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Abstract

Biomass allocation in plants is the foundation for understanding dynamics in

ecosystem carbon balance, species competition, and plant–environment inter-

actions. However, existing work on plant allometry has mainly focused on

trees, with fewer studies having developed allometric equations for grasses.

Grasses with different life histories can vary in their carbon investment by pri-

oritizing the growth of specific organs to survive, outcompete co-occurring

plants, and ensure population persistence. Further, because grasses are impor-

tant fuels for wildfire, the lack of grass allocation data adds uncertainty to

process-based models that relate plant physiology to wildfire dynamics. To fill

this gap, we conducted a greenhouse experiment with 11 common California

grasses varying in photosynthetic pathway and growth form. We measured

plant sizes and harvested above- and belowground biomass throughout the life

cycle of annual species, while for the establishment stage of perennial grasses

to quantify allometric relationships for leaf, stem, and root biomass, as well as

plant height and canopy area. We used basal diameter as a reference measure

of plant size. Overall, basal diameter is the best predictor for leaf and stem bio-

mass, height, and canopy area. Including height as another predictor can

improve model accuracy in predicting leaf and stem biomass and canopy area.

Fine root biomass is a function of leaf biomass alone. Species vary in their allo-

metric relationships, with most variation occurring for plant height, canopy

area, and stem biomass. We further explored potential trade-offs in biomass

allocation across species between leaf and fine root, leaf and stem, and alloca-

tion to reproduction. Consistent with our expectation, we found that fast-

growing plants allocated a greater fraction to reproduction. Additionally, plant

height and specific leaf area negatively influenced the leaf-to-stem ratio. How-

ever, contrary to our hypothesis, there were no differences in root-to-leaf ratio

between perennial and annual or C4 and C3 plants. Our study provides

species-specific and functional-type-specific allometry equations for both

above- and belowground organs of 11 common California grass species,

enabling nondestructive biomass assessment in California grasslands. These

allometric relationships and trade-offs in carbon allocation across species can
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improve ecosystem model predictions of grassland species interactions and

environmental responses through differences in morphology.

KEYWORD S
California grass, grass allometry, growth form, photosynthetic pathway, plant strategy

INTRODUCTION

Size-dependent allocation of carbon to different plant
structures reflects the consequences of evolutionary and
ecological influences and links morphology to function
over a species’ life history. Allometric relationships thus
are important for understanding how species interact
with changing environments and coexisting plants and
the resulting impacts on community structure and eco-
system function (Bonser & Aarssen, 2003; Enquist et al.,
1999; Niklas, 2004; Weiner, 2004). Past plant allometry
studies have mainly focused on trees resulting in a now
large database of tree allometric equations (Falster et al.,
2015; Jucker et al., 2022), but relatively few studies have
developed allometric equations for grasses (Chieppa
et al., 2020; Irving, 2015; Mahood et al., 2021; Nafus
et al., 2009; Oliveras et al., 2014; Youkhana et al., 2017).
In addition to the lack of studies of grass allometry,
existing work on grass allometry has rarely examined
both aboveground and belowground components
throughout the life cycle of a species.

The relative proportion of carbon that plants invest in
building photosynthetic foliage, supporting structures,
and roots can vary according to their functional types
and strategies in coping with disturbances and competi-
tion with coexisting plants (McCarthy & Enquist, 2007;
Poorter et al., 2012; Shipley & Meziane, 2002). While
grasses and trees are two distinct groups in terms of allo-
metric relationships (Chieppa et al., 2020; Niklas, 2004),
variations in growth form (annual vs. perennial) and
photosynthetic pathway (C3 vs. C4) among grass species
can also lead to different strategies in carbon investment.
For instance, fast-growing annual species often mature
before the dry season in semiarid regions and produce a
large number of seeds that will germinate in the next wet
season to maintain their populations (de Ridder et al.,
1981; Veenendaal et al., 1996; Vico et al., 2016). In fire-
prone ecosystems, C4 perennial grasses are thought to
invest more in belowground carbon storage in order to
survive defoliation by fire through resprouting (Pausas &
Paula, 2020; Ripley et al., 2010). Increased root allocation
in perennial species can also help resist recurrent
drought events, enabling access to underground water by
deep roots (Canadell et al., 1996; Monti & Zatta, 2009;
Schenk & Jackson, 2002). While growing taller can be an

advantage for light competition, how to balance carbon
allocation between photosynthetic foliage and supporting
structures in order to achieve net carbon gain at the
whole-plant level can be a question of both light use effi-
ciency and leaf traits such as specific leaf area (SLA) and
leaf spatial arrangement (Anten & Hirose, 1998; Mensah
et al., 2016; Niinemets, 2010). The trade-offs in biomass
allocation to different structures and the association
between species’ allocation strategies can provide valu-
able insights into plant–environment interactions.

