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IN A NUTSHELL

— Microbial diversity and function in intermittent rivers and ephemeral streams (IRES) are tightly linked to specific
habitat availability and hydrological phases

— The intensity and frequency of different phases (especially drying and rewetting) affect community composition and
key functions, mainly linked to biogeochemical processes

— Resistance and resilience strategies are distinct among microorganisms and highly dependent on different types of
refuges

— Microbial food webs in IRES can differ between hydrological phases, affecting key ecosystem functions and higher
trophic levels

4.1.1 ROLE AND RELEVANCE OF MICROBES IN IRES

Microbial communities represent a critical link between the terrestrial environment and freshwater
food webs. Microorganisms (microbes) broadly include bacteria, archaea, protozoa (i.e., ciliates, het-
erotrophic flagellates, amoebas), and fungi as well as photosynthetic algae and cyanobacteria. These
highly variable communities are found throughout the water column, on submerged surfaces such as
rocks, sediments, leaves, and wood, and in interstitial water of benthic sediments (e.g., Aumen et al.,
1983; Findlay et al., 1993; Lock, 1993; Artigas et al., 2009). Microbes grow and develop in benthic
habitats, forming biofilms which are “hot spots” of riverine microbial metabolism (Pusch et al., 1998;
Battin et al., 2016). In benthic habitats, microbial food web interactions are usually complex; protozo-
ans may feed on bacteria, algae, other protozoans, and detritus, and bacteria, archaea, and fungi may
compete for available organic matter (OM) (e.g., Romani et al., 2006a; Risse-Buhl et al., 2012; Wey
et al., 2012). However, over time and usually in downstream reaches and large rivers, a diverse and
active microbial community also develops within the water column (e.g., Weitere and Arndt, 2003).
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The growth and development of microbes in river ecosystems are highly sensitive to changes in
environmental conditions, including changes in available resources such as dissolved and particulate
OM (DOM and POM) and inorganic nutrients, and also changes in physical and chemical conditions
(temperature, oxygen concentration, pH, water chemistry, flow velocity) affecting their metabolism.
Seasonality in physicochemical conditions and OM availability typifies many perennial rivers and is
linked to hydrology and the phenology of riparian vegetation (Allan and Castillo, 2007). In IRES,
physicochemical conditions also vary seasonally, but fluctuations are usually more extreme and unpre-
dictable than in perennial systems (Gasith and Resh, 1999; Chapters 3.1 and 3.2).

These hydrological fluctuations can either provide beneficial conditions for microbial growth and
development or lead to extremes in certain physical and chemical conditions where microbes cannot
develop or even survive (Table 4.1.1). Fluctuating and extreme conditions in stream microhabitats are

Table 4.1.1 Environmental factors, many associated with fluctuating hydrology that may
significantly affect microorganisms in IRES

Extremes and Effects on

Environmental factor conditions in IRES microorganisms References

Temperature Extremely high in Increase metabolism, Ylla et al. (2010)
shrinking pools of stagnant | interact with other harsh Mora-Gémez et al. (2015,
water during drying phase | environmental conditions 2016)

Oxygen Low oxygen values in Inhibit decomposition Medeiros et al. (2009)

Dissolved organic matter
(DOM)

Inorganic nutrients

Flow velocity

Light

pools, especially with
accumulated organic
matter; may reach anoxia
Accumulation of dissolved
humic compounds in
pools, especially in
forested catchments

High DOM availability in
rewetting episodes after
drought

High NH, concentrations
during drying period, high
NOj concentrations during
rewetting period

High flow velocity during
floods

Stagnant water in pools
during drying phase
Intense UV radiation
during drought

Shift to anaerobic
metabolism

Inhibit or modify
microbial activity and
community composition

Enhance heterotrophic
metabolism

Possible cause for shifting
community composition of
microbes

Shear stress, abrasion,
loss (transport) of benthic
microbial biomass

Limit diffusion of nutrients

Inhibit microbial
metabolism

Photodegradation of plant/
algal material

Fazi et al. (2013)

Romani et al. (2006b)

Tzoraki et al. (2007)

Zoppini et al. (2010)

Dieter et al. (2013)
Austin and Vivanco (2006)

Selected references are included as examples.
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FIG. 4.1.1

Hydrological phases and associated environmental and physical-chemical factors affecting microbial
communities in IRES.

linked to the different hydrological phases in IRES (Fig. 4.1.1, Chapters 2.2 and 2.3). During dry-
ing, surface-water longitudinal connectivity is gradually lost (Chapter 2.3) and pools form. In these
pools, there are extremes of low oxygen and high temperature and conductivity (Chapter 3.1) that
collectively affect DOM characteristics and determine changes in microbial community structure and
function (Table 4.1.1). High temperatures in pools with large accumulations of POM such as leaf lit-
ter determine the decrease in oxygen and pH due to respiration. During the dry-streambed phase, the
microbiology and geochemistry of aquatic sediments share striking similarities to surface soils (Burns
et al., 2013). During this phase, very high solar irradiation can be critical for microbes, especially
when unshaded by riparian vegetation. Rewetting and flow resumption leads to dramatic changes in
environmental conditions, affecting microbes either negatively (e.g., shear stress) or positively (e.g.,
increasing DOM availability, Table 4.1.1). Microbial dynamics often occur in pulses in concert with the
rising and falling limb of hydrographs and changes in associated environmental drivers (usually linked
to POM and DOM).

