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Environmental changes alter the diversity and structure of communities. By shifting the range of
species traits that will be successful under new conditions, environmental drivers can also dramatically
impact ecosystem functioning and resilience. Above and belowground communities jointly regulate
whole-ecosystem processes and responses to change, yet they are frequently studied separately. To
determine whether these communities respond similarly to environmental changes, we measured
taxonomic and trait-based responses of plant and soil microbial communities to four years of
experimental warming and nitrogen deposition in a temperate grassland. Plant diversity responded
strongly to N addition, whereas soil microbial communities responded primarily to warming, likely
via an associated decrease in soil moisture. These above and belowground changes were associated
with selection for more resource-conservative plant and microbe growth strategies, which reduced
community functional diversity. Functional characteristics of plant and soil microbial communities
were weakly correlated (P=0.07) under control conditions, but not when above or belowground
communities were altered by either global change driver. These results highlight the potential for global
change drivers operating simultaneously to have asynchronous impacts on above and belowground
components of ecosystems. Assessment of a single ecosystem component may therefore greatly
underestimate the whole-system impact of global environmental changes.

Ecosystems are responding to multiple simultaneous environmental changes. These changes alter the diversity
and composition of communities'? and shift the range of species traits that will be successful, thereby dramati-
cally impacting ecosystem functioning and resilience®*. Above and belowground communities jointly regulate
whole-ecosystem processes and responses to environmental change>®. However, most studies quantify responses
of a single ecosystem component, and it is unclear whether results of such studies can be extrapolated to the rest
of the ecosystem. There is evidence that plant and soil microbial diversity are frequently correlated at different
spatial scales’, and that microbes can mediate plant responses to drivers such as nutrient enrichment®. However,
differential sensitivity of plant and microbial communities’ suggests that these communities may have distinct
responses to environmental factors.

Multiple processes determine plant and soil microbial community responses to global change. Global change
drivers shift the range of species traits that will be successful and thus can directly influence the diversity and
composition of both plant and soil microbial communities. However, shifts in the traits of either community can
alter the interactions between plants and soil microbes, and changes in these linkages can further influence the
responses of both communities. For example, nitrogen addition typically results in decreased diversity of plant
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communities>!®!! and, after initial increases in productivity, this loss of species can be associated with decreased
productivity in the longer term!2. Warming tends to be associated with increases in aboveground biomass'*!'* and
shifts in plant community composition'®. Such changes in the plant community will alter the quantity and quality
of inputs to soil microbial communities and impact upon the decomposition and nitrogen cycling processes that
they regulate'®-2!. However, global change drivers can also have direct impacts on soil communities. Both nitro-
gen addition and warming have been shown to decrease soil microbial biomass**=*® and to shift the composition
and functional capacity of soil bacterial communities®*-*2, thus altering rates of soil nutrient cycling which in turn
regulate nutrient availability to plants. To more completely understand terrestrial ecosystem responses to global
change, both plant and soil communities must be considered simultaneously.

For both plants and microbes, multiple species may perform the same ecosystem role or respond similarly
to environmental drivers, meaning that shifts in taxonomic diversity may not capture functionally important
changes. Consequently, species traits have been embraced as a means to measure functionally important changes
within plant communities®, and calls have been made for the use of similar approaches for microbes***. Such
parallel approaches could be crucial, particularly if environmental drivers select for different traits in plant ver-
sus soil microbial communities. Finally, the simultaneous effects of multiple environmental changes may be
non-additive?**%, because different drivers can select for either similar or incompatible sets of species traits.
Therefore, establishing whether suites of environmental changes drive parallel shifts above and belowground is
pivotal to predicting how ecosystems will respond to future global change.

Here we quantify how the composition (taxonomy) and functional characteristics (traits) of above and below-
ground communities respond to the interactive impact of two major drivers of global environmental change:
increasing temperature and nitrogen (N) deposition. We measured the responses of colonizing plant and soil
microbial communities in an experimentally-planted subalpine tussock grassland in the South Island of New
Zealand after four years of experimental treatments applied in a factorial design: (i) soil warming by a mean of
3°C above ambient, which led to soil moisture levels nearly 20% lower than in control plots (Table S1), and (ii) N
addition (ammonium nitrate equivalent to 50kg N ha~! yr~!)*3%° Details of taxonomy and trait measurements
for the plant and soil microbial communities are provided in Table S2.

Results and Discussion

We first assessed whether the diversity and composition of above and belowground communities responded
similarly to warming and N addition. For plants, we assessed separately the responses of the planted and the col-
onizing community, as the latter underwent stronger environmental filtering than the former, and the colonizing
community indicates the trajectory of the community. Neither treatment significantly altered the composition of
the colonizing plant community based on percent cover (Fig. 1A, Table S3), but nitrogen addition did reduce the
number of colonizing plant species (Fig. 2A, Table S4), in line with many previous studies>!*!!. Because richness
of the planted community was constant across treatments, this reduction in species richness applied to both the
colonizing and total community. Nitrogen addition promoted growth of the planted tussock Chionochloa rigida,
and reduced abundance of colonizing Trifolium repens, the dominant N-fixing species (Table S5). The total cover
of all plants with N-fixing associations was also significantly reduced under N addition (Table S4), and since the
planted species were not N-fixers, this reduction applied to both the colonizing component and the entire com-
munity. There were no significant treatment impacts on the cover of any other abundant plant functional group
(Table S5). In contrast to the pronounced effects of N addition, soil warming did not significantly impact diversity
of the colonizing plant community (Fig. 2A, Table S4). The only plant species to show individual responses to soil
warming were the planted tussock species C. rigida, which had increased cover, and C. flavecens, which had an
interactive response to the two drivers (Table S5). Previous research has also found that C. rigida and C. flavescens
have differing responses to nutrient availability*. Specifically, in line with our study they found that C. rigida bio-
mass increased significantly with N addition and C. flavescens only responded to N addition when phosphate was
also supplemented®. The diversity of the colonizing plants was not correlated with cover of the planted tussock
species (Table S6).

