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Abstract
Projected changes in precipitation regimes can greatly impact soil biota, which in turn alters key ecosystem functions. In 
moss-dominated ecosystems, the bryosphere (i.e., the ground moss layer including live and senesced moss) plays a key role 
in carbon and nutrient cycling, and it hosts high abundances of microfauna (i.e., nematodes and tardigrades) and mesofauna 
(i.e., mites and springtails). However, we know very little about how bryosphere fauna responds to precipitation, and whether 
this response changes across environmental gradients. Here, we used a mesocosm experiment to study the effect of volume 
and frequency of precipitation on the abundance and community composition of functional groups of bryosphere fauna. 
Hylocomium splendens bryospheres were sampled from a long-term post-fire boreal forest chronosequence in northern Swe-
den which varies greatly in environmental conditions. We found that reduced precipitation promoted the abundance of total 
microfauna and of total mesofauna, but impaired predaceous/omnivorous nematodes, and springtails. Generally, bryosphere 
fauna responded more strongly to precipitation volume than to precipitation frequency. For some faunal functional groups, 
the effects of precipitation frequency were stronger at reduced precipitation volumes. Context-dependency effects were 
found for microfauna only: microfauna was more sensitive to precipitation in late-successional forests (i.e., those with lower 
productivity and soil nutrient availability) than in earlier-successional forests. Our results also suggest that drought-induced 
changes in trophic interactions and food resources in the bryosphere may increase faunal abundance. Consequently, drier 
bryospheres that may result from climate change could promote carbon and nutrient turnover from fauna activity, especially 
in older, less productive forests.
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Introduction

Understanding the response of soil fauna to environmental 
change is key to predicting how global change affects eco-
system processes (Wardle et al. 2004; Wagg et al. 2014; 
Delgado-Baquerizo et al. 2020). This is because soil fauna 
plays a major role in carbon and nutrient cycling (Ingham 
et al. 1985; Filser 2002; de Vries et al. 2013; van den Hoo-
gen et al. 2019), and because this role is often responsive 
to global change (Kardol et al. 2010; Bardgett and van der 
Putten 2014; Yin et al. 2019a). However, relatively little is 
known about the fauna inhabiting the bryosphere (i.e., the 
ground moss layer including live and senesced moss, and 
their associated biota; Lindo and Gonzalez 2010) and how 
they respond to global change.

The bryosphere is a key driver of net primary production, 
nutrient cycling, and decomposition in many ecosystems 
worldwide, and particularly in high-latitude ecosystems such 
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as tundra, wetlands and boreal forests where the ground is 
often largely covered by mosses (Turetsky et al. 2010; Lindo 
et al. 2013; Street et al. 2013; Jackson et al. 2013; Grau-
Andrés et al. 2021a). Bryosphere fauna may influence these 
processes by impacting bryophyte productivity through 
herbivory (Schill et  al. 2011), stimulation of microbial 
decomposition through litter breakdown and communition 
(Seastedt 1984), and top-down control of nitrogen-fixing 
cyanobacteria (Kardol et al. 2016) and possibly decom-
poser biota (Sackett et al. 2010; Heidemann et al. 2014). 
Further, faunal abundance in soils (and in the associated 
litter and moss layers; Berg et al. 1998; Jonsson et al. 2015) 
of high-latitude ecosystems is particularly high due to the 
large stocks of soil organic matter in high-latitude regions 
(van den Hoogen et al. 2019), where climate change is also 
projected to be strongest (Collins et al. 2013). Therefore, 
bryosphere fauna may be an important driver of ecosystem 
responses to climate change in many high-latitude ecosys-
tems. However, we know little about how the bryosphere 
fauna responds to climatic change factors such as altered 
precipitation regimes.

As climate change proceeds, droughts are projected to 
become more intense and frequent due to more variable pre-
cipitation regimes, and because of increased ground evapo-
ration with warming (Collins et al. 2013; Berg et al. 2017). 
In soils, drought generally reduces the abundance and diver-
sity of micro- and mesofauna (Lindberg et al. 2002; Kardol 
et al. 2010, 2011; Makkonen et al. 2011; Blankinship et al. 
2011), although some studies have also recorded enhanced 
or neutral responses (Holmstrup et al. 2013, 2017; Sylvain 
et al. 2014; Turnbull and Lindo 2015). Reduced abundance 
and diversity of nematodes, mites and springtails have often 
been associated with a subsequent impairment of soil nitro-
gen mineralization and carbon turnover (Ingham et al. 1985; 
Filser 2002; Wall et al. 2008; Ferris 2010; de Vries et al. 
2013; Bardgett and van der Putten 2014; Delgado-Baquerizo 
et al. 2020). While the effects of drought on soil fauna are 
widely studied, very few studies have investigated the effect 
of drought on bryosphere fauna (Lindo et al. 2012; Bar-
reto and Lindo 2018). This is despite the fact that changes 
in moisture in the bryosphere under drought can be much 
more pronounced than in soil (Grau-Andrés et al. 2021b). 
Responses to drought may, however, vary between groups 
of fauna due to their differences in drought tolerance. For 
example, nematodes, which depend heavily on moisture 
as they live in water films on bryophyte tissues (Coleman 
et al. 2018a), may be more susceptible to drought than larger, 
more mobile micro-arthropods (Kardol et al. 2010, 2011). 
As a result, drought may impact both the abundance and 
community composition of bryosphere fauna.