Microbes play key roles in riverine ecosystem function, being involved in most biogeochemical
processes linked to carbon and nutrient cycling as well as particle retention (Leff et al., 2016). Many
microbial processes depend on OM availability, and the quantity and/or quality of OM varies with river
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compartment (e.g., water column, sediment, coarse and fine POM, and rock surface substrata) and
hydrological variability in IRES (Chapter 3.2). Thus, any modification of the microbial environment,
community composition, and functioning may affect crucial ecosystem functions. At the same time,
although IRES are subject to flow intermittence, many of them periodically reconnect to a perennial
fluvial network (Chapter 2.3), and processes in one IRES reach or segment often have repercussions
downstream.

In this chapter, we review heterotrophic microbial communities—from prokaryotes to fungi and
protozoans—in IRES, linking them with hydrological phases, microhabitats, and various ecosystem
functions. Specific strategies that determine differential capacities for resistance and resilience of these
groups are highlighted. After an overview of the dynamics of microbial functioning and diversity in
IRES, we conclude with a synthesis of concepts and propose some promising hypotheses and avenues
for future research.

4.1.2 DIVERSITY OF PROKARYOTES IN IRES
FACTORS CONTROLLING PROKARYOTIC COMMUNITIES IN IRES

Prokaryotes are ubiquitous (Box 4.1.1) but also highly sensitive to changing environmental conditions;
the most relevant ones that may affect them in IRES are changes in OM availability (quantity and qual-
ity), dissolved oxygen, and temperature (e.g., Fazi et al., 2013; Febria et al., 2015) which are mainly
driven by hydrology. Several studies describe the effect of hydrology on prokaryote communities in
IRES and highlight the relevance of river biogeochemistry, especially OM availability. For example,
the high temporal variation in bacterial community composition in the river water column of one IRES
was related to hydrological variability (flooding episodes) and concurrent biogeochemical changes
(Portillo et al., 2012). In a Mediterranean IRES, DOM quality was the main driver—among the bio-
geochemical parameters—of bacterial community composition changes between the base-flow and
low-flow periods (Freixa et al., 2016).

The key role of hydrology on prokaryote communities in IRES is further supported by a subset of
data summarized by Zeglin (2015) (Fig. 4.1.2). In this evaluation, “hydrology” effects were broadly

BOX 4.1.1 PROKARYOTES IN FRESHWATERS

Prokaryotes—bacteria and archaeca—are found in nearly all environments (terrestrial, aquatic, and aerial, including
extreme habitats) and often form biofilms. They are ancient life forms, showing very diverse physiologies and metabolic
pathways which contrast with their morphological uniformity. Although invisible to the naked eye (most of them are less
than 1 pum in size), prokaryotes are essential because they are responsible for key biogeochemical transformations and, at
the same time, represent a large portion of global genetic diversity (Whitman et al., 1998). Bacteria and archaea are also
important in oxic-anoxic interfaces, being involved in carbon, nitrogen, and sulfur metabolism (Brune et al., 2000).

The dominant phylum of aquatic bacteria is the Proteobacteria. In biofilms, heterotrophic bacteria from the phyla
Actinobacteria, Bacteroidetes, and Firmicutes are also typical and, when light is available, Cyanobacteria grow (e.g.,
Zeglin, 2015). The initial discovery of archaea was from harsh environmental conditions such as salt-saturated lakes, high-
temperature terrestrial springs, and deep sea vents. Since then, this group has been found to be ubiquitous (Auguet et al.,
2010). Bacteria and archaea have been detected coexisting in stream biofilms (Battin et al., 2001; Herrmann et al., 2011)
and on decaying leaves (Manerkar et al., 2008).
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FIG. 4.1.2

Distribution of significant effects of categories of spatiotemporal variation on stream microbial diversity, with
data from IRES highlighted and averaged separately. The number of studies for each category is in brackets;
the dashed line indicates the percentage of significant effects for all comparisons combined. Some categorical
factors included in “all effects” are not compared separately (metals, temperature, and land use) due to <2
studies from IRES. ‘OM quant/qual’ refers to ‘Quantity/quality of organic matter’.

Adapted from Zeglin, L.H., 2015. Stream microbial diversity responds to environmental changes:

review and synthesis of existing research. Front. Microbiol. 6, 454.

categorized to include any differences in stream discharge, flow regime, drying, rewetting, or flooding.
In addition to hydrology, the most commonly significant factors for prokaryote communities in IRES
were among compartment and temporal variation whereas longitudinal and nutrient-driven variation
was least commonly significant (Fig. 4.1.2). The nonsignificant effect of OM quantity/quality in this
evaluation was probably due to the small sample of studies (n=6). Different compartments (water
column, sediment, coarse and fine POM, and rock surface substrata) present starkly contrasting envi-
ronments in terms of OM availability and quality, and there is strong evidence for among-compartment
selection leading to dominance by different microbial heterotrophic taxa (Fazi et al., 2005; Gao et al.,
2005; Zeglin, 2015).

The heterogeneity of bacterial communities on different Mediterranean stream biofilm substrata
was reviewed by Romanf et al. (2013) who found that grain size and OM content strongly determined
bacterial community composition. This implies that substrates with greater water-holding capacity
(i.e., greater surface area and OM content) might constitute refugia protecting microbial cells from
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seasonal drying. In addition, specific local conditions in IRES (e.g., conductivity, redox condition, OM
quality, temperature) may have selective effects on community composition (e.g., Souza et al., 2006;
Zeglin et al., 2011; Joelsson et al., 2013).