While we observed strong plant community responses to N addition, soil bacterial communities responded
primarily to warming. Soil warming, but not N addition, significantly influenced soil bacterial community com-
position (Fig. 1B, Table S3). This warming effect remained consistent regardless of the level of taxonomic resolu-
tion used (Fig. S1A, Table S7). Specifically, the relative abundances of Actinobacteria and Firmicutes increased
with soil warming, while Bacteroidetes and Proteobacteria declined (Figs $2,S3), consistent with shifts in soil
microbial communities observed after 12 years warming in a temperate hardwood forest*. These changes suggest
a shift toward a community better able to tolerate decreasing soil moisture (80% of ambient in warmed plots),
consistent with prior work pointing to microbial responses to precipitation manipulations in the field**"*? and
variation in the soil moisture niches of these phyla*. Conversely, N addition did not significantly alter the com-
position of the soil bacterial communities (Figs 1B and S1A, Tables S3 and S7). Changes in the diversity of the
soil bacterial community were very small and only detected for bacterial phyla and not genera (Fig. 2B, Table S4).
Addition of N and soil warming had no significant interactive effects on the taxonomic composition or diversity
of either plant or soil bacterial communities, suggesting that the effects of the two drivers were additive. This
contrasts with earlier work from this experiment showing no main effect of warming or nitrogen on microbial
biomass, but an interactive effect of the two drivers which reduced microbial biomass®. Combined, these results
suggest that the number and relative abundance of taxa may have changed despite no overall change in total bio-
mass, and vice versa.

We next assessed how functional characteristics of the plant and soil microbial communities, measured
respectively as plant functional traits*’ and as the relative abundance of functional categories of microbial
protein-coding genes®, responded to N addition and soil warming. Nitrogen addition and soil warming inde-
pendently influenced the overall ecological strategy of the plant communities that colonized the plots, as revealed

SCIENTIFICREPORTS| (2019) 9:2540 | https://doi.org/10.1038/s41598-019-39033-4 2


https://doi.org/10.1038/s41598-019-39033-4

www.nature.com/scientificreports/

A Plants B Soil Microbes
A A
A
A
o
> A A
g ® A A A
5| s a .o
A
X 0©%o A d A °
© ° o °
(o A A A ° °
o (o]
° A W: 0.31 (<0.001)
A stress =0.19 O stress=0.13

® W: 0.22 (<0.01) A
N: 0.25 (<0.01) A
stress = 0.05
A o
(@]
A A
2 a o
© A ) (@)
pas AA % ° O A
(= A °
A ° A °
A o o ° A
A A °
W: 0.13 (0.02)
° ° stress = 0.16

O Control A +3°C
® 50kgNha'yr' A +3°C&50kgN ha’yr’

Figure 1. Plant and soil microbial community composition responses to global change drivers. Non-metric
multidimensional scaling (NMDS) ordinations of experimental plots based on Bray-Curtis dissimilarities
calculated from: (A) percent cover of colonizing plant species, (B) relative abundance of bacterial phyla,

(C) community weighted mean trait values of the colonizing plant species, and (D) relative abundance

of the broadest level of subsystems of microbial protein-coding genes. Significant results (p < 0.05) from
permutational multivariate analysis of variance (permanova) tests for the same datasets are listed. Partial R*
values are given with p-values listed in parentheses for those results with p < 0.05 (W: warming, N: nitrogen
addition, N x W: nitrogen and warming). Complete permanova results are given in Table S3. See Supplementary
Information for equivalent ordinations (Fig. S1) and permanova results (Table S7) for the relative abundance of
bacterial genera and the most specific level of bacterial protein-coding genes.

by multivariate analyses of standardized community weighted mean trait values (Fig. 1C, Table S3). Plant com-
munities colonizing N addition plots had significantly lower functional richness (Fig. 2C, Table S4), observed
as communities that occupy less functional trait space**. These changes in functional diversity of the colonizing
community were not correlated with changing cover of the planted tussocks (Table S6). The decrease in func-
tional richness suggests that N addition excludes plants with extreme trait values resulting in less functionally
diverse plant communities, which are likely to show decreased resilience to disturbance or further environmental
change?>°,

While N addition alone drove functional diversity responses of the colonizing plant community, both N addi-
tion and soil warming selected for univariate functional trait means that differed from control plots. The colo-
nizing plant community was taller under both drivers (Fig. 3). This response suggests a shift toward conditions
favoring competitive ability over tolerance of abiotic stress, in line with other warming studies*’. Changes in
whole community (abundance-weighted) leaf traits indicated a shift toward more conservative resource-use strat-
egies for colonizing plant species caused by both N addition and soil warming?*®. Specifically, this entailed increas-
ing leaf dry matter content in soil warming plots, and increasing leaf C and dry matter content with increasing N
content in N addition plots (Fig. 3). The increases in plant height, leaf C and dry matter content of the colonizing
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Figure 2. Plant and soil microbial diversity responses to global change drivers based on taxonomy and traits.
Effect sizes (Cohen’s d) and 95% confidence intervals for each treatment combination relative to control plots
for: (A) richness and Shannon diversity index calculated from percent cover of colonizing plant species, (B)
Shannon and inverse Simpson diversity indices calculated from the relative abundance of bacterial phyla, (C)
functional richness and functional divergence calculated from trait values of the colonizing plant species, and
(D) richness and Shannon diversity index calculated from relative abundance of functional roles (most specific
categories of protein-coding genes). Significant treatment effects from linear models are indicated by N for
nitrogen addition, W for soil warming, and W x N for the interactive effect. * indicates p < 0.05, ** indicates,
P <0.01, and *** indicates p < 0.001. Details for other diversity metrics and statistical analyses are provided in
Table S4.

plant community were positively correlated with percent cover of the planted tussock C. rigida (Table S6), sug-
gesting that the increasing dominance of this species reduced resource availability and thus altered the functional
trait distribution of the colonizing species. The decrease in leaf N content (LNC) in N addition plots differs
from other studies, which have found that nutrient addition selects for higher nutrient content in leaf tissues®.
However, the N applied in this study may have quickly been utilized by the dominant planted tussocks, as there
was no change observed in the total soil N pool (Table S1). Congruent with this hypothesis, previous results from
this experiment showed that N addition increased the N content of tussock leaves®®, but not soil N*. Thus, the
shifts in leaf traits of the colonizing species that we observed with N addition suggest selection for more resource
conservative strategies in an increasingly competitive plant community where the dominant tussocks sequester
resources, rather than a direct response to increased nutrient availability.

