is limited because it is primarily informed by experiments considering
soil moisture variability at two discrete levels - wet and dry - rather than as a continually
varying environmental gradient. Here we used experimental and statistical methods based on
function-valued traits to explore responses to continuously varying soil moisture gradient in
physiological and morphological traits in two species and five genotypes each of the model
grass Brachypodium. We find that most traits exhibit non-linear responses to soil moisture
variability. We also observe differences in the shape of these non-linear responses between traits,
species, and genotypes. Emergent phenomena arise from this variation including changes in
trait correlations and evolutionary constraints as a function of soil moisture. These results point
to the importance of considering non-linearity in plant-water relations to understand plastic and
evolutionary responses to changing climates.
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Introduction

For plants, soil water availability is an important environmen-
tal factor in ecology and agriculture, acting as a major deter-
minant of fitness and yield (Juenger 2013; Greenham et al.
2017). As such, considerable effort has been placed on study-
ing plant responses to drought, often defined conceptually and
experimentally as an environmental condition of abnormally
elevated aridity resulting in decreased plant performance (Pas-
sioura 1996). Most of the research on drought responses and
tolerance strategies, including in Brachypodium, the focal sys-
tem of this work, has involved comparisons between discrete
soil water levels - control and water-limited (Des Marais et
al. 2012; Edwards et al. 2012; El-Soda et al. 2014; Vasseur
et al. 2014; Greenham et al. 2017). Yet soil moisture as
an environmental factor is complex and multidimensional,
with fluctuations varying continuously in timing, duration,
and degree. Here we investigate trait responses to one im-
portant dimension of soil moisture variability - degree - with
experimental and statistical approaches treating soil moisture
content as a continuous variable rather than a set of fixed
levels.

Correspondence concerning this article should be addressed to
J. Grey Monroe, 150 California Ave, Davis, CA 95616. E-mail:
gmonroe @ucdavis.edu

Quantitative genetic variation in drought resistance traits have
been observed in natural populations and laboratory model
systems. In particular, natural populations of Brassicaceae
species (including Arabidopsis thaliana) and Brachypodium
harbor variation both constitutive and plastic traits mediat-
ing plant-water relations, including water use efficiency (Des
Marais et al. 2012, 2017; Edwards et al. 2012; Greenham et
al. 2017), leaf chemistry (Kesari et al. 2012; Des Marais et al.
2017), leaf anatomy (Skirycz et al. 2011; Verelst et al. 2013;
Dittberner et al. 2018), root-shoot biomass partitioning (Des
Marais et al. 2012, 2017), and many others (Verslues and
Juenger 2011; Edwards et al. 2012; Juenger 2013; Luo et al.
2016; Yarkhunova et al. 2016; Lenk ef al. 2019). Among the
many plant traits that can and have been measured, few have
been studied more extensively than specific leaf area (SLA -
often reported as it’s inverse, leaf mass per area or LMA). SLA
provides a description of leaf architecture that is central to
the leaf economics spectrum, a theory which seeks to explain
variation in leaf physiological strategies, from more conser-
vative (low SLA) to more productive (high SLA) (Wright et
al. 2004). In the context of drought stress, low SLA might be
adaptive as lower leaf surface area is expected to reduce water
loss through transpiration. In several cases, reductions in SLA
have been reported under drought conditions (Casper et al.
2001). However, for all of these traits, the shape of plastic
responses to variation in water availability remain largely
unmeasured.

Less is known about how relationships between traits change
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across continuous environmental gradients (but see Robinson
et al. 2009). Yet, describing this structure is important as
trait variances and covariances can result in differential evolu-
tionary constraints in alternative environments. For example,
if total genetic variance in trait space changes depending on
the environment, then the capacity to respond to selection
will vary accordingly, with reduced responses to selection
under conditions where trait variation is lower and vice versa.
Similarly, if trait covariances depend on environment, condi-
tions which increase trait covariances may limit evolutionary
potential across a range of environments by reducing the effec-
tive axes of variation (Levins 1968; Lande and Arnold 1983;
Via and Lande 1985; Kingsolver and Gomulkiewicz 2003;
Gomulkiewicz er al. 2018). These phenomena are made
more complex by the possibility that the relationship between
trait variances and covariances with the environment may be
non-linear. Investigating the genetic architecture of multiple
traits is therefore useful for understanding evolution in rapidly
changing environments. Fortunately, this need has been met
with the development of statistical methods to reduce the
dimensionality of genetic variance covariance matrices and
produce meaningful summaries describing evolutionary con-
straints of multiple phenotypes simultaneously (Houle 1992;
Blows 2007; Kirkpatrick 2009; Kingsolver et al. 2015).

To study the shape of phenotypic responses to the environ-
ment, modeling traits as mathematical functions of continu-
ous variables, or function-valued-traits, has proven powerful
(Kirkpatrick and Heckman 1989; Kingsolver ef al. 2001;
Griswold e al. 2008; Stinchcombe er al. 2012; Goolsby
2015; Gomulkiewicz et al. 2018). Recent decades have seen
this approach used across many organisms (Gibert ef al. 1998;
Pettay et al. 2008; Rocha and Klaczko 2012; Mason et al.
2020), traits (Robinson ef al. 2009; McGuigan et al. 2010;
Stinchcombe et al. 2010), and components of the environment
(Brommer et al. 2008; McGuigan 2009; Pearse et al. 2019).
For plant scientists, experimental and analytical approaches
leveraging the concept of function-valued-traits provide a
framework for gaining a deeper understanding of plant accli-
mation and evolutionary adaptation to the environment.