Given the variable hydrology of IRES, studies on temporal variation, including drying, rewetting,
and flooding effects on prokaryote diversity in them are common, often revealing significant effects
on community structure. Predrying conditions and soil moisture appear responsible for changes in
bacterial community composition (Febria et al., 2015). Dry sediments, moist sediments, and sediments
underlying stagnant pools and flowing waters often have contrasting microbial community composition
and activity (Fazi et al., 2005, 2013; Rees et al., 2006; Zeglin et al., 2011; Febria et al., 2012; Pohlon
et al., 2013). During the drying (nonflowing) phase, bacterial richness and diversity may decrease, and
only a few desiccation-tolerant bacterial taxa dominate, including terrestrial or airborne microbes (Rees
et al., 2006; Febria et al., 2012; Timoner et al., 2014a).

High-flow conditions also modulate microbial community structure and function (Lyautey et al.,
2005; Zoppini et al., 2010). In desert streams, brief rains may restore needed humidity for some mi-
croorganisms and may substantially change the bacterial community composition (Abed et al., 2011).
Yet, flow status does not always have marked effects on stream microbial communities (Marxsen et al.,
2010; Febria et al., 2015), possibly as a result of populations persisting in isolated favorable micro-
habitats within the stream reach (Section 4.1.5) or of community turnover at timescales beyond those
within the studies.

PROKARYOTIC DIVERSITY IN IRES VS PERENNIAL RIVERS AND STREAMS

IRES bacterial communities diverge from those in streams with more stable hydrology. Although
sequence-library data (based on 16S rRNA) are limited, Zeglin (2015) reported highest relative
abundances in gamma-Proteobacteria from IRES sediments, while IRES water-column communi-
ties had the lowest beta-Proteobacteria representation compared to all other streams (Fig. 4.1.3).
Sequence-library data from a headwater stream in the mid-Atlantic United States also show dis-
tinctive bacterial communities at intermittent versus perennial sites (Fig. 4.1.4). This comparative
network analysis suggested that perennial waterways had central microbial associations with gener-
alist methanogenic bacteria whereas IRES had microbial associations dominated by Nitrospirales,
or N-fixers known to have flexible metabolisms highly suited for changing redox conditions (Febria
et al., 2015; Koch et al., 2015). Actinobacteria and Firmicutes might be more dominant in IRES
(Fazi et al., 2008; Timoner et al., 2014a) since these phyla have several rRNA operons in the ge-
nomes (seven and three on average, respectively), which is considered key to the competitive suc-
cess during periods of maximum desiccation (Klappenbach et al., 2000). Also, both phyla have a
gram-positive cell-wall type and Firmicutes includes many endospore-forming genera, which may
also favor surviving desiccation in IRES.

Riverine ecosystems may harbor a diverse archaeal community but there are few data on
archaea from rivers and fewer from IRES. Although we cannot directly compare archaeal
diversity between IRES and perennial rivers, we predict a key role of this microbial group in
IRES because many archaea resist harsh environmental conditions (Gao et al., 2005; Box 4.1.1).
For instance, archaea occur in significant numbers in arid soils, microbial mats, and freshwater
sediments exposed to desiccation (Rothrock and Garcia-Pichel, 2005; Soule et al., 2009; Conrad
et al., 2014).
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FIG. 4.1.3

Relative abundance of major bacterial phyla and subphyla (based on 16S rRNA gene-sequence libraries) for
surface waters and sediments, with data from IRES highlighted and averaged separately. Water-column data
are sorted by Beta-Proteobacteria relative abundance (high to low, left to right); sediment data are sorted by
“other Bacteria” relative abundance (within IRES, high to low, left to right; and within perennial rivers and
streams, low to high, left to right). Beta-Proteobacteria and “other Bacteria” are the most abundant groups
within the water column and sediment compartments, respectively, among all streams on average.

Adapted from Zeglin, L.H., 2015. Stream microbial diversity responds to environmental changes:

review and synthesis of existing research. Front. Microbiol. 6, 454.

4.1.3 DIVERSITY OF FUNGI IN IRES
FACTORS CONTROLLING FUNGAL COMMUNITIES IN IRES

Fungal communities and their role in decomposing OM are influenced by environmental variables
such as temperature, pH, concentrations of oxygen and dissolved nutrients, physical abrasion, and
hydromorphological parameters (Webster and Benfield, 1986; Young et al., 2008; Tank et al., 2010).
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Site Type of
Greatest Seq
Abundance

[ Permanent
I Temporary (Dry)

Temporary (Flowing)

FIG. 4.1.4

Microbial associations differ between permanent and intermittent streams. A network analysis reveals 167
distinct bacterial operational taxonomic units (OTUs; each represented as an individual circle) connected to
one another with lines. Nodes (circles) represent individual OTUs and edges represent significant Spearman
correlations (p>0.75 and P<0.05). Node size (i.e., size of the circle) is determined by the weight of the
edges connected to each node. The resulting network clusters the OTUs into two groups: one associated
with permanent streams and a second associated with intermittent streams. Bacterial communities from
the permanent streams showed high centrality among OTUs that were almost entirely members of the
Proteobacteria phylum with only one OTU belonging to Bacteroidetes.