As with taxonomic composition, the functional characteristics or traits of soil bacterial communities (i.e. the
relative abundance of functional gene categories) were significantly affected by soil warming (Fig. 1D, Table S3).
The functional richness of the soil bacterial community, assessed by the number of unique gene categories
detected, was significantly reduced in soil warming plots (Fig. 2D, Table S4). This reduction in functional rich-
ness, together with the lack of change in taxonomic richness, suggests that the warming treatment selected for
soil bacteria with similar traits, thus increasing functional redundancy but reducing functional capacity of the
belowground community. These community-level responses, observed as changes in the relative abundance of
functional gene categories, did not depend on the level of the functional hierarchy considered (Fig. S1B, Table S7).
Changes in the functional diversity of the soil bacterial community may have consequences for the ecosystem, as
loss of functional diversity is often associated with decreasing ecosystem functioning®®*!. In contrast, functional
redundancy is often associated with stability, though the level of redundancy may depend on environmental
context>?.

Shifts in the relative abundance of functional gene categories revealed specific ecological characteristics that
were selected for by the soil warming treatment. At the broadest level of functional gene categories, soil warming
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Figure 3. Colonizing plant traits in global change treatments. Bars are treatment means with one standard
error. P-values resulting from two-way ANOVAs are listed in the upper left corner of each plot (values < 0.05 in
bold; Py is nitrogen main effect, Py, is warming main effect, and Py, ,  is the warming by nitrogen interaction).

was associated with decreases in core metabolic functions associated with cell growth and turnover (i.e. RNA
metabolism, nucleosides and nucleotides, and cell wall and capsule) (Fig. S4). This is indicative of selection for a
slower growing, more resource-conservative soil bacterial community.

To further characterize shifts in the functional capacity of the soil bacterial community in response to N addi-
tion and soil warming, we focused on functional gene categories associated with N and C cycling, which are likely
to be involved in feedbacks between above and belowground communities®*. Nitrogen addition had a minimal
effect on either category (Figs S5, $6). In contrast, warming altered functional characteristics of the soil bacterial
community associated with C cycling (Fig. 4A); we observed decreases in genes associated with aminosugar
and monosaccharide metabolism, and increases in genes associated with fermentation, one-carbon and organic
acid metabolism (Fig. 4B). There was also a decrease in gene categories associated with cellulolytic potential (the
ability to break down more complex organic molecules such as cellulose and chitin) (Fig. S5). The influence of
soil warming on genes associated with C cycling may be driven partly by tradeoffs among microbial traits. Stress
tolerance (i.e. coping with low soil moisture in warmed plots) and cellulolytic potential are energetically expen-
sive traits, and previous studies suggest that there are physiological tradeoffs between the two (i.e., cellulolytic
potential is negatively correlated with drought tolerance)®*. Moreover, these decreases in genes associated with
metabolism of simple C molecules and broad shifts in functional genes toward a more oligotrophic soil bacterial
community are similar to the early phases of belowground responses to warming recently observed in a long-term
study of a temperate hardwood forest**?*%.

Finally, we determined whether between-plot differences in taxonomic and trait composition were correlated
above and belowground, and whether this correlation was weakened by the global change drivers. Between-plot
differences in taxonomic composition of the soil bacterial community were not related to between-plot differ-
ences in the composition of the colonizing plant community for any combination of global change drivers, though
this relationship was only marginally non-significant at P=0.08 under control conditions (Fig. S7A). Functional
capacity of the soil bacterial community was had the strongest correlation with the functional traits of the col-
onizing plant community when only the control plots were considered (P=0.07, Fig. S7B). There were no sig-
nificant relationships between the cover of the planted tussock community and any measure of taxonomic or
functional diversity of the soil bacterial community (Table S6). These results are in line with other studies that
found functional characteristics to be more effective than taxonomy in detecting congruence between above and
belowground communities®. Most importantly, these changes show that the plant and soil microbial communi-
ties had distinct responses to the same global change drivers, as the correlations between these two components
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Figure 4. Shifts in the relative abundance of soil bacterial gene categories associated with carbon cycling in
global change treatments. (A) Non-metric multidimensional scaling ordination among experimental plots
based on Bray-Curtis dissimilarity calculated from the relative abundance of metagenome reads assigned to
‘Carbohydrate’ subsystems (categories at the 3 level of a hierarchy as defined in the SEED database”). Results
of permanova analyses for these data are as follows; W (soil warming): R*=0.26, p < 0.001; N (nitrogen
addition): R*=0.06, p=10.16; W x N: R?=0.01, p =0.93. (B) Response ratios (log,) of the relative abundance
of metagenome reads assigned to ‘Carbohydrate’ subsystems (2 level of hierarchy as defined in the SEED
database”®). Bars represent the mean response ratio of treatment plots to control plots with one standard error.
Significant treatment effects from linear models are indicated by N for nitrogen addition, W for soil warming,
and W x N for the interactive effect. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.

broke down under both experimental drivers. However, it is possible that there is a lag before changes in the plant
community are realized belowground (and vice versa), and that this lag period extended beyond the four years of
treatment measured in this study.

