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« Leaf litter decomposition rate changes
paralleled fungal community
changes.

« Stressor interactions were taxon-
specific rather than affecting the
overall community.

« Interactions changed with time,
highlighting the role of exposure
duration.
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community persisted after leaf
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« Relative abundance shifts drove
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Despite the progress made in environmental microbiology techniques and knowledge, the succession and
functional changes of the microbial community under multiple stressors are still poorly understood. This
is a substantial knowledge gap as microbial communities regulate the biogeochemistry of stream ecosys-
tems. Our study assessed the structural and temporal changes in stream fungal and bacterial communi-
ties associated with decomposing leaf litter under a multiple-stressor scenario. We conducted a fully
crossed 4-factor experiment in 64 flow-through mesocosms fed by a pristine montane stream (21 days
of colonisation, 21 days of manipulations) and investigated the effects of nutrient enrichment, flow veloc-
ity reduction and sedimentation after 2 and 3 weeks of stressor exposure. We used high-throughput
sequencing and metabarcoding techniques (16S and 18S rRNA genes) to identify changes in microbial
community composition. Our results indicate that (1) shifts in relative abundances of the pre-existing
terrestrial microbial community, rather than changes in community identity, drove the observed
responses to stressors; (2) changes in relative abundances within the microbial community paralleled
decomposition rate patterns with time; (3) both fungal and bacterial communities had a certain resis-
tance to stressors, as indicated by relatively minor changes in alpha diversity or multivariate community
structure; (4) overall, stressor interactions were more common than stressor main effects when affecting
microbial diversity metrics or abundant individual genera; and (5) stressor effects on microbes often
changed from 2 weeks to 3 weeks of stressor exposure, with several response patterns being reversed.
Our study suggests that future research should focus more on understanding the temporal dynamics
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of fungal and bacterial communities and how they relate to ecosystem processes to advance our under-
standing of the mechanisms associated with multiple-stressor interactions.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Microbial communities drive stream biogeochemistry by play-
ing a crucial role in ecosystem processes, such as ecosystem respi-
ration, organic matter decomposition and nutrient cycling (Bruder
et al,, 2016; Kuehn, 2016; Manning et al., 2018). For example,
microbial communities fix nutrients onto substrata and improve
the palatability and quality of decomposing leaf litter, thus provid-
ing a high-nutrition food source for higher trophic levels (Kuehn,
2016). Their influence therefore starts at the bottom of the food
chain, and then potentially shapes higher trophic-level communi-
ties along the river continuum. One of the central aims of microbial
ecology is to understand how environmental changes drive the
structure and function of communities (Herren et al., 2016). In ecol-
ogy, ‘stressors’ can be defined as any anthropogenic activity result-
ing in environmental change that will take the studied system
outside of its normal operational range (Sabater et al., 2019). Stud-
ies have previously revealed that microbial communities follow
successional stages; however, the forces driving this progression
are less well understood (Knelman et al., 2014). Indeed, community
responses to environmental changes can either be stochastic or
deterministic. Therefore, if the latter is true, then the microbial
community’s adaptation to stress can be predicted, always selecting
for the species that are most adapted to the new conditions. How-
ever, the high functional redundancy within microbial species in a
community (Bell et al., 2005) may lead to stochastic responses lim-
iting the replicability of the observed patterns.

Stressors associated with agriculture and urbanization, for
example sedimentation, reduced flow velocity and nutrient enrich-
ment, are known to have significant effects on microbial assem-
blages, productivity and activities, and thus can lead to changes
in ecosystem function such as altered decomposition rates
(Pascoal and Cassio, 2004; Piggott et al., 2015a; Widder et al.,
2014). Individually, sediment deposition and flow velocity reduc-
tion influence microbial community structure and diversity by cre-
ating physical barriers via an increase in boundary layer thickness
(Barker Jomgensen and Des Marais, 1990; Stevens and Kurd, 1997)
or a filtering action of the hyporheic zone (Cornut et al., 2014).
Both processes limit the exchange of oxygen and nutrients
between water column and biofilm but also modulate the
dispersal-colonisation dynamics of the substratum (Besemer
et al., 2007; Cornut et al., 2014). The effects of nutrient enrichment
on litter-associated microbial communities are complex and can
differ depending on microbial stoichiometry (Brosed et al., 2017),
nutrient uptake rates (Gulis and Suberkropp, 2003), substratum
stoichiometry (Manning et al., 2016), the environment’s reference
conditions and enrichment magnitude (Ferreira et al.,, 2015). In
general, however, moderate nutrient enrichment tends to promote
microbial growth and activity.

Stressor effects are known to vary along disturbance gradients,
sometimes taking unforeseen directions regarding the microbial
community’s structure and function (Romero et al., 2019). For
instance, stressors leading to changes in the physico-chemical
(water chemistry, flow velocity, benthic substratum composition)
and biological conditions along the river continuum are known
to alter fungal presence, traits, life strategy and decay activities
(Kuehn, 2016). Further, fungi and bacteria both co-habit the micro-
biome and play key roles in the decomposition of organic matter.
During this process, complex biotic interactions between the two

organism groups can occur. While it is generally agreed that both
fungi and bacteria can influence each other’s community structure,
the questions of whether their interactions are predominantly
facilitative or competitive, and how these interactions translate
into ecosystem function, are still open and also context-
dependent (Frey-Klett et al., 2011; Johnston et al., 2016; Romani
et al., 2006).

There has been some interest in the mechanisms which drive
the spatial and temporal microbial community changes in
response to stressors, including the interactions between bacteria
and fungi. Several studies in terrestrial and aquatic environments
have highlighted inter- and intra-kingdom interactions and
dynamics (Gessner et al., 2010; Purahong et al., 2016). Neverthe-
less, how stressors may perturb these dynamics has been assessed
less often in streams. Further, incubation time has also been shown
to be a strong determinant of microbial community structure
(Newman et al., 2015). Indeed, as decomposition advances, more
recalcitrant compounds remain, favouring the development of
microbial species capable of metabolising such compounds
(Gessner et al., 2010). Stressors and stressor combinations have
the potential to disrupt these processes by accelerating or slowing
down decomposition rates as well as altering microbial succession
and activity. Thus, a clearer understanding of these processes
requires temporal studies at a fine taxonomical resolution for both
bacteria and fungi.