In this study we combined these approaches into an ex-
ploratory investigation of trait plasticity, covariance and evolu-
tionary constraints across soil moisture gradients. We model
trait responses to a continuous gradient of soil moisture for
multiple genotypes of two species of the model grass genus
Brachypodium: annual B. distachyon and perennial B. syl-
vaticum. Because the shapes of trait responses cannot nec-
essarily be known a priori, we use model selection among
linear and non-linear environmental predictors to estimate
the response function for each trait. We then estimate geno-
type means at different levels of soil moisture and compute
the variance-covariance parameters for all traits. Finally, we
ask whether patterns of variance and covariance in drying-

responsive traits in Brachypodium species may lead to varia-
tion in evolutionary constraint as a function of soil moisture.

Materials and Methods

Genotypes and species. Brachypodium is a model genus
for the genetics and genomics of C3 grasses (Brkljacic et
al. 2011). In this work we studied natural variation between
and among two species of Brachypodium: the annual B. dis-
tachyon and the perennial B. sylvaticum. Both species are
endemic to Eurasia, with B. distachyon more prevalent in
seasonally dry habitats in Southern Europe, North Africa, and
the Middle East, and B. sylvaticum more widely distributed
throughout Eurasia (Catalan et al. 2016) (Figure S1).

Five genotypes of each species were studied to characterize
patterns of variation in plant traits across an environmental
gradient: Brachypodium distachyon inbred lines ABR2, Adi-
10, Bd21, Bd3-1, and Koz-1 and Brachypodium sylvaticum in-
bred lines Ain-1, Ast-1, Kry-1, Osl-1, Vel-1. For each species,
these genotypes represent a range of geographical origins and
phenotypic diversity (Personal observations) (Steinwand er al.
2013; Des Marais et al. 2017). For example, Kry-1 is native to
Krym, Ukraine while Ain-1 is native to Ain Draham, Tunisia
(Steinwand et al. 2013). Both species are self-compatible and
each of the lines used here have been maintained as inbred
lines for greater than six generations (Vogel ef al. 2009;
Steinwand et al. 2013); as such, experimental replicates may
be considered nearly isogenic.

Plant growth and dry down experiment. Plant growth
and experimental soil dry down were performed in the green-
houses of the Arnold Arboretum of Harvard University.
To synchronize germination across genotypes within each
species, seeds were placed on damp filter paper in the dark at
4°C for 14 days prior to planting. To synchronize the develop-
mental stage at the timing of the drought treatments between
the two species, B. sylvaticum seeds were planted thirteen
days before B. distachyon (Oct 7 and 20, 2015, respectively).
For each genotype, 1200 seeds were planted two to a pot and
were subsequently thinned to one plant, for a total of 600
experimental plants in a randomized block design. All plants
germinated within four days of sowing. Individual seeds of
plants were sown in Greens Grade Profile porous ceramic
rooting media (Profile Products, Buffalo Grove, IL, USA) in
Deepot D40H Conetainers (650mL; Stuewe & Sons. Tangent,
OR, USA) and grown at 25°C/20°C days/nights. Ambient
sunlight was supplemented to 1000 umol/m2/s for 12hr/day.

Dry down treatments began 29 and 42 days after sowing
(DAS) for B. distachyon and B. sylvaticum, respectively. Be-
cause the harvesting was divided over five consecutive days
(see section below), plants were split into five equal harvest
cohorts, with each cohort containing equal numbers of each
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Figure 1. Effect of the experimental dry down on soil water content. (A) Time series of gravimetric soil moisture for all
pots during the 14-day dry down period. (B) Distribution of final (day 14) soil moisture content across all pots. The data are
distinguished by color according to the watering treatment. (C) Final soil moisture content by genotype.

watering treatment to avoid confounding harvest day with
soil moisture content. Thus, though each consecutive cohort
differed in age by a single day, each experienced the dry down
treatment for the same amount of time. Nevertheless, we
expected the difference in age between harvest cohorts to
potentially impact trait expression and we therefore included
harvest day (cohort) as a covariate in subsequent models. To
generate a continuous gradient of final soil moisture by the
end of the dry down period, plants were split into five watering
treatments, receiving approximately 0, 4, 8, 12, 16, or 20 ml
of water per day for 14 days. Prior to initiating the experiment
pots were weighed with dry soil (mass,,) and field capacity
(massuqay). During the course of the dry down, soil moisture
content was calculated during the morning of day d for each
pot as massq/(Massyax — massgry). The final soil moisture re-
flects the combined effects of water input and output through
evaporation from the soil and evapotranspiration from the
plants.

Plant harvesting and phenotyping. To characterize phe-
notypic responses to our experimental soil moisture gradient,
we measured a suite of developmental and physiological traits.
Plants were harvested in five cohorts over five days at the end
of the dry down period. Each day, half of the sampled plants
were harvested for above and below ground biomass, total
above ground green area, 6C3, N content, C content. The
other half were harvested and assessed for specific leaf area
(SLA) and relative water content (RWC). Above ground leaf
area was estimated by laying freshly harvested plants flat
between plates of clear acrylic and imaging with a Nikon
5300 digital camera at a fixed distance with a 35mm Nikkor
lens. Total green pixels were counted for each image with
Easy Leaf Area (https://github.com/heaslon/Easy-Leaf-Area)
with settings shown in Figure S3. Above ground biomass
was measured after drying leaf material overnight at 60°C
and then for several weeks at room temperature. Below
ground biomass was measured after washing the soil ma-

trix from roots and drying them overnight at 60°C and then
for several weeks at room temperature. Above and below
ground biomass was measured after leaves and roots were
dried. Leaf tissues for 6C3, 0N;s, nitrogen (hereafter “N”)
content, and carbon (hereafter “C”) content were ground to
a fine powder and processed by the UC Davis Stable Isotope
Facility. SLA was calculated by scanning the two youngest
fully emerged leaves with a 1 cm? red square. Leaf area in
mm?* was calculated from these same images using Easy Leaf
Area. SLA was calculated as leaf area/biomassgr,. These
leaves were also used to calculate RWC. Prior to drying,
fresh leaves were weighed (biomass f,.,) and then submerged
under water in 15mL falcon tubes for several hours. They
were then weighed (biomassi qia), oven-dried overnight,
and weighed again (biomassi). RWC was calculated as
(biomass fresn — biomassary)[(biomassyrgia — biomassgyy).

