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1  |  INTRODUC TION

The impact of global change on plants can vary depending on their 
inherent physiological and functional differences and may be further 
influenced by interspecific interactions (Reich et al., 2004). Several 
manipulative experiments have shown changes in plant functional 

group (FG) and species composition under various environmen-
tal changes (Avolio et  al.,  2014; Griffin-Nolan et  al.,  2019; Gruner 
et al., 2017; Ladouceur et al., 2022; Polley et al., 2003; Reich, 2009; 
Zavaleta et al., 2003), suggesting differential responses of various 
groups. Additionally, these shifts in composition were more likely 
under multiple simultaneous resource changes (Avolio et al., 2021) 
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Abstract
Plant functional groups (FGs) differ in their response to global changes, although spe-
cies within those groups also vary in such responses. Both species and FG responses 
to global change are likely influenced by species interactions such as inter-specific 
competition and facilitation, which are prevalent in species mixtures but not mono-
cultures. As most studies focus on responses of plants growing in either monocul-
tures or mixtures, but rarely both, it remains unclear how interspecific interactions 
in diverse ecological communities, especially among species in different FGs, modify 
FG responses to global changes. To address these issues, we leveraged data from 
a 16-species, 24-year perennial grassland experiment to examine plant FG biomass 
responses to atmospheric CO2, and N inputs at different planted diversity. FGs dif-
fered in their responses to N and CO2 treatments in monocultures. Such differences 
were amplified in mixtures, where N enrichment strongly increased C3 grass success 
at ambient CO2 and C4 grass success at elevated CO2. Legumes declined with N en-
richment in mixtures at both CO2 levels and increased with elevated CO2 in the initial 
years of the experiment. Our results suggest that previous studies that considered 
responses to global changes in monocultures may underestimate biomass changes 
in diverse communities where interspecific interactions can amplify responses. Such 
effects of interspecific interactions on responses of FGs to global change may impact 
community composition over time and consequently influence ecosystem functions.
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and in studies spanning multiple decades (Komatsu et al., 2019). But 
long-term temporal trends in responses of different FGs to global 
change factors and the extent to which species interactions mod-
ify those responses (Collins et al., 2022) are less well-understood. 
Long-term biodiversity experiments crossed with global change 
treatments offer a unique opportunity to study the interactive ef-
fects of global change treatments on biomass and how they depend 
on plant interspecific interactions (hereafter species interactions). 
Understanding the potentially complex influence of environmental 
change and species interactions on long-term responses of plants is 
more pertinent than ever given ongoing anthropogenic influence on 
biogeochemical cycles.

Plant FGs will likely respond differently to global changes that 
constitute resource addition because of inherent differences in re-
source acquisition and use (Figure 1). In monocultures, all FGs may 
respond positively to global changes that constitute resource enrich-
ment, as most plants are limited by low-resource supply rates (Bloom 
et al., 1985; Elser et al., 2007; Farrior et al., 2013; Fay et al., 2015). 
But, given differences between C3 and C4 plants in their photo-
synthetic physiology and N and water use efficiency (Knapp, 1993; 

Pearcy & Ehleringer, 1984), herbaceous C3 plants (grasses, legumes, 
and non-leguminous forbs [hereafter ‘forbs’]) may respond more 
strongly to N and/or CO2 enrichment than C4 grasses (Reich, Tilman, 
et al., 2001; Wand et al., 1999) (but see Reich et al., 2018). Similarly 
to C4 grasses, legumes may also respond weakly to N enrichment 
as they are usually not limited by N availability. Such responses of 
plants growing in monocultures provide a baseline for determin-
ing the impact of global changes in the absence of plant interspe-
cific interactions (i.e., direct response to an environmental change), 
whereas responses in mixtures reflect simultaneously responses 
to environmental change and to interspecific interactions (which 
may themselves change under global change treatments, Collins 
et al., 2022). Therefore, comparisons of responses between mono-
cultures and mixtures can be used to quantify the impact of species 
interactions on responses to experimental treatments, as illustrated 
by other ecological studies (Loreau, 2010; Mas et al., 2024; Spehn 
et al., 2002; Vandermeer, 1981; Wright et al., 2017).