Understanding and making sense of the microbial diversity and
functionality under stress is a hard task to implement. Indeed,
manipulative experiments on multiple stressors require consider-
able logistical investment to set up, and much of the research link-
ing bacteria and fungi to litter decomposition in freshwater systems
has been conducted on sterile (autoclaved) substrata in laboratory
settings (Fernandes et al., 2014; Ferreira and Chauvet, 2012; Gulis
et al., 2017). However, only a few microbes can be successfully
reared and identified in laboratory conditions (Lloyd et al., 2018;
Steen et al.,, 2019). Therefore, these studies provide a very simplified
version of the natural environment (Johnston et al., 2016). Further,
leaves falling into streams already come with their own set of
microbes, as either endophytes (leaf interior) or phyllosphere (leaf
surface) organisms, and several aquatic microbial genera are known
to have a terrestrial stage in their life cycle (Mustonen et al., 2016;
Rohl et al., 2017). Nevertheless, past research tends to overlook this
initial community and how it could influence the successional tra-
jectory of the microbial community during the leaves’ aquatic
decomposition. Recent advances in molecular techniques have
enabled deeper investigation of the “microbial black box” in its nat-
ural environment (Cristescu, 2014). However, understanding global
change effects on microbial communities and the resulting change
in ecosystem function is still hindered by a lack of characterisation
of communities (Antwis et al., 2017). Thus, questions about adapta-
tion, functional redundancy, stochastic versus deterministic assem-
bly patterns and temporal variations have been identified as some
of the most prominent open questions in microbial ecology
(Antwis et al., 2017).

Here we used field mesocosms to investigate the influence of
nutrient enrichment, flow velocity reduction, increased sedimenta-
tion and their interactive effects on the microbial communities
associated with decomposing leaf litter along a temporal gradient
of three weeks. Through investigating the temporal dynamics of
bacterial and fungal microbes, we aimed to show that stressor
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accumulation disrupts the natural microbial successional patterns,
resulting in changed organic matter decomposition rates. We
tested four specific hypotheses:

(1) By providing readily available extra resources, nutrient
enrichment will enhance decomposition rates and enhance
microbial diversity (Gulis and Suberkropp, 2004; Kerekes
et al., 2013; Piggott et al., 2015a).

(2) Flow velocity reduction will slow decomposition rates and
change microbial community composition, due to an
increase in boundary layer thickness reducing O, and nutri-
ent availability (Barker Jemgensen and Des Marais, 1990;
Bruder et al., 2016; Stevens and Kurd, 1997).

(3) Fine sediment will also decrease decomposition rates, by
changing the microbial community’s functionality (e.g. by
reducing efficiency in enzymatic activity of change in meta-
bolic pathways; Tank et al., 2013).

(4) The positive nutrient effect on decomposition and microbial
diversity will be counteracted by sedimentation and flow
velocity reduction because both act as a physical barrier lim-
iting resource exchange between microbiome and water col-
umn, resulting in antagonistic two-way and three-way
interactions.

2. Methods
2.1. Study site

Our study occurred in a streamside mesocosm setup (ExStream
System) fed by the Yinxi Stream originating from the Jiulongfeng
Nature Reserve, Anhui Province, China. The mesocosm site is
located just downstream of the reserve boundary (30°07’07"N,
118°01'24”E, 330 m a.s.l.). The reserve covers a 2720 ha area (98%
forested, 80% native vegetation) on the west side of the main
Huangshan Mountain massif. The reserve’s vegetation distribution
displays an altitudinal gradient of evergreen broad-leaved forest,

Manifold

evergreen deciduous broad-leaved forest, deciduous broad-leaved
forest, alpine short forest and alpine meadows (Jiulongfeng Nature
Reserve Director, Mr. X. H. Cao, personal communication). Mean
annual temperature and precipitation are 15.4°C and 1500-
1600 mm, respectively (Huangshan District Government, http://
www.hsq.gov.cn/; accessed August 2019).

Yinxi Stream is a near-pristine montane stream (N-NO3
0.39+0.008 [SE] mg/L, N-NH; 0.26 +0.002 mg/L, P-PO;
0.01 £0.001 mg/L, pH 7.87+0.018, conductivity 46.45 +0.029
[SE] pS/cm; four measurements each collected with a YSI (Profes-
sional Plus, YSI Incorporated, Yellow Springs, OH, USA) at the
mesocosm system’s water intake point on September 24th 2018).
The stream is bordered by steep slopes with dense forest shading
the streambed. The only human impact on the stream is a small
hydrologic dam located approximately 2.8 km upstream.

2.2. ExStream system and experimental design

The experiment ran for 42 days from October 1st to November
12th 2018. Since allochthonous carbon inputs can play an impor-
tant role in stream dynamics (Gounand et al., 2018), the experi-
mental period was chosen to include one autumn leaf senescence
event to maximise microbial diversity and productivity.

The study was conducted using a 64-unit outdoor stream
mesocosm system (ExStream Systems Ltd., Dunedin, New Zealand,
Fig. 1) similar to mesocosms setups previously used in
New Zealand (Piggott et al., 2015c), Germany (Elbrecht et al.,
2016) and Ireland (Davis et al., 2018). Briefly, water and the asso-
ciated drifting aquatic invertebrates, algae and microbes from the
Yinxi Stream were continuously pumped (ACm150B2, Leo Group
Co., LTD, Zhejiang, China) through a 4-mm mesh filter into four
header tanks, each of which gravity-fed 16 circular mesocosms
(outer diameter 24.5 cm, inner diameter 5.1 cm, volume 3 L, area
450 cm?; Microwave Ring Moulds, Interworld, Auckland, New
Zealand). The experiment comprised a 21-day colonisation period
followed by a 21-day manipulation phase.
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Fig. 1. Schematic of the experimental design and timeline of the experiment.
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We used a full factorial 2 x 2 x 2 design with eight replicates
for each stressor combination: nutrients (ambient versus increased
N-NO3 and P-PO3), flow velocity (control versus reduced) and fine
sediment (control versus added). To assess temporal variation in
the microbial responses, the system was sampled on two occasions
(Days 14 and 21). On each occasion, 32 mesocosms from two ran-
domly selected header tanks were sampled (four replicates per
treatment combination). Each mesocosm was sampled only once
during the experiment.

