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Abstract
1.	 High elevation and latitude ecosystems are experiencing high levels of anthropo-

genic atmospheric warming. Climate warming may directly change soil microbial 
activity and alter ecosystem carbon dynamics and productivity, but increasing 
evidence suggests these responses may depend on other biotic factors such as 
plant community composition and abiotic factors such as moisture.

2.	 We examined how abiotic (warming) and biotic (presence of dominant plant 
species) factors interact to affect soil microbial processes. Our experiment de-
ployed the independent and combined treatments of experimental warming and 
dominant plant species removal in a high and low elevation montane meadows. 
We analysed multiple soil microbial responses to warming and the presence of a 
dominant plant at three times throughout the growing season, including soil res-
piration, microbial metabolic functional diversity, microbial biomass carbon and 
nitrogen, and extracellular enzyme potential activity.

3.	 Overall, there were few independent microbial responses to either the warming 
or the removal treatments. There was a significant interaction between warming 
and the removal of a dominant plant species, where microbial biomass and the 
activity of some microbial enzymes were lower in warmed plots where the domi-
nant species was removed relative to control plots.

4.	 The effect of warming on extracellular enzyme activity was typically observed 
only at the high-elevation site. In contrast, we found that effects of warming were 
consistent across the growing season, despite strong temporal variation in micro-
bial properties.

5.	 Our results emphasize the need to further consider soil microbial responses to 
warming under multiple environments, including shifts in both biotic and abiotic 
factors, to aid in predictions of carbon dynamics under future global change.
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1  |  INTRODUC TION

Impacts of global warming are being disproportionately felt 
in colder regions, including high-elevation montane systems 
(Grabherr et al., 2010; Mountain Research Initiative EDW Working 
Group,  2015; Parmesan,  2006) that are defined by complex habi-
tats of varying microclimates and elevation-related stressors (Engler 
et  al., 2011). Understanding how warming will interact with biotic 
factors to influence microbial function can strengthen predictions 
of ecosystem function under climate warming because soil microbes 
regulate a number of key ecosystem processes including nutrient 
cycling and C retention (Bardgett & Van Der Putten, 2014), and this 
regulation can be altered by warming (e.g. Song et al., 2019). Thus 
far, the impact of warming on microbial biomass and activity is un-
clear, as some studies have found positive effects and others have 
found negative effects (Broadbent et al., 2021; Fanin et al., 2022; 
Jonasson et al., 2004; Kardol et al., 2010; Kirschbaum, 1995; Meng 
et al., 2020), while others have failed to detect any effects of warm-
ing (Machmuller et al., 2016; McDaniel et al., 2013). In addition to 
the direct effects on microbial biomass and function, warming tem-
peratures change environmental conditions, such as soil moisture 
(Xu et al., 2013), which may indirectly influence the relationship be-
tween microbial activity and temperature.

Atmospheric temperature changes can alter plant species ranges 
(Zhang et  al.,  2014) consequently influencing soil microbial func-
tions. Shifts in plant community composition can affect physical 
and biogeochemical soil conditions (Jonasson et al., 2004; McLaren, 
Darrouzet-Nardi, et al., 2017; McLaren & Turkington, 2010) and ulti-
mately influence the soil environment experienced by the microbial 
community. This biotic control over microbial activity may mediate 
the response of soil microbes to abiotic influences such as warming 
(Kardol et al., 2010). The role of plant species within a system can be 
examined through removal experiments (Diaz et al., 2003; McLaren 
& Turkington,  2010), and dominant plant species regulate ecosys-
tem stability and function more strongly than other species (Avolio 
et al., 2019; Rewcastle et al., 2021). Plant species influence soil mi-
crobial community composition (De Long et al., 2016; Hernández-
Cáceres et al., 2022 although see Marshall et al., 2011) and may alter 
microbial activity as measured by enzyme activity (D'Alò et al., 2021; 
Henry, 2012). Because microbial responses to warming may be af-
fected by changes in the plant community, both plant community 
and microbial responses to warming must be considered in concert.