Analyses

We used R for all statistical analyses. Code and data to
generate this manuscript can be found at https://github.com/
greymonroe/brachypodium_fvt.

Function-valued traits. For the purposes of modeling phe-
notypic responses to variation in soil moisture content, we
considered soil moisture content as the final soil moisture on
day 14 of the dry down period for each plant, referred to in fig-
ures as S oil moisture(% finq). A major challenge in studying
function-valued traits is model selection. That is, identifying
the functions that best describe the curvature (or lack thereof)
in the shape of phenotypic responses to environmental gra-
dients. Quadratic and natural splines have been suggested
as potential functions to model non-linearities (Meyer 2005),
but assuming the appropriate function is problematic. Akaike
information criterion (AIC) selection based on contrasting
multiple complex models offers an effective means to balance
predictability with over-fitting (Griswold et al. 2008; Bolstad
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Table 1

Model selection. 'x’ indicates parameters chosen in best minimum AIC
model. H = harvest day, G = genotype, E = final soil moisture, E"2 =
quadratic parameter, s(E) = 2nd degree natural spline parameter

G E EM s(E) H G*E G*E*2 G*s(E)
RWC - B. distachyon X X X
RWC - B. sylvaticum X X X X
SLA - B. distachyon X X X X X
SLA - B. sylvaticum X X
Green Area - B. distachyon X X X
Green Area - B. sylvaticum X X X X
Shoot Mass - B. distachyon X X X
Shoot Mass - B. sylvaticum X X X
Root Mass - B. distachyon X X X X X
Root Mass - B. sylvaticum X
Root:Shoot - B. distachyon X X X
Root:Shoot - B. sylvaticum X X X X
Biomass - B. distachyon X X X
Biomass - B. sylvaticum X X
C content - B. distachyon X
C content - B. sylvaticum X X
d13c - B. distachyon X X X
d13c - B. sylvaticum X X X
N content - B. distachyon X X X
N content - B. sylvaticum X X X
d15n - B. distachyon X X X
d15n - B. sylvaticum X X X

C:N ratio - B. distachyon X

C:N ratio - B. sylvaticum X

et al. 2010; Gomulkiewicz et al. 2018). Because we sam-
pled only 5 genotypes per species (Van Eeuwijk 1995) we
treat genotype as a fixed effect in our model, which differs
from random regression used elsewhere where genotypes are
treated as random effects (Nussey et al. 2007). Thus, we
began with the full fixed-effects linear regression model for
traits as described below.

Trait = H+G+E+E2+s(E)df:2+G*E+G*E2+G*s(E)dfzz

where H = harvest day, G = genotype, E =
soil moisture, E* = quadratic parameter, S(E)qr-0 =
second degree natural spline parameter

We then selected a model for each trait using stepwise AIC
model selection with the stepAIC function from the package
MAS S (Venables and Ripley 2002) in R with the “direction”
parameter set to “both.” The two species were analyzed sepa-
rately to avoid biases introduced by enforcing the same model
on species with different sizes, developmental trajectories and
evolutionary histories.

Genetic correlations as a function of soil moisture con-
tent. We calculated trait correlations at different levels of
soil moisture to characterize how genetic correlations between
traits vary as a function of soil moisture content. Predicted
genotypic means for each trait were calculated at 20 levels of
soil moisture content (from 30% to 100% gravimetric water
content) based on the model chosen by AIC (see above). Pear-
son correlation coefficients between genotype means were
calculated at each level of soil moisture within each species.

Plasticity through multidimensional trait space. We
quantified total plasticity through multidimensional trait space
as a function of soil moisture by first scaling each trait to a
mean of 0 and standard deviation of 1. We then calculated
the euclidean distance matrix between genotype means at
all soil moisture levels. We then estimated total plasticity,
measured as euclidean distance between trait values, between
consecutive soil moisture levels for each genotype. m is a
vector of length 20 evenly spaced soil moisture measurements
from 30% to 100%:
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m = (my, ...,my) = (30%, ..., 100%)

If pgi = (Pg1smr Pgn) A0d Pgivt = (Pgit11s .0 Pgitln) ar€
two consecutive (in terms of soil moisture) points in n dimen-
sional trait space of scaled genotype means, total plasticity
(Euclidean distance) for genotype g across n traits at soil
moisture level i is calculated as

n
AT,; = Z(pg,i, i = Pei+1,))?

=1

Finally, to ask if total plasticity differed between the two
species, at each level of soil moisture, we then compared the
mean AT between B. sylvaticum and B. distachyon by T-tests.
To visualize plasticity of each genotype through multivariate
trait space further, we performed a principal component anal-
ysis from the matrix of scaled genotype trait means using the
prcomp function in R.