Modified from Febria, C.M., Hosen, J.D., Crump, B.C., Palmer, M.A., Williams, D.D., 2015. Microbial responses to changes in flow

status in temporary headwater streams: a cross-system comparison. Front. Microbiol. 6, 522.

In IRES, fungi are potentially exposed to extreme seasonal variation principally associated with the
drying phase. Consequently, temperature variation and water-quality changes during summer drying
appear to be the principal drivers of fungal community composition (Dang et al., 2009; Mora-Gémez
etal., 2016; Box 4.1.2). Conditions in isolated pools during streambed drying have opposing effects on
fungal activity: low pH and oxygen are adverse while high conductivity and temperature favor fungal
development (Medeiros et al., 2009; Mora-Gémez et al., 2015; Canhoto et al., 2016). Before being
exposed to drying, leaf-associated fungal communities are often exposed to increased temperatures in
dwindling pools which may stimulate fungal development and favor adapted species (Canhoto et al.,
2016). During the drying phase, leaf-associated fungi are strongly affected by desiccation, their devel-
opment being faster and more extended when drying is less severe (e.g., Bruder et al., 2011).

The drying period may be fatal for fungi except when mycelia and propagules are protected from
complete desiccation (e.g., in humid refuges, Section 4.1.5). Aquatic hyphomycetes show exemplary
adaptations to flowing waters, including conidial shape (mostly tetracladiate, branched or elongated),
production of mucilage, and rapid germination (Read et al., 1992). Conversely, their thin-walled and
delicate spores and mycelia make them vulnerable to potentially fatal desiccation (Bérlocher, 2009).
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BOX 4.1.2 FRESHWATER FUNGI

Aquatic fungi are quite diverse, although less so than terrestrial fungi, with more than 3000 reported species, including
from marine habitats (Birlocher and Boddy, 2016). Five out of the seven phyla in the Kingdom Fungi have freshwater
representatives: Chytridiomycota, Cryptomycota, Blastocladiomycota (which contains only one order), Ascomycota,
and Basidiomycota (Hibbett et al., 2007; Jones et al., 2014; Wurzbacher et al., 2015). Most freshwater taxa belong to
Ascomycota, including mitosporic taxa, and Chytridiomycota (Shearer et al., 2007). Basidiomycota and fungal-like
organisms (except Oomycota, Saprolegniales) are much less common in aquatic than in terrestrial environments.

While several taxa are parasites of or cause diseases to various organisms, some freshwater fungi are saprotrophs and
are involved in the decomposition and mineralization of organic matter. Aquatic hyphomycetes, also known as Ingoldians,
are anamorphic fungi that, based on phylogenetic studies, are presumed to belong mainly to Ascomycota (Shearer
et al., 2007). This group includes more than 320 species (Descals, 2005; Fig. 4.1.5). Their roles as early colonists and
decomposers of leaf litter in streams are well documented (Birlocher, 2015).

FIG. 4.1.5

Some conidia of aquatic hyphomycetes: (A) Goniopila monticola, (B) Anguillospora longissima, (C)
Tetracladium setigerum, (D) Heliscella stellata, (E) Lemonniera aquatica, (F) Tumularia aquatica, (G)
Clavatospora longibrachiata, (H) Flagellospora curvula, (1) Tumularia tuberculata, (J) Heliscus lugdunensis,
(K): Alatospora flagellata, (L) Jaculispora submersa, (M) Gyoerffyella rotula, (N) Articulospora tetracladia,
and (0) Alatospora acuminata. A. acuminata, A. longissima, L. aquatica, and F. curvula, appear to be
particularly common in IRES.

From Chauvet, E., 1990. Hyphomycetes aquatiques du Sud-Ouest de la France. Gaussenia 6, 3-31.

Spores in particular are fragile and quickly lose their ability to germinate, even under benign conditions
(Sridhar and Biérlocher, 1994). However, aquatic hyphomycetes have been regularly reported from
various environments outside running waters, including terrestrial niches such as stream banks, dew,
canopy waters, and tree holes, implying some potential for survival in conditions that are not perma-
nently aquatic (Chauvet et al., 2016).
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In addition, low precipitation in summer produces water stress on riparian vegetation leading to
early and prolonged leaf abscission (Chapter 4.2). As fungal development in freshwater systems is
highly linked to the quantity and quality of available decaying plant material, such drying effects
on riparian vegetation can affect fungal community composition and their capabilities for degrad-
ing OM. For instance, the fungal community is directly affected via abiotic processes such as solar
radiation and photodegradation effects on OM during the terrestrial phase (Austin and Vivanco,
2006; Gallo et al., 2006; Uselman et al., 2011). Leaf litter quality might be changed by direct UV
radiation in the dry streambed (Dieter et al., 2011), which can have some legacy effects once flow
resumes, affecting decomposition rates and fungal community composition (Dieter et al., 2013;
Mora-Gémez, 2014).

Finally, streambed composition may affect fungal diversity. Sandy clay loam in intermittent stream-
lets had richer communities than sandy loam, apparently due to a better filterability of filiform than
branched conidia (Ghate and Sridhar, 2015).