We found that after four years of experimental treatment, plant and soil bacterial communities responded very
differently to two major global change drivers, both taxonomically and functionally. While the drivers that most
strongly affected the aboveground and belowground community differed (i.e., N addition and warming, respec-
tively), the general response was nevertheless comparable: plant and soil bacterial communities both moved
toward more resource conservative strategies in response to their specific driver suggesting a general shift toward
more competitive conditions with global change. Both communities occupied a smaller range of possible trait
values, and exhibited changes in functional redundancy, which likely impacts their resilience to further environ-
mental change. Plant communities shifted toward reduced redundancy, whereas redundancy increased in the
soil microbial community. Moreover, the greater impact of N addition aboveground and warming belowground
suggests that plant and soil bacterial communities have distinct tolerance ranges for these drivers. In conclusion,
our results clearly show that whole-ecosystem responses cannot be predicted by looking only at subsystems in
isolation. The absence of changes aboveground may belie major changes belowground, and vice versa, such that
previous assessments may have underestimated the whole-system impact of global environmental changes.

Materials and Methods

Experimental design. To assess the ecosystem impacts of soil warming and nitrogen (N) addition, an exper-
iment was established in January 2009 in native subalpine tussock grassland at the University of Canterbury Cass
Mountain Research Area on the South Island of New Zealand (43.03° S, 171.75° E). Soils at the site are classified as
acidic allophane brown following the New Zealand Soil Classification (Typic Dystrochrept by USDA). Vegetation
and topsoil to 20 cm were removed from twenty 3.5 x 3.5m plots to generate greater homogeneity of soil chemistry
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and to enable burial of heating and dummy cables. The two treatments (warming and N addition), each with two
levels (elevated and control), were assigned to experimental plots in a factorial randomized design with five repli-
cates per treatment combination. Plots were separated by 1 m borders. In each plot, electric heating cables (Argus
Heating Ltd, Christchurch, New Zealand) or control dummy cables were installed and covered with original topsoil.
Identical native tussock communities were then planted to resemble a semi-natural tussock grassland (our study
system), rather than relying entirely on self-colonization, which could have produced a community dominated by
pastoral weeds with high dispersal ability. These planted communities consisted of native New Zealand tussock
grasses: Festuca novae-zelandiae (50 individuals per plot), Poa cita (50 per plot), Chionochloa rigida (22 per plot),
and Chionochloa flavescens (12 per plot) (all herbaceous perennial tufted grasses). See Table S8 for traits of planted
species obtained from the literature®’->’. The four tussock species were chosen to represent characteristic species
from across the region, but also those that were commercially available in large enough numbers for the experiment.
Short-tussock grassland (which spread onto the Canterbury Plains following historical land clearing by burning) is
dominated by Festuca novae-zelandiae and Poa cita®, so we planted these species at higher abundance. The high-
er-altitude forests on the inland ranges in Canterbury were replaced by shrubland and grasslands of Chionochloa
rigida, which colonized from higher altitudes®. We included Chionochloa flavescens at the lowest abundance because
it does not occupy a large extent of the region, though it dominates the zone 200 m above treeline on the wetter
mountainous areas of the South Island®, so comprises an important component of the regional flora. Campbell
CR1000 (Campbell Scientific, USA) data loggers recorded the temperature of thermocouples in each plot every
minute. Each heated plot was paired with an unheated plot, and power was switched on in heated plots as necessary
to maintain a 3 °C temperature difference above thermocouples in the unheated plot (slightly below the 3.5°C mean
increase predicted for this century under a high carbon scenario®). The N treatment consisted of five additions per
year of 10kgha™! N-NH,NO; dissolved in 4 L of water and applied evenly over each plot. An equal volume of water
was added to non-N addition control plots. This annual rate of 50kg N ha~" is equivalent to moderate global dep-
osition rates®?, and considerably exceeds the local background deposition of 6-8 kg N ha~! year~! total (including
non-mineral forms) for the study area. Measured soil parameters (total soil C, N, and pH) were not impacted by
the treatments (Table S1). However, previous research from this experiment revealed that soil warming and N addi-
tion additively increased soil respiration rates, and N addition reduced the heterotrophic fraction of soil respiration
because only autotrophic (but not heterotrophic) soil respiration increased®.

Plant community composition. Plant community composition and functional traits were assessed in
late austral summer 2013 (i.e., 4 years after set-up). Cover of all plant species present in each experimental plot
(planted tussocks and colonizing species) was assessed using five 1 x 1 m quadrats. Quadrats were placed at least
20 cm from the edge of plots to avoid edge effects. A modified Braun-Blanquet scale®® was used to estimate the
mean percentage cover score for each vascular plant species in each quadrat. Cover classes used were <0.1%,
0.1-0.9%, 1-5%, 5-25%, 26-50%, 51-75%, and 75-100%. Overlapping vegetation of more than one species was
attributed to all species in percent cover estimates. The cover class medians for each species in each of the five
quadrats within each plot were averaged to estimate the mean absolute percentage cover scores per plot. The
percent cover of any extra species present in the plot, but not present in any quadrat from that plot, was estimated
separately. This approach ensured that rare species were included in the analysis and that species richness was
accurately assessed at the plot level.

Plant functional traits. Vegetative traits, indicative of plant resource economic strategy and associated with
ecosystem processes, were measured according to standard protocols® for plant species that colonized the plots.
Plant height and leaf traits were measured for five individuals per species (or all individuals if there were fewer
than five in the whole plot). Only the rarest species across the experiment were excluded from trait measure-
ments, so that species with measured traits made up more than 93% of the total colonizing species cover in each
plot. Traits were not measured for the planted tussock species, as their establishment was not related to the exper-
imental treatments, and they were therefore not subject to the same degree of environmental filtering as were the
colonizing species. However, we analysed separately their response to the different treatments and used this as a
predictor in analyses of above and belowground communities (see below). Vegetative plant height was measured
from the ground to the tip of the highest vegetative organ. Leaf area (LA), specific leaf area (SLA) and leaf dry
matter content (LDMC) were measured for two mature leaves from each individual plant. When sufficient dry
leaf biomass was available, leaf nitrogen content (LNC) and carbon content (LCC) were measured for composite
samples of the two leaves collected from each plant. If dry leaf biomass was too low for nutrient concentration
measurements, composite samples were generated by pooling leaves from individuals of the same species col-
lected from the same experimental plot. Leaf samples were dried at 60 °C, ground and analysed on a LECO CNS-
2000 Elemental Analyser (LECO Australia Pty Ltd., Sydney, Australia).