The water flow through each mesocosm was maintained at a con-
stant rate of 2 L/min and recalibrated daily. Water leaving the meso-
cosms flowed through their inner circular opening, allowing natural
emigration of stream invertebrates and microbes by drift. Tempera-
ture and light intensity were monitored every 5 min in one ran-
domly selected mesocosm per header tank block using a HOBO
pendant MX2202 datalogger (Onset, USA). Mean water temperature
over the length of the experiment was 16.14 + 2.13 [SD] °C com-
pared to 15.60 £ 1.72 [SD] °C at the pump intake in the river. Each
mesocosm received 500 mL of coarse substratum (>2 mm), ten 3-
4 cm surface stones and one large stone (>6 cm). This substratum
composition represented similar habitat heterogeneity as reported
in Chinese streams and rivers (Liu et al., 2016). The substratum
was collected from a nearby, dry floodplain section of the Yinxi
Stream.

Leaves from Cinnamomum camphora (camphor tree) were col-
lected from a single street stretch in Suzhou, Jiangsu, China
(31°16'17.96”N, 120°44’33.86”E) and air-dried in the laboratory
for at least 2 weeks before being stored in the dark. C. camphora
is an evergreen tree endemic to the southern Yangtze regions
and one of the most widespread tree species across China. It is
commonly used as an ornamental tree in cities and rural areas
and is also being found near our study area (N.P.D. Juvigny-
Khenafou, personal observation). Leaf bags consisted of 2.5 £ 0.01
[SD] g of dried leaf material placed into 4-mm mesh bags. To each
mesocosm, two leaf bags containing dried C. camphora leaves were
added on Day-7 to allow microbial colonisation. Leaf bags were
pinned to the side of the mesocosms and kept flat on the substra-
tum using surface stones, similar to real-life situations when leaves
get trapped under surface rocks. An additional 5 g of the original
litter, hereafter referred as terrestrial litter, was also stored at
—20 °C to determine the original microbial community present in
and on the leaves before the experiment started (Rohl et al., 2017).

Water flow and drift colonisation of the mesocosms started on
1st October 2018 (Day-21). On Day-4, macroinvertebrates were col-
lected from the Yinxi Stream upstream of the pump intake from
eight similar riffle environments using kick-net sampling for 3 min
of a ~0.36 m? area (comparable to the benthic surface area of eight
mesocosms). These invertebrates were added to the mesocosms to
supplement natural colonisation by taxa underrepresented in the
drift (Elbrecht et al., 2016; Piggott et al., 2015b). Following collec-
tion, each kick-net sample was divided into eight equal portions
using a subsampler and then randomly distributed to individual
mesocosms (one portion per mesocosm) following Elbrecht et al.
(2016).

2.3. Stressor manipulation

Stressor combinations were randomly assigned within each
block on 22nd October 2018 (Day-0). For the sediment treatment,
flow in 32 mesocosms was interrupted for 5 min and 300 mL of
fine sediment were added. This sediment had been collected from
a dry floodplain downstream of the system, air-dried for one week
and then sieved (mesh size 0.5 mm, Dso = 411.6 pm, Bettersize BT-
2900, China) prior to addition. This treatment resulted in 100% sed-
iment cover of the mesocosm substratum on Day-1, consistent
with high sediment cover levels observed in catchment-scale

stream and river surveys in China (Liu et al., 2016). However, due
to the thickness of the leaf bags only the topmost leaves were fully
covered by fine sediment, similar to leaves piling up and anchored
by a few surface stones in real streams.

For the flow velocity reduction treatment, the inflow jets were
removed and the inlet pointed downwards in 32 mesocosms, to
decrease flow velocity whilst keeping identical discharge. This
avoided confounding effects on nutrient concentrations and on
unmanipulated physicochemical (e.g. water temperature, dis-
solved oxygen) and biological variables (e.g. drift of stream biota).
Near-bed flow velocities in all mesocosms were recorded weekly
(Days —20, —14, -5, 3, 10, 18) using an electromagnetic flow meter
(MF Pro, OTT HydroMet GmbH, Germany). Achieved velocities
were 0.10+0.008 [SE] m:s~! in the control treatment and zero
(below the instrument’s detection limit) in the reduced velocity
treatment. Similar near-bed flow velocities have been obtained in
previous experiments using the same mesocosm system in other
countries (New-Zealand and Germany), and resulted in consider-
able differences for the measured biological response variables
(Beermann et al., 2018; Bruder et al., 2016; Elbrecht et al., 2016).

Nutrient enrichment was achieved by continuously injecting a
concentrated solution of NaNOs; and KH,PO,4 into 32 mesocosms
using a fluid-metering pump (CK15, Kamoer, Shanghai, China).
Nutrient concentrations were determined on Days 1, 8, 15 and
18 (n=192, only 32 mesocosms remained on the last two dates)
using standard methods (APHA, 1998). Sample aliquots were anal-
ysed with a Lachat flow injection analyser (QuickChem 8500, Hach,
USA). Achieved concentrations were 2.19 + 0.09 [SE] mg/L N-NO3
and 0.12 £+ 0.005 mg/L P-POj in the enriched treatment compared
to 0.57 £ 0.02 [SE] mg/L N-NO3 and 0.01 + 0.001 [SE] mg/L P-PO;
in the ambient treatment. Enrichment levels were chosen to
remain in the enriched water quality categories according to the
6-class water quality classification (GB 3838-2002) of the Ministry
of Environmental Protection of the People’s Republic of China
(MEP, 2002), while also representing recognisably enriched levels
according to other countries’ frameworks (e.g. European
Environment Agency, 2015). Further, they represented realistic
enrichments in Chinese waterways following agricultural intensifi-
cation; between 1970 and 2000 TDN and TDP increased 8- and 22-
fold, respectively, at the river basin scale (Strokal et al., 2016).

2.4. Leaf bag processing

On Days 14 and 21, leaf bags were collected carefully, placed
into individual ziplock bags and kept on ice before being frozen
at —20 °C within 2 hrs of collection. Back in the laboratory, one leaf
bag per mesocosm was thawed overnight at 2 °C and gently rinsed
under running deionised water to remove sediments, invertebrates
and other organic matter debris (Graca et al., 2005). All leaf mate-
rials were then freeze-dried for 48 hrs in sterile tubes and weighed
to the nearest 0.001 mg to estimate the mass loss (Gessner, 1991)
before being sent to Sangon Biotech Co., Ltd, (Shanghai, China) for
downstream processing.