Species interactions may strongly influence responses of FGs to 
global change drivers under mixture conditions (Figure 1). For exam-
ple, the hypothetical competitive advantage of C3 plants in elevated 

F I G U R E  1 Conceptual figure showing expectations under different global change treatments. The shapes denote different functional 
groups (FGs), the size of the symbols indicate whether a particular group increases or decreases (in terms of biomass) in response to the 
different treatment conditions. Note that in the experiment, the change in FG response could be due to changes in size and/or number of 
individuals. All experimental plots are the same size but biomass measures were standardized for planted proportions in mixtures. The figure 
shows trends for monocultures and 16-species mixtures (for simplicity) where the planted proportion for each FG is 1/4th of the planted 
proportions in monocultures. A summary of these hypotheses and whether the results matched the predictions is included in Table S1.
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N and/or CO2 supply may be more pronounced in the presence of 
other species that survive better in low N and/or CO2 supply (sensu 
R* competition theory, Tilman,  1982). Thus, C3 grasses and forbs 
may show a stronger positive response than C4 grasses to N (or 
CO2) addition when growing with other FGs due to reduced intra-
specific competition compared with while growing in monocultures 
(because interspecific competition is weaker than intraspecific com-
petition, Adler et  al.,  2018). Legumes, on the other hand, may be 
competitively superior under low N conditions due to their biological 
N fixation (Lee, Tjoelker, et al., 2003), and experimental N addition 
may reduce legume abundance, especially when they are growing 
with non-legumes, due to increased interspecific competition under 
high-N versus low-N conditions (Ren et al., 2016; Suding et al., 2005; 
Tognetti et al., 2021). Finally, C4 grasses, which often have high N use 
efficiency and comparatively low requirements for CO2 (Ghannoum 
et al., 2011; Pearcy & Ehleringer, 1984), may benefit less than other 
FGs at higher availability of N and/or CO2, and thus perform poorly 
when grown with other species, resulting in a negative response to 
N and/or CO2 in mixture. In general, we posit that the FGs that re-
spond most positively in monoculture to elevated CO2 and/or en-
riched N will also respond positively to those treatments in mixture, 
but those that respond less positively in monoculture may instead 
respond neutrally or negatively in mixture, as they may be outcom-
peted by other FGs that are more favored by the global changes. If 
so, then species interactions in mixtures would tend to amplify the 
difference in FG group responses to global changes between mono-
cultures and mixtures.

These hypothetical differences in FG responses to global change 
drivers in mixtures versus monocultures may also vary over time 
(Smith et  al.,  2009) and change with global change treatments 
(Collins et  al.,  2022), but expectations for these dynamics remain 
elusive given numerous pathways for change and the limited num-
ber of relevant long-term studies to date. The magnitude of global 
change effects may diminish or grow over time regardless of positive 
or negative initial responses. A dampening temporal effect may arise, 
for example, from physiological acclimation of plants to elevated re-
sources (Warren et al., 2015) or effects on other abiotic factors that 
reduce availability of other resources (Borer et  al.,  2014; Kimmel 
et al., 2020; Lawes & Gilbert, 1880; Yue et al., 2019). In contrast, the 
effect of global change factors may increase over time if effects on 
abiotic factors increase supply of other resources. For example, in 
the same long-term experiment reported here, elevated CO2 had a 
stronger positive effect on pure C4 grass plots in the later years of 
the experiment due to increased net N mineralization from elevated 
CO2 in those C4 communities (Reich et al., 2018). Alternatively, ef-
fects may remain the same over time or show large year-to-year 
variation driven mainly by interactions with environmental param-
eters such as precipitation and temperature (Avolio et  al.,  2020). 
Additionally, diversity loss either over time or in response to treat-
ments (Isbell et  al.,  2013) may alter species interactions that may 
influence FG responses. For instance, declining relative abundance 
of legumes over time may indirectly impact the response of other 
C3 species to global change treatments by reducing soil N supply 

(Pirhofer-Walzl et  al., 2012; Spehn et  al.,  2002). Such possibilities 
highlight the need to study temporal trends of FG responses to envi-
ronmental change under both monoculture and mixture conditions.

