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The loss of plant productivity with declining diversity is well established, exceeding other
global change drivers including drought. These patterns are most clearly established for
aboveground productivity, it remains poorly understood whether productivity increases
associated with diversity are replicated belowground. To address this gap, we
established a plant diversity-manipulation experiment in 2018. It is a full factorial
manipulation of plant species richness and community composition, and
precipitation. Three and five years post-establishment, two bulk soil cores (20cm
depth) were collected and composited from each plot and were processed for roots
to determine belowground biomass as root standing crop. We observed a strong
positive relationship between richness and aboveground production and belowground
biomass, generating positive combined above and belowground with diversity. Root
standing crop increased 1.4-fold from years three to five. Grass communities produced
more root biomass (monoculture mean 463.9 + 410.3g m~2), and the magnitude of the
relationship between richness and root standing crop was greatest within those
communities. Legume communities produced the fewest roots (monoculture mean
212.2 +155.1gm™?), and belowground standing crop was not affected by diversity. Root
standing crops in year three were 1.8 times higher under low precipitation conditions,
while in year five we observed comparable root standing crops between precipitation
treatments. Plant family was a strong mediator of increased belowground biomass
observed with diversity, with single family grass and aster families generating 1.7 times
greater root standing crops in six compared to single species communities, relationships
between diversity and aboveground production were consistently observed in both
single-family and multiple family communities. Diverse communities with species from
multiple families generated only 1.3 times the root standing crop compared to
monoculture average root biomass. We surprisingly observe diverse single family
communities can generate increases in root standing crops that exceed those
generated by diverse multiple family communities, highlighting the importance of
plant richness within plant family for a given community. These patterns have
potential implications for understanding the interactions of multiple global change
drivers as changes in both precipitation and plant community composition do alter
whether plant production aboveground is translated belowground biomass.
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Introduction

The loss of plant diversity globally is a challenge facing
humanity (Rockstrom et al., 2009). Yet, how multiple global
change drivers, specifically drought and diversity loss, interact to
effect productivity remails poorly understood. The implications of
plant diversity loss on aboveground plant productivity are well
established (Tilman et al., 1997; Hector et al., 1999; Reich et al.,
2012; Tilman et al., 2014; Wagg et al.,, 2022), and generally exceed
drought effects (Rockstrom et al., 2009; Tilman et al., 2014). For
example, a reduction in plant species from 16 to 1 can result in a
reduction in biomass that is four times greater than effects observed
with drought. Yet, these patterns describe aboveground effects,
representing only a portion of total plant production. A
community’s resistance to and ability to recover from altered
precipitation is thought to depend upon plant species richness
and composition (van Ruijven and Berendse, 2010; Isbell et al.,
2015; Skelton et al., 2015), but again these studies focus heavily on
aboveground production. Thus, understanding when aboveground
patterns are reflective of those occurring belowground is necessary
for understanding the implications of interacting global change
drivers, i.e. plant diversity loss and drought.

Diversity effects on root biomass likely depend on the identity of
the plants that comprise communities, i.e. defining which plant
functional groups are present. Plants utilize different rooting
strategies often corresponding with their functional groups and the
traits they exhibit to acquire resources. For instance, some plants root
deeply, while others invest heavily in shallow root systems (Mueller
et al,, 2013; Carmona et al,, 2021). Some plants utilize their rooting
systems to form symbiotic relationships with microbes, exchanging C
for access to limiting resources, e.g. phosphorus or nitrogen (Reynolds
etal, 2003; Vitousek et al., 2013), while others stimulate the activity of
free living rhizosphere microbes or directly scavenge soil resources via
root exudation (Phillips et al., 2011; de Vries et al,, 2019). Experiments
exploring the role of plant species richness in determining
belowground biomass suggest plant functional group diversity
governs root production increases observed with richness (Gastine
et al., 2003; Mueller et al., 2013; Prommer et al., 2020; Furey and
Tilman, 2021). For example, synergistic effects on belowground
biomass have been observed when communities include C, grasses
and legumes (Fornara et al., 2009; Mueller et al., 2013; Yang et al.,
2019). Grasses with C, photosynthetic strategies often invest heavily in
fine roots (Carmona et al,, 2021), while legumes are capable of
increasing access to nitrogen (N) (Vitousek et al., 2013) by forming
symbiotic relationships with rhizobia (Zahran, 2001). However,
disentangling the effects of richness and community composition on
belowground biomass has been challenging (Gastine et al., 2003;
Fornara et al., 2009; Mueller et al.,, 2013; Yang et al., 2019; Prommer
et al., 2020; Furey and Tilman, 2021), as the longest running
biodiversity experiments do not independently manipulate both the
number of species and plant composition.