Bryospheres are ubiquitous in boreal forests, which cover 
27% of the global forest area and exert substantial influence 
on the global carbon cycle (Hansen et al. 2010; Gauthier 

et al. 2015), but studies on bryosphere fauna in boreal forests 
are scarce. However, Lindo et al. (2012) found large effects 
of experimental drying on springtail and mite abundance 
and composition in the bryosphere of Pleurozium schreberi, 
which is a widespread feather moss species in boreal forests. 
Importantly, environmental conditions in boreal forests can 
vary strongly along successional gradients (Gundale et al. 
2009). Compared to early-succession boreal forests, late-
succession forests are dominated by resource-conservative 
vascular plants (i.e., those that are less productive and pro-
duce lower quality litter) and soil fungi (which produces 
more recalcitrant necromass), and have less fertile soils with 
lower mesofaunal abundance (Wardle et al. 2003, 2012; 
Clemmensen et al. 2013; Bokhorst et al. 2014). Some stud-
ies have shown that precipitation effects on fauna can depend 
on environmental context (de Vries et al. 2012; Yin et al. 
2019b). For example, stronger drought effects on micro- and 
mesofauna have been observed in ecosystems supporting 
more bacterial-based relative to more fungal-based soil food 
webs (de Vries et al. 2012). As such, variation in environ-
mental conditions in the boreal forest floor is likely to shape 
bryosphere faunal communities (Bokhorst et al. 2014) and 
their response to drought.

Here, we carried out a greenhouse mesocosm experiment 
to assess the effects of the precipitation regime on the abun-
dance and community composition of microfauna (nema-
todes and tardigrades) and mesofauna (mites and springtails) 
in boreal forest bryospheres. To test the role of environ-
mental context in driving these effects, we used bryospheres 
and upper humus layers collected from 30 well-characterised 
forested lake islands in northern Sweden which collectively 
represent a chronosequence across which soil fertility, litter 
quality inputs into the bryosphere, and moss nutrient con-
tent all show large changes (Wardle et al. 2012). We sub-
jected these bryospheres to a factorial combination of two 
levels (ambient and reduced) of water addition volume and 
frequency, to create variation in both moisture levels and 
wetting–drying cycles. We hypothesised that: (1) Drier con-
ditions reduce bryosphere faunal abundance and diversity, 
and shift the community towards a greater abundance of 
mesofauna relative to microfauna, and of non-predaceous 
fauna relative to predaceous fauna. This is because drought 
may have stronger negative effects on microfauna, which 
live in water films, than on more mobile mesofauna (Sylvain 
et al. 2014), and on larger-bodied fauna at high trophic levels 
than on smaller-bodied fauna at low trophic levels (Franco 
et al. 2019); (2) Effects of reduced precipitation frequency 
are greater at reduced precipitation volumes because water 
stored in the lower bryosphere layers and humus keeps the 
bryosphere moister at ambient precipitation volumes (Grau-
Andrés et al. 2021b); (3) Drought effects on bryosphere 
fauna are greater in early- compared to late-succession 
boreal forests. This is based on early-succession boreal 
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forests having a soil food web that is more bacterial-based, 
and which would therefore be more sensitive to moisture 
variation, than would food webs that are more fungal-based 
(de Vries et al. 2012). By testing these hypotheses, we aimed 
to improve our understanding of bryosphere fauna responses 
to altered precipitation regimes across contrasting environ-
mental conditions. This understanding is key to predicting 
climate change effects on ecosystem functions in contrasting 
moss-dominated ecosystems.

Methods

Sampling site

The bryosphere samples were collected from 30 forested lake 
islands in northern Sweden (lakes Hornavan and Uddjaure, 
N 65° 57ʹ to 66° 10ʹ, E 17° 43ʹ to 17° 52ʹ). Monthly average 
air temperature ranges between + 13 °C in July and − 14 °C 
in January, and mean annual rainfall is 750 mm. All islands 
originated about 9000 years ago upon the retreat of land 
ice, and the only major extrinsic factor that varies between 
the islands is wildfire frequency resulting from lightning 
strikes. Compared to larger islands, smaller islands are 
struck by lightning less often and are thus subjected to less 
frequent stand-replacing fires (Wardle et al. 1997). As such, 
islands range from those that last burned 60 years ago to 
those that last burned over 5000 years ago, resulting in a 
5000-year time since fire chronosequence (Wardle et al. 
2012). As time since fire increases with decreasing island 
size, there is a shift from resource-acquisitive to resource-
conservative vascular plant and microbial communities, and 
a decline in vascular plant productivity, soil fertility, and 
rates of decomposition and nutrient fluxes (Wardle et al. 
2003; Clemmensen et al. 2015; Kumordzi et al. 2015). Com-
pared to larger islands, smaller islands have more resource-
conservative plant communities that are less productive and 
produce a more recalcitrant litter and have more resource-
conservative microbial communities (i.e., more fungal-
based) that produce more recalcitrant necromass (Clem-
mensen et al. 2013; Lagerström et al. 2013). The proportion 
of the ground surface covered by feather mosses, which is 
almost entirely dominated by Hylocomium splendens and 
Pleurozium schreberi, is on average 41.2% and is constant 
throughout the chronosequence (Jonsson et al. 2015), while 
moss biomass, nitrogen fixation by moss-associated cyano-
bacteria, and moss tissue nitrogen are highest on the smaller 
islands (Lagerström et al. 2007; Bansal et al. 2012). Consist-
ent with previous work in this study system (Wardle et al. 
2003, 2012; Kardol et al. 2018; Fanin et al. 2018; Grau‐
Andrés et al. 2020) we categorised the 30 islands into 10 
‘large’ islands representing early-successional forests (> 1.0 
ha, mean time since fire: 585 years), 10 ‘medium’ islands 

representing intermediate-successional stages (0.1–1.0 ha, 
mean time since fire: 2180 years), and 10 ‘small’ islands 
representing late-successional stages (< 0.1 ha, mean time 
since fire: 3250 years) (see Table S1 for more details).