FUNGAL DIVERSITY IN IRES VS PERENNIAL RIVERS AND STREAMS

Fungal community composition in IRES has rarely been compared with that of perennial rivers
although it is expected that fungal communities in IRES have traits that better adapt them to IRES
environmental conditions. For example, the use of humid refugia, such as the hyporheic zone,
may select for species with filiform spores and thus able to disperse in interstitial waters (e.g.,
Flagellospora curvula) against those with compact (e.g., Heliscus lugdunensis) or branched/tetrara-
diate morphologies (e.g., Lemonniera aquatica, Fig. 4.1.5; Cornut et al., 2014). Also, in contrast to
aquatic hyphomycetes, the development of aeroaquatic mitosporic fungi depends on periodic drying
of their habitat (Shearer et al., 2007), which may argue for adaptation to IRES. Nevertheless, they
have rarely been reported in IRES, probably due to the lack of appropriate studies. Chytrids, which
may survive periods of desiccation and occupy soil environments as long as a periodic film of surface
water allows the dissemination of their zoospores (Shearer et al., 2007), exhibit potential adaptations
to IRES. However, a number of chytrid taxa are substrate- or host-specific which restricts their de-
velopment in constrained environments.

There is limited evidence allowing us to answer basic questions about differences in richness
and diversity of fungal communities between IRES and perennial rivers. Maamri et al. (2001)
found higher numbers of sporulating species in a perennial stream than in an IRES in Morocco,
although similar species dominated in both systems. Using molecular techniques, Foulquier et al.
(2015) did not find differences in fungal community composition and response to emersion fre-
quency between an intermittent and a perennial reach in a French river. However, this study evalu-
ated two nearby reaches in the same IRES and they could have been connected during wet season.
A general comparison of fungal communities between IRES and perennial rivers does not exist
in the literature, perhaps because discrepancies in methodologies and environmental differences
among regions and rivers can affect the number of species found in each study. Notwithstanding,
we compiled data from IRES from the temperate region (Table 4.1.2), which indicate some 10-27
different fungal taxa may occur, among which a few species of aquatic hyphomycete tend to domi-
nate (Fig. 4.1.5).
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Location

Eastern France

Pyrenees, France

Southwestern India

Northern Spain
Eastern Morocco

Northern Spain

Number of taxa

27 (OTUs)

18 species
(sporulating)

10-25 (OTUs)

19 species
(sporulating)

11 species
(sporulating)

Leaf species

Alnus glutinosa

Alnus glutinosa,
Quercus ilex

(sediments)

Populus nigra

Salix pedicellata

Platanus acerifolia,
Populus nigra

Dominant fungal
species

Flagellospora
curvula, Lemonniera
terrestris, L. aquatica
Anguillospora
longissima,
Cylindrocarpon

sp., Flagellospora
curvula

Alatospora
acuminata,
Anguillospora
longissima,
Lemonniera
aquatica,
Tetracladium
marchalianum,
Dactylella submersa
Clavariopsis
aquatica, Alatospora
acuminata,
Lemonniera sp.

Table 4.1.2 Number of taxa and dominant fungal species found in different IRES

References

Foulquier et al.
(2015)

Bruder et al. (2011)

Ghate and Sridhar
(2015)

Mora-Gémez (2014)
Maamri et al. (2001)

Artigas et al. (2008)

OTUs refer to Operational Taxonomic Units based on molecular analysis of fungal community.

4.1.4 DIVERSITY OF PROTOZOANS IN IRES
FACTORS CONTROLLING PROTOZOAN COMMUNITIES IN IRES

Protozoans can cope with changing environmental conditions during contraction and fragmentation
of IRES because many species tolerate changes in salinity, oxygen, and temperature (Fenchel et al.,
1989; Norf et al., 2007; Finlay and Esteban, 2009). This is supported by the high diversity of protozoan
assemblages, which provides a pool of genotypes well adapted to different environmental conditions.
Furthermore, protozoans also occur in soil systems (e.g., Coliteaux and Darbyshire, 1998; Domonell
et al., 2013) and can thus survive in sediments and biofilms of IRES during the dry phase if pore water
is still available. Even though community structure of protozoan assemblages differs between contrast-
ing habitats, most protozoan groups are found in a range of different habitats and the overlap in species
between habitats is considerable (Box 4.1.3, compare Weitere and Arndt (2003) as example for aquatic
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BOX 4.1.3 PROTOZOA IN FRESHWATERS

Protozoans are small eukaryotic, heterotrophic, and unicellular organisms ranging from 1 pm to more than 1 mm that
usually (but not exclusively) feed on particles including bacteria, algae, other protozoans, small metazoans, and detritus.
They are widely distributed in almost all habitats worldwide (e.g., Finlay, 2002). In streams and rivers, they occur in all
compartments, including the water column, sediment, biofilms on both organic and mineral surfaces, and the hyporheic
zone (e.g., Franco et al., 1998; Cleven, 2004, Plebani et al., 2015) where they play a key role in microbial food webs.

Due to their high reproduction rates and dispersal rates from neighboring habitats (e.g., Wey et al., 2009), they are able to
rapidly colonize new habitats. Common protozoans found in rivers and streams include flagellates, ciliates, naked amoeba,
and testate amoeba (Fig. 4.1.6).

Images of different protozoan groups typical of stream biofilms: (a) mobile flagellate, Kinetoplastea, (b)
mobile flagellate, Ochromonadales, (c) naked striate amoeba, (d) naked fan-shaped amoeba, Discosea,
Vannellida, (e) filose testate amoeba, Euglyphida, Corythion sp., (f) lobose testate amoeba, Difflugina,
Difflugia sp., (g) mobile filter-feeding ciliate, Hymenostomatia, Frontonia sp., and (h) sessile filter-feeding
ciliate, Peritrichia, Vorticella sp. Scale=10pum.