Furthermore, how belowground biomass responds to altered
precipitation is likely determined by plant community composition,
as plant species have different responses to drought and overwatering.
Across regional and global scales, belowground production tends to
increase with precipitation (Wu etal,, 2011; Kangetal,, 2013; Duetal,,
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2020). However, these patterns are inconsistent, and we only
sometimes observe in manipulative experiments increased root
biomass with precipitation (Xu et al., 2012; Evans and Burke, 2013).
In many cases belowground biomass does not change (Sindhoj et al,,
2000; Byrne et al., 2013; Flanagan et al., 2013; Denton et al., 2017), or is
higher in communities experiencing drought (Wilcox etal., 2016; Slette
et al,, 2022). Environmental conditions, e.g. depth to the water table
(Fanetal, 2017), canalter the rooting strategies of plants. Additionally,
plant functional group and community composition may likewise
determine these outcomes. For example, the presence of deep-rooted
plants can increase soil moisture higher in soil profiles, alleviating
stressful conditions for neighbors generating increased belowground
production with diversity in systems experiencing drought (Horton
and Hart, 1998; Pang et al, 2013). This represents an unexplored
potential mediator of plant responses to diversity. Manipulative
experiments evaluating potential interactive effects of drought, plant
diversity, and community composition on belowground biomass are
rare. While few studies have explored the interaction between drought,
plant community composition, and diversity on root biomass, it has
been observed that less abundant species can generate increased root
biomass with drought (Slette et al, 2022). This suggests that
community composition could govern belowground biomass
responses to diversity with altered precipitation.

While diversity can generate increased belowground biomass, it
remains unclear how changes in environmental conditions, such as
altered precipitation regimes, and plant community composition
effect these outcomes. We sought to determine whether
aboveground production benefits from plant diversity are
similarly observed in belowground biomass. Specifically, we asked
whether plant community composition and precipitation interact
with each other and plant diversity to effect root standing crops
three and five years after plant establishment. To address this, we
established a grassland rainfall and diversity manipulation
experiment, that independently alters both plant richness and
community composition, by selecting species for mixtures from
the same or multiple families. This experimental design can
uniquely disentangle the role plant diversity and functional group
may independently play in generating benefits from diversity. We
might expect aboveground production benefits from richness will
be replicated by root biomass belowground, and those patterns will
be greatest in families including both legumes and C, grasses
(Fornara et al., 2009; Mueller et al., 2013; Yang et al, 2019).
Furthermore, we might expect root biomass will increase with
precipitation, as has been observed in meta-analyses across
regional and global scales (Wu et al., 2011; Kang et al., 2013; Du
et al., 2020), but whether belowground root biomass responses to
biodiversity increase with precipitation is unknown.

Methods
Experimental design
In spring 2018, we established an experiment manipulating

Rainfall and Diversity (RaD) at the University of Kansas (KU) Field
Station (39.05°N, 95.19°W, Jefferson Co., KS) on lands previously
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cropped and pastured (1870-1970), that since have been left fallow.
Prior to 1870, this location was a tallgrass prairie with no recorded
woody vegetation (Kettle et al., 2000). After 1970, the site was
dominated by cool-season non-native plants (a mix of Tall Fescue
and Smooth Brome), before the community transitioned to a C,
prairie grassland (dominated by Sorghastrum nutans and
Andropogron gerardii). The experimental site is located at an
ecotone transitioning eastern deciduous forest to tallgrass prairies,
with a humid subtropical climate receiving 986mm (10"-90™"
quantile: 792-1197mm) of mean cumulative precipitation and N
deposition rates of 9.38kg ha™" y ™' annually (Wang et al., 2022). The
experiment is a full factorial manipulation of precipitation (50%
and 150% ambient rainfall), plant species richness (1, 2, 3, 5, and 6
grassland species) and plant community composition (diverse plots
containing all asters, legumes, grasses, or multiple families). The
experiment utilizes a paired plot design, manipulating precipitation
across twelve houses, each of which contain 20 plots that vary in
richness and composition in six diversity designs. Each of the twelve
shelters contains 20-2.25m” plots, totaling 240 (Figure 1). This and
neighboring experiments are enclosed fencing (3m height) to
exclude large herbivores. Efforts are taken to dissuade permanent
establishment of small herbivores within the experiment, though
they are not deliberately excluded.

10.3389/fevo.2023.1259809

To accelerate plant establishment, we added whole native
tallgrass prairie soil to inoculate plots with soil microbiomes
associated with established prairies. Whole prairie soil (Welda
soil) was collected in January 2018 from The Nature
Conservancy’s Anderson County Prairie Preserve near Welda, KS
(Anderson Co., KS, 38°11°00”N, 95°15’39”W), from prairie
designated for destruction as part of a road expansion project in
the southeast corner of Anderson County Prairie Preserve
Management Unit 10. That management unit is considered native
prairie and was formally called Nichols Meadow. To collect Welda
soils, we first removed the top 5-7cm from a 16.75m x 45.72m
section adjacent highway U.S.169. The subsequent 15cm was tilled
until the soils were fully homogenized before they were collected for
use in the plots. Welda soils are classified by the National Resource
Conservation Service (NRCS) as Kenoma-Olpe complex, which
have a silty loam texture (USDA-NRCS, 2019). Our sampling
procedure would have captured only soils from the A horizon,
which extend to a 25.4cm depth in Kenoma-Olpe soils. RaD plots
were first tilled to a depth of 15cm. We then added 4cm Welda soil
(75.1L) to the center of the plots and racked Welda soils into the
surface to an extent of 2m x 2m, exceeding the dimensions of the
1.5m x 1.5m plots with the goal to reduce edge effects. The plots
were then tilled again to 15cm to homogenize field station soils with
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(B) Overhead view of the RaD experiment.
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the Welda soil amendments. RaD soils are classified as Grundy silty
clay loam (USDA-NRCS, 2019), with an Ap horizon extending to a
depth of 15cm and a silty clay loam texture. Below Ap horizons,
Grundy silty clay loam soils have a BA horizon, extending to a
depth of 28cm which are also classified as silty clay loam in texture.