Finally, the effects of warming on plant and microbial responses 
may vary temporally, particularly in seasonally variable montane eco-
systems that are sensitive to climate changes (Rustad et al., 2001). 
Microbial biomass and community structure varies across seasons, 
with spring snowmelt, typical in montane systems, instigating a 
crash in microbial biomass, and the associated microbial dominance 
over ecosystem processes such as nutrient cycling. The seasonal 
transition also prompts a shift in microbial community structure 
(Buckeridge et al., 2013; Edwards & Jefferies, 2013). Climatic warm-
ing is altering the timing of seasonal changes, potentially indirectly 
influencing the timing and duration of soil microbial dominance and 

turnover, as seasonal transitions in functioning of some montane 
systems are likely to occur earlier.

Here, we report on an experiment—WaRM (Warming and 
Removal in Mountains) which includes factorial warming and dom-
inant species removal treatments at both high and low elevation at 
10 sites internationally (Prager et al., 2022) and presents a unique 
opportunity to examine the independent and combined effects 
of these treatments in  situ. In this paper, using the WaRM site in 
Colorado, USA, we examine the role of dominant plant species in 
controlling or influencing the response of soil microbial functions to 
warming, and whether this control varies across an elevational and 
temporal gradient. We measured microbial function with a suite of 
variables including soil respiration, microbial functional diversity via 
community-level physiological profiles (CLPPs), microbial biomass 
carbon (MBC) and nitrogen (MBN), and potential soil exoenzyme ac-
tivity. We sampled soil three times during summer 2021 to capture 
temporal variation in: pre-growing season, peak-growing season, 
and post-growing season. We tested three inter-related hypotheses:

H1. Warming will positively affect microbial func-
tion. The effects will be stronger at the high-elevation 
site where ambient temperatures are likely more lim-
iting to microbial activity than at the lower elevation 
site.

H2. Microbial responses to warming will be medi-
ated by the dominant plant removal treatment, as a 
decrease in plant substrates entering the soil could 
decrease microbial activity. This mediation may differ 
at the low- and high-elevation sites, with the high site 
showing a stronger dependence on plant composition 
because of lower plant diversity.

H3. In temperate ecosystems with snow-covered 
winters, ecosystem processes are often described as 
microbially dominated during cool months (Edwards 
& Jefferies, 2013), thus, we hypothesize that micro-
bial functions will be more sensitive to warming in the 
pre-growing season when there is less competition 
with plants.

2  |  MATERIAL S AND METHODS

2.1  |  Site description

We conducted this work at the WaRM experimental sites near 
the Rocky Mountain Biological Laboratory (RMBL) in the West Elk 
range of the southern Rocky Mountains in Colorado, USA, dur-
ing the summer 2021 growing season. The low-elevation site (low 
site) is at 2740 m elevation (38.715, −106.823) in an open meadow 
without tree cover, and the dominant plant species is a flowering 
forb, Wyethia amplexicaulis. The geological material at this site is 
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characterized as Mayoworth loam soil (Rewcastle et al., 2021). The 
high-elevation site (high site) (3460 m, 38.992, −107.067) is char-
acterized as Moran-Rubble land complex with gravelly loam/sandy 
loam (Rewcastle et al., 2021) and is also described as open meadow 
with no tree cover. This site is dominated by Juncus drummondii, a 
monocot, grass-like herb. The low- and high-elevation sites have a 
mean summertime temperature of 14.9 and 10.9°C, respectively, 
and a mean summertime precipitation of 143 and 151 mm (Hijmans 
et al., 2012 WorldClim data as cited in Prager et al., 2022). Research 
was conducted under the RMBL USFS Special Use Permit GUN1120 
(OMB 0596-0082).