To determine how plant functional traits responded to the experimental treatments at the community level,
we calculated community weighted means (CWM) for each trait. Trait measurements were first averaged by spe-
cies for each experimental plot. To calculate the CWM trait values for an experimental plot, the treatment mean
traits were scaled by the relative cover of the colonizing species present in the plot. This approach accounted for
both shifts in plant community composition and intraspecific trait variation (i.e. trait variation among individuals
of the same species from different plots exposed to soil warming and N addition) in the calculation of CWMs.
Incorporating intraspecific variation in traits is important because it contributes significantly to a range of eco-
logical processes®+°.

Soil metagenomes. In May 2013, four soil cores (2 cm diameter and 10 cm depth) were collected per plot.
Cores were taken at least 20 cm from the edge of plots to avoid edge effects. The soil cores were pooled, sieved
(2mm) and three replicate subsamples of 2 g of soil were stored at —20°C in LifeGuard™ Soil Preservation
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Solution (Mo Bio Laboratories, CA, USA). Total community DNA was extracted from each subsample with the
Mo Bio RNA PowerSoil® Total RNA Isolation kit followed by the RNA PowerSoil® DNA Elution Accessory kit
(RNA yields were insufficient for metatranscriptome sequencing, so only shotgun metagenomes were generated).
The three replicate DNA extractions from each plot were pooled and purified with the Mo Bio PowerClean®
DNA Clean-Up kit. Total DNA was shipped to Macrogen Inc. (Seoul, Republic of Korea) for library preparation
and sequencing of 2 x 100 PE shotgun reads on the Illumina HiSeq 2000 platform multiplexing 6 samples per
lane. Prior to analysis, all reads were cleaned using the AdapterRemoval tool®*®”. Shotgun reads were submitted
to the MG-RAST web server for annotation®®. Sequencing and annotation statistics are provided in Table S9.
MG-RAST splits the dataset into reads belonging to 16S rRNA gene sequences (used to generate taxonomic pro-
files) and reads associated with protein-coding genes, which are used to generate functional profiles. Taxonomic
profiles were generated from 16S annotations compared to the M5rna database, which integrates the SILVA®,
GreenGenes”’ and RDP”! rRNA databases, using a maximum e-value of 1E-5, a minimum identity of 60%, and a
minimum alignment length of 15. Functional profiles were generated from protein-coding annotations compared
to the M5nr database’ using a maximum e-value of 1E-5, a minimum identity of 60%, and a minimum alignment
length of 15, and viewed in the SEED subsystems functional hierarchy’. Sequence coverage plots are presented in
Fig. S8. In this annotation framework, ‘functional roles’ are grouped into ‘subsystems’ (for example, a subsystem
may be the collection of functional roles that make up a metabolic pathway). These subsystems are then grouped
into broader categories that form a 4-level hierarchy. Community-aggregated traits of the soil microbial com-
munity can be inferred from these subsystems®®, providing a means for estimating (within the limits of available
annotated genomes) soil microbial community responses to global change drivers from a functional perspective.
Archaea made up less than 1% of soil microbial taxonomic profiles, and no treatment responses were observed
(Fig. S9), so microbial responses examined here comprise primarily soil bacteria.

Treatment bias in the number of 16S or functional reads that could be annotated could in theory lead to mis-
interpretation of results. To ensure no such bias was present in either the taxonomic or functional data set, we
ran generalized linear models with a Poisson error distribution to test whether the number of bacterial 16S rRNA
and protein-coding reads differed across treatments. Models were fitted using quasi-likelihood, because there was
evidence of overdispersion in both cases. These tests confirmed that the experimental treatments did not signif-
icantly impact the number of 16S reads (warming F, ;4= 0.81, p = 0.38; nitrogen F, ;,=0.07, p = 0.80, warming
x nitrogen F, ;,=0.67, p=0.43) or protein-coding reads (warming F, ;4 =2.63, p=0.12; nitrogen F, ;,=10.33,
p=0.57, warming X nitrogen F, ;4= 0.29, p=0.60) that could be annotated.

Soil parameters. Soil moisture measurements to 10 cm depth (Theta Probe ML2, DeltaT Devices,
Cambridge, UK) were taken immediately prior to soil core collection. Total soil carbon and nitrogen were meas-
ured from subsamples of sieved soil with a LECO CNS-2000 Elemental Analyser on some of the remaining sieved
soil collected for DNA extraction. Soil pH was measured in a 1:2.5 soil to water slurry.

Statistical analyses. All analyses were performed in the R environment’. We assessed the impact of global
change drivers on diversity (univariate) and composition (multivariate) measures from taxonomic and trait meas-
ures for plant and soil bacterial communities (see Table S2). For the colonizing plant community, functional
diversity indices**”> were calculated from CWM trait values using the distance-based framework implemented
in the ‘FD’ package”® for R. All other diversity measures (number of plant species and bacterial taxa, functional
capacity of the soil bacterial community, Shannon (H) and Inverse Simpson indices) were assessed with the
‘vegan’ R package”’. To ensure that soil microbial community responses were not specific to a particular taxo-
nomic level, we assessed taxonomic responses for both bacterial phyla and genera, and functional capacity at the
most specific (functional roles) and most general levels (level 1 subsystems) of the SEED hierarchy.

To assess composition responses, Bray-Curtis dissimilarity between experimental plots was calculated from
the multivariate datasets. Non-metric multidimensional scaling (NMDS) ordinations were generated to visualize
relationships among experimental plots. These distance matrices were then analysed in two-way permutational
multivariate analyses of variance (PERMANOVA)’87 to test for impacts of soil warming, N addition and their
interaction on community composition from both taxonomic and functional perspectives. PERMANOVA tests
were conducted with the ‘adonis’ function in the ‘vegan’ R package and 999 permutations of the data. To assist in
interpretation of these tests, univariate analyses were undertaken on each of the variables comprising the multi-
variate responses.