Understanding how plants allocate their carbon to
different structures is also crucial for projecting carbon
cycle dynamics into the future, yet it remains a particu-
larly large uncertainty in land models (De Kauwe et al.,
2014). Cohort-based or individual-based process models
such as vegetation demography models track the growth
of plants across their life cycles and, thus, treat allocation
as a function of allometric growth curves, which can vary
as a function of plant traits (Koven et al., 2020; Martínez
Cano et al., 2020; Moorcroft et al., 2001). In ecosystem
models where size-dependent allometric relationships are
not incorporated, knowing how plants vary in propor-
tional carbon investment to leaf, stem, and root are still
important for tracking carbon fluxes between different
carbon pools (Running & Gower, 1991). However, cur-
rent vegetation dynamic models and ecosystem models
have poorly constrained allometric models to parameter-
ize carbon allocation for grass functional types or apply
the same allometric relationships to different grass func-
tional types (e.g., C3 vs. C4 grass; Bonan et al., 2003; Clark
et al., 2011). Such misrepresentation of grass growth and
development can lead to poor model projections of the
future of the carbon cycle in response to changing cli-
mate and disturbance regimes in grassy ecosystems. This
is particularly the case for models that try to project
coupled fire and ecophysiological dynamics (Koven et al.,
2020; Medvigy et al., 2009; Sitch et al., 2003) since the
aboveground to belowground partitioning of grassland
net primary productivity is a key determinant of fuels for
wildfire. Therefore, empirical data quantifying size-
dependent biomass allocation processes for different spe-
cies and plant functional types are important for model
development and parameterization.

Grasslands and tree–grass savannas are important
ecosystems in semiarid regions such as California given
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their effects on regional fire regime and carbon and water
cycling. Due to the Mediterranean climate, where most
rainfall occurs in winter and early spring, these grassy eco-
systems in California mainly consist of cool-season C3

grasses, especially annual species from the Pooideae line-
age with Mediterranean origins (Stromberg et al., 2007).
Surrounding the central valley region are California’s C3

annual grasslands, in which Bromus spp., Avena spp., and
Distachyon spp. often dominate (Biswell, 1956; Stromberg
et al., 2007). In less disturbed areas, native C3 perennial
species such as Nassella pulchra, Elymus glaucus, and Poa
secunda can outcompete exotic annual species to have
higher ground covers (Bartolome & Gemmill, 1981;
Hobbs & Mooney, 1991; Seabloom et al., 2003; Stromberg
et al., 2007). Despite the dominant distributions of C3

grasses in California, C4 grasses are one of the main com-
munity components in the southern warm desert region
and occasionally in the valley floor grasslands (Stromberg
et al., 2007). Species including Sporobolus airoides and
Aristida purpurea are relatively common in these commu-
nities (Beetle, 1947; Stromberg et al., 2007).

In this work, we aimed to fill a gap in grass allometry
studies by collecting data on biomass growth rates in leaf,
stem, fine root, and reproductive tissues for 11 common
California grass species. By collecting biomass and plant
size data, we aimed to develop size-dependent allometric
equations for both carbon allocation and canopy architec-
ture by choosing the best independent variables for each
and testing if species and functional types vary significantly
in their allometric relationships. In addition, we examined
trade-offs in biomass allocation across species by determin-
ing the correlations between allometric parameters across
species and between these parameters and SLA. We further
examined how biomass allocation between root and leaf,
relative allocation to reproductive tissues, and the
partitioning between leaf and stem varied across species by
testing three hypotheses: (1) that perennial and C4 grasses
will have higher root-to-leaf carbon ratios than annual and
C3 grasses; (2) that fast-growing species will invest more
carbon in reproduction; and (3) that taller plants will have
lower leaf-to-stem ratios due to more carbon investment in
stem biomass rather than in leaf biomass as plant height
increases; SLA will also be negatively correlated with leaf-
to-stem ratio due to the lower amount of carbon required
for building the same leaf area per unit canopy area in
plants with broader and thinner leaves.

MATERIALS AND METHODS

We conducted a greenhouse experiment using seeds from
11 common California grass species that vary in both
photosynthetic pathway (C3 vs. C4) and growth form

(annual vs. perennial). We tracked species growth and
changes in allometry during the period March–October
2022 by measuring basal and canopy diameter and plant
height and periodically harvesting a subset of individuals
to quantify both aboveground and belowground biomass.
We then developed size-dependent allometric equations
by choosing the best predictors for each allometric rela-
tionship through model selection. Last, we built linear
mixed-effects models to test the three hypotheses.

Study species

We selected 11 grass species that (1) are common in Cali-
fornia ecosystems, including the valley, coastal, and
warm desert grasslands based on the distribution
and occurrence of each species according to Calflora
(https://www.calflora.org/search.html) and (2) had seed
available by request. Selected species varied in both pho-
tosynthetic pathway and growth form to represent differ-
ent potential functional types, with at least two species
for each combination (Table 1). Although C4 annual
grasses are minor components of California grasslands,
we decided to include this particular functional type as
the data can be useful to studies that focus on C4 annual
grass-dominant habitats. Seeds of each study species were
requested from the National Plant Germplasm System,
United States Department of Agriculture (https://www.
ars-grin.gov/npgs/), by primarily choosing collections

TABL E 1 Study grass species that vary in both photosynthetic

pathway and growth form.