The species pool for the plant communities included 18 species,
six species each from three families commonly represented in
tallgrass prairies: Asteraceae, Fabaceae, and Poaceae (asters,
legumes, and grasses; Supplementary Table S1). Plots include 1, 2,
3, and 6 species to alter planted richness (Supplementary Table S2).
The experimental design represented each species equally in all
treatment combinations. However, by year three one species of
grass had not established (Koeleria macrantha), so realized richness
(1, 2, 3, 5, or 6) is presented (Supplementary Table S3). All
individual species used in this study are native to tallgrass prairies
and likely to be observed in prairie remnants. Individual species
were chosen to represent the range of life histories of species from
these three families, from short-lived annuals to slow, long-lived
perennial species, with the additional constraint of availability and
viability of seed. In the first year, 18 plants were inoculated with
native prairie soil, grown in the greenhouse, and then planted into
the plots in equal proportion within a hexagonal array
(Supplementary Figure S1). Additionally, the plots were seeded in
equal proportion, which has continued in subsequent years. All
species beside K. macrantha have persisted in the experiment.

To alter plant community composition, in 2-6 species mixtures,
we selected species from the same or differing families, with plots
containing all asters, legumes, grasses, or multiple families
(Supplementary Table S2). In this experimental design, plant
community composition can be evaluated at two levels, by
comparing the performance of multiple and single-family
communities (two-factor levels) or considering the performance
of each single-family mixture distinctly (four-factor levels). The
three families selected, are both the most common plant families in
prairies, and map onto commonly conceived functional groups
(grasses, legumes, forbs), providing the additional benefit of
allowing tests of plant functional group diversity influence on
belowground production. Each year at the end of the growing
season (November) annual aboveground growth is clipped
approximately 5cm from the ground and all clipped biomass is
removed prior to the next year’s seed addition.

The plant diversity treatments described above were established
in paired shelters that receive different water treatments, with one
receiving 150% and the other receiving 50% ambient growing
season rainfall (Figure 1; Supplementary Figure S2). In spring
2018, large rainfall exclusion shelters were constructed 9.14m X
10.97m and 3.66m tall to facilitate airflow (Supplementary Figure
S1). These rainfall manipulation shelters collect ambient rainfall
that is stored in tanks, and the water is then re-applied using a
hanging rotating sprinkler system chosen to mimic rainfall. Both
shelters excluded and reapply rainfall to ensure the plots are
experiencing similar microclimatic conditions created by the
structures (Supplementary Figure 52). Water tanks are sometimes
supplemented with water from onsite Reservoir 2 when levels are
low, e.g. the beginning of the season or when water levels near levels
that would shut off the pump emergency stop mechanism; the
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reservoir’s water source is ambient precipitation. Reservoir 2
was sampled in 2018 and found to have relative low nutrient
status, TN approximately 750pg L™ and TP 25ug L, as well as
low total suspended solids, <10 FNU (Ted Harris, personal
communications). Since windy conditions can cause inefficiencies,
the irrigation system is calibrated multiple times within a year for
each shelter by placing 12 collection cups in the aisle junctions,
running the irrigation system for at least 10 minutes, and collecting
the total volume across an entire shelter (Supplementary Figure S1).
The average irrigation rate is calculated among shelters and over
experimental years to account for variance in weather conditions,
which to date is 0.2514 + 0.0521mm min~". This value is used to
calculate irrigation times. The gravimetric soil moisture (%) was
measured to check soil moisture differences between treatments at
the end of the growing season soil sampling. In the 50% and 150%
treatments soil moisture was on average 20.04 + 4.08 and 25.97 +
3.75 in 2020, and 17.15 + 3.89 and 20.82 + 5.41 in 2022. The high
watering treatments received 827.8mm and 1036.5mm of growing
season irrigation in 2020 and 2022, while the low treatments
received 272.0mm and 345.6mm of irrigation, respectively
(Supplementary Table S4).

Sample collection and processing

To quantify aboveground production, in 2020 and 2022 at peak
biomass, we observed planted cover and harvested biomass strips
from the 0.1m> of the plot. Biomass strips were collected from
0.Im x Im strip using Ryobi grass shears. To determine the
collection location a 1m x Im quadrat, avoiding the edge, was
placed in the center of the plot, and was divided into ten segments
labeled sequentially from east to west. Segments are harvested in
order skipping one segment to minimize annual disturbance.
Biomass is collected and if it could not be sorted that day it is
stored at 4°C for no more than 48 hours. Plants are then sorted and
identified. Sorted plants are dried at 70°C for five days and massed.
Plant cover is assessed concurrent with biomass harvests, observing
the percent cover of all planted species within the plot with
observations including all plants to the edge of the plot.