Analysis of evolutionary constraints among traits. We
calculated several statistics summarizing evolutionary con-
straint as described in Kirkpatrick (2009). First, for each
species, we approximated the G matrix of genetic covariances
by calculating variances and covariances between mean scaled
genotype trait means at different levels of soil moisture. We
then calculated, using the prcomp function in R, the eigenval-
ues of each mean standardized (trait values divided by mean)
G matrix, 4;. From these we then calculated the number of
effective dimensions, np, equal to the sum of the eigenvalues
divided by the largest eigenvalue:

np = i Ail A
i=1

We also calculated the maximum evolvability, e,,., equal to
the square root of the largest eigenvalue, A; (Houle 1992;
Kirkpatrick 2009):

Cmax = \//Tl

Finally, we calculated the fotal genetic variance (Kirkpatrick
2009), equal to the sum of the eigenvalues of G:

n
vr = Z /ll'
i=1

Results

The dry down experiment resulted in a continuous soil
moisture gradient. Across the six watering treatments,
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Figure 2. Variation in phenotypic responses to soil mois-
ture gradient as function-valued traits. Points and the lines
connecting them indicate predicted values at different levels
of gravimetric soil moisture content from 30% to 100%. B.
sylvaticum genotypes are colored orange and B. distachyon
blue. (a) RWC (b) SLA (c) Green Area (d) Shoot Mass (e)
Root Mass (f) Root:Shoot (g) Biomass (h) C content (i) d13c
(G) N content (k) d15n (1) C:N ratio

3

combined with random variation in water capacity of pots
(Figure S4), the dry down period resulted in a continuous
environmental gradient of final soil moisture, albeit with a
higher frequency of plants near the driest extreme of soil
moisture variation (Figure 1). This gradient provides the basis
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for analyzing phenotypes in relation to soil moisture treated
as a continuous gradient rather than limited set of discrete
factors.

The observed reduction in leaf relative water content (RWC)
under the driest conditions in both B. distachyon and B. syl-
vaticum indicates that at this extreme, plants were physio-
logically stressed (Figure 2A). Mean leaf RWC for plants in
the 10% tail of soil water content was 85.21% which is drier
than that observed in the less severe soil drying conditions
of Des Marais et al. (Des Marais et al. 2017). Additional
visual observations made during the experiment such as leaf
rolling, another symptom of dehydration stress, were evident
in plants at the lowest water treatment by the end of the dry
down period.
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Figure 3. Plasticity through multivariate trait space. (a)
Plasticity across all traits was calculated as distance between
scaled phenotype for each genotype between different levels
of soil moisture. Box plots indicate species median and 25th
and 75th percentiles with whiskers extending to 1.5 times
the interquartile range. "*" indicates significant differences
between species (t-test, @ < 0.05). B. sylvaticum is colored in
orange and B. distachyon blue.

Non-linearity in trait responses to soil moisture is com-
mon. We evaluated the degree to which traits show linear
or non-linear shapes using an AIC model selection approach
from a full model which included quadratic and natural spline
parameters relating soil moisture content to plant phenotypes.
We observed non-linear components (quadratic, spline, or
both) in the final models for all of the traits which included
an environmental (water content) predictor (Table 1, Figure
2). In B. distachyon, all of the traits included at least one
non-linear environmental predictor. In contrast total biomass
and root mass did not include an environmental predictor in

selected models in B. sylvaticum.

When considering plasticity across multidimensional trait
space, it appears that most of the variation in B. distachyon is
attributable to responses to low soil moisture (Figure 3, Figure
S5). In contrast, B. sylvaticum was more responsive to ex-
treme wet conditions than B. distachyon. We observed, partic-
ularly in B. sylvaticum, that phenotypes were similar between
extreme dry and extreme wet soil moisture contents (Figure
S5b). This similarity may be explained by the quadratic
parameters of trait functions where the curvature of trait re-
sponses can lead to similar phenotypes at both environmental
extremes.

Most traits show significant genetic variation. We also
tested whether there was significant natural variation for the
traits measured between genotypes in each species by looking
at the parameters in the final model for each trait. Interest-
ingly, across species, most traits (21/24) included a genotype
term in the final model, indicating significant differences be-
tween genotypes in magnitude of traits across all levels of
soil moisture (Table 1, Figure 2). Though not formally tested,
for other traits there are clear distinctions between the two
species. For example, 6Cy3 was considerably higher in B.
sylvaticum (Figure 2). For SLA, while B. distachyon showed
a strong response to soil moisture, especially under the driest
conditions, SLA in B. sylvaticum was much less responsive
to soil moisture. In contrast, B. sylvaticum appears to show
a more dramatic response in leaf composition estimated by
N content and C:N ratio. We note too that most of the traits
included an effect of harvest cohort; this is expected due
to difference in age (up to 5 days, 9-11% total) of different
harvest cohorts.

Several traits show interactions between genotype and
non-linear responses to soil moisture. Significant inter-
actions between genotype and environmental parameters in
a final model indicate the presence of genetic variation for
plasticity (GXE) (Via and Lande 1985). For those GxE in-
teractions where the environmental parameter is non-linear,
significant GXE indicates genetic variation for the shape of
reaction norms. SLA and root mass showed a significant
interaction between genotype and soil moisture in B. dis-
tachyon. In B. sylvaticum, RWC, N content, leaf green area,
C:N ratio, and root to shoot ratio all showed interactions
between genotype and soil moisture (Table 1, Figure 2). In
each of these cases, the interaction between genotype and
environment involved a non-linear environmental predictor,
indicating not only variation for the magnitude of plasticity
(i.e. slope) but also variation in the shape of responses.

Correlations between traits change as a function of soil
moisture, often in a non-linear fashion. We calculated
correlations between genotype trait means across soil mois-
ture for traits where genotypic differences were observed
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Figure 4. Relationships between trait correlations and soil moisture content. Each point is a correlation coefficient
calculated across five genotypes between the intersection of the two traits labeled on the diagonal. Correlations were calculated
among genotypes by species (blue = B. distachyon, orange = B. sylvaticum). Correlations are not shown for traits in species

where genotype was not included in final model (Table 1).