2.5. DNA extraction, PCR amplification and sequencing

The whole content of each leaf sample was homogenised in lig-
uid nitrogen and 250 mg of the material was used for DNA extrac-
tion using the Mag-Bind Soil DNA Kit (Omega E.Z.N.A.™, Omega
Bio-Tek, Norcross, GA, USA) according to the manufacturer’s proto-
col. All samples were later processed by next-generation sequenc-
ing (Illumina MiSeq) using the PCR primer pairs (forward/reverse)
341F/805R (Du et al., 2018) and NS1/GCfung (Maza-Marquez et al.,
2016), targeting the V3-V4 region of bacterial 16S rRNA and the 5’
end of the eukaryote 18S rRNA, respectively. Both forward and
reverse primers were tagged with adapter sequences, pad and lin-
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ker regions and a unique barcode on the forward primer to permit
the multiplexing of samples. All primers were provided by Sangon
Biotech Co., Ltd., Shanghai, China. Nested PCRs were performed,
following Du et al. (2018), and the samples were prepared for
sequencing using a TruSeq DNA kit according to the manufacturer’s
instructions. The PCR-amplified products were examined by agar-
ose gel-electrophoresis, purified using Agencourt AMPure XP beads
(Beckman, Brea, CA, USA) and quantified with the Qubit 3.0 DNA
test kit (Life Technologies, Carlsbad, CA, USA). Amplicons were
then pooled in equimolar concentrations in the final mixture. The
libraries were sequenced at 20 pmol/uL on MiSeq, 2 x 300 bp
paired-end version 3 chemistry according to the manufacturer’s
specifications by Sangon Biotech Co., Ltd, Shanghai, China.

Sequences were processed and analysed using QIIME 1.8.0
based on sequence length, quality, primer and tag. The forward
and reverse reads were joined with an overlap length of 150 bp.
Following removal of the primer, all reads having a tail quality
score below 20 (with a 10 bp window), containing ambiguous
characters and less than 200 bp were removed. Chimeras were
identified using the UCHIME software (Edgar et al.,, 2011). We
did not rarefy the samples because of the associated issues con-
cerning sample richness comparability (Chao and Jost, 2012;
McMurdie and Holmes, 2014). The filtered reads were then clus-
tered into OTUs (Operational Taxonomic Units) with USEARCH
using a 97% similarity (Edgar, 2010) and OTUs found in only one
read across the dataset were discarded. The average length of the
remaining filtered sequences was 412 bp and 422 bp for the
prokaryote and eukaryote dataset, respectively. The taxonomic
assignment of OTUs was performed against the Silva database with
the Ribosomal Database Project classifier and a minimal confidence
score of 0.8 (Gustave et al., 2019; Purahong et al., 2016; Xiao et al.,
2018). Coverage estimators were calculated for each sample to
ensure their comparability prior to downstream analyses (Chao
and Jost, 2012; Shimadzu, 2018). Raw prokaryotic and eukaryotic
data were deposited in the NCBI Sequence Read Archive (SRA)
under the BioProject ID PRJNA560484.

2.6. Statistical analysis

All statistical analyses were performed using R (version 3.5.2, R
Core Team). The model structure used for all analyses (unless sta-
ted otherwise) was the following: intercept (d.f. 1) + nutrients (1)
+sediment (1)+velocity (1)+time (1)+ nutrients x time (1)
+sediment x time (1) + velocity x time (1) + nutrients x sediment
(1) + nutrients x velocity (1) + sediment x velocity (1) + nutri-
ents x sediment x time (1) + nutrients x velocity x time (1) + sed-
iment x velocity x time (1) + nutrients x sediment x velocity (1)
+ nutrients x sediment x velocity x time (1) + error (48; n = 64).

The significance level was set at p < 0.05, and all response pat-
terns summarised in the Results were significant unless indicated
otherwise. Standardised effect sizes (partial n? values, range 0-1;
Garson, 2015), are presented for all p-values <0.1 to allow our
readers to evaluate the likely biological relevance of the results
(Nakagawa, 2004), except for the PERMANOVA (see below). Fol-
lowing Nakagawa and Cuthill (2007), effect sizes can be classified
as: <0.10 ‘very small’', >0.10 ‘small’, >0.30 ‘medium’, and >0.50
‘large’. Since all but two of the significant higher-order interaction
terms had smaller effect sizes than the corresponding significant
lower-order and/or main effect terms (see Results), the latter could
mostly be interpreted reliably (Quinn and Keough, 2002).

We first generated relative abundance plots at the class level.
When investigating taxon-specific response patterns, we adopted
a slightly more conservative approach (genus level) than the OTU
(species) level. This taxonomic resolution adopted the middle
ground between the recommendations of a previous mesocosm
study in a similar experimental system in New Zealand, which

revealed that a resolution below order did not necessarily generate
more accurate results when detecting stressor interactions (Salis
et al.,, 2017), and most other recent microbial multiple-stressor
studies which focused on OTUs. Bacterial and fungal alpha diver-
sity, richness, Shannon index and Pielou’s evenness were com-
puted and analysed with the linear model detailed above. To
investigate the total community response (including rare taxa) to
the stressors, a PERMANOVA analysis (Bray-Curtis coefficient and
999 permutations) was performed, and a permutational analysis
of multivariate dispersions (PERMDISP; Anderson, 2006) con-
ducted to assess homogeneity. Since the bacterial community did
not respond to any of the treatments or interaction combinations
in the PERMANOVA, principal component analysis (PCoA) plots
were made for the fungal community only to allow visual repre-
sentation of significant PERMANOVA outputs. PCoA plots were
based on Hellinger-transformed data to reduce the weights for
genera with low read counts and to allow subsequent Euclidian
representation of data based on Euclidian distances (Legendre
and Gallagher, 2001). MANOVAs were then performed on the
abundant fungal and bacterial taxa (>1% of the total reads, Baltar
et al.,, 2015) to investigate taxon-specific responses. All multivari-
ate analyses were performed using the R base functions and the
vegan package (Oksanen, 2015).

3. Results
3.1. Stressor and time effects on leaf decomposition

Nutrient levels, flow velocity and exposure time all affected leaf
decomposition (Fig. 2, Table 1); mean leaf mass loss across all
treatments was 34% (range 28-42%) and 37% (31-47%) after two
and three weeks, respectively. Leaf mass loss was higher in
nutrient-enriched mesocosms and lower at slower flow, with sim-
ilar response patterns after two and three weeks of incubation. No
2-way, 3-way or 4-way interactions between experimental factors
were detected.