Planted cover and biomass from strips were correlated
(Supplementary Figure S3; Pearson’s r > 0.76) across all plots. We
then used species-specific correlations to scale biomass data to the
plot level. This approach allows us to project total plot biomass
while minimizing disturbance to our plots. Our plots are sufficiently
sized to capture plant species interactions (Roscher et al., 2005).
However, annual mid-season full-plot harvests could damage the
long-term viability of diversity treatments. To limit this
disturbance, we used species-specific relationships between cover
to biomass, obtained by regressing species’ biomass in the strip
against that species’ plot cover, to convert cover estimates to
biomass estimates, which are scaled to one square meter
(multiplying by 10). As the biomass strip only represents 0.1m” of
a 2.25m” plot and an individual strip will not represent each species
in proportion to its total coverage (histogram are zero inflated in
Supplementary Figure S3), there is noise in the individual regression
relationships. However, we are able to get statistically strong, robust,

frontiersin.org


https://doi.org/10.3389/fevo.2023.1259809
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Podzikowski et al.

and reproducible relationships across all 240 plots (Supplementary
Figure S3; Pearson’s r > 0.76). Importantly, the noise in cover-
biomass relationships for individual species is not the noise in plot
level biomass estimates. This approach may result in a reduction in
the precision for our measurements of aboveground biomass
compared a total plot harvest, but this imprecision is unbiased
with respect to our treatments.

To quantify belowground root biomass, we collected root
standing crops from bulk soil cores harvested in September 2020
and 2022, three and five years after experimental establishment. At
both time points, two soil cores were collected to a depth of 20cm
from each plot (Fornara et al., 2009; Lange et al., 2015; Yang et al.,
2019), composited, and homogenized by hand in the field, before
being transported on ice to the lab, where samples were stored at 4°C.
The practice of hand homogenizing soils is commonly used on soils
with fine textures and has been done on samples collected from areas
near the location of RaD (Billings, 2006). In 2020, cores were taken
using 1.905cm diameter step probe corers. In 2022, as the soils in 50%
precipitation treatments became increasingly denser, we opted to use
slide hammer corers, 2.54cm in diameter, which was the smallest size
available, and could facilitate collection of dry soils. In both years, we
thoroughly picked roots from each composited soil sample (Craig
et al., 2015), either until all visible roots were removed or for 20
minutes to standardize efforts. We removed roots by thoroughly
picking them from the sample rather than sieving because the
majority of roots were fine in size class (<2mm) and would have
passed easily through a standard sieve. Furthermore, our soils have a
relatively fine texture and do not pass easily through a sieve. Since the
soils collected from the cores are also used for other analyses and
archived, we do not wet sieve the samples in order to preserve their
physical and chemical integrity. Root biomass was then, oven dried at
70°C for three days, and then weighed (Craig et al, 2015). Root
standing crop is presented on a per area basis (g m ) to facilitate
comparison with aboveground production and account for core size
differences between years. Though it should be noted, for
aboveground biomass we remove senesced materials annually,
while for belowground root biomass samples we cannot distinguish
between live or dead material, nor can we disentangle how much
growth is new. We also quantify on a plot level the combined
aboveground production and belowground root biomass as the
sum of aboveground and belowground biomass, though the
differences in measures noted above apply.

Data analysis

To explore how belowground biomass, aboveground
production, and combined biomass changes with plant diversity,
community composition, and precipitation, we fit linear mixed
effect models to our data. To simplify potentially overfit models, we
used the model selection function, ‘glmulti’ package in R v. 4.2.2
(Calcagno et al, 2020; R Core Team, 2022). The parameters
surveyed by the model selection process could include any of our
experimental treatments, plant diversity, community composition,
and precipitation, with year and all potential interactions as
potential predictors. We included plot, subblocks, and watering
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nested in subblock as random effects to account for non-
independence of repeated sampling and of plots nested within the
same shelter. ‘Glmulti’ generates all potential combinations of
models, generating a suite ranked by Akaike’s Information
Criterion (AIC). Candidate models are considered those that are
statistically indistinguishable from the model with the lowest AIC
(delta AIC < 2). Weighted model averages (Burnham and
Anderson, 2004) were included to compare the likelihood that a
parameter was predicting root standing crops. We present all
significant candidate model parameters for root standing crop
and the model with the highest likelihood of explaining patterns
in aboveground biomass. We performed the model simplification
process including plant community composition with two-factor
levels (single family, multiple families) and four factor levels (only
grass, only legumes, only asters, multiple families), then use AIC
values to determine whether designating the family that makes up
the community improves our ability to describe patterns in yields.
We present all models and consider the model with the lowest AIC
as the best simplification of our experimental treatments. Root,
aboveground, and combined biomass were logl0 transformed to
improve normality of residuals. Models were fit in Rv. 4.2.2 (R Core
Team, 2022)., using the packages ‘lme4” and ‘lmerTest’ packages
(Bates et al., 2015; Kuznetsova et al., 2017) and visualized using the
‘visreg’ package (Breheny and Burchett, 2017).

Results

Root, aboveground, and combined aboveground and
belowground biomass increased with plant diversity overall for
both years (Figure 2; Supplementary Figure S4). Plant richness
significantly increased aboveground production (Figure 2B;
Table 1), and the magnitude of the relationship significantly
strengthened with time (Figure 3; Table 1). Six species mixtures
generated 255% more aboveground biomass than monocultures
(Figure 2B). Similarly, we observed a significant positive
relationship between plant species richness and root standing
crop (Figure 2C; Table 2). Root standing crop increased 132%
when species richness increased from one to six, and 232% from one
to five species. Notably, the highest diversity level of single-family
grass communities has five species and are not represented in six
species richness level. Root, aboveground, and combined above and
belowground biomass increased over time (Table 1). While an
interaction between richness and year was present in two of the
candidate models explaining root standing crop (Table 2) and in
five out of the seven explaining combined above and belowground
plant biomass (Supplementary Table S5), the interaction was not
significant in either model (Table 2).