Species
Photosynthetic

pathway
Growth
form

Avena barbata Pott ex Link C3 Annual

Brachypodium distachyon (L.)
P. Beauv.

C3 Annual

Bromus hordeaceus L. C3 Annual

Vulpia myuros (L.)
C. C. Gmel.

C3 Annual

Elymus glaucus Buckley C3 Perennial

Nassella pulchra (Hitchc.)
Barkworth

C3 Perennial

Aristida oligantha Michx. C4 Annual

Setaria pumila (Poir.) Roem.
and Schult.

C4 Annual

Aristida purpurea Nutt. C4 Perennial

Muhlenbergia rigens (Benth.)
Hitchc.

C4 Perennial

Sporobolus airoides (Torr.)
Torr.

C4 Perennial
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from California or other Mediterranean regions if the
Californian source was not available.

Greenhouse methods

Seeds were germinated on a flat tray without stratifica-
tion in mid-February 2022 at the Oxford greenhouse
facility at the University of California, Berkeley. All seeds
germinated within 2 weeks. Once seedlings reached a
minimum height of 5 cm, we transplanted 30 or 35 seed-
lings of each species into either nursery cones (7 cm
in diameter × 25.5 cm in depth) or deep pots (15 cm
in diameter × 42 cm in depth) with regular greenhouse
potting soil. We used nursery cones because of limited
greenhouse space. To minimize effects of small pots on
plant growth, we harvested all plants from nursery cones
within 1.5 months after potting. In total, we had 15 repli-
cates growing in nursery cones and 15–20 replicates
growing in large pots for each of our studied species.

We split our experimental plants evenly by species
into five blocks in the same room. All plants were ran-
domly placed on the workbench within each block and
relocated every other month throughout the course of the
experiment. We watered the plants frequently to main-
tain a moist soil surface during the wet months
(February–May) in California and changed watering fre-
quency to every other day in the dry season (June–
October) to reproduce potential effects of precipitation
seasonality on plant carbon allocation but also to ensure
the growth and survival of potted plants. Fertilizer,
100 ppm N 20-20-20 Ca(NO3)2, which is within the range
of field observations (Parker & Muller, 1982), was applied
once each month to all plants. Metal halide growth lights
with a 16-h photoperiod setting were applied for the
entire period.

All destructive measurements were made on
harvested plants, beginning in March 2022. We first
harvested plants growing in nursery cones. We measured
basal diameter by taking both the widest diameter and its
orthogonal diameter at the base of each plant. We used
the same method for canopy diameter measurements at
the top of each plant. We calculated canopy area using
the average canopy diameter by assuming that the shape
of each canopy was close to a circle. We measured plant
height as the distance between the soil surface and the
highest point of the plant under its natural resting condi-
tion, which included the inflorescence when it was pre-
sent. Following the size measurements, plants were
clipped at the soil surface and separated into leaf, stem,
and reproductive tissues, if any were present. We then
unearthed the root biomass and washed it in a large plas-
tic tub to carefully remove all soil particles and organic

debris. The biomass of each organ was bagged,
transported to the laboratory, oven-dried at 60�C for
3 days, and weighed. Our first harvest included all spe-
cies, with one replicate of each species per block being
randomly selected with five replicates per species each
time. As each species grew at different rates, measure-
ments after the first sampling were taken on different
species at different times in order to capture changes in
plant size and biomass allocation of each species during
the course of the experiment. We used the presence of
reproductive tissues, including flowers and seeds, to
define the end of the experiment for a species. Therefore,
we last sampled all annual species in mid-June 2022 and
finished sampling all perennial species in October 2022.
Two perennial species, M. rigens and N. pulchra, did not
produce any reproductive tissues by October 2022. For
annual grasses that only live for one growing season and
senesce after seed production, data collected during this
time period and the associated results thus refer to the
entire life cycle of the studied annual species but may
only represent the early life stage of the studied perennial
grasses. In addition to size and biomass measurements,
we also measured SLA by taking one fully expanded leaf
from five randomly selected individuals of each species
during mid-May in 2022. Leaf samples were collected on
the same day for all studied species, with sampled indi-
viduals varied in the status of sexual maturity, but all
plants were actively growing with no sign of senescence.
We scanned each leaf using a flatbed scanner at a fixed
resolution and size, then calculated leaf area using
ImageJ (Abràmoff et al., 2004). The leaf sample was then
oven-dried and weighed for biomass measurement. Mea-
sured SLA was then averaged to estimate species-level
mean SLA.