3.2. Microbial community composition in the different microhabitats
post treatment exposure

The dataset had a total of 6,360,820 raw reads, 3,422,391 for
prokaryotes and 2,938,429 for eukaryotes. Amongst the prokaryote
and eukaryote datasets, a respective 2,956,912 and 2,025,927 reads
were assigned to 23,141 bacterial and 7,792 fungal OTUs after
dereplication, quality filtering and sorting. The Coverage estimator
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Fig. 2. Mean percentages of leaf litter mass loss (with standard errors) in the
experimental treatments after 2 and 3 weeks of incubation.
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however, this negative effect of reduced velocity was moderated
when nutrients were also added. After three weeks, sediment addi-
tion reduced evenness compared to control treatments, but this
negative effect was mitigated by flow velocity reduction and fur-
ther alleviated when both flow velocity was reduced and nutrients
added.

For the fungal community, genus richness generally increased
when nutrients were added, and a nutrients x flow x time interac-
tion occurred (Table 1). After two weeks, the marked increase in
richness associated with nutrient enrichment was weakened
somewhat when combined with flow velocity reduction (Fig. S5,
Fig. S6.3-4). After three weeks, richness increased much less with
nutrients, and mainly at reduced flow velocity. Diversity was unaf-
fected by the manipulated factors, and evenness displayed a 4-way
interaction between all factors (Table 1). After two weeks, reduced
velocity increased evenness slightly in all treatment combinations,
except for when combined with nutrient enrichment and sediment
addition, where evenness was lower at reduced velocity (Fig. S5).
After three weeks, these patterns had been largely reversed, with
evenness decreasing at reduced velocity in two of the four treat-
ment combinations involving sediment addition and nutrient
enrichment.

3.4. Community compositional changes

The multivariate PERMANOVA results (Table S1) showed that
total fungal community composition (including rare taxa)
changed due to nutrient enrichment (F; 45 =8.76, p=0.001) and
flow velocity reduction (F;45=2.45, p=0.02). Further, both
PERMANOVA and PCoA results suggested that nutrient enrich-
ment and flow velocity reduction effects changed with time
(Table S1, Fig. 4). Total bacterial community composition was
unaffected by all four experimental factors or their interactions.
Similar community-level response patterns were also found for
bacterial and fungal community composition in the multivariate
results of the MANOVAs based only on the abundant taxa
(Table 2).

The univariate results of the MANOVAs indicated that most of
the 17 abundant bacterial genera remained unaffected by the
stressors, whereas most of the nine abundant fungal genera
responded to either flow velocity reduction or nutrient addition
(Table 2). Indeed, 55.5% of the abundant fungal genera showed sig-
nificant main effects for nutrients (Lunulospora and Pyrenochaeta
positive, Bartalinia, Curvularia and Dothidea negative), 22.2% for
flow velocity reduction (Bartalinia and Microdochium, both nega-
tive), and 22.2% for sampling date (Bartalinia and Lunulospora, both
becoming less prevalent after 3 weeks), whereas all nine genera
were unaffected by sediment addition. Among the abundant
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bacterial genera, only Actinoplanes showed a main effect of flow
velocity reduction (positive), and 11.7% of the genera displayed
an effect of sampling date (Aquabacterium becoming more preva-
lent after 3 weeks, and Gemmobacter less prevalent).

Stressor interactions, including time variations, occurred more
frequently in fungal rather than bacterial taxa (44.4% and 29.4%
respectively) (see Supplementary Material for genus-specific bar
graphs and interaction plots). Most bacterial interactive patterns
changed through time; except for Sphingorhabdus in which nutri-
ent addition moderated the negative effect of sediment and flow
velocity reduction (Fig. S6.8). For Acidovorax, a positive effect of
nutrient enrichment after 2 weeks of exposure became negative
after 3 weeks (nutrients x time; Fig. S6.11). After 2 weeks, Roseate-
les and Rhizobacter increased in prevalence when sediment alone
was added but decreased when nutrients were also added; after
3 weeks these patterns were reversed, and in both weeks the exact
opposite patterns were observed for Pantoea — (sediment x nutri-
ents x time; Fig. S6.16-21). Further, after 2 weeks Roseateles
decreased under flow velocity reduction alone but increased when
nutrients were added too, and these patterns were reversed after
3 weeks (flow velocity x nutrients x time; Fig. S6.14-15). Finally,
Pantoea showed a weak, complex 4-way interaction among all
manipulated factors (Fig. S6.10), which overlaid the stronger 3-
way interaction described above.

Regarding interactive effects on abundant fungal genera, Curvu-
laria increased in prevalence when sediment alone was added,
whereas this genus decreased when nutrients were also added
(sediment x nutrients; Fig. S6.12). The remaining interactions all
involved temporal changes. Goniopila responded positively to sed-
iment addition after 2 weeks but negatively after 3 weeks (sedi-
ment x time; Fig. S6.7), and Pyrenochaeta showed the same
temporal change for reduced flow velocity (flow velocity x time;
Fig. S6.9). Finally, the negative effect of nutrient enrichment was
stronger after 2 weeks for Bartalinia and after 3 weeks for Curvular-
ia (nutrients x time; Figs S6.5, S6.6).

3.5. Persistence of terrestrial microbes after submersion

Most of the terrestrial bacterial and fungal taxa were main-
tained in the experimental treatments after submersion and expo-
sure to the stressors; however, their relative abundances were
drastically altered, especially for fungi (Fig. 3, S2-S3). Terrestrial
bacterial and fungal communities were composed of 280 and 56
genera, respectively. All these bacterial genera were detected in
at least one treatment replicate on both sampling dates. For fungi,
88% of the terrestrial community was found in at least one treat-
ment replicate after two weeks of incubation and 94% after three
weeks.

- A Treatment

C
— < o F
o N

-03 -02 01 00 01 -03 -02 -0.1 00 0.1

PCoA1 (40%)

Fig. 4. PCoA graphical representation of the fungal communities for the nutrient and flow velocity treatments after 2 weeks and 3 weeks of stressor exposure. C is the control
treatment, N the nutrient enrichment treatment (without any other stressors added) and F the flow reduction treatment (without any other stressors added).
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Table 2

Summary (p-values and effect sizes) of multi- and univariate LM results for the abundant taxa, with relative abundance by genera as the response variable. For all manipulated factors, significant main effects are classified directionally

as positive (+) or negative (—). P-values in bold font where p < 0.05. Effect sizes (partial-n? values; range 0-1) are shown in parentheses for all cases where p <0.1.