Plant family identity was a strong determinant of root standing
crops and moderated the magnitude of the relationship between
root standing crop and richness (Figure 4B; Supplementary Table
S5). In three of the five candidate models explaining root standing
crop, a significant main effect of plant family designations (CC4)
was present (Table 2). We observed higher mean root standing crop
in grass (monoculture mean 463.9 + 410.3g m™2), lower in legume
(monoculture mean 212.2 + 155.1g m~2), and mid-level in
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The relationship between productivity and plant diversity. Partial
residual plots depicting the relationships between richness and

(A) total, (B) aboveground, and (C) belowground plant biomass.
Partial residual plots visualize linear mixed effects models while

holding all other parameters constant. Statistical outputs can be
found in Table 1. Note the log scale on the y-axis. N = 472.

TABLE 1 Linear mixed effect model outputs predicting root,
aboveground, and combined above and belowground biomass.

Root :
Biomass Aboveground Combined AG
(BG) Biomass (AG)  + BG Biomass
Fixed
Effects (Finumpr, penpr1 | Pr(>F))
10.85
Richness (S) 110, 22006] 38.21 10, 227311 59.24 110, 222851 "
47.42
Year [1.0, 234.00] b 4.869 11.0, 234.00] * 20.28 (1.0, 233.00] o

(Continued)
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Root .
Biomass Aboveground = Combined AG
(BG) Biomass (AG) + BG Biomass
3.067
Rain [1.0, 4.9611] 3.849 (1.0, 47133
Comm. 10.47
Comp. (CCq) (3.0, 220.69] e
Comm.
Comp. (CC2) 5.772 (10, 228.50) *
8.797
Rain:Year [1.0, 234.00] e 14.14 [1.0, 233.00] e
Year:S 6.005 (10, 23400 * 2.617 (1.0, 233.00]
CC2:S 5.220 {10, 228401 *
Random
Effects (Variance (sd) | Pr(>|t|)
0.021
plot (0.14) * 0.13 (0.36) *** 0.053 (0.23) ***
0.010
rain:subblock (0.10) ** 8.1E-10 (2.8E-5) *** 0.00014 (0.012) ***
0.0014
subblock (0.037) 0.0034 (0.058) 0.0028 (0.053)
0.10
residual (0.32) ¥+ 0.038 (0.19) *** 0.028 (0.17) ***
Parameters (Estimate (sd) | Pr(>chisq))
23
(Intercept) (0.068) *** 2.4 (0.10) *** 2.6 (0.044) ***
0.035
S (0.011) ** 0.051 (0.027) - 0.068 (0.011) ***
0.12
Yearyp,o (0.042) ** 0.071 (0.032) * 0.068 (0.032) *
-0.21
Rain, 5, (0.074) * —0.13 (0.038) *
-0.15
CC4ppp (0.052) **
-0.022
C:CZ4MULTIPLE (0049)
0.14
CClpon (0.054) **
CC25iNGLE ~0.27 (0.11) *
Rain;sg: 0.17
Yearyp,, (0.059) ** 0.12 (0.031) ***
Years:S 0.025 (0.010) * 0.015 (0.0090)
CC2emGLE:S 0.075 (0.033) *

As random effects we included plot, subblock, and rain interacting with subblock to account for
non-independence of repeated sampling between years and within shelters. Root, aboveground,
and combined AG + BG biomass (g m2) are presented at a plot level, though note root biomass was
only sampled to a depth of 20cm. p < 0.105 p < 0.05% p < 0.01*% p < 0.001**%; N = 472.

communities comprised of all asters (monoculture mean 332.9 +

255.6g m %), and across richness levels average differences between

families held and significantly differed (Table 2; Supplementary

Figure S5; Supplementary Table S5). In the other two models, a
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FIGURE 3

The relationships between aboveground biomass and richness by year. Partial residual plot visualizing the relationship between aboveground
biomass and richness by year, Year five, 2022 is indicated in orange and dot dashed lines, while year three, 2020, is in blue and dotted lines. Partial
residual plots visualize linear mixed effects models while holding all other parameters constant. Statistical outputs can be found in Table 1. N = 472.

significant interaction between plant community composition and
richness was present (Table 2). Here we observed a strong positive
relationship between root standing crop and richness in
communities composed of all grasses, a weak positive relationship
for communities composed from multiple families and all asters
and a weakly negative relationship in communities composed of all
legumes (Figure 4B; Table 1). We observed a 173%, 136%, and
167%, increase in root standing crops from one to six species for
asters, legumes, and grass communities respectively. Though the
slope was steepest in grass communities, the percent increase in
standing crop was highest in aster communities because root
standing crops in grass monocultures were on average high
compared aster and legume monocultures. We observed the
lowest percent increase from one to six species in multiple family
communities, 129%, which were compared to the average root
standing crop of all monocultures (Supplementary Table S6).