Data analysis

We assumed a power law relationship to build the allo-
metric equations for leaf, stem, and root biomass and
canopy architecture, including plant height and canopy
area (West et al., 1997). To calculate both the exponent
and coefficient of each equation, we fit linear regressions
using natural log-transformed plant biomass and size
data. To select the best model and determine species dif-
ferences in allometric relationships, we compared models
that included species as another independent variable
along with basal diameter and/or height to ones without
species, using the Akaike information criterion
(Bozdogan, 1987). For fine root allometry, both plant size
and leaf biomass were included as candidate predictors
(Chen et al., 2019). When both plant basal diameter and
height were included in the regression, we did not
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include an interaction term between the two, since
including the interaction improved adjusted R2 by only
1% in all cases. Therefore, we dropped such interaction
effects in favor of model parsimony. For allometric rela-
tionships with significant species differences, we then fit
another linear regression model using the structure of
the best model selected but including photosynthetic type
and growth form instead of species to further determine
whether allometric relationships generalized by grass
functional types were better than those resolved by spe-
cies. We did not include the interaction between photo-
synthetic type and growth form, as there were only two
species in the C4 annual and C3 perennial functional
groups. Allometry equations are reported according to
the model selection results: (1) species-specific allometric
equations using species-level data if the species effect was
significant or generalized grass allometric equations
using the entire data set otherwise and (2) functional-
type-specific allometric equations using data grouped by
photosynthetic type and growth form if the effects of
functional group were significant and the model was bet-
ter than the species-specific model. We corrected the
intercept term of each linear regression for error due to
log-transformation of the data (Mascaro et al., 2011;
Sprugel, 1983). The slope of each predictor and the
corrected intercept term were then used as the exponent
associated with the corresponding predictor and the coef-
ficient of the allometry equation, respectively. To explore
how species-specific allometric relationships correlated
with one another and with SLA, we created a Pearson
correlation matrix for the traits, including the exponents
and coefficients for each allometric relationship and SLA,
and calculated the significance of each correlation.

To test the three hypotheses, we fit a linear mixed-
effects model for each. To determine whether perennial
and C4 grasses allocated more biomass to belowground
tissue for a given amount of leaf carbon than annual or
C3 grasses do, we included the root-to-leaf ratio as the
dependent variable and the photosynthetic pathway and
growth form as two fixed effect variables with no interac-
tion between the two. To test whether fast-growing spe-
cies invested more in reproduction, we included only
growth rate as the fixed effect and reproduction invest-
ment as the dependent variable. We calculated growth
rate by fitting a linear model with log-transformed total
biomass as the dependent variable and time as the inde-
pendent variable for each species. We then used the slope
of each linear regression as the species growth rate.
Reproductive investment is calculated by dividing repro-
ductive biomass by total biomass (aboveground plus
belowground biomass), to control for plant size effects.
Finally, to test whether the leaf-to-stem ratio was
inversely related to plant height and SLA, we built a

linear mixed-effects model including both plant
height and species-level mean SLA as fixed effects and
leaf-to-stem ratio as the dependent variable. A two-way
interaction term was included. For all three linear mixed-
effects models, we included species as the random term
to account for the potential effects of unmeasured
species-specific traits.

We performed all data analysis using R (R Core
Team, 2019). All mixed-effects models were built with
the lme4 package (Bates et al., 2015). We examined the
significance of fixed effects using the “Anova()” function
in the car package (Fox et al., 2013). To test hypotheses
with interaction effects, we calculated type 3 sums of
squares; type 2 sums of squares were calculated otherwise
(Hector et al., 2010; Shaw & Mitchell-Olds, 1993). We
estimated approximate df and p-values using the
Kenward–Roger approximation to avoid unacceptable
type I errors (Luke, 2017).

RESULTS

The selected best model for allometric relationships dif-
fered between belowground and aboveground structures.
The best single predictor for leaf and stem biomass, plant
height, and canopy area was plant basal diameter.
Including plant height as a second predictor improved
model performance for leaf and stem biomass and can-
opy area (Figure 1 and Appendix S1: Table S1). In con-
trast, the best independent variable selected for fine root
biomass was leaf biomass, indicating that carbon invest-
ment in belowground growth was proportional to that of
photosynthetic tissues. In addition, models in which spe-
cies identity was included as another variable to account
for species-specific effects were better than models with-
out species as one of the predictors in all cases
(Appendix S1: Table S1). Therefore, we developed
species-specific allometric relationships for leaf, stem,
and root biomass, plant height, and canopy area
(Tables 2 and 3). Although the models that included pho-
tosynthetic type and growth form were not better than
species-specific models, we still developed allometric
equations for each of the four functional types and for
the most general allometric relationships across all spe-
cies for two reasons: (1) the effects of photosynthetic type
and/or growth form were significant and (2) these
functional-type-specific allometric relationships are
needed for vegetation demography models when they do
not resolve individual species and, thus, can be of interest
to other studies (Tables 2 and 3). Moreover, as canopy
cover and plant height are easier to measure than basal
diameter in field surveys or can be estimated via remote
sensing technology at large spatial scales, allometry
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equations including canopy area and plant height are
also provided (Appendix S1: Table S2) to facilitate bio-
mass estimation at broader scales.