Response Nutrient Sediment Flow Time Nutrient x  Nutrient x  Sediment x  Nutrient x Sediment x Flow x  Nutrient x Nutrient x  Nutrient x  Sediment x Nutrient x
Sediment Flow Flow Time Time Time  Sediment x Sediment x Flow x Flow x Sediment x
Flow Time Time Time Flow x Time
Bacterial community 0.94 0.19 0.70 0.41 0.85 0.31 0.76 0.14 0.46 0.91 0.58 0.31 0.17 0.19 0.51
Acidovorax 0.42 0.93 0.56 0.41 0.56 0.70 0.16 0.047 0.09 0.53 0.65 0.099 0.38 0.16 0.08
(0.08) (0.06) (0.05) (0.06)
Actinoplanes 0.89 0.81 0.04 0.66 0.62 0.18 0.55 0.67 0.61 0.57 0.54 0.42 0.54 0.47 0.72
(0.09) +
Aquabacterium 0.82 0.75 0.86 0.01 0.39 0.24 0.68 0.92 0.21 0.18 0.78 0.53 0.09 0.31 0.68
(0.11) +
Conexibacter 0.88 0.26 0.73 0.11 0.20 0.62 0.48 0.92 0.07 0.25 0.23 0.54 0.65 0.37 0.32
(0.07)
Gemmobacter 0.84 0.35 0.19 0.03 0.82 0.65 0.50 0.14 0.28 0.60 0.08 0.55 0.053 0.10 0.48
(0.09) — (0.06) (0.07)
Herbaspirillum 0.46 0.48 0.35 0.81 0.70 0.25 0.96 0.64 0.30 0.16 0.47 0.89 0.74 0.31 0.97
Lonsdalea 0.24 0.13 0.59 0.86 0.60 0.65 0.54 0.23 0.26 0.13 0.42 0.72 0.26 0.87 0.87
Novosphingobium 0.22 0.43 0.47 0.97 0.39 0.59 0.96 0.36 0.21 0.27 0.54 0.14 0.25 0.31 0.64
Pantoea 0.79 0.99 0.13 0.99 0.28 0.78 0.62 0.54 0.56 0.35 0.72 0.01 0.28 0.69 0.04
(0.11) (0.08)
Pseudomonas 0.90 0.58 0.39 0.99 0.98 0.62 0.34 0.74 0.74 0.44 0.39 0.63 0.44 0.58 0.13
Rhizobacter 0.95 0.37 0.28 0.40 0.42 0.86 0.28 0.40 0.54 0.16 0.33 0.02 0.92 0.36 0.38
(0.14)
Rhodoferax 0.40 0.20 0.65 0.18 0.92 0.73 0.80 0.31 0.53 0.08 0.40 0.90 039 0.30 0.94
(0.06)
Roseateles 0.10 0.79 0.40 0.43 1.00 0.04 0.08 0.96 0.89 0.60 0.67 0.02 0.01 0.54 0.12
(0.08) (0.06) (0.10) (0.12)
Sphaerotilus 0.58 0.24 0.27 0.28 0.53 0.40 0.35 0.75 0.76 0.56 0.90 0.81 0.54 0.15 0.59
Sphingobium 0.89 0.58 0.57 0.34 0.51 0.91 0.71 0.75 0.61 0.48 0.47 0.84 0.25 0.44 0.93
Sphingomonas 0.75 0.48 0.28 0.63 0.70 0.06 0.60 0.80 0.08 035 0.09 0.53 0.53 0.41 035
(0.07) (0.06)
Sphingorhabdus 0.79 0.40 0.84 0.12 0.73 0.99 0.28 0.50 0.54 0.37 0.03 0.08 0.26 0.22 0.90
(0.09) (0.06)
Fungal community <0.001 0.74 0.10 0.04 0.33 0.82 0.31 0.15 0.53 0.14 0.93 1.00 0.61 0.79 0.38
(0.75) (0.34)
Amphisphaeria 0.62 0.31 0.20 0.94 0.99 0.30 0.052 0.81 0.34 0.45 0.99 0.86 0.72 0.46 0.52
(0.08)
Ascocoryne 0.15 0.94 0.51 0.18 0.40 0.51 0.80 0.68 0.84 0.06 0.70 0.98 0.71 0.99 0.37
(0.07)
Bartalinia <0.001 0.89 0.16 0.02 0.52 0.68 0.39 0.03 0.87 0.91 0.84 0.75 0.93 0.25 0.68
(0.25) — (0.11) — (0.09)
Curvularia 0.005 0.25 0.29 0.50 0.04 0.75 0.88 0.03 0.30 0.77 0.26 0.63 0.24 0.64 0.65
(0.15) — (0.08) (0.09)
Dothidea 0.04 0.14 0.24 0.50 0.07 0.54 0.50 0.79 0.71 0.21 0.92 0.58 0.74 0.72 0.80
(0.09) — (0.06)
Goniopila 0.22 0.51 0.03 0.14 0.68 0.65 0.22 0.78 0.04 0.71 0.29 0.88 0.58 0.64 0.09
(0.09) — (0.08)
Lunulospora <0.001 0.35 0.52 0.04 0.38 0.71 0.64 0.08 0.80 0.30 0.76 0.72 0.06 0.72 0.86
(0.26) + (0.08) — (0.06) (0.07)
Microdochium 0.06 0.61 0.03 0.07 0.70 0.32 0.40 0.25 0.88 0.65 0.64 0.92 043 0.41 0.75
(0.07) (0.09) — (0.07)
Pyrenochaeta <0.001 0.55 0.48 0.17 0.32 0.33 0.83 0.60 0.25 0.04 0.88 0.79 0.17 0.36 0.70
(0.29) + (0.09)
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The terrestrial bacterial community was predominantly com-
posed of Actinoplanes, Sphingobium, Phenylobacterium, Novosphin-
gobium and Rhizobacter (Fig. S2), and these five genera also
showed high mean relative abundances across treatments (except
for Phenylobacterium). The terrestrial fungal community was dom-
inated by Knufia, Macrophomina, Corynespora, Wiesneriomyces and
Macrodochium (Fig. S3). Although these genera were still detected
post submersion and treatment exposure, their relative abun-
dances were much lower in all treatments.

4. Discussion

Predicting the composition of microbial communities following
exposure to stressors and the functional impacts of any changes
are important objectives of microbial ecology. Our experiment
used culture-independent techniques, combined with a technolog-
ically advanced stream mesocosm system, to investigate the effect
of multiple stressors on microbial dynamics involved with leaf lit-
ter decomposition in a semi-natural, multi-trophic context and
along a short temporal gradient. Under nutrient enrichment, fungal
community composition shifted due to changes in relative abun-
dances of certain genera. These changes differed from those found
when flow velocity was reduced. Fungal community changes were
paralleled by acceleration of decomposition under nutrient enrich-
ment, and deceleration under flow velocity reduction. Composi-
tional changes were characterised by a steep increase in the
relative abundances of pre-existing fungal genera such as Ascoco-
ryne and Bartalinia, which had already colonised the litter in low
abundances at the time of leaf senescence. The changes in the rel-
ative abundances rather than identity of the communities suggest
that in the early stages of organic matter decomposition, instead of
eliminating certain genera or encouraging new ones, our stressors
induced a shift in genus prevalence patterns.