2.2  |  Treatments

The WaRM experimental design is a 2 × 2 factorial warming × 
dominant plant species removal experiment deployed at the high-
elevation site and the low-elevation site. Each of the four treatments 
were replicated eight times, for total of 32 plots (each of which is 
2 × 2 m) at each elevation with warming imposed via transparent hex-
agonal open-top chambers (OTCs), 1.5 m in diameter, in the centre 
of each warming plot and the dominant plant species (listed above) 
removed via clipping at soil level within removal plots. Treatments 
at this site have been deployed each summer (June–August) since 
2013.

2.3  |  Sampling times and soil sampling

We collected data at three timepoints during summer 2021: pre-
growing season [low site: approx. May 26; high site: approx. July 6], 
peak-growing season [low site; approx. June 23, high site; approx. 
July 21] and post-growing season [low site; approx. August 18, high 
site; approx. Sept 14]. Sampling occurred over 3–4 days around the 
dates listed. Pre-season was immediately after snowmelt before the 
majority of plant biomass had emerged and 1 week after warming 
chambers and removal treatments were implemented. Peak season 
was at peak biomass for each site. Post-season was when approxi-
mately 50% of plant biomass at the sites had senesced. We collected 
soil core samples from all plots at both sites for each timepoint. 
Three 2.5-cm-diameter soil cores were collected randomly from the 
top 10 cm of the soil profile from each plot, homogenized and then 
sieved to 2 mm.

2.4  |  Environmental variables

Air and soil temperatures were recorded daily using iButton data log-
gers (Maxim Integrated Corp, San Jose, California, USA) suspended 
5 cm above and buried 5 cm below the soil surface. A Hydrosense 
soil moisture probe was used to measure soil volumetric moisture 
(0–10 cm) at each soil sampling timepoint. We measured the normal-
ized difference vegetation index (NDVI) at each soil sampling using 

a RapidSCAN (Holland Scientific, Lincoln, Nebraska, USA) with four 
measurements taken from the corner of each plot and averaged 
together.

2.5  |  Soil respiration

We measured soil respiration weekly using a LI-COR 6400XT with 
a 10-cm-diameter soil respiration chamber (LI-COR Biosciences, 
Lincoln, Nebraska, USA) with above-ground-living plant material 
removed.

2.6  |  Community-level physiological profile

Potential microbial metabolism was analysed on a community level 
using a Biolog EcoPlate assay (Garland, 1996). Briefly, 4 g of soil was 
suspended with 36 mL of potassium phosphate buffer and a dilu-
tion of this suspension added into 96-well ECO plates. Plates were 
incubated before being analysed (Synergy HT BioTek plate reader, 
Winooski, Vermont, USA). Functional diversity in CLPPs between 
soil samples was calculated by observing the richness (number of 
positive tests after background correction) of sample responses to 
all 31 carbon sources (Garland, 1996).

2.7  |  Microbial biomass C and N

We quantified MBC and MBN using a modification of the chloroform 
fumigation method (Brookes et al., 1985). Two sets of soil extracts, 
one fumigated with chloroform and one not, were analysed for ex-
tractable organic carbon (EOC) and extractable total nitrogen (ETN) 
using a Shimadzu CN analyser (Shimadzu Scientific Instruments Inc., 
Columbia, Maryland, USA). Microbial flushes representing MBC and 
MBN were calculated as the difference between EOC and ETN in 
fumigated and non-fumigated extracts.

2.8  |  Potential exoenzyme activity

Exoenzyme activity on collected soils was measured via microplate 
assays (McLaren, Buckeridge, et al., 2017; Saiya-Cork et al., 2002). 
Hydrolytic C-acquiring enzymes including β-glucosidase (β-gluc), 
cellobiohydrolase (Cello), β–xylosidase (β-xylo) and α-glucosidase 
(α-gluc); N-acquiring enzymes including N-acetyl-glucosaminidase 
(NAG) and LAP; and P-acquiring enzymes including phosphatase 
(Phos) and phosphodiesterase (PhosD) were analysed. Hydrolytic 
enzymes were measured using fluorescently tagged substrates and 
oxidative enzymes (phenol oxidase (phenol) and peroxidase (perox)) 
using L-3, 4-dihydroxyphenylalanine substrate in a slurry with soil 
and sodium acetate buffer adjusted to the site-specific soil pH (6.3 
for low site, 4.4 for high site) following McLaren and Buckeridge 
(2021).
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2.9  |  Scale of inference