To assess trait diversity of the colonizing plant community and other univariate responses to soil warming,
N addition, and their interaction, we conducted general linear models. For continuous responses (i.e. soil pH
and C:N, Shannon and Inverse Simpson diversity indices, individual CWM traits), the data were transformed
(BoxCox) when assumptions regarding normality and homogeneity of variance were not met. Responses that
were expressed as percentages (i.e. soil moisture, total soil C and N, plant cover, relative abundance of bacterial
taxa and SEED subsystems) were logit transformed®. For count data (i.e. number of colonizing plant species, tax-
onomic richness and functional capacity of soil microbial communities), generalized linear models with Poisson
error distributions were run to test for treatment impacts. Statistical significance of treatments was determined
with analysis of deviance tests.

Procrustes rotation and permutation tests were run to determine whether soil warming and/or N addition
impacted the ability to predict among-plot relationships in soil microbial composition from among-plot rela-
tionships in colonizing plant composition or vice versa. The relationships considered were plant taxonomy: soil
microbial taxonomy, and plant traits: soil microbial traits. For each experimental treatment combination, we
separately assessed whether the strength and significance of these relationships was impacted by soil warming
and N addition, individually and together.
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Data Availability

Raw sequence data for the metagenomes will be made publicly available upon acceptance (MG-RAST IDs:
4570855.3-4570874.3). All other data is available by request to the corresponding authors.

References

1.
. Reich, P. B. Elevated CO2 reduces losses of plant diversity caused by nitrogen deposition. Science 326, 1399-1402 (2009).

. Hooper, D. U. et al. A global synthesis reveals biodiversity loss as a major driver of ecosystem change. Nature 486, 105-8 (2012).

. Isbell, F. et al. Biodiversity increases the resistance of ecosystem productivity to climate extremes. Nature 526, 574-577 (2015).

. Bardgett, R. D. & van der Putten, W. H. Belowground biodiversity and ecosystem functioning. Nature 515, 505-511 (2014).

. Bardgett, R. D., Manning, P., Morrién, E. & De Vries, F. T. Hierarchical responses of plant-soil interactions to climate change:

AN U W N

10.

11.
12.

13.

14.

15.

16.

17.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Dukes, J. & Mooney, H. Does global change increase the success of biological invaders? Trends Ecol. Evol. 14, 135-139 (1999).

consequences for the global carbon cycle. J. Ecol. 101, 334-343 (2013).

. Prober, S. M. et al. Plant diversity predicts beta but not alpha diversity of soil microbes across grasslands worldwide. Ecol. Lett. 18,

85-95 (2015).

. Farrer, E. C. & Suding, K. N. Teasing apart plant community responses to N enrichment: the roles of resource limitation, competition

and soil microbes. Ecol. Lett. 19, 1287-1296 (2016).

. Cruz-Martinez, K. et al. Despite strong seasonal responses, soil microbial consortia are more resilient to long-term changes in

rainfall than overlying grassland. ISME J. 3, 738-44 (2009).

Clark, C. M. & Tilman, D. Loss of plant species after chronic low-level nitrogen deposition to prairie grasslands. Nature 451,
712-715 (2008).

Stevens, C. J. Impact of nitrogen deposition on the species richness of grasslands. Science 303, 1876-1879 (2004).

Isbell, E. et al. Nutrient enrichment, biodiversity loss, and consequent declines in ecosystem productivity. Proc. Natl. Acad. Sci. USA
110, 11911-6 (2013).

Rustad, L. E. et al. A meta-analysis of the response of soil respiration, net nitrogen mineralization, and aboveground plant growth to
experimental ecosystem warming. Oecologia 126, 543-562 (2001).

Lin, D,, Xia, ]. & Wan, S. Climate warming and biomass accumulation of terrestrial plants: A meta-analysis. New Phytol. 188,
187-198 (2010).

Zavaleta, E. S. et al. Grassland responses to three years of elevated temperature, CO2, precipitation, and N deposition. Ecol. Monogr.
73, 585-604 (2003).

Cornwell, W. K. et al. Plant species traits are the predominant control on litter decomposition rates within biomes worldwide. Ecol.
Lett. 11, 1065-71 (2008).

Meier, C. L. & Bowman, W. D. Links between plant litter chemistry, species diversity, and below-ground ecosystem function. Proc.
Natl. Acad. Sci. USA 105, 19780-5 (2008).

. Grigulis, K. et al. Relative contributions of plant traits and soil microbial properties to mountain grassland ecosystem services. J.

Ecol. 101, 47-57 (2013).

. Laughlin, D. C. Nitrification is linked to dominant leaf traits rather than functional diversity. J. Ecol. 99, 1091-1099 (2011).

. Lange, M. et al. Plant diversity increases soil microbial activity and soil carbon storage. Nat. Commun. 6 (2015).

. Schweitzer, J. A. et al. Genetically based trait in a dominant tree affects ecosystem processes. Ecol. Lett. 7, 127-134 (2004).

. Lu, M. et al. Responses of ecosystem nitrogen cycle to nitrogen addition: a meta-analysis. New Phytol. 189, 1040-1050 (2011).

. Liu, L. & Greaver, T. L. A global perspective on belowground carbon dynamics under nitrogen enrichment. Ecol. Lett. 13, 819-828

(2010).

. Frey, S. D., Drijber, R., Smith, H. & Melillo, J. Microbial biomass, functional capacity, and community structure after 12 years of soil

warming. Soil Biol. Biochem. 40,2904-2907 (2008).

Castro, H. F, Classen, A. T, Austin, E. E., Norby, R. J. & Schadt, C. W. Soil microbial community responses to multiple experimental
climate change drivers. Appl. Environ. Microbiol. 76, 999-1007 (2010).