To address this need, we examined the differential responses of 
herbaceous FGs to global environmental change factors in monocul-
tures, without species interactions, and in mixtures where interspe-
cific interactions occurred. We used data from a 24-year biodiversity 
and global change grassland experiment, BioCON, in Minnesota, 
USA, to first examine whether interactions among FG change in 
response to global change treatments and to specifically examine 
whether species interactions amplify the difference in FG responses 
to global change treatments between monocultures and mixtures. 
Additionally, we explored temporal trends to assess if these FG re-
sponses diminish or grow over time.

2  |  MATERIAL S AND METHODS

Experiment design: The BioCON experiment, which manipu-
lates Biodiversity, N and CO2, was started in 1997 at Cedar Creek 
Ecosystem Science Reserve (East Bethel, MN, USA, 45°40′ N, 
93°18′ W), a Long-Term Ecological Research site. The composition-
ally neutral full-factorial experiment comprised 296 plots that varied 
in their initial planted diversity (1, 4, 9 or 16 species), N (ambient 
or + 4 g m−2 year−1) and CO2 (ambient or + 180 ppm) treatments ap-
plied in a split-plot design for the CO2 treatment (Reich, Knops, 
et al., 2001). The diversity gradient was created by experimentally 
assembling plant communities with one species, random selec-
tion of four or nine species and/or all 16 species. As 36 of the nine 
species plots have since been used for a sub-experiment involv-
ing temperature and drought treatments, we excluded those plots 
from our analyses leaving 260 plots. The species were chosen to 
represent common or naturalized prairie species in the region and 
spanned four FGs: C3 grasses (Bromus inermis, Elymus repens [for-
merly Agropyron repens], Koeleria macrantha [formerly Koeleria cris-
tata], and Poa pratensis), C4 grasses (Andropogon gerardii, Bouteloua 
gracilis, Schizachyrium scoparium, and Sorghastrum nutans), legumes 
(Amorpha canescens, Lespedeza capitata, Lupinus perennis, and 
Petalostemum villosum), and non-legume forbs (Achillea millefolium, 
Anemone cylindrica, Asclepias tuberosa, and Solidago rigida). Since the 
species composition was randomly chosen for the four and nine spe-
cies plots, each replicate for these two diversity levels differs in spe-
cies and FG composition. Species found in a plot other than those 
originally planted there were weeded annually. Additionally, to main-
tain the study site in a grassland state, the plots were burnt in spring 
for half of the years between 2000 and 2012 (Adair et al., 2009) and 
every fall since 2013.

2.1  |  Plant biomass

Late in each growing season in August in the majority of plots in 
almost all years, aboveground biomass in a pre-marked 10 × 100 cm 
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strip was clipped and sorted at the species level. The part of the plot 
from which biomass data were collected shifted annually to reduce 
potential influence of clipping on a single part of the plot. Species-
specific cover data from a constant predetermined and never clipped 
50 × 100 cm region of the plot were also recorded for every plot each 
year (except for a subset of four species plots during 2020 as all ef-
forts were scaled down due to the pandemic). Using cover and bio-
mass data, we then generated species-specific correlations between 
the two to estimate biomass data for all years based on cover data. 
This step allowed us to (a) impute biomass values when only cover 
data were available; and (b) obtain a more representative estimate of 
biomass for the plot as cover data spanned a larger area of the plot 
compared to clip-strip biomass data. The data and code are available 
on Dryad (Mohanbabu et al., 2024).

2.2  |  Statistical analysis

All statistical analyses were performed in R version 4.2.2 (R Core 
Team, 2022).