In contrast with root standing crops, plant family diversity
(single vs multiple), but not plant family identity (grasses vs
legumes vs asters), moderates aboveground production
(Supplementary Tables S5, S7, S8). We observed a significant
main effect of plant community composition with two levels
(CC2) on aboveground biomass (Table 1). The relationship
between plant richness and aboveground biomass was steeper in
single family communities in comparison to multiple family
communities (Figure 4A; Supplementary Table S7 see the CC2

Frontiers in Ecology and Evolution

sinGLe:S). Plant community composition was not in the most
probable model predicting combined above and belowground
production (Supplementary Tables S5, S9, S10). We observed a
weak relationship between plant community composition with two
levels (CC2) and richness in the candidate models predicting
combined above and belowground biomass replicating the pattern
observed in aboveground biomass (Supplementary Table S9;
Supplementary Figure S6).

The effect of precipitation on root standing crop changed with
time, while the precipitation treatment did not predict changes in
aboveground production (Table 1). Root standing crop significantly
increased overtime from 2020 to 2022 by 1.4-fold, three and five years
after initial establishment (Figure 5; Table 2; Supplementary Table
S11). In all candidate models, we observed a significant interaction
between year and precipitation treatment (Table 2). In 2020 root
biomass was significantly higher in 50% precipitation treatments
generating 179% greater root standing crops than high water
treatments (Supplementary Table S11). In 2022, we observed no
difference between mean root standing crop in high and low
precipitation (Figure 5). While rain was in models predicting
aboveground production, it did not significantly affect aboveground
biomass (Supplementary Tables S7, S8). The interaction between year
and precipitation on combined above and belowground biomass
replicated patterns observed in belowground root biomass
(Supplementary Figure S8; Supplementary Tables S9, S10).
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TABLE 2 Statistically indistinguishable models (AAIC < 2) predicting root biomass (RB) generated from model simplification.

Fixed Effects

Precipitation (Rn)

Comm. Comp (CC4)

Year (Yr)

RB Model 1

3.067 (1.0, 4.9611]
10.47 3.0, 220.60]

4742 (10, 23100 ¥

RB Model 2

3.067 (1.0, 4.9601]

47.42 (10, 23400 *

RB Model 3
(FinumoF, penpry | Pr(>F))
3.067 (1.0, 195991
10.47 (30, 22060 ™

9.058 (1.0, 233.00] **

RB Model 4

3.067 (1.0, 4.9607]

9.058 (1.0, 233.00] **

RB Model 5

2.020 110, 12.799]
1042 (30, 210.60] ***

47.42 (10, 23000 "

Richness (S)

10.85 (1.0, 220.06) **

7.607 (10, 221.44) **

10.85 1.0, 220.06] **

7.607 (1.0, 221.44) **

10.80 (1.0, 219.06] **

Rn:Yr 8.797 (1.0, 23400 " 8.797 (1.0, 23100 " 8.793 (1.0, 233.00 " 8.793 (1.0, 233.00 " 8797 110, 23100 ™
S:CC4 10.26 (30, 221.75) *** 10.26 (30, 221751 **

. 0.9014 10, 253.00) 0.9013 (1.0, 233.00]

Rn:S

Random Effects

(Variance (sd) | Pr(>|t|)

0.004746 1.0, 219.09]

plot

0.021 (0.14) *

0.021 (0.14) **

0.021 (0.14) *

0.021 (0.14) *

0.021 (0.15) **

rain:subblock

0.010 (0.10) ***

0.010 (0.10) ***

0.010 (0.10) ***

0.010 (0.10) ***

0.010 (0.10) ***

subblock 0.0014 (0.037) 0.0019 (0.044) 0.0014 (0.037) 0.0019 (0.044) 0.0014 (0.037)
Residual 0.10 (0.32) *** 0.10 (0.32) *** 0.10 (0.32) *** 0.10 (0.32) *** 0.10 (0.32) ***
Parameters (Estimate (sd) | Pr(>chisq))

(Intercept) 2.3 (0.068) *** 2.3 (0.061) *** 2.4 (0.072) *** 2.3 (0.065) *** 2.3 (0.073) ***
Rnyso -0.21 (0.074) * ~0.21 (0.074) * ~0.21 (0.074) * ~0.21 (0.074) * -0.21 (0.091) *
CCApap ~0.15 (0.052) ** —0.15 (0.052) ** —0.15 (0.052) **
CClyurtieLe ~0.022 (0.049) ~0.022 (0.049) ~0.022 (0.049)
CCdpoa 0.14 (0.054) ** 0.14 (0.054) ** 0.14 (0.054) **
Y102 0.12 (0.042) ** 0.12 (0.042) ** 0.073 (0.061) 0.073 (0.061) 0.12 (0.042) **
S 0.035 (0.011) ** 0.044 (0.016) ** 0.027 (0.014) * 0.035 (0.018) * 0.035 (0.015) *
Rnys0:Yra002 0.17 (0.059) ** 0.17 (0.059) ** 0.17 (0.059) ** 0.17 (0.059) ** 0.17 (0.059) **
S:CCdgap —0.057 (0.018) ** —0.057 (0.018) **

S:CC4nurTipLE

—0.0082 (0.015)

—0.0082 (0.015)

S:CCépon 0.055 (0.020) ** 0.055 (0.020) **

Yr2022:S 0.016 (0.017) 0.016 (0.017)

Rnys0:S 0.0014 (0.020)
AIC 377.28 377.94 378.37 379.03 379.28
AAIC 0.00 0.66 1.09 1.75 2.00
w; 0.20 0.14 0.11 0.08 0.07

For 2020 and 2022, candidate parameters in model simplification included species richness (S), plant community composition (CC4(asr (asters), FAB (legume), MULTIPLE, POA (grass)])> Precipitation (Rn
150, 1501)> Year (YR(2020, 20221), and all potential interactions as candidate parameters. Models included plot, subblock, and precipitation nested within subblock (rain:subblock) as random effects to
account for repeated sampling and non-independence between years and within shelters. The AIC, change in AIC from the most likely model (AAIC), and the weighted probability (w;) that
model is the best fit of the statistically indistinguishable models are presented. p < 0.10-; p < 0.05% p < 0.01**; p < 0.001***.