Fierer, N. et al. Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen
gradients. ISME J. 6, 1007-17 (2012).

Ramirez, K. S., Craine, J. M. & Fierer, N. Consistent effects of nitrogen amendments on soil microbial communities and processes
across biomes. Glob. Chang. Biol. 18, 1918-1927 (2012).

Cheng, L. et al. Warming enhances old organic carbon decomposition through altering functional microbial communities. ISME J.
11, 1825-1835 (2017).

Melillo, J. M. et al. Long-term pattern and magnitude of soil carbon feedback to the climate system in a warming world. Science 358,
101-105 (2017).

Allison, S. D. & Martiny, J. B. H. Resistance, resilience, and redundancy in microbial communities. Proc. Natl. Acad. Sci. 105,
11512-11519 (2008).

Li, J. et al. Differential effects of warming and nitrogen fertilization on soil respiration and microbial dynamics in switchgrass
croplands. GCB Bioenergy 10, 565-576 (2018).

Jian, S. et al. Soil extracellular enzyme activities, soil carbon and nitrogen storage under nitrogen fertilization: A meta-analysis. Soil
Biol. Biochem. 101, 32-43 (2016).

Lavorel, S. & Garnier, E. Predicting changes in community composition and ecosystem functioning from plant traits: revisiting the
Holy Grail. Funct. Ecol. 16, 545-556 (2002).

Lennon, J. T,, Aanderud, Z. T., Lehmkuhl, B. K. & Schoolmaster, D. R. Mapping the niche space of soil microorganisms using
taxonomy and traits. Ecology 93, 1867-1879 (2012).

Fierer, N., Barberdn, A. & Laughlin, D. C. Seeing the forest for the genes: using metagenomics to infer the aggregated traits of
microbial communities. Front. Microbiol. 5, 614 (2014).

Dieleman, W. L. ]. et al. Simple additive effects are rare: a quantitative review of plant biomass and soil process responses to combined
manipulations of CO2 and temperature. Glob. Chang. Biol. 18, 2681-93 (2012).

Tylianakis, . M., Didham, R. K., Bascompte, J. & Wardle, D. A. Global change and species interactions in terrestrial ecosystems. Ecol.
Lett. 11, 1351-1363 (2008).

de Sassi, C., Staniczenko, P. P. A. & Tylianakis, J. M. Warming and nitrogen affect size structuring and density dependence in a host-
parasitoid food web. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 367, 3033-41 (2012).

Graham, S. L. et al. Effects of soil warming and nitrogen addition on soil respiration in a New Zealand tussock grassland. PLoS One
9, 91204 (2014).

O’Connor, K. E, Connor, H. E. & Molloy, B. P. J. Response of four species of Chionochloa and two introduced grasses to soil
amendment. New Zeal. J. Bot. 10, 205-224 (1972).

Barnard, R. L., Osborne, C. A. & Firestone, M. K. Responses of soil bacterial and fungal communities to extreme desiccation and
rewetting. ISME J. 7, 2229-41 (2013).

Ochoa-Hueso, R. et al. Drought consistently alters the composition of soil fungal and bacterial communities in grasslands from two
continents. Glob. Chang. Biol. 24, 2818-2827 (2018).

SCIENTIFIC REPORTS |

(2019) 9:2540 | https://doi.org/10.1038/s41598-019-39033-4 9


https://doi.org/10.1038/s41598-019-39033-4

www.nature.com/scientificreports/

43. Cornelissen, J. H. C. et al. A handbook of protocols for standardised and easy measurement of plant functional traits worldwide.
Aust. J. Bot. 51, 335-380 (2003).

44. Villéger, S., Mason, N. & Mouillot, D. New multidimensional functional diversity indices for a multifaceted framework in functional
ecology. Ecology 89, 2290-2301 (2008).

45. Sakschewski, B. et al. Resilience of Amazon forests emerges from plant trait diversity. Nat. Clim. Chang. 6,1032-1036 (2016).

46. Hutchison, C., Gravel, D., Guichard, E. & Potvin, C. Effect of diversity on growth, mortality, and loss of resilience to extreme climate
events in a tropical planted forest experiment. Sci. Rep. 8, 15443 (2018).

47. Hudson, J. M. G., Henry, G. H. R. & Cornwell, W. K. Taller and larger: shifts in Arctic tundra leaf traits after 16 years of experimental
warming. Glob. Chang. Biol. 17,1013-1021 (2011).

48. Wright, L. ]. et al. The worldwide leaf economics spectrum. Nature 428, 821-7 (2004).

49. Laliberté, E., Shipley, B., Norton, D. A. & Scott, D. Which plant traits determine abundance under long-term shifts in soil resource
availability and grazing intensity? J. Ecol. 100, 662-677 (2012).

50. Handa, I. T. et al. Consequences of biodiversity loss for litter decomposition across biomes. Nature 509, 218-221 (2014).

51. Maron, P. A. et al. High microbial diversity promotes soil ecosystem functioning. Appl. Environ. Microbiol. 84, €02738-17 (2018).

52. Fetzer, L. et al. The extent of functional redundancy changes as species’ roles shift in different environments. Proc. Natl. Acad. Sci.
USA 112, 14888-14893 (2015).

53. Zhou, J. et al. Functional molecular ecological networks. MBio 1, €00169-10 (2010).

54. Berlemont, R. et al. Cellulolytic potential under environmental changes in microbial communities from grassland litter. Front.
Microbiol. 5,639 (2014).

55. DeAngelis, K. M. et al. Long-term forest soil warming alters microbial communities in temperate forest soils. Front. Microbiol. 6,104
(2015).

56. Legay, N. et al. Contribution of above- and below-ground plant traits to the structure and function of grassland soil microbial
communities. Ann. Bot. 114, 1011-1021 (2014).

57. Craine, J. M., Lee, W. G., Bond, W. ], Williams, R. J. & Johnson, L. C. Environmental constraints on a global relationship among leaf
and root traits of grasses. Ecology 86, 12-19 (2005).