(i.e. genotype predictor in trait models). Certain traits were
tightly correlated regardless of environment. For example,
correlations near 1 were observed between biomass and green
area in both species across soil moisture. More complex
relationships between trait correlations and soil moisture are
observed in other trait combinations. For traits with geno-

type by non-linear environment interactions (Table 1), trait
correlations showed non-linear relationships with soil mois-
ture as well. Because more of these interactions were found
in B. sylvaticum the number of trait combinations showing
non-linear relations between correlations and soil moisture
appears to be higher than in B. distachyon (Figure 4). The
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Figure 5. Contrasting patterns of evolutionary constraint
between B. distachyon and B. sylvaticum. Summary statis-
tics of evolutionary constraint as a function of soil moisture
in B. distachyon (blue) and B. sylvaticum (orange). (a and b)
The number of effective dimensions, np, estimates number
of unconstrained axes of variation. (c and d) The maximum
evolvability, e, corresponds to the square root of the largest
eigenvalue of the genetic covariance matrix. (e and f) The total
genetic variance, vr, is equal to the sum of the eigenvalues of
the genetic covariance matrix.

correlation between C:N ratio and root:shoot ratio in B. syl-
vaticum, for example, varied from approximately 0.3 under
the wettest environment to approximately -0.7 under the driest
environment.

Evolutionary constraints differ as a function of soil mois-
ture and show contrasting patterns between Brachy-
podium species. To assess evidence of evolutionary con-
straint on the sampled traits, we approximated and analyzed
parameters of the genetic covariance matrix, G, in each
species across the soil moisture gradient. These analyses
revealed contrasting patterns of evolutionary constraint both
in relation to soil moisture and between B. distachyon and B.
sylvaticum. In B. distachyon, the number of effective dimen-
sions (np, which estimates number of axes of variation uncon-

strained by covariance) was lower when soils were drier. In
contrast, np was lower in B. sylvaticum when soils were wet-
ter. The maximum evolvability (e, variance through largest
eigenvector of multidimensional trait space) also showed op-
posite trends between the two species. Whereas in B. dis-
tachyon e,,,, was highest under the driest conditions, in B.
sylvaticum e, was highest under the wettest conditions. The
same trend was seen in total genetic variance (Vy, which
summarizes all genetic variance through multidimensional
trait space).

Discussion

Non-linearity in soil moisture response is common in
Brachypodium. We found significant non-linearity in re-
sponse to a soil moisture gradient for all measured traits in
at least one of the two species sampled. The best-fit function
for some traits was quadratic, while other traits showed more
complex responses to the environment which were best fit
by a spline function. These results offer new insights with
respect to the study of plant response to soil drying. By focus-
ing on the curvature of phenotypic response as the explicitly
modeled trait, we avoid contrasts of trait values expressed
at arbitrary levels of soil water content which may obscure
different thresholds of response among the diverse genotypes
under study. SLA in B. distachyon exhibits this pattern, as
two accessions show a threshold-like response in decreasing
SLA as soils become drier, and three accessions express their
highest SLA at intermediate soil water content. Leaf N con-
tent (on a leaf-mass basis) in B. sylvaticum likewise shows
considerable diversity of response with two accessions ex-
pressing their lowest values at intermediate soil water content,
one accession expressing its highest leaf N at intermediate
soil water content, and one accession showing a nearly linear
response along the soil water content gradient.

Non-linearities in trait responses to soil moisture reinforce the
need to consider the consequences of extreme weather events
when predicting plastic responses, especially when scaling
up to investigating the ecosystem effects of individual plant
responses to environmental stress (Felton and Smith 2017).
As others have previously noted, if organism responses to
the environment show non-linear curves then changes in the
environment may result in greater or lesser responses than
expected based on predictions based on linear response curves
alone (Nussey ef al. 2007; Brommer et al. 2008; Visser 2008;
Gienapp and Brommer 2014). This suggests, for example,
that responses of ecosystem traits such as SLA to increasing
aridity and drought may depend on the severity of environ-
mental change in a threshold-like fashion. Moreover, because
traits like SLA have impacts on broader processes includ-
ing carbon cycling, carbon models incorporating plastic and
evolutionary responses may benefit from information about
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the (non)-linearity of trait responses to environmental change
(Donovan et al. 2014; Monroe et al. 2018; Walker et al.
2019).

Implications for evolution of Brachypodium. Leaf N and
SLA are two axes of the classic Leaf Economic Spectrum
(Wright et al. 2004) and so the contrasting responses of
these traits between the annual B. distachyon and perennial B.
sylvaticum may reflect broader differences in their life history
strategies. We recently reviewed evidence for physiological,
anatomical and developmental differences between herba-
ceous annual and perennial species, finding support for gen-
erally higher SLA in annuals, befitting a generally resource-
acquisitive strategy (Lundgren and Des Marais 2020). Garnier
(Garnier 1992) argued that small changes in leaf anatomy
(e.g. SLA) will likely have large effects on plant growth rate
and resource use and could therefore tip the balance between
perennial and annual strategies.

We also found that signatures of evolutionary constraint differ
along our imposed soil water content gradient. Specifically,
we find evidence of highest evolvability in multitrait space
(measured by e, and vr) in B. distachyon under the driest
soils. In contrast, B. sylvaticum exhibited evidence of greater
evolvability by the same measures under the highest soil water
content studied here. However, B. distachyon exhibits evi-
dence of higher constraint caused by genetic covariances (low
np under dry conditions) These results indicate that B. dis-
tachyon has increased genetic variance under dry conditions
as compared to wet conditions, but that natural selection may
be more constrained to act on this variation due to covariance
between traits. In contrast, our results suggest that B. syl-
vaticum has decreased genetic variance under dry conditions
on which selection might act but that this variation is less
constrained by covariance between traits.