Scale of 
inference

Scale at which the 
factor of interest is 
applied

Number of replicates 
at the appropriate 
scale

Spatial 
gradient: 
Plots

Elevation site 
(×2), warming 
treatment (×2), 
species removal 
(×2)

8 replicates/treatment/
elevation = 64 plots, 
sampled at 3 times 
during the growing 
season = 192 
samples

2.10  |  Statistical analysis

All statistical analyses were performed using R and RStudio 
(R version 4.0.5, packages: ggplot2, dplyr, lubridate, gridExtra 
and olsrr). For air and soil temperatures, the daily average tem-
perature was calculated from the hourly readings and the plot 
average for the summer season using the daily averages. We 
implemented a two-way factorial ANOVA with warming and re-
moval treatments as the main factors on the plot averages for 
soil and air temperature.

For soil moisture measurements, as well as for each of the 
microbial variables analysed, we ran a four-way fully factorial 
ANOVA with the main factors (1) warming treatment, (2) removal 
treatment, (3) elevation and (4) sampling date. Because we were 
unable to measure NDVI at the low-site pre-season sampling, 
we ran a separate three-way ANOVA for each elevation with the 
factors (1) sampling date, (2) warming treatment and (3) removal 
treatment. Normality of residuals was confirmed for all variables. 
In the case of significant interactions identified in the ANOVA, a 
t-test was run to compare individual treatments with a corrected 
p-value of 0. 025 (Bonferroni correction for two factors) used to 
account for multiple t-tests.

3  |  RESULTS

3.1  |  Environmental variables

The OTCs significantly increased both soil (low site: 0–1°C; high site: 
1–2°C) and air temperatures (low site: 1–3°C; high site: 2–3°C) in 
warmed plots throughout the growing season (Figure  S1). For soil 
moisture, there was a significant elevation × sampling date interac-
tion (F2, 168 = 12.06, p < 0.001; Figure S2). In the pre- and post-season, 
the low site had 27% and 21% higher soil moisture respectively than 
the high site, but in the peak season, the high site soil moisture av-
erage was 30% greater (Figure S2). At the low site, there was a sig-
nificant sampling × removal interaction (F1, 56 = 18.48, p < 0.001) on 
NDVI, where removal reduced NDVI during the peak season only 
(Figure S3b). At the high site, NDVI was significantly influenced by 
sampling (p < 0.001) and warming (p < 0.001) individually, where 

NDVI increased across the season (Figure S3c) and warming reduced 
NDVI (Figure S3a).

3.2  |  Microbial responses summary

There were few independent warming effects on microbial response 
variables, as these effects were typically in a higher order interac-
tion with another factor. When effects of warming were dependent 
on elevation, generally warming effects were stronger at high, rather 
than low, elevations, as predicted by H1 (Figure 1a, Table S1). Also 
as predicted (H2), warming and removal treatments interacted with 
each other, and usually there was an effect of warming only when 
dominant species were removed (Figure 1b, Table S2). Warming ef-
fects, however, did not typically vary among sampling dates (not 
supporting H3), although there were strong microbial responses to 
elevation and sampling date independently.

3.3  |  Soil respiration

Soil respiration was higher in warmed plots (Figure 2a, Table S2, 
H1) but this effect did not depend on the removal treatment 
(Figure 2a, Table S2, H2). There was no interaction between warm-
ing and sampling date (Table S2, H3). There was a significant in-
teraction between elevation × sampling date on soil respiration 
(Table S1) where soil respiration rates were higher at the high site, 
but only at the peak-growing season sampling date (Figure  S4, 
Table S3).