Bryosphere sampling and experimental design

We collected four samples of the bryosphere and the under-
lying humus layer from each of the 30 islands (N = 120) 
between 30 July and 16 August 2018, using a 10.3-cm diam-
eter corer fitted with a serrated edge. We sampled mono-
specific moss layers dominated by Hylocomium splendens, 
which is the most abundant moss species across all the 
islands. The samples included the upper, living moss and 
the lower, senesced moss (mean height ± SD was 4.3 ± 
1.1 cm), and the slightly to moderately decomposed organic 
matter forming the top 5.7 ± 1.1 cm of the humus layer (i.e., 
Oi and/or Oe organic soil horizons; Soil Survey Staff 2015). 
The upper humus is likely to influence bryosphere fauna 
both directly through faunal exchange and indirectly through 
regulating moisture dynamics (Carleton and Dunham 2003; 
DeLucia et al. 2003; Lindo and Gonzalez 2010). Moss and 
humus thickness in the collected samples measured in the 
field did not vary between island size classes (F2,27 = 2.2, 
P = 0.13).

Upon collection, the samples were each placed in meso-
cosms made out of PVC cylinders (10.3 cm internal diam-
eter, 10 cm height) fitted with a permeable bottom. Each 
mesocosm was covered with a permeable gardening cloth 
and kept moist at ambient temperature for 2–19 days, and 
then stored at 4 °C for 18 days. This storage temperature is 
recommended for the storage of soil fauna prior to experi-
mentation (Coleman et al. 2018b) and is common in micro- 
and mesofaunal research (Lindberg et al. 2002; Jonsson et al. 
2015; Kardol et al. 2016). On 6 September 2018, the meso-
cosms were transported to a greenhouse (Wallenberg Lab 
Greenhouse, Umeå Plant Science Centre, Umeå, Sweden) 
and subjected to one of four precipitation treatments (see 
below) until 20 December 2018 (104 days). The greenhouse 
photoperiod was 18 h/6 h, air temperature averaged 20.5 °C 
and relative humidity was 70%. Further details on the experi-
mental set-up can be found in Grau-Andrés et al. (2021b).

Water addition treatments

Each of the four mesocosms per island was assigned to one 
of four precipitation treatments. The watering treatments 
were: 40 ml every 2 days, 10 ml every 2 days, 80 ml every 
4 days, and 20 ml every 4 days. The treatments resulted 
from a factorial combination of two levels of water addi-
tion volume (either 20 ml or 5 ml per mesocosm per day on 
average) and two levels of water addition frequency (either 
every 2 days or every 4 days). The higher watering volume 
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and frequency represented the approximate mean summer 
(June–September) precipitation regime at the sampling site 
(i.e., ambient conditions), while the lower volume and fre-
quency treatments aimed to represent lower ground mois-
ture due to projected longer droughts and increased ground 
evaporation in the region resulting from climate change 
(Grau-Andrés et al. 2021b). We used rain water collected 
in the vicinity of the greenhouse (DOC = 1.8 ± 0.1 mg C 
 l−1, dissolved nitrogen = 0.15 ± 0.03 mg N  l−1, N = 3), and 
applied it to the top of the mesocosms using a spray bottle. 
The mesocosms were loosely covered with a gardening mesh 
to lower evaporation rates and thus simulate the insulating 
effect of understory dwarf shrub and tree canopy on evapo-
ration from the bryosphere (Heijmans et al. 2004) and to 
reduce the loss of mesofauna. As we showed in Grau-Andrés 
et al. (2021b), the upper moss remained wet throughout the 
watering cycle (irrespective of precipitation frequency) at 
ambient levels of precipitation volume, while in low-volume 
precipitation treatments higher rates of moss drying led to a 
generally drier moss layer (Fig. 1).

Extraction of microfauna and mesofauna

At the end of the experiment, we separated the moss layer 
(including photosynthetic green tissue and non-photosyn-
thetic ‘brown’ moss) from the underlying humus layer for 
each mesocosm and stored the moss in air-tight plastic bags 
at 4 °C for 12–18 days. We used modified Baermann fun-
nels to extract microfauna (i.e., nematodes and tardigrades) 
from the moss layer as described by Jonsson et al. (2015). 
To do this, we placed moss sub-samples (consisting of about 

a quarter of each moss sample) onto separate funnels (N = 
120) and submerged the moss with tap water. Every 24 h 
for 5 days we extracted about 10 ml of solution from each 
funnel, and stored it at 4 °C. After each extraction, we shook 
the moss and added water to ensure that all the moss was 
submerged. After the last extraction, the stored solution was 
left to settle at 4 °C for 24 h and then all but the bottom 2 
ml were removed using a pipette. We then preserved the 
microfauna by adding 5 ml of 4% formaldehyde at 90 °C 
followed by 5 ml of cold formaldehyde. To extract meso-
fauna (i.e., mites and springtails), we placed a second set of 
sub-samples (each about half of the original moss samples) 
in Tullgren extractors (N = 120) for 5 days as described by 
Kardol et al. (2016). The extracted mesofauna was collected 
in 70 % ethanol solution. Finally, each moss sub-sample used 
for extracting micro- and mesofauna was oven-dried at 60 °C  
for 48 h and weighed.