Discussion

While it is well-established that plant diversity generates
increased aboveground productivity (Tilman et al., 1997; Hector
et al, 1999; Reich et al,, 2012; Wagg et al., 2022), whether these
patterns are replicated belowground is less certain. Moreover,

whether plant diversity increases belowground biomass is

Frontiers in Ecology and Evolution

dependent on plant community composition and precipitation,
both of which are anticipated to change in the Anthropocene
(Knapp et al., 2002; Nippert et al., 2006; Zeppel et al., 2014; Lee
et al,, 2021), and has broader consequences under future climate

change scenarios. This critical gap needs to be resolved to

understand how interactive effects of climate change and

biodiversity loss, both significant global change drivers themselves

08
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The relationships between above and belowground biomass by richness, and plant community composition. Partial residual plots visualizing the
relationship between richness and (A) aboveground biomass by plant community composition (multiple-family in a purple solid line and single-
family in grey dashed line), and (B) root biomass and plant community composition. In panel (B), multiple family communities are indicated in solid
purple, asters in yellow dashed, legumes in red dotted, and grasses in green dot-dashed lines. Partial residual plots visualize linear mixed effects
models while holding all other parameters constant. Statistical outputs can be found in Tables 1 and 2 (RB Model 2). Note the log scale on the y-axis

N = 472.

(Rockstrom et al., 2009; Tilman et al., 2014), will affect total plant
production with cascading effects on biodiversity and soil ecosystem
function (Guerra et al., 2020). In a rainfall and grassland diversity
manipulation experiment we observed strong evidence of plant
diversity benefits on root standing crops (Figure 2C). Diversity
benefits for root standing crops were greatest in communities
composed of grasses and weakest in communities composed of all
legumes (Figure 4B). We did not, however, observe increases in
belowground standing crops when plots included both legumes and
C, grasses in diverse communities, and instead our diverse
multiple-family mixtures underperformed mixtures with only
grasses. Consistent with our expectations, plant community
composition had a strong influence on belowground standing
crops (Figure 4B) and root biomass increased in the plots over
time (Figure 5). In year three, 2020, we observed higher root
standing crops in low compared to high water treatments, while
those differences dissipated two years later as root biomass
increased in high precipitation treatments to levels comparable to
50% precipitation treatments. This contrasted with aboveground
patterns, and our expectations, that increased precipitation
generated greater yields.

Effects of precipitation on belowground root biomass changed
over time. Generally, across regional to global scales root biomass

Frontiers in Ecology and Evolution

increases with precipitation (Wu et al., 2011; Kang et al,, 2013; Du
et al., 2020). While we expected our findings to reflect this, as has
been confirmed in some rainfall manipulation experiments (Evans
and Burke, 2013; Xu et al., 2013), we observed patterns inconsistent
with these expectations (Figure 5). In some manipulative
experiments no change in root biomass is observed between
precipitation treatments (Sindhoj et al., 2000; Gill et al., 2002;
Byrne et al, 2013; Flanagan et al, 2013; Denton et al., 2017),
which is consistent with our 2022 results. In other instances,
belowground biomass increases with low watering (Wilcox et al,
2016; Slette et al,, 2022), consistent with our 2020 results. We
suspect time may influence the relationship between belowground
root biomass and precipitation. One study found that six years after
establishment, plants in a water-limited grasslands had vertically
redistributed their roots to optimize water uptake (Zhang et al.,
2019). After exposure to reduced precipitation, root biomass
redistributed to 10-30cm and 30-50cm depths, while in high
precipitation treatments more root biomass was found only at 0-
10cm depths. Root redistribution may explain why we observed
strong differences between drought in year three that are no longer
detectable in year five. Our samples are composites of 0-20cm
depths, which could mask the differences between precipitation
treatments over time as roots redistribute in response to long term
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exposure to altered precipitation. Though notably 80% of tallgrass
prairie root biomass can be found in the top 25c¢m of soils (Nippert
and Knapp, 2007), suggesting our sampling approach likely still
captured the majority of roots.

Plant community composition may likewise play a role in how root
standing crops respond to changes in precipitation. For instance one
study found in comparison to the most abundant C, grass which
generated similar root biomass in high and low water treatments,
subdominant plants drove the overall increase in belowground biomass
observed under drought, a pattern that was consistent across 0-10, 10—
20, and 20-30cm depths (Slette et al,, 2022). Though we did not
observe an interaction between plant community composition and
precipitation, it is possible these patterns will develop over time as
plants change their rooting strategies in response to long-term
exposure to altered precipitation.