The trade-offs in biomass allocation across species
were complicated, with both positive and negative corre-
lations found (Figure 2). Exponents and coefficients for
leaf and stem biomass allometries were positively corre-
lated across species, suggesting that carbon investment in
foliage and supporting structures changed in a similar
way in response to changes in plant size. Negative
correlations were found between leaf biomass and stem
biomass allometry, canopy area and height allometry,
and fine root biomass and canopy area allometry, indicat-
ing trade-offs. These relationships showed that exponents
associated with basal diameter for stem allometry were
negatively correlated with coefficients of leaf allometry;
that species with larger exponents associated with height
and coefficients for canopy area allometry tended to have

lower exponents for basal-diameter-dependent height
allometry; and that a larger coefficient for fine root
allometry often suggested a smaller coefficient for canopy
area allometry of the species. Within allometric equa-
tions, exponents associated with height for stem and leaf
biomass and canopy area allometry and exponent associ-
ated with leaf biomass for fine root allometry were posi-
tively correlated with the corresponding coefficients,
respectively. This correlation was much stronger for fine
root and leaf biomass allometry than for stem biomass
and canopy area allometry. Moreover, species having a
larger exponent associated with height and a larger coef-
ficient tended to have a smaller exponent associated with
basal diameter for its leaf allometry.

The results of the linear mixed-effects models
suggested the rejection of the first hypothesis that peren-
nial and C4 grasses tend to have higher root-to-leaf
ratios than annual and C3 grasses. Instead, we found no

F I GURE 1 Best predictors in each allometric relationship and variations in allometric relationships across 11 grass species. Points are

original observations; lines are best-fit linear models. Points and lines are both color-coded by species. For leaf biomass, stem biomass, and

canopy area, both basal diameter and height were included as predictors (Table 2). We thus used different shapes to visualize the effects of

height using cutoff values to group height into three groups: short (height ≤0.165 m), medium (0.165 m < height ≤0.406 m), and tall

(height >0.406 m). Cutoff values were chosen to ensure each group has a similar number of plant individuals. Height was included as a

continuous variable in the model.
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difference in the root-to-leaf ratios between functional
types (Figure 3 and Appendix S1: Table S3). As expected
in the second hypothesis, there was a positive effect of

species growth rate on proportional reproduction alloca-
tion (Figure 4 and Appendix S1: Table S4). Also, consis-
tent with the third hypothesis, we found negative

TAB L E 2 Species-specific and functional-type-specific allometric equation for leaf, stem, and root biomass of studied grass species.

Species/PFT Leaf biomass (kg) Stem biomass (kg) Root biomass (kg)

Avena barbata 0.0013616179 × bd0.9632224 × hgt0.7695094 0.0018430602 × bd0.9188281 × hgt1.4638936 0.6145165 × leaf0.8924402

Aristida oligantha 0.0011134586 × bd1.2979848 × hgt1.1237133 0.0059751386 × bd2.0865629 × hgt1.6162808 0.4127416 × leaf0.8708756

Aristida purpurea 0.0001699565 × bd2.4627071 × hgt−0.1000366 0.0003542401 × bd2.0669758 × hgt0.7826914 1.3998147 × leaf0.9887286

Brachypodium
distachyon

0.0017642697 × bd1.0823284 × hgt1.0078166 0.0117671970 × bd1.0510878 × hgt2.2098905 0.6920349 × leaf0.9400956

Bromus hordeaceus 0.0010856761 × bd1.4757366 × hgt0.7545222 0.0009265308 × bd1.5573795 × hgt1.3254468 0.8690024 × leaf0.9597882

Elymus glaucus 0.0003452391 × bd1.3573965 × hgt0.2883154 0.0015066543 × bd1.3824217 × hgt1.4991645 2.8875124 × leaf1.0454835

Muhlenbergia rigens 0.0073154333 × bd1.1105775 × hgt2.3644061 0.0077778084 × bd1.0404906 × hgt2.4904269 1.0004837 × leaf0.9811488

Nassella pulchra 0.0014412579 × bd1.5889337 × hgt1.1031745 0.0008209071 × bd1.2950947 × hgt1.3740156 0.7845209 × leaf0.9599259

Sporobolus airoides 0.0006953617 × bd1.4411525 × hgt1.2956815 0.0013878175 × bd1.2705902 × hgt2.0754241 1.6598366 × leaf1.0168490

Setaria pumila 0.0024560125 × bd0.9937094 × hgt1.3501222 0.0029060531 × bd1.2559667 × hgt1.8889166 1.5087865 × leaf1.0016670

Vulpia myuros 0.0002713855 × bd2.1743119 × hgt0.2854919 0.0029818582 × bd1.6266470 × hgt1.9410848 0.3899739 × leaf0.8474375

C3 annual grass 0.0005851419 × bd1.569265 × hgt0.4954871 0.00103039 × bd1.614535 × hgt1.209238 0.6032279 × leaf0.9077466

C3 perennial grass 0.0001848569 × bd2.063426 × hgt−0.1716052 0.00140364 × bd1.572202 × hgt1.536391 0.8548639 × leaf0.9187837

C4 annual grass 0.0016160522 × bd1.30174 × hgt1.282181 0.004138626 × bd1.482047 × hgt1.810899 1.3178439 × leaf0.9905364

C4 perennial grass 0.0004260698 × bd1.981073 × hgt0.255733 0.001124235 × bd1.611751 × hgt1.269692 1.4337324 × leaf1.0034105

Generalized grass 0.0006890597 × bd1.669976 × hgt0.5895024 0.001809336 × bd1.507866 × hgt1.480002 1.033965 × leaf0.9654983

Note: All coefficients were corrected for error that is due to log transformation of the data.
Abbreviations: bd, basal diameter (in centimeters); hgt, height (in meters); leaf, leaf biomass (in kilograms).