Characterisation of microfauna and mesofauna

For each sample, we counted all nematodes and all tardi-
grades in the entire extracted solution (or a known fraction 
of it for highly concentrated samples) using a grid-patterned 
petri dish mounted on a compound microscope. Addition-
ally, we identified the first 150 nematodes that we found 
in each sample to family level (except the super-family 
Dorylaimoidea) following Bongers (1988), and used this 
information to estimate the total counts of each nematode 
taxa in the sample. The taxa were assigned to one of four 
trophic groups (i.e., plantivorous, fungivorous, bacterivo-
rous, and predaceous/omnivorous) following Yeates et al. 
(1993) (Table S2). The super-family Dorylaimoidea (sensu 
Jairajpuri and Ahmad 1992) comprised the dorylaimid fami-
lies Dorylaimidae, Qudsianematidae, Thornenematidae, and 
Aporcelaimidae, which are overall considered predaceous/
omnivorous (Yeates et  al. 1993). These four nematode 
groups, plus tardigrades (which feed on algae, moss tissues, 
micrometazoans, and organic matter rich in bacteria, and are 
considered to be plantivorous/omnivorous; Coleman et al. 
2018a), resulted in five microfaunal functional groups (Jons-
son et al. 2015; Kardol et al. 2016). To calculate mesofauna 
abundance, we counted the total number of mites (Acari) 
and springtails (Collembola) in each sample using a dis-
secting microscope. All mites were assigned to one of five 
functional groups based on taxonomy and feeding prefer-
ence, i.e., Oribatida combined with Astigmata (fungivo-
rous), Mesostigmata (predaceous), Prostigmata belonging 
to the family Tydeidae (fungivorous), and all other Pros-
tigmata (predaceous), following Krantz and Walter (2009) 
and Walter and Proctor (2013). Juvenile mites that could not 
be assigned to a functional group formed a separate group. 
All springtails were considered fungivorous, as the preda-
ceous subfamily Frieseinae (family Neanuridae) was absent 

Fig. 1  Moisture content (mean ± SE, on a % dry weight basis, N = 30) 
of the upper 2  cm moss layer in mesocosms subjected to ambient 
versus low volume of precipitation, in (left) ambient frequency treat-
ments and (right) low frequency treatments. Moisture content was 
estimated using a combination of visual assessment of wet and dry 
moss cover and destructive sampling. Data from Grau-Andrés et  al. 
(2021b)
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in our samples (Holtkamp et al. 2008). We derived micro- 
and mesofauna abundance on a moss-weight mass basis by 
dividing the number of counts for each functional group by 
the dry weight of the moss sub-sample used for the faunal 
extractions.

The alpha diversity and the Shannon diversity index were 
calculated for each sample using the functions ‘specnumber’ 
and ‘diversity’, respectively, in the package vegan (Oksanen 
et al. 2020), separately for nematode taxa, microfaunal func-
tional groups, and mesofauna functional groups. Since our 
functional groups are based on functional traits (i.e., mor-
phological, behavioural), their diversity could indicate faunal 
functional diversity (Kamath et al. 2022). Additionally, we 
computed the ‘Maturity Index’ of the nematode community 
for each sample by calculating the weighted average of the 
colonizer to persister scores of all nematode taxa (Bongers 
1990; Bongers and Ferris 1999). Low Maturity Index values 
indicate that the nematode community is dominated by early 
colonizers of new resources, while high scores are associated 
with persisters in undisturbed habitats. Colonizer–persister 
scores for each nematode taxa are given in Table S2.

Statistical analyses

We used R version 4.1.1 (R Core Team 2021) for all sta-
tistical analyses and plotting. To assess the effect of pre-
cipitation regime and context-dependency on micro- and 
mesofauna communities in the bryosphere, we first analysed 
the abundance (i.e., number of individuals per dry weight 
of moss) of each of the micro- and mesofauna functional 
groups separately. To do this we fitted, for each group, a 
linear mixed effects model (function ‘lme’ in package nlme; 
Pinheiro et al. 2021) which included precipitation volume, 
precipitation frequency, island size class, and their interac-
tions, as fixed effects. The identity of each of the 30 islands 
was included as a random effect to account for the spatial 
non-independence among the four mesocosms from each 
island. We fitted the exact same model to the response vari-
ables alpha diversity, Shannon diversity index (separately for 
nematode taxa, microfaunal functional groups, and mesofau-
nal functional groups), and the Maturity Index. Additionally, 
to test whether total microfaunal and total mesofaunal abun-
dances differed in their responses to precipitation regime, we 
used a linear mixed effects model with total faunal (i.e., mes-
ofaunal or microfaunal) abundance as the response variable, 
and precipitation volume, precipitation frequency, island 
size class, faunal group (i.e., microfauna or mesofauna), and 
their interactions, as fixed effects. Mesocosm nested within 
island identity was included as a random effect to account 
for the non-independence among mesocosms from the same 
island and among abundance measurements from the same 
mesocosm. We log-transformed the response variables and 
used a constant variance function (‘varIdent’) to account for 

variance heterogeneity among treatments and/or island size 
classes when appropriate (Zuur et al. 2009). Pairwise com-
parisons between precipitation treatments and island size 
classes were computed using the package emmeans (Lenth 
2021).