2.2.1  |  Diversity–interaction models

The diversity–interaction (DI) modeling framework was developed 
to better understand the contributions of species identity and inter-
action (i.e., interspecific interaction) effects on ecosystem function 
(Connolly et al., 2013; Kirwan et al., 2009). It encompasses a series 
of increasingly complex models with total aboveground biomass as 
the dependent variable, species identity effects (i.e., providing es-
timates for monocultures or more generally, testing how changing 
initial proportions of a species impact plot biomass) and/or species 
interaction effects (i.e., testing whether and how much interspecific 
interactions in mixtures alter biomass as a deviation from monocul-
ture expectations) and other experimental treatment variables as 
the independent variables. For an experiment such as ours with 16 
species, independent variables can accumulate quickly if the effects 
of all pairs of species are considered (Kirwan et al., 2009). We chose 
to simplify the models by considering FG identity and interaction 
effects rather than species-level effects. Additionally, the model 
framework also allows evaluation of interaction effects with vary-
ing degrees of complexity. The most complex model, “separate pair-
wise interaction model,” assumes that each pairwise FG interaction 
is unique and an additional independent variable (i.e., 6 variables in 
total) is included in the model for each pairwise combination. A sim-
plified version of the model is the “additive FG-specific interaction 
model,” which assumes that each FG differs in its interaction, but the 
interaction is independent of the identity of the interacting FG (i.e., 
C3 grass interacts similarly with C4 grass, legumes and forbs). The 
model includes four additional variables for each FG. A further sim-
plification of the model is the “average interaction effects model,” 
which assumes that pairs of FGs interact similarly regardless of their 
identity. This model includes one additional independent variable of 

an average effect of all pairwise interactions. The simplest model, 
“FG identity model,” assumes there are no interactions between FG. 
We fit the five different DI models using the DImodelsMulti pack-
age (Byrne et al., 2024) and used likelihood ratio tests and AICc val-
ues to determine the most parsimonious model. All models included 
the N and CO2 treatments as the “extra_fixed” term in the model. 
To account for the repeated measures in a split-plot experimental 
design, we specified a compound symmetry temporal correlation 
structure. We log-transformed total aboveground biomass to meet 
normality and heteroskedasticity assumptions. The “average inter-
action effect” or the “AV” model was the most parsimonious model 
suggesting that assuming similar interaction strengths between FGs 
is a reasonable approximation of the system. However, we acknowl-
edge that there might be some pairwise differences between differ-
ent FGs that were not readily detectable with our sample sizes but 
include those results in supplemental information (Figures  S1 and 
S2). The significant AV interaction effect also indicates that species 
interactions significantly alter the total biomass in the plots. An ad-
ditional strength of this method is that it accounts for the net of both 
positive and negative interactions among FGs.

2.2.2  |  Functional group responses to global 
changes

Because of the large number of species, presenting, interpreting, 
and discussing the results for each species in monocultures versus 
mixtures, and in response to different global changes over time is 
beyond the scope of this study. Instead, for the sake of simplicity and 
potential for generalization, we present results for each of the FGs.

FG-specific biomass was standardized for planted proportions in 
the mixtures by dividing estimated biomass by planted FG propor-
tions. This was necessary as the four and nine species plots varied 
in their planted FG proportions unlike the 16-species plots where 
each FG was planted to 25% of the total seed-mass or the monocul-
tures where FG was either 0% or 100% of the plot. For example, if 
C3 grasses in a 9-species plot were planted at 22.2% (i.e., 2 out of 
9 species was a C3 grass), then we standardized the biomass of C3 
grass for the plot by dividing the biomass by 0.222. This allowed us 
to compare biomass of C3 grasses across plots with different initial 
planted proportions.

We then use a linear mixed-effects model (nlme) (Pinheiro 
et  al.,  2023) with log-transformed FG-specific biomass as the de-
pendent variable, and log-transformed species richness, N and CO2 
treatments, FG identity (ID), experiment year, all their interactions 
as fixed effects and plot nested within ring as a random effect to 
account for the split-plot experimental design. Additionally, the nlme 
model uses an autoregressive component to account for temporal 
autocorrelation in repeated measurements. Log-transforming the 
FG specific biomass accounts for proportional responses of FG bio-
mass rather than just a diversity effect on biomass. The two-way 
and three-way interactions including FG ID, species richness, and 
global change treatments can be used to understand FG responses 
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to the different treatments. However, using biomass at the FG level 
for each plot results in many 0 s as some of the groups have become 
locally extinct. To confirm that our model results were not greatly 
influenced by violations of the assumptions, we repeated the anal-
yses using average values across plots for each treatment and year 
combination (Table  S3). The results from both those models are 
largely similar and we present the latter results in the supplemental 
information.

All the models treated the four diversity levels as a continu-
ous variable but for the purposes of data visualization in the man-
uscript, we present the results for mixtures as an average value 
across the 4, 9, and 16 species plots (weighted equally) and include 
more detailed figures in the supplemental information (Figures S3 
and S4). This allows us to focus on the trends that were largely 
consistent across the diversity levels while acknowledging the 
complexity that arises with varying species composition and 
richness.