3.4  |  Community-level physiological profile

For CLPP functional diversity, there were neither significant effects 
of warming nor a warming × elevation interaction (H1). There were 
also no independent effects of removal nor was there any interac-
tion between warming and removal (H2) (Tables S1 and S2). There 
was no interaction between warming and sampling date (Table S2, 
H3) but there was a two-way interaction between elevation and 
sampling on functional diversity (Table S1) because the high site had 
higher diversity than the low site, with the size of the difference in 
functional diversity increasing across the growing season (Figure S4, 
Table S3).

3.5  |  Microbial biomass C and N

There was no independent effect of warming, nor a warming × el-
evation interaction (H1) for MBC. There was a warming × removal in-
teraction because warming marginally lowered MBC but only under 
the removal treatment (H1; Figures 1 and 2, Table S1). There was also 
no interaction between warming and sampling date (H3, Table S1). 
The high site had consistently lower MBC in comparison with the 
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low site (Figure S4, Tables S1 and S3). Additionally, MBC was highest 
at the pre-season sampling for both elevations (Figure S4, Tables S1 
and S3).

Warming resulted in lower MBN regardless of elevation (H1) 
or removal treatment (H2; Figure  2), whereas removal treatments 
independently resulted in higher MBN (Figure  2). There was no 
warming × sampling date interaction for MBN (H3) but there was an 
elevation × sampling date interaction because the low site had higher 
MBN but only during pre- and post-season sampling and not during 
peak season (Figure S4, Table S3).

3.6  |  Potential exoenzyme activity

Few of the enzymes assayed responded to either warming or re-
moval, and when they did there was, generally, an interaction 
between warming and removal (Table  S1). There was a complex 
three-way interaction between warming × elevation × removal on 
Cello (Table S1). Warming reduced Cello activity only at the high site 
(H1) and only under the removal treatment (H2; Table S2, Figure S5). 
In support of H1, there was an elevation × warming interaction for 
the enzymes β–xylo (Figure  S5), NAG and PhosD (although, NAG 
and PhosD individual t-tests were only marginally significant after 
correcting for multiple tests), because there was no significant dif-
ference between ambient and warmed plots at the low site but there 
was a negative effect of warming on enzyme activity at the high site 
(Figure 3, Table S1, Figure S5).

β-gluc and PhosD both responded negatively to warming, but 
only under removal conditions (significant warming × removal in-
teraction; Figures 1 and 3, Tables S1 and S2). PhosD did not show 
a significant pattern after correcting for multiple tests. Removal 
increased β-xylo activity regardless of the warming treatment 
(Table S1).

Warming effects were consistent across sampling dates, and 
thus our results do not support H3 (Table S1). There were a num-
ber of elevation × sampling interactions (Table S1), but these var-
ied among enzymes, with some enzymes responding strongly to 
elevations at all three sampling dates (e.g. LAP). Other enzymes 
differed between elevations only during the pre-growing season 
(e.g. NAG), during the peak growing season (e.g. β-gluc, β–xylo, 
Phos, PhosD), or during the post-growing season sampling (e.g. 
phenol) (Figure  S6, Table  S3). Perox, the only oxidative enzyme 
that responded to treatments, had a sampling date × removal in-
teraction (Table S1).

4  |  DISCUSSION

We examined how alpine meadow soil microbial communities 
respond to experimental warming, if biotic factors (presence/
absence of dominant plant species) mediated the microbial re-
sponses to warming, and if the microbial response to warming 
and dominant plant removal varied between high and low eleva-
tions or at different times during the growing season. Although 