Permutational multivariate analysis of variance (PER-
MANOVA; Anderson 2001) was used to test differences in 
micro- and mesofauna community composition based on 
functional groups. To do this, we first calculated dissimilar-
ity matrices for our 120 mesocosms based on their commu-
nity composition using the Jaccard dissimilarity index (Faith 
et al. 1987), separately for micro- and mesofauna. We then 
tested the effect of volume and frequency of precipitation, 
island size class, and their interaction, on each dissimilarity 
matrix using the function ‘adonis2’ in vegan. To account 
for the non-independence of samples taken from the same 
island, we restricted permutations to within islands. Non-
metric multidimensional scaling (NMDS; as implemented 
in the function ‘metaMDS’ in vegan) was used to visualise 
variation in micro- and mesofauna community composition 
in relation to precipitation treatments and island size classes. 
The abundance data was first standardised by row and col-
umn maximums (i.e., Wisconsin double standardisation) 
as recommended by the function ‘metaMDS’. We selected 
two-dimension solutions to facilitate the interpretation of 
the ordination diagrams. The function ‘ordiellipse’ in vegan 
was used to draw the standard deviations around each water 
addition treatment.

Results

Main effects of precipitation on bryosphere fauna 
(Hypothesis 1)

Bryosphere microfauna consisted of tardigrades (as a 
single group) and 15 different nematode taxa, of which 
Plectidae (bacterivorous), Tylenchidae (plantivorous) and 
Teratocephalidae (bacterivorous) were the most abun-
dant (Table S2). Precipitation volume strongly impacted 
on total microfaunal abundance, and on abundance and 
alpha diversity of all microfaunal functional groups, while 
precipitation frequency had no main effects (Table S3, 
Table S4). Total microfaunal abundance was promoted 
by low precipitation volume through increasing the abun-
dance of tardigrades and bacterivorous, plantivorous, 
and fungivorous nematodes (Fig. 2). Only the abundance 
of predaceous/omnivorous nematodes was impaired by 
low precipitation volume (Fig. 2f). Alpha diversity of 
microfaunal functional groups was promoted by low pre-
cipitation volume (Figure S1). PERMANOVA indicated 
that both precipitation volume and frequency affected 
microfaunal community composition based on functional 
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groups, with volume having stronger effects (Table S5). 
Ordination analyses showed that microfauna community 
composition was structured along the main gradient of 
precipitation regime (Fig. 3a) which corresponds with 
bryosphere moisture content, from wettest (ambient vol-
ume and frequency) to lowest (low volume, ambient fre-
quency) (Fig. 1). Wetter treatments were associated with 
predaceous/omnivorous nematodes, while drier conditions 

were more closely associated with greater dominance of 
tardigrades and fungivorous nematodes (Fig. 3a).

The abundance of total mesofauna, total mites, and Ori-
batid mites all responded to precipitation frequency but 
not to volume (Table S6). Lower precipitation frequency 
promoted the abundance of those groups (Fig. 4). Con-
versely, the abundance of springtails, Prostigmatid (Tydei-
dae) mites and juvenile mites all responded to precipitation 

Fig. 2  Microfaunal abundance 
(i.e., number of individuals per 
dry moss mass) per precipita-
tion volume (Ambient (A) or 
Low (L)) and island size class 
(Large, Medium, Small), which 
were the most important factors 
driving microfauna abundance 
(Table S3). Box plots indicate 
the median (thicker line), the 
first and third quartiles (lower 
and upper box boundaries), and 
the most extreme observations 
that were up to 1.5 times the 
interquartile range (hinges). 
Data were aggregated across 
the frequency of water addi-
tion. For each volume × island 
size combination, N = 20. 
Within each panel and island 
size class, post hoc compari-
sons of volume treatments are 
indicated by ‘ns’ (P > 0.05), 
‘*’ (P < 0.05), ‘**’ (P < 0.01), 
and ‘***’ (P < 0.001). Details 
of the model underpinning the 
statistical testing are provided in 
Table S3. Omn./pred. omnivo-
rous/predaceous
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volume but not frequency (Table S6). Lower precipitation 
volume reduced the abundance of springtails but increased 
the abundance of Prostigmatid (Tydeidae) mites and juve-
nile mites (Fig. 4). Mesostigmatid mites were affected both 
by volume and frequency of precipitation (Table S6): lower 
precipitation volume decreased their abundance, while 
lower frequency increased it (Fig. 4). Shannon diversity of 
mesofauna increased with lower precipitation volume (Fig-
ure S1, Table S4). Similar to microfauna, PERMANOVA 
of mesofauna indicated that both volume and frequency of 
precipitation impacted community composition, with vol-
ume having stronger effects (Table S5). Ordination showed 
that bryospheres that received low precipitation volumes 

were associated with Prostigmatid (Tydeidae) mites and 
juvenile mites, while ambient precipitation volumes were 
associated with springtails, other Prostigmatid mites, and 
Oribatid mites.

Precipitation frequency affected the total abundance of 
microfauna and of mesofauna similarly (interaction of fre-
quency × faunal group: F1,108 = 1.2, P = 0.279), but precipita-
tion volume had a greater effect on microfauna than on mes-
ofauna (interaction of volume × faunal group: F1,108 = 10.1, 
P = 0.002).

Interactive effects of precipitation volume 
and frequency (Hypothesis 2)

The abundance of total microfauna, and of all microfaunal 
functional groups except predaceous/omnivorous nema-
todes, did not respond to an interaction between volume and 
frequency of precipitation (Table S3). The interactive effects 
for predaceous/omnivorous nematodes occurred because 
lower precipitation frequency increased the abundance at 
low volumes, but had no effect at ambient volumes (data not 
presented). Similarly, the Maturity Index of the nematode 
community also responded to the interactive effect of vol-
ume and frequency whereby lower frequency increased the 
Maturity Index at low volumes, but had no effect at ambient 
volumes (Fig. 5, Table S7). Conversely, volume and fre-
quency did not interact to drive microfaunal community 
composition, or diversity of nematode taxa or microfaunal 
functional groups (Table S4, Table S5).