We speculate that the pattern observed could be a reflection
of the different life history strategies of these two species.
Annuality is considered a drought adaptive strategy charac-
terized by escaping drought through phenology, by flower-
ing before and remaining dormant as seeds during the most
drought prone seasons (Friedman and Rubin 2015; Monroe
et al. 2019) Thus, because of their life history, populations
of annuals may actually experience fewer episodes of strong
selection from extreme drought, which could explain why
we find elevated genetic variance under these environments.
In contrast, perennials such as B. sylvaticum are subjected
to all seasons and might therefore experience more frequent
episodes of selection caused by dehydration stress, despite
paradoxically being in found in environments where droughts
are less frequent on an annual basis. This pattern is consistent
with the predictions of cryptic genetic variation revealed un-
der environments where selection is less frequent or severe
(Schlichting 2008). We remain cautious about drawing this
conclusion from our data, as they represent a comparison be-

tween only two species and include a small sample genotypic
diversity in each. However, that the difference in patterns of
constraint are explained by alternative life history strategies
emerges as an interesting hypothesis from these observations,
one that might be addressed by future work extending the ap-
proaches here to a broader phylogenetic comparison between
annual and perennial species.

Potential to scale up investigations of function-valued re-
sponses to soil moisture. We found that genetic correla-
tions between traits can vary over relatively small changes in
soil moisture (Fig. 4). Similarly, we found that signatures
of evolutionary constraint varied across the environmental
gradient, suggesting that responses to selection may be im-
proved or restricted in accordance with patterns of constraint
in relation to environment. Interestingly, we also found that
some species may be more responsive to selection in a given
environment based on patterns of constraint. However, in
this study we focus on only five genotypes per species. This
reflects the inherent challenge of investigating large numbers
of genotypes and high resolution environment gradients. But
larger-scale investigations are needed if results are to be ex-
tended to the large populations typical of genetic mapping
studies and breeding pools. Indeed, responses to selection
for drought tolerance may depend on drought severity be-
cause of these patterns in genetic correlations. And in the
context of breeding, larger studies applying these approaches
might be valuable for identifying conditions for which genetic
correlations are aligned with breeding objectives (Bernardo
2020).

From a practical perspective this work highlights the value
of function-valued trait approaches that may be scaled up
to studying plant-water relations. In this experiment, we
investigated variation in plant responses to a gradient of soil
moisture using six watering levels, which in combination
with random variation in water capacity of experimental pots,
produced a continuous gradient of soil moisture ranging from
field capacity of the soil to strongly water-limited. In the
field, multiple watering regimes in combination with random
variability between plots may produce similar gradients of soil
moisture. Here, water content was measured gravimetrically.
New sensing technologies may be useful for quantifying soil
moisture or other continuous environmental gradients in an
analogous fashion, to define soil moisture quantitatively and
then apply function-valued statistical approaches to contrast
trait expression among genotypes. Finally, while in this exper-
iment we used destructive phenotyping methods to measure
traits, non-destructive (and high throughput) phenotyping en-
able measurement of yield or fitness data as well, to examine
explicit connections between trait variation and adaptation to
different degrees of soil moisture. Together these approaches
provide opportunities to scale up the analytical framework
used here to study genetic variation for soil moisture function-
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valued-traits in populations of diverse genotypes.
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Table S1
final models