3  |  RESULTS

3.1  |  Influence of global change treatments on FG 
interactions

The DI models indicate that interactions between FG had a signifi-
cant effect on the total biomass (Figure 2), which is observed as larger 
biomass for all FG in mixtures compared to monocultures (Figure 3). 
The most likely model further suggests that an average interaction 
term (i.e., similar net interactions among all pairs of FGs) is sufficient 
to explain various FG interactions that occurred in diverse plots. The 
average interaction effect always had a positive impact on above-
ground biomass and increased over time in all treatments (Figure 2), 

which resulted in greater total biomass in mixtures compared with 
monocultures. Global change treatments did not strongly influ-
ence the average interaction effects in this experiment (Treatment, 
p = .17; Treatment × Year, p = .10). Thus, in presenting the results, we 
emphasize the presence of significant interaction between pairs of 
FGs, which may influence plant responses in mixtures.

However, it is likely that FGs or pairs of FGs varied in their inter-
actions over time and in response to global change treatments, albeit 
not statistically significantly. The interaction strengths of C3 grasses 
strengthened over time especially under N addition (Figure  S1) 
likely driven by increasing pairwise interaction between C3 and C4 
grasses, which show the steepest temporal trends (Figure  S2). In 
contrast to C3 grasses, the strength of legumes modestly declined 
under N addition (Figure S1), a trend that is clearly evident for in-
teractions between legumes and forbs which are significant and 
increasing over time under ambient N but insignificant under N addi-
tion treatments (Figure S2).

3.2  |  Effect of N enrichment on FG biomass

As expected, FGs differed in their responses to global change 
treatments, but in complex ways (Figure  3; Figure  S3). The effect 
of N on FG absolute biomass depended on FG identity (Table  S2, 
N × FuncGrp p < .0001), differed with planted species richness 
(Table S2, log(SpRich) × N × FuncGrp p = .0002), and also varied over 
time (Table S2, log(SpRich) × N × FuncGrp × Year p = .09). As hypoth-
esized, N enrichment increased C3 grass biomass, whereas it de-
creased legume biomass, especially at high levels of plant diversity. 
The responses of C4 grass and forb biomass to N were more variable 
and depended on the plant diversity level. Additionally, the positive 
effect of N on biomass decreased over time for C3 grasses while 

F I G U R E  2 Estimates of the interaction 
effect based on the most parsimonious 
diversity-interaction model (average [AV] 
interaction effect model). The model 
suggests that the strength of the different 
pairwise functional group interactions are 
statistically similar, and an average value 
can be used to predict total biomass. The 
units of AV are in log grams of biomass/
m2. “a” indicates ambient conditions and 
“e” or “+” indicate enriched conditions. 
The shaded regions are the 95% 
confidence intervals.
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the temporal patterns for the other FGs were more idiosyncratic 
such that patterns were specific to each richness level (Figure  4; 
Figure S4, left column).

3.3  |  Effect of elevated CO2 on FG biomass

The effect of CO2 on FG absolute biomass also depended on FG 
identity (Table  S2, CO2 × FuncGrp p < .0001) and species rich-
ness (Table  S2, log(SpRich) × CO2 × FuncGrp p < .0001) and varied 
over time (Table  S2, log(SpRich) × CO2 × FuncGrp × Year p = .05). 
Increasing species richness amplified the positive effect of CO2 on 
legumes and C4 grass biomass compared with monocultures. Forb 
biomass responded positively to CO2 but only at high diversity lev-
els. In contrast, and in opposition to expectations, elevated CO2 did 
not influence C3 grass biomass. The responses of C4 grasses and 
legumes to CO2 also showed strong temporal trends; the effect 
of CO2 was increasingly positive for C4 grasses and was positive 

initially and switched to negative in the more recent years for leg-
umes. C3 grasses and forbs did not show significant temporal trends 
in response to CO2 (Figure 4; Figure S4, middle column).