Total mesofaunal abundance did not respond to the inter-
active effect of precipitation volume and frequency, but the 
abundance of springtails and of Prostigmatid (Tydeidae) 
mites did (Table S6). Springtail abundance was increased by 
lower precipitation frequency at low precipitation volumes, 
but frequency had no effect at ambient volumes (Fig. 4c). In 
contrast, the abundance of Prostigmatid (Tydeidae) mites 
was decreased by the lower frequency at low volumes but 
increased at high volumes (Fig. 4f). Mesofaunal alpha and 
Shannon diversity were not affected by the interactive effect 
of precipitation volume and frequency (Table S4). A margin-
ally non-significant interaction (P = 0.053) between volume 
and frequency of precipitation was found by PERMANOVA 
(Table S4), suggesting that frequency may have affected 
mesofaunal community composition more strongly at low 
compared to ambient volumes (Fig. 3).

Context‑dependency of precipitation effects 
(Hypothesis 3)

Island size mediated the effect of precipitation volume 
on the abundance of total microfauna, all nematodes, and 
bacterial-feeding nematodes (Table S3), because low vol-
ume significantly increased abundance in small islands, 

Fig. 3  NMDS diagrams of the community composition of (a) micro-
faunal and (b) mesofaunal functional groups, for each combination of 
precipitation volume (‘A’, ambient and ‘L’, low) and frequency (‘A’, 
ambient and ‘L’, low). Microfauna includes nematodes (bacterivo-
rous, plantivorous, predaceous/omnivorous, and fungivorous), and 
tardigrades. Mesofauna includes mites (Oribatida, Mesostigmata, 
Prostigmata belonging to the family Tydeidae, other Prostigmata, and 
unknown juveniles), and springtails. Open circles are samples, stars 
are centroids of water addition treatments, and ellipses are stand-
ard deviations of the treatment centroids. Stress values were 0.187 
(microfauna), and 0.175 (mesofauna)



238 Oecologia (2022) 200:231–245

1 3

but not in medium or large islands (Fig. 2). Island size also 
mediated the effect of precipitation volume on microfaunal 
community composition (Table S5), because the effect of 
volume on community composition was greatest in smaller 
islands (Fig. 6). Conversely, the response of mesofaunal 
abundance and community composition to precipita-
tion volume and frequency was unaffected by island size 

(Table S3, Table S5). Finally, the Shannon diversity of 
microfaunal functional groups responded to an interactive 
effect of island size and precipitation frequency, because 
reduced frequency increased diversity for medium islands, 
but had no effect for large and small islands (Figure S1, 
Table S4).

Fig. 4  Mesofaunal abundance 
(i.e., number of individuals per 
dry moss mass) for each of two 
levels (Ambient (A) and Low 
(L)) of precipitation volume and 
frequency. Data were aggre-
gated across island size class 
because island size had only 
minor effects on mesofauna 
(Table S5). Boxplots indicate 
the median (thicker line), the 
first and third quartiles (lower 
and upper box boundaries), and 
the most extreme observations 
that were up to 1.5 times the 
interquartile range (hinges). For 
each volume × frequency com-
bination, N = 30. Within each 
panel, the same letters (or no 
letters) indicate that differences 
are not statistically significant 
(i.e., P > 0.05). Details of 
the model underpinning the 
statistical testing are provided in 
Table S5
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Discussion

Drought can have major impacts on bryosphere biota and 
the functions that they perform. Using a mesocosm experi-
ment based on bryospheres and soils collected from a boreal 
forest chronosequence, we found that precipitation volume 
and, more weakly, precipitation frequency, impacted the 
abundance, diversity, and composition of bryosphere micro- 
and mesofauna. Interactive effects of precipitation volume 
and frequency were detected for some faunal functional 
groups, but not for overall abundance. Forest successional 
stage mediated the effect of precipitation regime on abun-
dance, diversity, and composition of bryosphere microfauna 
only. Below, we discuss these findings in relation to our 
hypotheses.

Drought effects on bryosphere fauna

We found that drier conditions (i.e., low volume and/or 
frequency of precipitation) increased overall bryosphere 
fauna abundance, contrary to our first hypothesis and to 
many studies in bryospheres and soils that have reported 
negative effects of drought on the abundance of microfauna 

(Jönsson 2003; Kardol et al. 2010; de Vries et al. 2012) and 
mesofauna (Lindberg et al. 2002; Makkonen et al. 2011; 
Lindo et al. 2012). Our findings of neutral (microfauna) and 
neutral or positive (mesofauna) responses of diversity to 
drought were also contrary to our first hypothesis. In par-
ticular, we expected the abundance and diversity of nema-
todes and tardigrades to be strongly reduced by drought, 
given that they live in water films (Coleman et al. 2018a). 
However, it is possible that moss-associated fauna is adapted 
to the frequent drying-rewetting cycles that take place in the 
bryosphere and are therefore resistant to drought (Taylor 
et al. 2004; Jönsson 2007), for example through anhydro-
biosis (Demeure et al. 1979; Nelson 2002). On the other 
hand, we found that drought impaired predaceous/omniv-
orous nematodes. This agrees with the theory that nema-
todes with ‘persistence’ life-history traits (e.g., predaceous/
omnivorous nematodes) are most sensitive to disturbances 
(Bongers 1999; Franco et al. 2017), and is in line with our 
finding that drought decreased the nematode Maturity Index 
(i.e., increased the relative abundance of nematodes with a 
“coloniser” rather than “persister” strategy; Bongers 1990). 
Therefore, drought may have impaired top-down control of 
microfauna and led to increased overall microfaunal abun-
dance (Wardle and Yeates 1993; Sylvain et al. 2014; Franco 
et al. 2019). Additionally, drought impaired springtails, 
which may have alleviated competition for food with fun-
givorous and plantivorous nematodes and thus contributed 
to increasing nematode abundance through competitive 
release. Taken together, our findings suggest that potential 
direct negative effects of drought on bryosphere microfauna 
were overridden by positive drought effects through altered 
trophic interactions.