Plant community composition was a strong determinant of
belowground root biomass, while aboveground production
consistently increased with diversity driving combined above and
belowground biomass benefits associated with increasing diversity. A
few caveats must be acknowledged combing these measures. First,
where each year aboveground biomass is removed prior to the growing
season, our sampling efforts belowground are unable to distinguish
between live and dead roots, nor are they able to remove the previous
year’s (or years’) growth. Thus, our measures aboveground represent
annual growth, production, while belowground biomass represent a
standing crop. Despite these discrepancies in method that are difficult
to avoid within the context of the experimental design, combined the
patterns still provide some insights into how plant biomass above and
belowground together responds to changes in diversity precipitation.
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Second, combined above and belowground biomass might
underestimate the contribution of deep-rooted plants to production,
as roots were only sampled to 20cm. Given the sampling limitations,
belowground patterns might be underrepresented in combined above
and belowground biomass measures.

It is notable that communities containing all grasses had the
highest belowground biomass, and their diversity had the greatest
positive effect on root biomass, while legume diversity did not generate
increases in belowground standing crops (Figure 4B). This could reflect
well established trait differences between C, grasses and legumes.
Warm season C, grasses, which characterizes most grass species in
this experiment, invest heavily in the production of shallowly
distributed fine roots. Legumes, in contrast, tend to root deeply,
investing fewer resources into the generation of fine roots (Gastine
et al, 2003; Prommer et al., 2020; Carmona et al., 2021; Furey and
Tilman, 2021). We, unlike previous studies, observed no benefits of
having both shallow and deep rooting strategies in a single community
(Figure 4B). Instead, our multiple family mixtures represent essentially
the average of the pool of species in the experiment, a pattern consistent
with other plant diversity manipulation experiments sampled less than
five years after establishment (Gastine et al., 2003), and thus in early
stages of community development.

Importantly, in experiments sampled more than ten years after
establishment, mixtures containing both grasses and legumes generated
increased root yields (Mueller et al, 2013; Yang et al,, 2019), and in
some cases generated root productivity benefits in mixtures that were
greater than expectations based on belowground monoculture yields
(Fornara et al, 2009). This may reflect a delay in the accrual of
belowground biomass from slow growing plants or it may likewise
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reflect delayed benefits associated with plants capable of forming
symbioses with N fixers included in a community. Resource benefits
may take time to accrue in plant communities as the initial disturbance
required to setup the experiment may have resulted in a loss of
accessible N and many plant diversity manipulation experiments are
established on N deplete post-agricultural soils (Tilman et al., 1997;
Hector et al., 1999). The reestablishment of N may develop in these
systems over longer time periods, decadal scales, as N needs to
accumulate in plant and microbial tissues and be decomposed to
become available for plant use. These patterns could likewise be depth
dependent, as the most diverse and productive plant communities had
the deepest distribution of roots. This pattern has been attributed to the
cooccurrence of C, grasses and legumes, which have differing rooting
strategies from each other in terms of rooting depths and growth form
(Mueller et al., 2013). It is possible by sampling only to 20cm we did not
capture the range necessary to see the effects of these differing rooting
strategies especially as communities develop, though this depth range is
commonly used in grassland diversity experiments (Fornara et al,
2009; Lange et al., 2015; Yang et al., 2019).

Benefits from diversity developed belowground three to five years
after establishment. These patterns are consistent with other findings
suggesting belowground patterns replicate increases in biomass
observed aboveground (Mueller et al, 2013; Ravenek et al, 2014;
Eisenhauer et al,, 2017; Yang et al,, 2019). The timing of the emergence
of belowground biomass increases observed with diversity was
consistent with a similar grassland diversity manipulation experiment
(Ravenek et al,, 2014). The patterns observed in our study and by
Ravenek, Bessler (Ravenek et al., 2014) emerged perhaps slightly faster
than those observed by others (Gastine et al., 2003), though in the latter
case the underperformance of a typically dominant plant drove those
patterns, which may reflect a range of factors including unfavorable
environmental conditions for that species. Diverse mixtures (16
species) can generate more roots than the best performing
monocultures, suggesting belowground overyielding can develop
(Fornara et al., 2009; Yang et al, 2019), though this pattern has not
emerged in our experiment. However, the positive relationship we
observed between richness and root standing crops suggests we might
expect to see strong changes in microbial community composition and
function with increased plant diversity five years after planting, as root
inputs have been directly linked to increased microbial activity
(Eisenhauer et al, 2017). Indeed, changes in soil microbiome
composition in response to plant diversity and family composition
have been observed in our experiment (Burrill et al., 2023). Since root
inputs are more likely to form stable and persistent forms of soil C,
these patterns could represent a more direct link between plant
productivity and C sequestration.

These patterns confirm that aboveground production increases
associated with diversity can generally be replicated in belowground
biomass. However, in contrast with aboveground patterns where
productivity—diversity relationships are found consistently across
different community composition types, belowground whether root
standing crops increased with richness is strongly dependent on
plant community composition. Perhaps most surprisingly diversity
within a single family can both rival (aboveground) and exceed
(belowground) biomass increases observed in diverse multiple-
family communities. Furthermore, whether belowground biomass
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increased with diversity occurred independent of altered
precipitation regimes. Overall, these patterns clarify some of the
biological (i.e. plant community composition) and environmental
(i.e. precipitation) conditions under which diversity is associated
with increased biomass, further disentangling when patterns
aboveground production are linked with belowground biomass.
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