Summed across our diversity and common taxa response vari-
ables, significant interactions among nutrients, sediment and/or
flow velocity (12 in total) were more common than the main
effects of these three stressors (10 in total), highlighting the impor-
tance of using a full-factorial design in our experiment. This pat-
tern was especially evident for the bacterial response variables,
which were affected predominantly via stressor interactions rather
than via main effects (9 versus 2), as discussed further below.

4.1. The three stressors compared

Our first and second hypotheses - higher decomposition with
enriched nutrients and lower with flow velocity reduction - were
supported by the observed decomposition rates in these treat-
ments. Our finding for nutrient enrichment is in accordance with
previous studies where enrichment increased the metabolic rate
of the microbial communities (Manning et al., 2018; Piggott
et al., 2015a). Indeed, microbes can easily assimilate resources
directly available in the water column at a lower energetic cost
(Fernandes et al., 2014; Gulis et al., 2017; Lin and Webster, 2014;
Webster et al., 2009). These resources can then be re-mobilised
to increase the activity of enzymes involved in the degradation of
complex carbohydrates and phenolic compounds (Carreiro et al.,
2000). At reduced flow velocity, an increase in the boundary layer
thickness surrounding the microbiome is a likely driver of slower
decomposition rates (Bruder et al., 2016; Mustonen et al., 2016;
Piggott et al., 2015a). Thus, a thicker boundary layer has been asso-
ciated with impeding the exchange of resources, such as nutrients
and oxygen, between microbiome and water column, leading to
reduced microbial activity (Barker Jemgensen and Des Marais,
1990; Lemly, 1982; Stevens and Kurd, 1997). It is unlikely that
decreased physical abrasion was responsible for our observations

as our normal flow velocity treatments were not fast enough to
cause obvious loss of leaf material (N.P.D. Juvigny-Khenafou, per-
sonal observation) and decomposition did not advance to the later
stages where leaves become easily friable (mass loss did not
exceed 50% of the original mass).

The changes in decomposition rates observed in the flow veloc-
ity reduction and nutrient enrichment treatments were paralleled
by diversity changes in the fungal community. We had hypothe-
sised that changes in the identity of microbial genera and in their
diversity would occur, but this was supported only for one diver-
sity metric for the fungal community, where taxon richness
increased when nutrients where added. Instead, the remaining
stressor effects were mainly changes in relative abundances, creat-
ing distinct groups of dominant fungal genera in response to the
flow velocity and nutrient manipulations. Species in microbial
communities have a degree of functional redundancy (Bell et al.,
2005; Gessner et al., 2010), and this redundancy may have allowed
maintaining most genera across most of our experimental treat-
ments. Moreover, our stream-connected system had a continual
input of microbes which could have recolonised the mesocosm
substrata, buffering losses of the original genera resulting from
the different treatments. Overall, our results indicate that - in a
42-day experiment in a mesocosm system fed by a montane
stream - abundance dominance patterns rather than richness
drove microbial community shifts in response to stressors.

Our third hypothesis - decreased decomposition with increased
sedimentation - was not supported: the sediment treatment
affected neither decomposition rates nor microbial community
structure. This result is largely divergent from previous studies
which usually found a strong effect of sedimentation on decompo-
sition rates and bacterial assemblages whether positive or negative
(Bruder et al., 2016; Matthaei et al., 2010; Romero et al., 2019). We
suspect the sedimentation level applied in our experiment was not
high enough to create a strong barrier with the external environ-
ment for all the leaves in the packs (see Section 2.3). This idea is
further supported by the lack of sediment main effects on micro-
bial community alpha diversity and abundant genera (although
several interactive stressor effects involving sediment occurred,
see next section).

4.2. Stressor main effects and interactions across time

Stressor interactions were more common than stressor main
effects, especially for the bacterial community. Most of the signifi-
cant stressor interactions involved nutrients x sediment and nutri-
ents x flow, often associated with changes from 2 to 3 weeks of
stressor exposure. The observed interactive patterns largely sup-
ported our fourth hypothesis, that positive nutrient effects on
decomposition rates and microbial diversity would be counteracted
by sedimentation and flow velocity reduction (although no interac-
tive effects were observed for decomposition rates). A nutri-
ents x sediment x time interaction affected bacterial diversity,
whilst a nutrients x flow x time interaction affected fungal rich-
ness and a 4-way interaction of all manipulated factors affected
both bacterial and fungal evenness. As predicted, when combined
with nutrient enrichment, sediment addition and flow velocity
reduction had the opposite effects to that of only nutrient enrich-
ment. We suspect that both sediment addition and flow velocity
reduction create physical barriers in the boundary layer, which lim-
its resource exchange between microbiome and water column and
prevents a nutrient-enrichment effect. However, alpha diversity
patterns were not matched by the total microbial genera turnover
analysis where no interaction were found, suggesting a weak influ-
ence of community identity on the overall community.

Taxon-specific responses of the abundant microbial genera also
followed similar patterns, with most significant interactions
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involving either nutrients x sediment or nutrients x flow, with a
mitigating effect of nutrient enrichment counteracting negative
effects of sedimentation or flow velocity reduction in several cases
(except for Curvularia). Notably this mitigating effect was often
inconsistent through time, either lagging (only observed after
3 weeks) or fading (ending after 2 weeks). Previous experiments
in terrestrial microbiomes have found that nutrient enrichment
accelerated microbial succession (Knelman et al., 2014); thus, the
temporal taxon-specific interactive patterns observed in our study
could be the result of changes in taxon-specific successional
dynamics.