Effects of drought were weaker on mesofauna than on 
microfauna, consistent with our first hypothesis. This is 
likely due to the greater mobility of mesofauna, which could 
have more easily avoided drought in the bryosphere by mov-
ing to the humus layer, where moisture content is higher 
and more stable than the in the bryosphere (Lindo et al. 
2012; Grau-Andrés et al. 2021b). Drought increased overall 
mesofaunal abundance mainly through promoting Oribatid 
mites, which were the most abundant mesofaunal group, 
consistent with previous bryosphere research (Lindo and 
Gonzalez 2010; Barreto et al. 2021). The observed increase 
in mesofaunal diversity with drier conditions has also been 
previously reported in moss/soil mesocosms (Turnbull 
and Lindo 2015). We found no evidence that precipitation 
regime affected mesofaunal functional groups differently, 
contrary to our hypothesis that predaceous mesofauna (i.e., 
Mesostigmatid and Prostigmatid mites) would be more sen-
sitive to drought than non-predaceous mesofauna (i.e., Ori-
batid mites, springtails). Therefore, the observed positive 
effect of drought on overall mesofaunal abundance cannot 
be explained by release from predation, because drought also 

Fig. 5  Maturity Index (based on the ‘c–p’ framework of Bongers 
1990) of the nematode community for each of two levels (Ambi-
ent and Low) of precipitation volume and frequency. The index 
ranges from 1 (domination of community by early colonizers in dis-
turbed habitats) to 5 (domination of community by persister taxa in 
undisturbed habitats). Data were aggregated across island size class 
because island size had only minor effects on the Maturity Index 
(Table  S7). Boxplots indicate the median (thicker line), the first 
and third quartiles (lower and upper box boundaries), and the most 
extreme observations that were up to 1.5 times the interquartile range 
(hinges). For each volume × frequency combination, N = 30. Same 
letters indicate that differences are not statistically significant (i.e., 
P > 0.05). Details of the model underpinning the statistical testing are 
provided in Table S7
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promoted predaceous groups. Some studies have shown neg-
ligible effects of drought on soil mite abundance (Kardol 
et al. 2011; Holmstrup et al. 2013; Sylvain et al. 2014), but 
positive effects are rare (de Vries et al. 2012), which sug-
gests that the driving mechanisms for the increase in abun-
dance that we found might be bryosphere-specific. One pos-
sible explanation is that drying-rewetting cycles that were 
more extreme promoted food availability for detrivorous 
Oribatida through damage to moss tissues and subsequent 
release of intracellular contents (Slate et al. 2019). Spring-
tails were the only mesofaunal functional group impaired by 
drought, in line with previous work pointing to the drought-
sensitivity of springtails (Makkonen et al. 2011; Blankin-
ship et al. 2011). Conversely, the predominantly fungivo-
rous Prostigmatid Tydeidae mites were strongly associated 
with drier conditions, as has previously been observed in 
boreal bryospheres (Lindo et al. 2012). This could indicate 
a drought-induced shift towards a more fungal-based energy 

channel in the bryosphere, as has been observed in soil (de 
Vries et al. 2012). Overall, our results support the view that 
drought affects mesofauna indirectly through changing food 
resources and trophic interactions (Holmstrup et al. 2013; 
Wu et al. 2014; Barreto et al. 2021), rather than through 
direct effects.

Effects of precipitation volume and frequency

Our second hypothesis predicted stronger effects of reduced 
precipitation frequency at reduced precipitation volumes 
because at ambient volumes the wetter humus can alleviate 
drought intensity in the bryosphere. We found support for 
this hypothesis for some faunal functional groups, but not 
for the overall abundance and diversity of microfauna or 
mesofauna. For predaceous/omnivorous nematodes and for 
springtails, low-frequency precipitation reduced abundance 
at low but not at ambient precipitation volumes. Given that 

Fig. 6  NMDS diagrams of microfauna abundance grouped by faunal 
functional group, plotted separately for each island size class. Func-
tional groups include nematodes (bacterivorous, plantivorous, preda-

ceous/omnivorous, and fungivorous), and tardigrades. Open circles 
are samples, stars are centroids of precipitation treatments, and ellip-
ses are standard deviations for the treatment centroids
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these functional groups are known to be particularly sensi-
tive to disturbances, including drought (Blankinship et al. 
2011; Franco et al. 2019), our results suggest that frequency 
and volume only interact to drive the abundance of those 
micro- and mesofaunal functional groups that are the most 
responsive to drought. This is in line with our finding that 
ambient frequency, which led to the driest moss conditions 
(Fig. 1), reduced the nematode Maturity Index at low but 
not ambient volumes of precipitation. We also found some 
evidence that precipitation frequency impacted mesofaunal 
community composition more at low compared to ambient 
volumes, in line with our second hypothesis. However, con-
trary to our expectation, it was ambient rather than low fre-
quency in low volume treatments that shifted the community 
composition further away from that in ambient precipita-
tion treatments. This interactive effect may have occurred 
because more water was delivered at the same time in the 
low frequency than at the ambient frequency treatments, 
thus minimising evaporative losses and leading to a wetter 
humus under low precipitation treatments (Soudzilovskaia 
et al. 2011; Grau-Andrés et al. 2021b), which could have 
enabled the mesofauna to avoid bryosphere drought.