F I G U R E  1  Summary of responses of microbial variables in an 8-year warming (OTCs) and dominant plant species removal experiment in 
a montane meadow of Colorado. Only variables for which there was an interaction between either (a) warming and elevation or (b) warming 
and removal are presented. Grey highlight indicates a significant effect of warming within (a) an elevation or (b) a removal treatment, and the 
arrow indicates the direction of the effect. There were no warming × sampling date interactions, and thus responses are presented across 
sampling dates. Created with BioRender.com. 
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some microbial variables responded independently to the warm-
ing or plant removal treatments, microbial responses tended to 
be context dependent. Our findings highlight that ecosystems are 
complex and can respond to shifts in biotic and abiotic factors 
differently across space and time. Multiple global change factors 
are changing simultaneously, and the response of ecosystems to 
experimental multiple global change factors is often magnified 
when compared to ecosystem responses to single factor experi-
ments (Komatsu et  al.,  2019). Thus, the context dependence of 
our results highlights the importance of simultaneously examin-
ing multiple global change factors to better understand ecosystem 
function. We note that warming treatments in this experiment re-
sulted in moderate increases in temperature (<3°C) and long-term 
temperature changes may be more important for determining 
microbial responses to warming (Alster et al., 2023); despite this, 
we saw strong responses for some enzymes and detected strong 
interactions with removal and elevation for other enzymes.

4.1  |  Warming influences soil microbial 
activity (H1)

Microbial activity is, in general, temperature limited, thus we hy-
pothesized that warming would lead to an increase in microbial ac-
tivity and processes (Kirschbaum,  1995). We found, in support of 
our first hypothesis, that soil respiration did increase under warm-
ing (i.e. across elevations, sampling dates and removal treatments). 

Our soil respiration result, where warming increased respiration, is 
consistent with those in a global-scale meta-analysis of experimen-
tal warming projects (Song et al., 2019). Increases in soil respiration 
under warming conditions are likely due to the increased availability 
of labile C sources under relatively short-term warming (Bradford 
et al., 2008; Kirschbaum, 2004), supported by the decrease in activ-
ity of C-acquiring enzymes with warming in this study. The increase 
could also be a result of a decrease in metabolic efficiency, specifi-
cally in breaking down recalcitrant substrates, with warmer temper-
atures (Frey et al., 2013). However, the simulation of soil respiration 
with warming could change with the magnitude and duration of the 
warming experiment, as labile C will be depleted over time and mi-
crobes may acclimate individually or shift their community structure 
to better adapt to warming (Romero-Olivares et al., 2017).

While microbial metabolic activity (respiration rate) increased 
with experimental warming, microbial biomass decreased with warm-
ing. Prior work has also found that MBN, specifically, decreased with 
warming (Jonasson et al., 2004) and that microbial biomass gener-
ally declines with warming (Bradford et al., 2008). Further, previous 
studies found that alpine microbial biomass significantly decreases 
from the winter to the summer (Broadbent et al., 2021); a pattern 
that may reflect warming summer temperatures leading to reduced 
microbial biomass. Because decreases in MBC with warming did 
not occur unless the dominant plant species was also removed, in 
warmed plots with the original plant community, there was a de-
crease in microbial N with no change in microbial C (increase in the 
microbial C:N ratios) which could be a result of increased efficiency 

F I G U R E  2  Responses of soil respiration (a), CLPP functional diversity (b), MBC (c) and MBN (d) to warming (OTCs) and dominant species 
removal treatments across samplings in an 8-year warming experiment in montane meadow of Colorado. Significance of effects of warming 
(W), removal (R) or interactions are noted with stars at the top right of each plot. When interactions between treatments were significant, 
significant differences (t-test) between ambient and warmed plots within control and removal treatments are noted with stars above the pair 
of ambient and warmed bars: ~0.1 < p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. 
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in N use (Mooshammer et al., 2014) or a decrease in N availability in 
the soil (Sistla et al., 2012).