TAB L E 3 Species-specific and functional-type-specific allometric equation for canopy architecture of studied grass species.

Species/PFT Canopy area (m2) Height (m)

Avena barbata 0.04514152 × bd1.1733757 × hgt0.1345857 0.08811922 × bd1.4651031

Aristida oligantha 1.13077752 × bd1.5347793 × hgt1.2594413 0.36481456 × bd0.4515522

Aristida purpurea 0.26502260 × bd0.8960342 × hgt0.9815189 0.20401990 × bd0.3734491

Brachypodium distachyon 0.20612150 × bd0.7844884 × hgt1.2328798 0.12812118 × bd0.5109920

Bromus hordeaceus 0.20742634 × bd0.6398081 × hgt1.1070299 0.12966407 × bd0.3531690

Elymus glaucus 0.17841370 × bd0.9941569 × hgt0.6546150 0.27203321 × bd0.6946629

Muhlenbergia rigens 0.65598468 × bd0.6927433 × hgt1.9273278 0.32349678 × bd0.3596250

Nassella pulchra 1.11711962 × bd0.2636253 × hgt1.9180868 0.18642472 × bd0.4827293

Sporobolus airoides 0.01025025 × bd2.0454243 × hgt−0.8063971 0.27771970 × bd0.5494034

Setaria pumila 0.15005544 × bd0.6391970 × hgt0.6066071 0.42498205 × bd0.6573687

Vulpia myuros 0.27128106 × bd0.5265581 × hgt1.0404903 0.18469213 × bd0.5201388

C3 annual grass 0.12826361 × bd0.7134629 × hgt0.7576721 0.1476171 × bd0.6995105

C3 perennial grass 0.23702483 × bd0.72682 × hgt0.9459644 0.2329925 × bd0.619077

C4 annual grass 0.25749493 × bd1.0866763 × hgt0.5700335 0.4204882 × bd0.5194908

C4 perennial grass 0.06669907 × bd1.3043469 × hgt0.2002879 0.2776634 × bd0.4176197

Generalized grass 0.191594 × bd0.8377013 × hgt0.8555644 0.2717316 × bd0.4532469

Note: All coefficients were corrected for error that is due to log transformation of the data.
Abbreviations: bd, basal diameter (in centimeters); hgt, height (in meters).
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correlations between the leaf-to-stem ratio and plant
traits including plant height and SLA. The negative effect
of plant height on the leaf-to-stem ratio was much stron-
ger for plants with larger SLA, a negative interaction
effect between the two plant traits on the leaf-to-stem
ratio (Figure 5 and Appendix S1: Table S5).

DISCUSSION

We developed allometric equations of leaf, stem, and root
biomass, plant height, and canopy area for 11 common
California grasses and tested the generality of each allo-
metric relationship by examining species and functional
type effects. The results demonstrated that both basal
diameter and plant height were important size measure-
ments for predicting changes in biomass allocation
throughout the life cycle of annual grasses and during
the early life stage of perennials, which is consistent with
previous studies (Alamgir & Al-Amin, 2008; Guevara
et al., 2002; Kenzo et al., 2022; Nafus et al., 2009; Oliveras
et al., 2014). While species varied in their allometric rela-
tionships, species differences mainly occurred in canopy
architecture including plant height, canopy area, and

stem biomass allocation, with both leaf and fine root allo-
cation being relatively well conserved across species
(Figure 1; also, see Garnier, 1992; Poorter et al., 2012).
Such patterns are likely due to the large variation in plant
height and the intrinsic correlation between height, can-
opy area, and stem biomass: An increase in height
reflects the elongation in the stem, which in turn leads to
a spreading, larger canopy, since grass stems are not as
rigid as those of woody plants (Table 2). In addition to
species variation in height, variations in tillering pattern
can also contribute to changes in stem biomass allocation
and canopy area (Nelson & Moore, 2020). For instance,
A. oligantha has a height similar to or shorter than that

F I GURE 2 Correlations among allometric parameters and

with specific leaf area across species. Significant correlations with

p < 0.05 are marked with asterisk. Stembd-exp: exponent associated

with basal diameter for stem biomass allometry; Stemhgt-exp:

exponent associated with height for stem biomass allometry;

Stemcoef: coefficient for stem biomass allometry. H: height; Frt: fine

root; CanA: canopy area. All other abbreviations in this figure

follow the same labeling pattern as for stem biomass allometry.

F I GURE 3 Root-to-leaf ratio comparison between annual and

perennial and C3 and C4 grasses. The extreme value of >10 was

from a seedling of Aristida oligantha. As a reference, the mean root-

to-leaf ratio of C3 annuals is 1.12.