Photos: Courtesy U. Risse-Buhl.

protozoans with Domonell et al. (2013) as example for terrestrial protozoans). Nevertheless, the main
physical factor in IRES affecting protozoa is drying since their occurrence depends on the availability
of at least some free water.

Changes in temperature and biogeochemical conditions are especially relevant for protozoan de-
velopment in IRES. Increases in water temperature affect all protozoan physiological rates such as
respiration, growth, and feeding (e.g., Miiller and Geller, 1993; Kathol et al., 2009). However, the effect
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of increasing temperature on population density depends on resource availability, and effects on proto-
zoan community structure are often small (Norf and Weitere, 2010). Fluctuating temperatures reduce
the importance of competition in population control and promotes more even abundances of protozoan
species (Eddison and Ollason, 1978).

Changing biogeochemical conditions (e.g., concentrations of DOM, N-NH,*, N - NO,™, salts) in
IRES also may alter protozoan community structure. Amoebas tolerate a broad range of ion concentra-
tions (Hauer and Rogerson, 2005) while slow changes and some preconditioning ensure the survival of
ciliate species to habitats with increasing ion concentrations (Smurov and Fokin, 1999; Salvadoé et al.,
2001). Interestingly, aquatic flagellates seem to be more tolerant to changes in salt concentrations than
their soil counterparts (Ekelund, 2005). During rewetting of IRES, increasing concentrations of eas-
ily degradable OM is expected to stimulate activity and production of the protozoan community (e.g.,
Christensen et al., 1992).

In the case of oxygen, the microscopic size of protozoans and thus the short diffusion distances
imply that oxygen concentrations are less critical than for metazoans (Hausmann et al., 2003). Some
species adapt their metabolism under hypoxia (Raugi et al., 1975) whereas other protozoans living in
hypoxic or anaerobic conditions harbor cytoplasmic, single-celled autotrophs or methanogenic bacteria
that either provide oxygen derived from photosynthesis or metabolize hydrogen.

PROTOZOAN DIVERSITY IN IRES VS. PERENNIAL RIVERS AND STREAMS

The diversity and importance of protozoans in IRES have rarely been analyzed. However, attributes
of protozoans that are important for tolerating and surviving the dynamic changes in IRES have been
studied in other freshwater (e.g., eutrophic streams and rivers, splash zones) and terrestrial habitats
such as soils. For instance, flow intermittence and the concurrent accumulation of leaf litter may affect
ciliate abundances and community composition as seen in an intermittent pond where small bacteri-
vore species associated with nutrient- or OM-enriched conditions dominated the ciliate community
(Andrushchyshyn et al., 2006).

On the other hand, the temporal occurrence and frequency of disturbance (e.g., drying and rewet-
ting) affects species richness and structure of protozoan communities. In a Mediterranean IRES, leaf
litter was colonized by a high diversity of protozoan species, triggered by hydrological variability
that promoted rapid colonization during stable wet phases but caused a drift of the fauna and subse-
quent colonization after a flood (Gaudes et al., 2009). In microcosms simulating rain pools, periodic
disturbance by drying at 5-day intervals interrupted succession, preventing development of “late suc-
cessional” species such as large predatory ciliates (McGrady-Steed and Morin, 1996). The authors
concluded that the variation in hydroperiod rather than the frequency of disturbance contributes to
enhanced species diversity. These studies suggest that changing environmental factors in IRES act as
filters on the occurrence and biodiversity of the protozoan community.

4.1.5 RESISTANCE AND RESILIENCE OF MICROBES IN IRES

Bacteria, archaea, fungi, and protozoans have evolved several strategies to resist hydrological stress and
concurrent changes in environmental conditions. These strategies vary depending on the compartment
where they develop and the specific hydrological phase (Fig. 4.1.7).



174 CHAPTER 4.1 PROKARYOTES, FUNGI AND PROTOZOANS IN IRES

MICROBIAL RESISTANCE STRATEGIES IN IRES
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Summary of the main microbial resistance strategies in IRES to cope with the harsh conditions at different
hydrological phases. Typical refuges in distinct microhabitats and life stage adaptations are shown.

REFUGIAL HABITATS

Some river habitats and microbial life strategies are especially useful for survival of drying and rewet-
ting periods. At the habitat scale, the most important compartments providing refuges for microbes are
the hyporheic zone and leaf packs (Ylla et al., 2010; Febria et al., 2012). Both types of compartments
retain water and provide aquatic microhabitats. The role of the hyporheic zone as a refuge for bacteria
was suggested by Timoner et al. (2014a) in a Mediterranean IRES where the bacterial communities on
sand experienced only small changes due to flow intermittence in contrast to abrupt changes in com-
munities on cobbles (Fig. 4.1.8). Bacterial communities in IRES during dry periods are subsets of com-
munities present during inundation, especially in sandy compartments, and thus resilience is insured by
the “seed bank” community that resists drying during nonflowing periods (Zeglin et al., 2011).

In the hyporheic zone, large fluctuations in oxic-anoxic conditions can limit the persistence of some
bacterial species but many archaea species may persist. For instance, methanogens survive oxygen and
desiccation stress in aerated soils (Angel et al., 2012), and Conrad et al. (2014) observed that desicca-
tion deactivates methane production which resumes immediately after reflooding. Ammonia-oxidizing
archaea also occur in soils and sediments exposed to drying-rewetting stress (Herrmann et al., 2011;
Thion and Prosser, 2014).