In support of our first hypothesis, we found that warming had a 
larger impact on microbial activity at the high-elevation site. In addi-
tion to the two variables where warming had an independent effect 
across elevations (soil respiration and MBN), three enzymes (β-xylo, 
NAG and PhosD) responded to warming only at the high site. These 
responses could not only be a result of a stronger warming treatment 
at the high elevation but are also consistent with previous studies 
that find a stronger effect of warming on enzyme activity in colder 
environments (Meng et al., 2020). Interestingly, we observed a neg-
ative effect of warming, rather than the predicted positive response, 
on enzyme activity at the high-elevation site. Decreased microbial 
biomass resulted in lower enzyme activity under warming in a forest 
ecosystem (McDaniel et al., 2013) and this pattern could also hold in 
our study system. Further, the microbial community may have been 
under higher N limitation with warming (as suggested by decreased 
MBN), possibly resulting in less N available for enzyme production, 
which is often limited by N availability (Sistla et al., 2012). Finally, the 
differing response to warming at different elevations may be due 
to shifts in microbial community structure with increasing altitude, 
such as the reported decrease in the soil bacterial to fungal ratio 
with increasing altitude (Margesin et  al.,  2009). Overall, our find-
ings support our hypothesis that warming effects will be stronger 
at higher elevations.

4.2  |  Plant community composition determines 
warming response (H2)

Plant community composition influences physical soil conditions, 
nutrient availability (McLaren & Turkington, 2010), and microbial 
community structure (De Long et al., 2016; although, see Marshall 
et al., 2011) and consequently is likely to play additional indirect 
roles in plant–soil–microbe interactions. As ecosystems are cur-
rently experiencing changes in plant community composition 
concurrently with climate change (Parmesan & Yohe,  2003), we 
also tested how manipulating the plant community, through the 
removal of the dominant species, would mediate microbial re-
sponses to warming. Of the 14 response variables we measured, 
which encompassed a range of microbial processes, only four 
were significantly impacted by the interaction between the warm-
ing and the removal treatment (MBC, and three enzymes: β-gluc, 
Cello [at high elevation only] and PhosD). The response of soil 
communities to the interaction between warming and dominant 
plant removal underscores our hypothesis that plant community 
composition would mediate how microbial communities respond 
to warming. Further, for all four variables where the interaction 
between warming and dominant plant removal treatments was 
significant, the warming by removal interaction was because re-
sponses to warming were only significant when the dominant 
plant species was removed, possibly because the dominant plant 

F I G U R E  3  Potential enzyme activity responses to warming (OTCs) and dominant species removal treatments and elevation in an 8-year 
warming experiment in montane meadow of Colorado. We present a single C-acquiring enzyme (β-gluc, a and d), N-acquiring enzyme 
(NAG, b and e) and P-acquiring enzyme (PhosD, c and f) which showed a significant interaction between warming treatments and elevation 
or warming and removal treatments. Other enzymes that responded to the interaction between warming and elevation (β-xylo) or had 
higher level interactions with warming (Cello) are presented in the Supporting Information. Significant effects of warming (W), removal 
(R) and elevational site (E), as well as any interactions between these treatments, are noted with stars at the top right of each plot. When 
interactions between treatments were significant, significant differences (t-test) between ambient and warmed plots within each elevation 
site (a–c) or within the control or removal treatments (d–f) are noted with stars above each pair of bars: *p < 0.05, **p < 0.01, ***p < 0.001. 
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control over microbial function was stronger than any responses 
to warming (Kardol et  al.,  2010). Similarly, clipping studies have 
found that biomass removal, regardless of species, can mask the 
effects of warming on soil microbial properties, perhaps because 
effects of warming on plant-microbe interactions play a stronger 
role in determining soil microbial function than the direct effects 
of warming itself (Zhang et al., 2005).

Additional effects of plant removal were not dependent on en-
vironmental context; removal increased two microbial response 
variables (MBN and β-xylo) in all environments. β-Xylo is an enzyme 
released by microbes to increase C acquisition, and its increase sug-
gests that soil microbes were C mining when dominant plants were 
removed. Concurrently, the increase in MBN indicates that microbes 
are immobilizing N, altering C:N ratios, further implying that soil C 
availability is lacking under removal conditions. Low C availability 
may result from reduced plant biomass (observed decrease in NDVI 
with removal at peak season) and potentially lower C input into the 
soil with the removal treatment. Schmidt et  al.  (1999) found that 
microbial biomass nutrients increased when plants were excluded 
due to the decrease in competition for nutrients between plants and 
microbes. Therefore, the decrease in biomass that resulted from our 
removal treatment might have influenced soil microbial enzymes. 
Although few of our measured variables responded to plant removal, 
the response of both MBC and MBN suggests that plant composition 
played an important role in determining microbial biomass and their 
nutrient acquisition, key variables in multiple ecosystem processes.