Df Sum.Sq Mean.Sq F.value Pr.F. trait
I(Day_14"2) 1.00000 1,717.38557 1,717.38557 117.86908 0.00000 Relative_WC b_dist
ns(Day_14,df=2) 2.00000 1,763.63464 881.81732 60.52164 0.00000 Relative_WC b_dist
Harv 4.00000 137.08789 3427197 235218 0.05709 Relative_WC b_dist
Residuals 137.00000 1,996.12844 14.57028 NA NA Relative_WC b_dist
Geno 4.00000 203.20448 50.80112 4.03279 0.00424 Relative_WC b_sylv
I(Day_14"2)1 1.00000 378.49590 378.49590 30.04650 0.00000 Relative_WC b_sylv
ns(Day_14.,df=2)1 2.00000 431.58215 215.79108 17.13035 0.00000 Relative_WC b_sylv
Genons(Day_14.,df=2) 8.00000 231.27621 28.90953 2.29495 0.02552 Relative_WC b_s
Residuals1 116.00000 1,461.25261 12.59701 NA NA Relative_WC b_sylv
Genol 4.00000 140.92870 35.23217 1.75884 0.14122 SLA b_dist
I(Day_1472)2 1.00000 2,414.64758 2,414.64758 120.54272 0.00000 SLA b_dist
ns(Day_14,df=2)2 2.00000 2,327.88690 1,163.94345 58.10575 0.00000 SLA b_dist
Harvl 4.00000 651.79297 162.94824 8.13461 0.00001 SLA b_dist
Genol(Day_14"2) 4.00000 337.42496 84.35624 421119 0.00310 SLA b_dist
Residuals2 127.00000 2,543.99629 20.03147 NA NA SLA b_dist
Geno2 4.00000 1,572.00031 393.00008 12.05355 0.00000
ns(Day_14,df=2)3 2.00000 162.19048 81.09524 2.48724 0.08735 ¢
Residuals3 122.00000 3,977.75094 32.60452 NA NA SLA b_sylv
Geno3 4.00000 32,376,338.95160 8,094,084.73790 5.44806 0.00043 aboveground_greenarea b_dist
ns(Day_14.df=2)4 2.00000 192,517,942.01652 96,258.971.00826 64.79115 0.00000 aboveground_greenarea b_dist
Harv2 4.00000 59,381,207.50609 14,845,301.87652 9.99225 0.00000 aboveground_greenarea b_dist
Residuals4 134.00000 199,081,240.28441 1,485,680.89764 NA NA aboveground_greenarea b_dist
Geno4 4.00000 219,846,397.86896 54,961,599.46724 15.60576 0.00000 aboveground_greenarea b_sylv
I(Day_14"2)3 1.00000 24,060,407.68683 24,060.407.68683 6.83170 0.01005 aboveground_greenarea b_sylv
Harv3 4.00000 77,050,113.87350 19,262,528.46838 5.46939 0.00043 aboveground_greenarea b_sylv
Genol(Day_14/2)1 4.00000 33,700,623.60514 8,425,155.90129 2.39223 0.05412 aboveground_greenarea b_sylv
Residuals5 126.00000 443,756,646.65128 3,521,878.14803 NA NA aboveground_greenarea b_sylv
Geno5 4.00000 151,815.09343 37,953.77336 17.16469 0.00000 Shoot_Mass b_dist
I(Day_1472)4 1.00000 66.562.14458 66,562.14458 30.10291 0.00000 Shoot_Mass b_dist
Harv4 4.00000 102,805.02689 25,701.25672 11.62346 0.00000 Shoot_Mass b_dist
Residuals6 136.00000 300,716.87291 2.211.15348 NA NA Shoot_Mass b_dist
Geno6 4.00000 282,513.50822 70,628.37705 24.41054 0.00000 Shoot_Mass b_sylv
I(Day_14"2)5 1.00000 6,122.54739 6,122.54739 2.11607 0.14821 Shoot_Mass b_sylv
Harvs 4.00000 50,339.74373 12,584.93593 4.34960 0.00248 Shoot_Mass b_sylv
Residuals7 128.00000 370,349.46472 2,893.35519 NA NA Shoot_Mass b_sylv
Geno7 4.00000 52,681.25005 13,170.31251 23.75364 0.00000 Root_Mass b_dist
I(Day_14"2)6 1.00000 13,857.56690 13,857.56690 24.99316 0.00000 Root_Mass b_dist
ns(Day_14,df=2)5 2.00000 2,853.05835 1,426.52918 2.57285 0.08032 Root_Mass b_dist
Harv6 4.00000 6,739.85641 1,684.96410 3.03896 0.01976 Root_Mass b_dist
Genons(Day_14.df=2)1 8.00000 8,723.71652 1,090.46457 1.96673 0.05586 Root_Mass b_dist
Residuals8 126.00000 69.861.25916 554.45444 NA NA Root_Mass b_dist
Geno8 4.00000 176,944.42509 44.,236.10627 24.22780 0.00000 Root_Mass b_sylv
Residuals9 133.00000 242,836.80767 1,825.84066 NA NA Root_Mass b_sylv
Geno9 4.00000 2.81680 0.70420 36.70369 0.00000 Shoot_Root_Ratio b_dist
ns(Day_14,df=2)6 2.00000 0.15610 0.07805 4.06809 0.01925 Shoot_Root_Ratio b_dist
Harv7 4.00000 1.14490 0.28623 14.91840 0.00000 Shoot_Root_Ratio b_dist
Residuals10 135.00000 2.59012 0.01919 NA NA Shoot_Root_Ratio b_dist
Genol0 4.00000 2.15066 0.53767 58.14315 0.00000 Shoot_Root_Ratio b_sylv
I(Day_14"2)7 1.00000 0.04624 0.04624 5.00027 0.02713 Shoot_Root_Ratio b_sylv
Harv8 4.00000 0.38527 0.09632 10.41571 0.00000 Shoot_Root_Ratio b_sylv
Genol(Day_14/2)2 4.00000 0.13787 0.03447 3.72728 0.00671 Shoot_Root_Ratio b_sylv
Residuals11 124.00000 1.14666 0.00925 NA NA Shoot_Root_Ratio b_sylv
Genoll 4.00000 312,787.50625 78,196.87656 18.62845 0.00000 biomass b_dist
ns(Day_14,df=2)7 2.00000 147,377.96199 73,688.98099 17.55455 0.00000 biomass b_dist
Harv9 4.00000 145,877.82793 36,469.45698 8.68793 0.00000 biomass b_dist
Residuals12 135.00000 566,691.30055 4,197.71334 NA NA biomass b_dist
Genol2 4.00000 862,484.81413 215,621.20353 24.16680 0.00000 biomass b_sylv
Harv10 4.00000 98,371.42927 24,592.85732 2.75636 0.03065 biomass b_sylv
Residuals13 129.00000 1,150,964.71805 8,922.20712 NA NA biomass b_sylv
I(Day_14"2)8 1.00000 9,393.36268 9,393.36268 4.44262 0.03680 c_content b_dist
Residuals14 143.00000 302,355.81423 2,114.37632 NA NA c_content b_dist
Genol3 4.00000 16,887.94249 4,221.98562 4.20111 0.00314 c_content b_sylv
ns(Day_14.df=2)8 2.00000 3,997.44433 1,998.72217 1.98884 0.14106 c_content b_sylv
Residuals15 128.00000 128,635.92473 1,004.96816 NA NA c_content b_sylv
Genol4 4.00000 14.72235 3.68059 24.76573 0.00000 dl13c b_dist
I(Day_14/2)9 1.00000 4.81710 481710 32.41303 0.00000 d13c b_dist
Harvi1l 4.00000 7.60700 1.90175 12.79639 0.00000 d13c b_dist
Residuals16 135.00000 20.06317 0.14862 NA NA d13c b_dist
Genol5 4.00000 12.87800 3.21950 14.09960 0.00000 d13c b_sylv
ns(Day_14,df=2)9 2.00000 3.81605 1.90802 8.35607 0.00039 d13c b_sylv
Harv12 4.00000 25.16097 6.29024 27.54772 0.00000 d13c b_sylv
Residuals17 124.00000 28.31414 0.22834 NA NA dl3c b_sylv
Genol6 4.00000 332.26225 83.06556 8.93282 0.00000 n_content b_dist
I(Day_1472)10 1.00000 15.55323 15.55323 1.67259 0.19812 n_content b_dist
Harvi3 4.00000 139.69914 34.92478 3.75579 0.00626 n_content b_dist
Residuals18 135.00000 1,255.35355 9.29892 NA NA n_content b_dist
Genol7 4.00000 456.11421 114.02855 25.06977 0.00000 n_content b_sylv
ns(Day_14,df=2)10 2.00000 325.38436 162.69218 35.76872 0.00000 n_content b_sylv
Genons(Day_14,df=2)2 8.00000 14598218 18.24777 4.01187 0.00030 n_content b_sylv
Residuals19 120.00000 545.81385 4.54845 NA NA n_content b_sylv
Genol8 4.00000 14.25665 3.56416 5.34810 0.00050 d15n b_dist
ns(Day_14,df=2)11 2.00000 14.26839 7.13419 10.70500 0.00005 d15n b_dist
Harvi4 4.00000 21.75070 5.43768 8.15934 0.00001 d15n b_dist
Residuals20 134.00000 89.30239 0.66644 NA NA d15n b_dist
I(Day_1472)11 1.00000 17.12283 17.12283 32.60495 0.00000 d15n b_sylv
ns(Day_14,df=2)12 2.00000 2.16282 1.08141 2.05920 0.13179 d15n b_sylv
Harvls 4.00000 13.73616 3.43404 6.53903 0.00008 d15n b_sylv
Residuals21 127.00000 66.69536 0.52516 NA NA d15n b_sylv
Genol9 4.00000 434.41850 108.60463 18.40460 0.00000 c_n b_dist
I(Day_14/2)12 1.00000 79.87162 79.87162 13.53538 0.00034 c_n b_dist
Harv16 4.00000 75.29789 18.82447 3.19007 0.01537 c_n b_dist
Residuals22 135.00000 796.62842 5.90095 NA NA c_n b_dist
Geno20 4.00000 1,484.86836 371.21709 40.40652 0.00000 c_nb_sylv
I(Day_1472)13 1.00000 488.17121 488.17121 53.13683 0.00000 c_nb_sylv
Genol(Day_14/2)3 4.00000 90.41398 22.60349 2.46036 0.04877 c_nb_sylv