3.4  |  Interaction of N enrichment and elevated CO2 
on FG biomass

The responses of FG biomass to enriched N or elevated CO2 at differ-
ent species richness levels was often dependent on the presence or 
absence of the other global change treatment (Table S2, log(SpRich) 
× N × CO2 × FuncGrp, p < .001). For instance, the positive CO2 effect 
on biomass for C4 grasses was consistently larger under enriched N 
rather than ambient N (Figure 4e,f). Similarly, the effect of CO2 on 
biomass of C3 grasses and forbs was more positive under enriched 
N, at least in the initial years of the experiment (Figure  4b,c,k,l). 
Additionally, the negative N effect on legumes was larger under el-
evated than ambient CO2, especially for some richness levels.

F I G U R E  3 Temporal variation in 
aboveground peak biomass (g/m2) in 
monocultures and mixtures for (a, b) C3 
grasses, (c, d) C4 grasses, (e, f) Legumes, 
and (g, h) Forrbs, respectvely under the 
different treatment conditions. Biomass 
for mixtures is averaged across the 4, 9, 
and 16 species plots with each diversity 
level weighted equally. Note that the 
y-axis range varies for the different FGs. 
“a” indicates ambient conditions and 
“e” or “+”indicate enriched conditions. 
See Figure S3 for responses at all four 
diversity levels.
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3.5  |  Influence of species interactions on FG 
response to global change treatments

In general, species interactions (i.e., interspecific interactions) 
amplified the impacts of global change treatments on FG group 
absolute biomass responses in mixtures compared with monocul-
tures (Figure 5). As hypothesized, FGs that responded positively 

to enriched N or elevated CO2 in monocultures often responded 
even more strongly under mixture conditions. For example, C3 
grasses, which responded positively to N under both ambient 
and elevated CO2 in monocultures, also showed a strong posi-
tive effect of N in mixtures, especially in the initial years of the 
experiment (Figure  4, row 1). C4 grasses too showed strong 
positive responses to N and CO2 addition in monocultures that 

F I G U R E  4 Effect of N, CO2, and N and CO2 on (a-c) C3 grasses, (d-f) C4 grasses, (g-i) Legumes, and (j-l) Forbs for monocultures and 
mixtures (average across 4, 9, and 16 species plots weighted equally). Effect was calculated for each FG × diversity combination as the 
biomass in treatment—biomass under ambient N and ambient CO2 conditions. The lines pass through points that are moving averages 
centered at the middle of 3-year windows. The y-axis is scaled such that the range width is the same but the minimum and maximum values 
may differ (i.e., the magnitude is comparable across graphs even though the actual axis varies). See Figure S4 for responses of 4, 9, and 16 
species plots and Figure S5 for proportional responses.
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were further amplified under mixture conditions (Figure  4f). On 
the other hand, FGs that showed a neutral or negative response 
to treatments under monocultures were more likely to respond 
more negatively in mixtures. This was evident in the effect of N on 
biomass of legumes and forbs (Figure 4g,j). However, there were 
exceptions to this generalization as can be seen by the negative 
effect of N on C4 grasses (Figure  S4d) and positive effect of N 
on forbs (Figure  S4j) in 9-species plots and the lack of a strong 
response of C3 grasses in mixtures to CO2 (Figure 4b), all of which 
highlight the complexity of the influence of species interactions 
on responses of FGs to global change factors.

4  |  DISCUSSION

Herein, using a unique long-term biodiversity and global change ma-
nipulation experiment, we showed that multiple global change treat-
ments impacted different perennial herbaceous plant FGs biomass 
responses in an interactive manner (Figures 3 and 4). Additionally, 
those responses were sensitive to species interactions (i.e., inter-
specific interactions) and showed strong temporal patterns. In most 
cases, the responses of FGs to N or CO2 manipulation depended on 
the identity of the FGs and planted diversity of the community, and 
also varied over time. Importantly, species interactions (i.e., inter-
FG in addition to intra-FG and intraspecific competition) in mixtures 
amplified the difference in FG response to global changes between 
monocultures and mixtures (Figure 5), but the temporal trends were 
variable and depended on the FG identity and diversity level. Our 

results underscore the complex influence of species interactions on 
plant response to global changes and suggest that past studies con-
ducted at the individual plant or population level may have underes-
timated the effects of global change on plant FGs.