Similar to their interactive effects, stressor main effects on the
microbial response variables often changed with time in our study,
with several response patterns being reversed from 2 weeks to
3 weeks of stressor exposure. Such temporal effect reversals
occurred for abundant individual bacterial (Acidovorax) and fungal
taxa (Goniopila, Pyrenochaeta, Bartalinia and Curvularia). This find-
ing is particularly interesting as temporal patterns are still largely
unexplored in microbial community responses to multiple inter-
acting stressors. We further speculate that taken into a
community-network context, some biotic interactions among spe-
cies confer a resistance level to individual microbial taxa, buffering
their response to stressors (Tylianakis et al., 2010). However, biotic
interactions change through time (Hutchinson et al., 2019), and
new interactions can be created whilst others can be lost depend-
ing on other species’ responses to stressors through time. We sug-
gest that to better understand interactive stressor effects on
microbial communities, future efforts should focus on biotic inter-
actions, microbial succession and response thresholds to stressors.

4.3. Stochastic versus deterministic effects of stressors on microbial
community composition

A previous experiment suggested that stressors, or distur-
bances, can mediate stochastic community assembly by filtering
out unsuitable species (Herren et al., 2016). If stressor levels are
strong enough to selectively prevent establishment of certain spe-
cies, then specific groups of microbes should become associated
with the different treatments, and consistent community struc-
tures should be found across treatment replicates. The close prox-
imity of the different replicates in our PCoA analysis combined
with the selection of specific fungal groups and the overall fungal
community structural rearrangements under nutrient enrichment
and flow velocity reduction suggests that both stressors can drive
succession of the litter fungal community, thus implying determin-
istic changes. Microbial communities have been hypothesised to
have a high functional redundancy because of their high diversity
(Bell et al., 2005; Martinez and Canhoto, 2019). However, the lack
of obvious selection patterns in most of our stressor combination
treatments, combined with high variability between treatment
replicates and unchanged decomposition rates, lean towards this
functional redundancy hypothesis, indicating a resistance of the
overall function of the decomposing litter microbial community
to moderate stressors and stressor combinations.

4.4. The terrestrial microbial community matters

Our results also suggest that the microbial endosphere and
phyllosphere of terrestrial leaves were not replaced during 3 weeks
of submergence and stressor exposure. This result is in accordance
with Rohl et al. (2017), who also found that a large proportion of
the terrestial microbial community persisted in the first three
weeks of submerged leaf litter decomposition. Rather, the commu-
nity structural changes observed in our experiment were largely
driven by rearrangements of relative abundances; distinct groups
of minor genera present during the terrestrial stage (Ascocoryne,

Goniopila, Pyrenochaeta, Lunulospora, Microdochium, Amphisphaeria,
Dothidea, Curvularia, and Bartalinia) became dominant after two
and three weeks of stressor exposure in stream water and dis-
played different responses to the stressor treatments. Despite evi-
dence of terrestrial fungi in decomposing stream litter, the role of
the initial microbial community has rarely been considered in
multiple-stressor studies (Mustonen et al., 2016; Rohl et al,
2017). In our study, a large proportion of the bacterial and fungal
genera involved in the variability of the microbial community
across treatments were present at all time points of assessment
(on Day-7, after 2 weeks and 3 weeks of stressor exposure). We
therefore suggest that the original terrestrial microbial community
that colonised leaf litter prior to senescence and submersion may
be involved in the decomposition process. This finding is particu-
larly interesting as it would provide a direct link between the ter-
restrial and aquatic environment. Because most related laboratory
experiments involved sterilised leaves and relied on fungal sporu-
lation to assess and/or identify the fungal community, they could
not investigate this question (Artigas et al., 2008; Gardestrém
et al., 2016; Pascoal and Cassio, 2004; Suberkropp, 1998). This dif-
ference further highlights the need for more molecular studies on
aquatic leaf litter decomposition to be conducted in mesocosms
that can realistically simulate stream environments to better
understand the mechanisms involved.

5. Limitations and conclusions

Our findings suggest that leaf-litter microbial communities
have a tolerance level to moderate stressor addition. This point is
interesting as our study was conducted in a pristine montane
stream, implying that microbial decomposers may have a certain
degree of natural resistance to stressor interactions displayed in
both their community structure and their activities. Additionally,
the absence of interactions among our manipulated stressors
observed for leaf decomposition rates matches similar studies
(Matthaei et al., 2010; Mustonen et al., 2016; Piggott et al., 2015a).

Our study has several limitations worth being aware of. We did
not investigate any biological drivers that may have influenced the
leaf litter microbial communities besides the three manipulated
stressors, for example detritivorous stream invertebrates. Some
invertebrates are known to selectively feed on microbes growing
on submerged leaves and could have created varying levels of graz-
ing pressure depending on their own density response to the stres-
sors, thus potentially changing both microbial community
composition and decomposition rates (Danger et al., 2016). Fur-
ther, our experiment dealt only with relatively early stages of leaf
decomposition, as can be seen in the moderate mean mass losses
(34-37%) during our 4-week incubation period, perhaps due to
the use of a tree species with waxy leaves which can prevent fast
colonisation by aquatic fungi. Consequently, microbial community
replacements patterns might have become stronger had we been
able to continue our experiment for several more weeks. Finally,
a better characterisation of the fungal community might have been
obtained had we combined our 18S approach with ITS primers;
this approach might have avoided biases associated with the dif-
ferent primers whilst following the commonly used primers for
fungal communities assessments (De Filippis et al., 2017).

One previous study suggested that fungal biomass changes
were more important than fungal identity in mediating litter
decomposition (Ferreira and Chauvet, 2012), whereas others found
relationships with microbial diversity (Costantini and Rossi, 2010;
Duarte et al., 2006; Santschi et al., 2018). We did not determine
microbial biomass so we cannot directly compare our results to
Ferreira & Chauvet (2012), but our results do not support an effect
of diversity. Such comparisons need to be made carefully, however,
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since these studies were conducted at different timescales. Addi-
tionally, working with relative rather than absolute microbial
abundances may mean that some of the observed patterns in com-
munity composition can result from relic DNA that may linger in
the aquatic system. Previous experiments in sediments have
indeed shown that such relic DNA can influence relative abun-
dance patterns of specific microbial taxa, whereas community
structure remained unaffected (Gustave et al., 2019).

To conclude, further experiments combining high-throughput
sequencing and metabarcoding with metabolic and enzymatic
assays should be performed to better understand the microbial
communities and their functional responses to multiple stressors
in streams. Indeed, modern techniques, such as (meta)genomics,
metabolomics, (meta)transcriptomics and (meta)proteomics, can
offer unprecedented opportunities to investigate microbial com-
munities’ complexity and function in situ, greatly enhancing our
knowledge beyond what can be acquired from laboratory experi-
ments. When combined with ecosystem function metrics, these
techniques have the potential to investigate leaf microbiome
responses to stressors from molecules to species in their natural
environments.
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