Residuals23 125.00000 1,148.38252 9.18706 NA NA c_nb_sylv
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Table S2
Selected model r-squared and AIC
values
trait sp 12 AIC
Relative_WC b_dist 0.644 809.716
Relative_WC b_sylv 0.460 725.960
SLA b_dist 0.698 851.463
SLA b_sylv 0.304 824.383

aboveground_greenarea b_dist 0.588 2,484.703
aboveground_greenarea b_sylv 0.444 2.522.983

Shoot_Mass b_dist 0.516 1.550.356
Shoot_Mass b_sylv 0.478 1,503.130
Root_Mass b_dist 0.548 1,357.246
Root_Mass b_sylv 0.422 1,434.886
Shoot_Root_Ratio b_dist 0.614 -150.328
Shoot_Root_Ratio b_sylv 0.703 -239.448
biomass b_dist 0.517 1,644.869
biomass b_sylv 0455 1,657.609
c_content b_dist 0.030 1,525.673
c_content b_sylv 0.140 1,325.141
di3c b_dist 0.575 146.704
di3c b_sylv 0.596 196.255
n_content b_dist 0.280 746.466
n_content b_sylv 0.630 603.709
dlsn b_dist 0.360 365.210
disn b_sylv 0331 305.920
cn b_dist 0.425 680.522
cn b_sylv 0.642 694.126

-
:
8
b
.r. ..*

Figure S1. Distributions of (a) B. distachyon and (b) B. sylvaticum reported on GBIF as of 2019.18.08. Examples of (c)
B. distachyon Carly Slawson (CC BY 4.0, https://www.inaturalist.org/photos/42532397) and (d) B. sylvaticum Grzegorz
Grzejszczak (CC BY-NC 4.0, https://www.inaturalist.org/photos/36088991) (GBIF.org (26 February 2020) GBIF Occurrence
Download https://doi.org/10.15468/d]l.rau5v9).
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Figure S2. Experimental design. Shown is the schema for each of the 10 genotypes.
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Figure S3. Settings used in Easy Leaf Area.

Harvest + Trait Measurement


https://doi.org/10.1101/2020.02.17.952853
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.17.952853; this version posted October 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

20 J. GREY MONROE'#, HAORAN CAI?, & DAVID L. DES MARAIS??

a g b s C 60
40

240 20 g%
> > >
o o o
o O 20 o

20

o
o

0

QO O OO0 D o O
LA S N $ Q

<
Pot dry (g) Pot saturated (g)
Figure S4. Variation in pot field capacity.

>
Pot max water (g)

S S O
PP A D


https://doi.org/10.1101/2020.02.17.952853
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.17.952853; this version posted October 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

FUNCTION-VALUED DROUGHT EXTREMES 21

25

PC2 (24%)
ﬁ
PC4 (11%)

-25 Sl R o ¥

-25 0.0 25 -25 0.0 25
PC1 (33%) PC3 (18%)
o
\ 06
0.3 Green Avea
d15n C content Shoot Mass Root Mass
3 w2
O 00 O
o o
0.0 Neconent 4157
03 —
Shoot Mass. Green Area
N content -0.3 © content SLA
-0.2 0.0 0.2 0.4 -0.50 -0.25 0.00 0.25 0.50
PCAL PCA3

Figure S5. Plasticity through multivariate trait space. Principal component analysis of scaled phenotypic responses to soil
moisture gradient among genotypes of both species. Upper panels show genotype means across soil moisture content. Percent
values in axis titles indicate percent variance explained by that principal component. Lower panels show eigenvectors of each
trait. (a) PC1 and PC2. (b) PC3 and PC4. B. sylvaticum is colored in orange and B. distachyon blue.
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