4.1  |  Effect of N enrichment on FG biomass

Responses of FGs to N enrichment were group-specific and varied 
with species richness and CO2 treatment. C3 grasses responded 
positively to N under both ambient and elevated CO2 for both mon-
ocultures and mixtures, thus confirming long-standing predictions 
that C3 plants should respond positively to elevated CO2 and/or en-
riched N (Reich, Knops, et  al.,  2001; Wedin & Tilman, 1996; Zeng 
et al., 2010). However, the positive effect has diminished over the 
years. One potential explanation for this decline is soil acidification 
under N enrichment relative to ambient conditions resulting in colim-
itation of resources for C3 grasses (Tian & Niu, 2015). Alternatively, 
increasing ambient temperature over the years (Figure S6) may have 
negatively affected the cool-season C3 grasses.

In contrast to C3 grasses, legumes responded negatively to N 
enrichment especially under mixture conditions. As biological N-
fixers, it is likely that they lack competitive advantage under high 
soil N availability (Lee, Reich, et al., 2003) and therefore decreased 
in biomass, similar to other experimental and observational studies 
(Pennings et al., 2005; Ren et al., 2016; Suding et al., 2005; Tognetti 
et al., 2021; Vázquez et al., 2022).

Contrary to our expectations based on physiological traits of C4 
species (Pearcy & Ehleringer, 1984), N enrichment had a positive ef-
fect on C4 grasses especially in low diversity plots (1- and 4-species). 
But the responses of C4 grasses in high diversity plots were more 
variable; N enrichment initially increased and then decreased C4 
grass biomass in 9-species plots, whereas it initially decreased and 
then modestly increased C4 grass biomass in the 16-species plots.

4.2  |  Effect of CO2 enrichment on FG biomass

Elevated CO2 had only a modest effect on C3 grasses, a positive ef-
fect on C4 grasses and non-leguminous forbs, and a temporally vari-
able effect on legumes. The lack of a strong positive effect of CO2 
on C3 grasses is contrary to our initial expectations. Even though 
elevated CO2 may have reduced photorespiration in C3 plants, their 
biomass may have been co-limited by other resources or tempera-
ture, similar to total biomass (Reich et al., 2014, 2020). However, the 
positive response of C3 non-leguminous forbs to elevated CO2 indi-
cated that at least some C3 species did benefit from elevated CO2.

Interestingly, CO2 had an increasingly positive effect on C4 
grasses even under (and more so in) mixtures. This is consistent with 
findings from monoculture and 4-species C4 grass plots from the 
same experiment (Reich et al., 2018) but mechanisms through which 
elevated CO2 influenced C4 species in mixed FG communities are 
yet unknown.

F I G U R E  5 Response to global change treatments of FG biomass 
in mixtures (4, 9, and 16 species) in relation to monoculture 
response to the treatments. Response (or change) is the average 
over all years of difference between plant biomass in a treatment–
plant biomass in ambient condition. The darker, larger points are 
average values for mixtures and the lighter, smaller points show 
averages for 4, 9 and 16 species treatments separately. The line is 
fit through the values for 4, 9 and 16 species and the relationship 
was statistically significant with slope = 2.38 (.68), p = .001 and 
R2 = .24. The dashed line is the one–one line, and the shaded 
regions are the 95% confidence intervals.
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Additionally, legumes responded positively to CO2 in the initial 
years of the experiment as reported in earlier work at BioCON (Lee, 
Tjoelker, et al., 2003), likely due to enhanced biological N fixation 
that may have alleviated N-limitation. Over time, legume response to 
CO2 declined, potentially an outcome of increased limitation by soil 
nutrients other than N such as phosphorus which may directly limit 
plant growth, or molybdenum which may reduce N-fixation and thus 
indirectly limit plant growth (Hungate et  al.,  2004; van Groenigen 
et  al.,  2006).Furthermore, previous research from the same study 
system has shown that legume species may differ in the magnitude 
of response to global change treatments (West et al., 2005). Such 
species-specific differences in response to CO2 may explain some 
of the temporal trends if accompanied by changing composition of 
legumes in the experimental plots over time.

Lastly, the responses of FGs to elevated CO2 were not consistent 
with the predictions based on earlier studies (Table S1). Therefore, 
these long-term results likely help fill important knowledge gaps, 
while expanding the dimensions of those gaps, in our understanding 
of plant FG responses to CO2.