4.3  |  Effects of warming vary by season (H3)

Our study is one of the few that examined the effects of warming 
at multiple points within a growing season (intra-seasonal sampling), 
which complements inter-seasonal sampling (i.e. winter and growing 
season) with warming in other studies (Sistla & Schimel, 2013). We 
hypothesized that warming would have the strongest impacts early 
in the summer while microbes may still be dominant over ecosystem 
processes, and as the season progressed the effects on microbial 
processes would be less as control shifted to plants in the summer 
(Edwards & Jefferies, 2013). However, we found no intra-seasonal 
variation in warming effects on microbial biomass and function. In 
one of the few other examples of warming studies that sampled 
intra-seasonally, a study by Stark et al.  (2018) found that warming 
effects on N and P pools and enzyme activity were strongest in the 
peak-growing season when plant communities have strong influence 
on soil conditions, contrary to our hypothesis. Although the effects 
of warming did not vary with season, we did find significant vari-
ation in environmental variables, specifically soil moisture and soil 
and air temperature, during the growing season that could impact 
microbial function. Consequently, although the effects of warming 
on measured microbial processes did not vary across the season, 
most microbial variables responded independently to sampling date 
during the growing season with intra-seasonal effects on microbial 
variables varying between low and high sites.

5  |  CONCLUSIONS

Soil microbes predominantly responded to warming in a context 
dependent way, with negative responses to warming both when 
dominant species were removed and also at high elevation. Our 
results emphasize the important role that biotic factors, like plant 
community composition, will play in soil responses to warming. 
Previous studies have found that microbial responses to warming 
are strongly related to microbial composition (Fanin et  al.,  2022; 
Meng et al., 2020), and future studies should investigate changes in 
soil community composition to better understand the mechanisms 
that are causing the interaction between these biotic and abiotic 
factors to influence soil microbial response.

High latitude and elevation systems experience seasonal strong 
changes in climate between the winter and summer seasons and there 
is a hypothesized concurrent shift in microbial to plant dominance 
over ecosystem processes (Edwards & Jefferies, 2013). However, we 
found that warming effects on microbes were consistent across our 
intra-seasonal samplings despite shifts in soil and environmental phys-
ical conditions and microbial functions. Our study is one of the first 
to examine warming effects at multiple points throughout the grow-
ing season, and despite our finding of temporally consistent effects 
of warming, we suggest that future studies in strongly seasonal eco-
systems include intra-seasonal sampling. In addition, more warming 
studies that incorporate multiple seasons are needed, because warm-
ing is more pronounced in winter for high-latitude and high-elevation 
systems (Kreyling et al., 2019), but most warming experiments taking 
place during the growing season (Kreyling & Beier, 2013).

Climate change will include multiple driving factors that could 
influence soil microbial community activity, including not only tem-
perature increases and changing plant communities we examined 
here but also increased atmospheric CO2, shifts in precipitation, 
altered soil moisture, changes in animal interactions/behaviour, in-
creased N deposition and more (Classen et  al.,  2015). A study on 
global change impacts on plant species composition has found 
that inclusion of multiple, rather than a single, global change fac-
tors increases likelihood of effects (Komatsu et al., 2019). Given the 
strong context dependence, we found of the effects of warming on 
soil microbial function, we encourage more studies which combine 
multiple biotic and abiotic effects of climate change, which will in-
crease their predictive ability due to possible interactions among 
global change drivers (Bardgett et al., 2008; Henry, 2012; Litchman 
& Thomas, 2023).
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