F I GURE 4 Relationships between total biomass growth rate

and reproductive allocation. Line is best-fit model. Points are mean

proportion allocated to reproduction by species, and bars are ± one

SE. Species are color-coded by their growth form.
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of S. pumila at a basal diameter less than 4.0 cm
(Appendix S1: Figure S1). However, both stem biomass
and canopy area of A. oligantha were greater than those
of S. pumila (Figure 1b,d). This inconsistency in size-
dependent structure change may be due to the large
number of fine tillers in A. oligantha compared to the few
but wider tillers in S. pumila (personal observation),
especially when those fine tillers mainly expanded hori-
zontally instead of occupying the vertical space
(Appendix S1: Figure S2). The tillering pattern can also
contribute to species variations in leaf biomass allocation.
With more fine tillers, species such as A. purpurea tended
to have a higher leaf biomass allocation, even though
they were shorter in height compared to species such as
A. barbata (Figure 1).

The best-conserved allometric relationship across spe-
cies was the fine root allocation; most species maintained
a relatively constant carbon partition between their
leaves and roots as the plant size changed, as indicated
by an exponent that was close to one (Table 2) (Chen
et al., 2019; Poorter et al., 2012). Therefore, an isometric
or nearly isometric scaling between leaf and fine root bio-
mass can be used to simplify the prediction of root devel-
opment in grass functional types such as C4 annuals
(scaling exponent between leaf and root biomass is 0.99
(Table 2)). However, the observation period was rela-
tively short for perennial grasses in our work. Also,
perennials can have more belowground biomass alloca-
tion later during their life due to ontogenetic drift and
change in growing conditions (Geng et al., 2007; Pitelka,

1977; Poorter et al., 2015), shifting the scaling exponent
as plants grow older.

Trade-offs in carbon allocation patterns across spe-
cies, as demonstrated by negative correlations between
allometric parameters, suggest that these grasses priori-
tize investments in different structures to compete for
resources such as space, light, and nutrients (Blanchard
et al., 2016; McCarthy & Enquist, 2007; Poorter et al.,
2012; Schenk & Jackson, 2002; White et al., 2012). For
instance, the exponent of the basal diameter-dependent
height allometry was negatively correlated with both
the exponent associated with height and the coefficient
for canopy area allometry (Figure 2), which suggests
that when growth in height was large for a given change
in basal diameter, the plants tended to have smaller can-
opy area (Poorter et al., 2006) and, thus, a strategy to
grow taller rather than wider to occupy the canopy layer
(Archibald & Bond, 2003; Blanchard et al., 2016). In
addition, species with a larger exponent for basal-
diameter-dependent stem biomass allometry had a
smaller coefficient for leaf biomass allometry,
suggesting that seedlings with less leaf biomass tended
to have more allocation to stem biomass per unit change
in basal diameter. Moreover, seedlings with a larger
belowground root allocation had a narrower canopy,
reflecting a trade-off between root and canopy struc-
tures at an early stage. Within the same allometric equa-
tion, a negative correlation between exponents
associated with different predictors can indicate the
main variable that drives the growth of the
corresponding organ. For instance, a larger exponent
associated with height and a larger coefficient often
corresponded to a smaller exponent associated with
basal diameter in leaf allometry across species. Such
negative correlations suggest that increases in leaf bio-
mass were mainly determined by an increase in height
rather than an increase in basal diameter if their seed-
lings started with a larger leaf biomass. A potential
explanation of this is the continuous growth in plant
height at the later stage of development once basal
diameter reached a threshold size and tillering ceased.
For example, A. barbata has a unique canopy architec-
ture with mostly short tillers centered around a few
main stems at the base of the plant. Leaves of A. barbata
seedlings were relatively larger in comparison to most of
the other species. During the later stage of plant devel-
opment in A. barbata, only the main stems continued to
grow into the vertical space and contribute to increase
in leaf biomass.

When the growth of two different organs is intrinsi-
cally linked with one another, a positive correlation
between each parameter of the two allometric relation-
ships is present. For instance, the positive correlations

F I GURE 5 Relationships between leaf-to-stem ratio and

specific leaf area (SLA) and plant height. Points are original

observations, and lines are best-fit models. Points and lines are

color-coded by plant height. Height was included as a continuous

variable in the model, but in order to visualize the height effect on

the leaf-to-stem ratio, we grouped plants into three height

categories: short (height ≤0.165 m), medium (0.165 < height

≤0.406 m), and tall (height >0.406 m). Cutoff values were chosen to

ensure each group has a similar number of individuals. Species

mean SLA is plotted on the X-axis.
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between leaf and stem allometric parameters as a func-
tion of both basal diameter and height suggests that an
increase in tiller numbers, which expanded basal diame-
ter, and height resulted in an increase in both leaf and
stem biomass simultaneously, as the growth of both
height and tillers involved the development of both leaf
and stem (Ackerly & Donoghue, 1998; Xiang et al., 2009).
We also found positive correlations within the same allo-
metric equation between the exponent and coefficient in
fine root allometry as a function of leaf biomass and
between exponents associated with height and the coeffi-
cients in leaf, stem, and canopy area allometry. The for-
mer indicates that species that had higher allocation to
roots at an early stage also tended to increase their root
biomass per unit leaf biomass more rapidly over their life
cycle, meaning a starter effect. The latter indicates that
species starting at larger leaf and stem biomass and can-
opy area often tended to invest more carbon in growing
leaf and stem and building a wider canopy as per unit
change in height.