Precipitation volume had generally stronger effects than 
precipitation frequency on bryosphere fauna, including on 
community composition of microfauna and mesofauna, and 
on the abundance of overall microfauna. This contrasts with 
previous findings that precipitation frequency had larger or 
similar effects to volume on bryosphere biota in boreal for-
ests (Jackson et al. 2011). The discrepancy may be due to the 
inclusion in our experiment of the upper humus layer, which 
regulates and buffers bryosphere moisture dynamics. Con-
sequently, volume effects dominated because wetter humus 
at ambient precipitation volumes helped bryospheres remain 
wet irrespective of frequency. Nevertheless, the abundance 
of Oribatid mites, and of total mesofauna, responded to pre-
cipitation frequency but not volume. This could be due to a 
combination of two factors: first, moisture levels across both 
volume levels were within the tolerance range of Oribatid 
mites (Kardol et al. 2011; Barreto et al. 2021); and second, 
food supply was enhanced under more frequent drying-
rewetting cycles (Slate et al. 2019). In total, our results sug-
gest that functional group identity may determine whether 
the main effects of volume and/or frequency, as well as their 
interactive effects, drive the response of bryosphere fauna to 
changing precipitation regimes.

Context‑dependency of drought effects

We found that drought effects on bryosphere fauna abun-
dance and composition depended on the boreal forest 
successional stage for microfauna, but not mesofauna. 
Drought altered microfauna community composition and 
nematode abundance in late-successional forests, but not in 

mid- or early-successional forests. This is contrary to our 
third hypothesis predicting that drought effects would be 
greatest in early-successional forests on the basis that the 
more bacterial-based microbial food webs of those forests 
would be more sensitive to drought than would the more fun-
gal-based food webs of late-successional forests. Given the 
little evidence we found of direct negative effects of drought 
on micro- or mesofaunal abundance, the faunal patterns we 
observed across the succession gradient cannot be explained 
by impairment of microbial communities by drought, which 
suggests that other mechanisms prevailed, such as changes in 
food sources or trophic interactions. One possibility is that 
variation in nutrient availability along the gradient drove 
the response of bryosphere fauna to drought. While in our 
study system the levels of available soil nutrients are low-
est in late-successional forests (Wardle et al. 2003, 2012), 
there is also greater N-fixation by symbiotic cyanobacte-
ria inhabiting the bryosphere in late-successional forests 
(Lagerström et al. 2007) and thus greater N in moss tis-
sues (Bansal et al. 2012). Therefore, nitrogen availability for 
bryosphere fauna may have been greater in late- compared 
to early-successional forests (Kardol et al. 2016). Conse-
quently, a less nutrient-limited bryosphere fauna in late-suc-
cessional forests may have resulted in a greater impairment 
of top-down control following drought in late- compared 
to early-successional forests. Our findings agree with the 
theory for soil food webs that top-down control is great-
est in the absence of bottom-up limitation (Crowther et al. 
2015), and point to context-dependent effects of drought on 
bryosphere microfauna.

Conclusions

The observed increase in bryosphere faunal abundance 
following reduced precipitation volume or frequency sug-
gests that fauna-induced enhancement of carbon and nutri-
ent turnover in boreal forest bryospheres may increase as a 
result of drought. The subsequent increase in nutrient supply 
could help compensate for the expected decrease in ecosys-
tem productivity from drought. However, the reduced bryo-
sphere carbon cycling and moss growth under drought that 
we observed in the same experiment indicates that drought 
overall impairs bryosphere productivity (Grau-Andrés et al. 
2021b). Further, we found that precipitation volume gener-
ally had stronger effects than did precipitation frequency 
on bryosphere fauna, likely because moisture supply from 
the lower bryosphere and upper humus layers buffered 
any adverse effects of reduced precipitation frequency. As 
climate projections for the boreal forest biome show that 
drought will be mainly driven by more infrequent precipi-
tation (Collins et al. 2013), bryosphere fauna may be rela-
tively resilient to drought for thicker and denser bryospheres 
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and those on thicker humus layers because of their higher 
water holding capacity (Elumeeva et al. 2011; Grau-Andrés 
et al. 2021b). Finally, our findings point to a greater vulner-
ability of bryosphere fauna to altered precipitation regimes 
in late- compared to early-successional forests. Given that 
bryospheres dominated by different moss species can host 
different micro- and mesofaunal communities (Jonsson 
et al. 2015; Grau-Andrés et al. 2021a), future work should 
assess whether our findings for Hylocomium splendens bryo-
spheres can be generalised to other common boreal bryo-
spheres (e.g., Pleurozium schreberi). The bryosphere plays 
an important role in key boreal forest functions including 
ecosystem productivity and nitrogen supply, especially in 
older forests (Gundale et al. 2009; Wardle et al. 2012). As 
those functions can be affected by bryosphere fauna (Schill 
et al. 2011; Kardol et al. 2016), our results suggest that the 
effects of altered precipitation regimes on boreal forest func-
tioning could be mediated by changes in bryosphere fauna 
and that these effects may be stronger in older forests.
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