The hyporheic zone is also a potential source of fungal propagules when surface flow ceases
although conditions for fungal development in this habitat are not optimal. Biomass and diversity of
aquatic hyphomycetes are much lower in the hyporheic zone than in benthic compartments (Barlocher
et al., 2006; Cornut et al., 2010; Sudheep and Sridhar, 2012). These patterns are consistent with the
lower rates of leaf litter decomposition reported from this habitat, mainly due to the lower dissolved
oxygen concentrations, even though some aquatic hyphomycetes show adaptations to these stresses
(Field and Webster, 1983; Medeiros et al., 2009).

During the drying phase, protozoans can also retreat into the hyporheic zone. At the microscale,
capillary and hygroscopic water adhering to inorganic or OM particles is sufficient to provide a niche
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Ternary plots showing the distribution of the 43 most common Operational Taxonomic Units (OTUs) (>500
members) associated with each phase (flow, nonflow, flow recovery) in each biofilm compartment (epilithic,
epipsammic, and hyporheic) from a Mediterranean IRES. The bubble’s position in the triangle indicates the
relative abundance of each OTU among the three phases and the size of the bubble represents the relative
abundance of each OTU.

Data modified from Timoner, X., Borrego, C.M., Acufia, V., Sabater, S., 2014a. The dynamics of biofilm bacterial communities is

driven by flow wax and wane in a temporary stream. Limnol. Oceanogr. 59, 2057-2067.
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for active protozoan cells. The ability to persist under these conditions is size dependent; nano-sized
protozoans (2-20 pm, especially flagellates and amoebas) have an advantage over microsized protozo-
ans. Also, the evolution of different motility strategies allows the exploitation of bacterial populations
that grow in the capillaries and on surfaces of sediment or soil grains (Wang et al., 2005).

Leaf packs also serve as refuges for IRES microbes, especially fungi. Mycelia embedded in the leaf
matrix within leaf accumulations exposed to air on the streambed may survive longer due to the leaf
packs’ water-holding capacity. Maamri et al. (1998, 2001) reported that leaf-associated aquatic fungi
in Mediterranean IRES may survive drying-rewetting cycles, with drying phases lasting up to several
months. In addition, water films on litter surfaces can transport spores, contributing to fungal dissemi-
nation downward and potentially upward (Chauvet et al., 2016). Flow intermittence may represent a
challenge for aquatic fungi similar to survival in terrestrial habitats. A major limitation, however, is
the patchy distribution of leaf packs on streambed compared to the continuous layer in forest floor,
reducing the water-holding capacity and confining spore inoculation to the limited number of adjacent
leaves. Nevertheless, leaf-associated microbial decomposers appear highly resilient to intermittence
compared to macroinvertebrate decomposers (Datry et al., 2011).

Remnant pools also serve as refuges for microbes. However, conditions, such as low oxygen content
and/or accumulation of leaf leachates, can limit the persistence of some species. In the isolated pools of
a Mediterranean IRES, the bacterioplankton community changed and declined in diversity according to
the shifting redox regime and the quality of the DOM (Fazi et al., 2013). Fungi are sensitive to the harsh
conditions in pools, while bacteria seem to be more resistant (Mora-Gémez et al., 2016).

During extended dry periods, which are more characteristic of desert streams, aquatic microbial
habitats may be restricted to deep groundwater flowpaths (Dahm et al., 2003), only appearing at the
surface near rare perennial springs fed by these waters. The geochemistry of these refuge waters, which
often accumulate high concentrations of solutes (Grimm et al., 1997), may select for microbial salt
tolerance (Souza et al., 2006; Zeglin et al., 2011) and this halotolerance could contribute to microbial
resilience (Northcott et al., 2009).

MICROBIAL LIFE STRATEGIES

Microbial life strategies are also relevant for their survival in IRES. The heterogeneous assemblage
within biofilm is advantageous for microbial communities because its three dimensions and consis-
tency protect against desiccation and are a “hot spot” for nutrients and OM trapped within the biofilm
matrix (Lock, 1993; Battin et al., 2016). Within the biofilm, prokaryotes feed on exudates from living
algae and on dried and decaying algae. The extracellular polymeric matrix is crucial for the mainte-
nance of humidity within the biofilm microenvironment during drying (Roberson and Firestone, 1992)
and, at the same time, living tightly attached to a surface and within a biofilm structure helps tolerate
shear forces during rapid rewetting by floods. A similar life strategy is the development of microbial
mats, typical in extreme conditions such as drought and/or high salinity (e.g., polar desert streams,
Stanish et al., 2013). Microbial mats are formed by cyanobacteria and heterotrophic bacteria (usually
related to sulfur metabolism; Dupraz and Visscher, 2005), by trapping and binding sediment, precipitat-
ing carbonate to create layered structures similar to stromatolites. They occur where grazing pressure
is low (Bottjer et al., 1996), as may happen under extreme drought conditions. These strategies resem-
ble the encrusting form of life named “biological soil crust” dominating terrestrial arid environments
(Ferrenberg et al., 2015).
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Other microbial life strategies relevant to surviving in IRES are related to specific life phases,
including dormant and spore-forming cells (Chapter 4.8). Several representatives of all protozoan
taxonomic groups form resistant resting cysts (e.g., Verni and Rosati, 2011). Cyst formation is stimu-
lated by worsening conditions such as starvation, high population density, increasing salinity and tem-
perature, and presence of toxic substances (e.g., Dallai et al., 1987; Ekelund et al., 2002). The cysts
are extremely resistant against environmental stress including high temperatures and prolonged desic-
cation. The cell retreats and is protected by the cyst wall, which is mainly composed of chitin. Some
species also use cellulose or silica plates for the cyst’s wall. During encystment, metabolic processes
slow down and the cell ceases all activities. Once beneficial growth conditions are restored, excystment
usually occurs rapidly (Verni and Rosati, 2011). Consequently, the process of encystment and excyst-
ment enables rapid colonization in the rewetting phase, similar to recolonization from refuges or from
cysts imported by wind and animals. Species richness and abundance of protozoans increase rapidly
within a few days (McGrady-Steed and Morin, 1996). As soon as water levels rise and isolated pools
reconnect, protozoans in upstream pools can be dispersed to downstream pools by flow.