Contrary to our hypothesis, we did not find greater
belowground allocation per unit leaf biomass in C4 and
perennial grasses compared to C3 and annual species
(Figure 3). While this is consistent with some previous
findings (Garnier, 1992; Pitelka, 1977; Poorter et al.,
2015), there is also a large body of work showing more
extensive root systems in C4 or perennial plants
(DuPont et al., 2014; Holmes & Rice, 1996; Taylor et al.,
2010). Despite the contrasting patterns documented, the
result we observed here can be due to the fact that over
the course of our short experiment, it is impossible to
observe a significant deviation in root-to-leaf ratios
between annual and perennial functional groups, espe-
cially when all plants were regularly watered and fertil-
ized. It is also important to point out that with the small
number of species we have here, difference between
functional groups may not be detectable, so further evi-
dence is required.

As expected, fast-growing species invested more car-
bon in reproduction, and this positive effect of growth
rate on reproductive allocation was driven mainly by
annual species (Figure 4 and Brock, 1983; Pitelka, 1977;
Wilson & Thompson, 1989), supporting the foregoing
hypothesis. Having an annual life history strategy is a
known strategy to avoid stresses such as drought
(Fern�andez Ales et al., 1993; Sherrard & Maherali, 2006;
Volis et al., 2002). Annual plants usually grow at a higher
rate than coexisting perennial species, so that they can
reach a reproductive stage earlier and produce a large
number of seeds before the dry season starts. A greater
allocation to seed production allows for persistence and
even expansion of their populations in the local commu-
nity (Veenendaal et al., 1996; Volis et al., 2002). Although

not all perennial grasses reproduced during our experi-
ment, past work shows generally lower reproductive allo-
cations in perennial grasses compared to annual grasses
(Wilson & Thompson, 1989). We thus believe this posi-
tive correlation between growth rate and reproductive
allocation holds true for studied species even with limited
data from perennial species.

Finally, in keeping with our hypothesis, as plants
grew taller and for species with higher SLA, less carbon
was allocated to leaves than to stems, and such negative
effects of plant height on the leaf-to-stem ratio was
stronger in plants with higher SLA (Figure 5). Since
height was defined as the distance between the soil sur-
face and the highest point a plant can reach, an increase
in height should require more support structure rather
than leaves and, therefore, a decreased leaf-to-stem
ratio. The negative effect of SLA and its interaction with
plant height to further reduce the leaf-to-stem ratio
could be a result of the reduced carbon demand to fill a
unit canopy area when SLA is large. However,
unmeasured traits such as light use efficiency and leaf
spatial arrangement may also affect carbon partitioning
between photosynthetic tissues and support structures
(Niinemets, 2010).

Our study provides allometry equations for leaf, stem,
and root biomass, plant height, and canopy area for
11 common California grasses; it is also the first work to
determine allometric relationships for both aboveground
and belowground components of each species. With
species-specific allometry equations, it is now possible to
estimate both the aboveground and belowground bio-
mass of California grasslands or other Mediterranean
grasslands with similar species composition without
performing destructive measurements. It also helps better
understand the growth and development in grass species,
which can improve model accuracy in representing car-
bon allocation. In particular, we show that allometric
relationships based on a plant’s basal diameter is a robust
method for understanding plant growth over the life
cycle and early life stage of annual and perennial species,
respectively, and this supports the use of basal diameter
as the basic index of plant size for grasses in vegetation
demographic models, just as stem diameter at breast
height is widely used as an index of plant size for trees in
such models. Both species and plant functional type had
significant effects on allometric relationships, but varia-
tions were relatively subtle in leaf and root allometry.
Instead of using species-specific allometry for leaf and
root, usage of more generalized functional type allometric
equations is reasonable in vegetation demographic
models, in particular for root allometry. To choose
between species-specific and functional-type-specific allo-
metric equations for stem biomass, height, and canopy
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area, modelers should consider both the scale of the
study and the dominant species in the study region: At
the site level species composition can be simpler than
that at the regional level, and species-specific allometry
of the dominant species can be applied, while for regional
studies, generalized functional-type allometry of the
dominant function type in the region is better for
representing the average growth and development of dif-
ferent grass species that belong to the same functional
group. Lastly, the trade-offs in biomass allocation that we
explored here shed light on understanding plant–
environment interactions and species competition by
defining different plant strategies according to reproduc-
tion and water and light competition. Future work with
more species to account for potential phylogenetic effects
on grass allometric relationships (Ackerly & Donoghue,
1998; Griffith et al., 2020) and a longer observation period
with field data is required to further confirm the results
we observed here. In addition, studies to quantify the
response of carbon allocation to changes in environmen-
tal factors such as nutrients, precipitation, and CO2 in
observations combined with model simulations at larger
spatial and temporal scales can help better understand
future ecosystem dynamics under global change.
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