58. Kattge, J. et al. TRY - a global database of plant traits. Glob. Chang. Biol. 17, 2905-2935 (2011).

59. Kerkhoff, A. J., Fagan, W. E, Elser, J. ]. & Enquist, B. J. Phylogenetic and growth form variation in the scaling of nitrogen and
phosphorus in the seed plants. Am. Nat. 168, E103-22 (2006).

60. Dawson, J. Forest vines to snow tussocks. (Victoria University Press, 1988).

61. IPCC. Climate change 2007: The physical science basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. 6, (Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
2007).

62. Vitousek, P. M. et al. Human alteration of the global nitrogen cycle: Sources and consequences. Ecol. Appl. 7, 737-750 (1997).

63. Hurst, J. M. & Allen, R. The Recce method for describing New Zealand vegetation: field protocols. (Landcare Research New Zealand,
2007).

64. Albert, C. H., Grassein, E, Schurr, E. M., Vieilledent, G. & Violle, C. When and how should intraspecific variability be considered in
trait-based plant ecology? Perspect. Plant Ecol. Evol. Syst. 13,217-225 (2011).

65. Bolnick, D. I. et al. Why intraspecific trait variation matters in community ecology. Trends Ecol. Evol. 26, 183-92 (2011).

66. Lindgreen, S. AdapterRemoval: Easy Cleaning of Next Generation Sequencing Reads. BMC Res. Notes 5, 337 (2012).

67. Schubert, M., Lindgreen, S. & Orlando, L. AdapterRemovalv2: rapid adapter trimming, identification, and read merging. BMC Res.
Notes 9, 88 (2016).

68. Meyer, F. et al. The metagenomics RAST server - a public resource for the automatic phylogenetic and functional analysis of
metagenomes. BMC Bioinformatics 9, 386 (2008).

69. Pruesse, E. et al. SILVA: A comprehensive online resource for quality checked and aligned ribosomal RNA sequence data compatible
with ARB. Nucleic Acids Res. 35, 7188-7196 (2007).

70. DeSantis, T. Z. et al. Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ.
Microbiol. 72, 5069-5072 (2006).

71. Cole, J. R. et al. The Ribosomal Database Project (RDP-II): Previewing a new autoaligner that allows regular updates and the new
prokaryotic taxonomy. Nucleic Acids Res. 31, 442-443 (2003).

72. Wilke, A. et al. The M5nr: a novel non-redundant database containing protein sequences and annotations from multiple sources and
associated tools. BMC Bioinformatics 13, 1 (2012).

73. Overbeek, R. et al. The subsystems approach to genome annotation and its use in the project to annotate 1000 genomes. Nucleic
Acids Res. 33, 5691-5702 (2005).

74. R Core Team. R: a language and environment for statistical computing. (R Foundation for Statistical Computing, 2015).

75. Laliberté, E. & Legendre, P. A distance-based framework for measuring functional diversity from multiple traits. Ecology 91,
299-305 (2010).

76. Laliberté, E., Legendre, P. & Shipley, B. FD: measuring functional diversity from multiple traits, and other tools for functional
ecology. R package version 1.0-12. (2014).

77. Oksanen, J. et al. vegan: community ecology package. R package version 2.0-10. https://CRAN.R-project.org/package=vegan
(2013).

78. McArdle, B. & Anderson, M. Fitting multivariate models to community data: a comment on distance-based redundancy analysis.
Ecology 82,290-297 (2001).

79. Anderson, M. J. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 26, 32-46 (2001).

80. Warton, D. I. & Hui, E K. C. The arcsine is asinine: the analysis of proportions in ecology. Ecology 92, 3-10 (2011).

Acknowledgements

We thank C. de Sassi, S. Graham, J. Hunt, J. Ladley, and A. Winther for assistance with the establishment and
maintenance of the Cass experiment, and J. Van Vianen, S. Pohe, and M. Burford for assistance with plant data
collection. The Cass warming experiment was funded by a Marsden Fund grant (UOC-0705) to J.M.T. and the
plant trait data collection was funded by the Miss EL Hellaby Indigenous Grassland Research Trust (funding
to J.M.T.). K.L.A. was funded by a postdoctoral fellowship from the Allan Wilson Centre, S.L. was funded by a
Marie Curie International Outgoing Fellowship (METAECO) within the 7th European Community Framework
Programme, J.M.T. and A.M.P. were funded by Rutherford Discovery Fellowships administered by the Royal
Society of New Zealand. The contribution of D.A.W. was supported by a Wallenberg Scholars award.

Author Contributions

J.M.T., S.L., AM.P,, D.A.W. conceived and designed the experiments; K.L.A., S.L., L.M.Y. performed the
experiments; K.L.A., S.L. analysed the data; M.B.-V. contributed materials/analysis tools; K.L.A. wrote the paper;
All authors commented on draft versions of the manuscript.

SCIENTIFICREPORTS| (2019) 9:2540 | https://doi.org/10.1038/s41598-019-39033-4 10


https://doi.org/10.1038/s41598-019-39033-4
https://CRAN.R-project.org/package=vegan

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39033-4.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:2540 | https://doi.org/10.1038/s41598-019-39033-4 11


https://doi.org/10.1038/s41598-019-39033-4
https://doi.org/10.1038/s41598-019-39033-4
http://creativecommons.org/licenses/by/4.0/

	Above and belowground community strategies respond to different global change drivers

	Results and Discussion

	Materials and Methods

	Experimental design. 
	Plant community composition. 
	Plant functional traits. 
	Soil metagenomes. 
	Soil parameters. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Plant and soil microbial community composition responses to global change drivers.
	Figure 2 Plant and soil microbial diversity responses to global change drivers based on taxonomy and traits.
	Figure 3 Colonizing plant traits in global change treatments.
	Figure 4 Shifts in the relative abundance of soil bacterial gene categories associated with carbon cycling in global change treatments.