4.3  |  Effect of N and CO2 enrichment on FG 
biomass

The FG responses to the combination of both enriched N and el-
evated CO2 were strongly positive for C4 grasses and strongly nega-
tive for legumes, whereas C3 plants showed only a modest response 
(except for forbs in 4-species plots). Even though C4 grasses are not 
expected to respond strongly to N or CO2 availability, our results 
from mixture plots are consistent with previous research in BioCON 
that showed a strong positive effect of CO2 on biomass of C4 plants 
growing in monocultures or solely C4 mixtures (Reich et al., 2018). 
The mechanism suggested in that study, increased net N mineraliza-
tion under CO2, does not likely explain this strong response in mix-
tures as any change in net N mineralization should also positively 
impact other FGs. Thus, future work should focus on elucidating 
proximate mechanisms resulting in positive effects of CO2 on C4 
grasses.

Strikingly, species interactions in mixtures amplified the effect 
of the global change factors on FGs compared to when they grew in 
monocultures. Generally, as we hypothesized, FGs that responded 
positively to the treatments in monocultures were more likely to 
respond strongly positively under mixture conditions, whereas FGs 
that responded neutrally or negatively in monocultures were more 
likely to respond negatively in mixtures (Figure 5). This suggests that 
FGs that are more responsive in monocultures may benefit from 
ongoing global changes, but the generality of this needs to be con-
firmed in other experiments and systems. Even in this study there 
were exceptions to this generalization: N enrichment had a nega-
tive effect on C4 grasses and a positive effect on forbs in 9-species 
mixtures despite opposite effects in monocultures. Furthermore, 
the effect of diversity on FG biomass response to global change 
treatments did not always increase monotonically with richness as 

responses from 4-species plots were sometimes higher than those 
of 9-species plots (Figures S3 and S4). Additionally, responses of FGs 
to treatments in 4- and 9-species plots were more variable, likely 
due to large variation in initial and subsequent composition among 
plots (in contrast to 16-species plots that were always seeded iden-
tically with all 16 study species). These results highlight the com-
plex influence of species interactions on responses to global change 
treatments and indicate the potential for underestimation of effects 
of global change on FG biomass in studies that focus on individual or 
population levels.

While our results shed light on long-term responses to CO2 and 
N of different FGs, the proximate drivers of the temporal trends re-
main unknown. Over the 24-year period, ambient CO2 levels have 
increased almost linearly (Porter et al., 2022), growing season tem-
peratures at the site showed an increasing trend (Figure  S6) and 
rainfall showed non-monotonic inter-annual variation. Similarly, pH 
and soil solution N, which are proxies for changing abiotic factors in 
response to treatments, also showed temporal variation, potentially 
influencing FG responses over time. But these factors were usually 
only weakly correlated with the effect of treatments on FG biomass 
(Figure S7). Finally, it is possible that other parameters such as her-
bivory or disease, may influence some temporal patterns but we un-
fortunately do not have temporal data to test their effects.

Although intraspecific interactions are important, their relative 
contribution toward influencing FG responses to global changes re-
mains elusive. The diversity experiment used in this study is best 
suited for comparing presence and absence of interspecific inter-
actions, using comparisons between monocultures (i.e., no inter-
specific interactions; only intraspecific interactions) and mixtures 
(i.e., both interspecific and intraspecific interactions). Future work 
on experiments with monocultures and mixtures planted at vary-
ing densities of different species are needed to tease apart relative 
contributions of inter- and intra-specific interactions toward FG re-
sponses to global changes.

In conclusion, we find that species interactions often amplified 
the effect of global change on FG responses between monocultures 
and mixtures. C3 grasses responded more strongly to N enrichment 
under mixture conditions but the magnitude of this effect diminished 
over time. In contrast, C4 grasses in mixtures were initially less pos-
itively affected by N and CO2 additions compared to monocultures 
but switched to an increasingly positive response over time. Lastly, 
as expected, legumes responded more negatively to N enrichment 
in mixtures and positively to elevated CO2, although the latter re-
sponse was limited to the first few years of the experiment. These 
results underscore the complex and interactive effects of multiple 
global change drivers on FG responses in the long-term and high-
light the potential pitfalls of extrapolating from responses of FGs in 
monocultures and/or from short-term experiments.
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