Similarly, some aquatic hyphomycetes have a dual life cycle, with a terrestrial phase as an endo-
phyte, surviving as mycelia or dormant structures associated with litter on the soil (Selosse et al., 2008;
Birlocher, 2009), completing their saprotrophic aquatic phase. The whole forest canopy (especially
riparian tree roots) contains various niches harboring aquatic hyphomycetes which may serve as a
reservoir of propagules for IRES (Chauvet et al., 2016). Aquatic hyphomycetes have consistently been
reported from surrounding terrestrial environments such as the forest floor, with fungal diversity de-
creasing with the distance from the stream (Bandoni, 1972; Sridhar and Birlocher, 1993).

4.1.6 MICROBIAL DIVERSITY AND ECOSYSTEM FUNCTIONING IN IRES
ROLES OF MICROBES IN RIVER ECOSYSTEM FUNCTIONING

Microbes in rivers feed on available OM, utilizing dissolved molecules from flowing or interstitial
water or from particulate material. Since available OM, including living or dead algae, macrophytes,
bryophytes and terrestrial plants, leaves, wood, and DOM, is usually nutrient-poor with high molar
ratios of carbon to nitrogen (C:N) or phosphorus (C:P), microbes in streams and rivers are often
nutrient-limited and actively retain nutrients in inorganic dissolved forms of N and P (Aumen et al.,
1983; Adams et al., 2015; Manning et al., 2015). Activity of prokaryotes is mainly relevant in benthic
compartments (sediment and biofilms) where reduction and oxidation processes occur, driving nutri-
ent cycling and OM decomposition (Leff et al., 2016). In contrast, due to their rapid establishment
on leaves and their enzymatic capabilities, aquatic hyphomycetes convert a considerable amount of
leaf carbon into CO,, dissolved and fine particulate organic carbon, and mycelial carbon in streams
(Gessner et al., 2007).

Prokaryotes and fungi are not only important OM decomposers but also contribute to the transfer of
energy and nutrients to higher trophic levels in stream food webs. Fungal and bacterial biomass accrual
on leaves tends to increase leaf N content, and the enzymatic maceration of leaves by microbes results
in smaller and less refractory plant polymers, both processes making leaf material more palatable to in-
vertebrates (Bérlocher and Sridhar, 2014; Chapter 4.7). On the other hand, the growth and development
of microbial biofilms in benthic compartments (sand, cobbles, hyporheic zone), thanks to their use of
available carbon sources, feed higher trophic levels such as small metazoans (Risse-Buhl et al., 2012).
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Protozoans mediate significant functions related to their predatory activity. They are the dominant
consumers of bacteria and can control densities of both suspended and surface-associated (biofilm)
bacteria in streams and rivers (e.g., Berninger et al., 1991; Norf et al., 2009). As they act as trophic links
between bacteria and higher trophic levels, they are relevant players in the mineralization of bacterial
biomass (Augspurger et al., 2008; Norf et al., 2009). Protozoans can also control densities of both sus-
pended and surface-associated algae (e.g., Kathol et al., 2011; Kanavillil and Kurissery, 2013) as well
as stimulate leaf litter decomposition (e.g., Ribblett et al., 2005).

MICROBIAL FUNCTIONING IN IRES AND LINKS WITH MICROBIAL
COMMUNITY STRUCTURE

The spatial and temporal distribution of microbial communities in IRES, their resistance strategies, and
their resilience capacities influence food web interactions and ecosystem functioning. During the dif-
ferent hydrological phases, some microbially mediated processes are enhanced while others are inhib-
ited. As found for diversity, fluctuating flow, especially intermittence, is the strongest factor governing
microbial functioning in IRES.

Streambed desiccation reduces bacterial and fungal biomass and activity (Tzoraki et al., 2007,
Amalfitano et al., 2008; Chauvet et al., 2016). Conditions during drying, such as prolonged anoxia, may
enhance the activity of certain microbial groups such as archaea and many protozoans which are thought
to be better suited to drying than fungi and several bacterial taxa. As pools become disconnected and
oxygen becomes depleted, anoxia and the accumulation of OM might select for anaerobic communities
such as methanogenic archaea and sulfate-reducing bacteria responsible for producing reduced gases
such as methane and hydrogen sulfide as by-products of OM mineralization (Briée et al., 2007).

Analysis, by means of extracellular enzymes, of microbial OM decomposition in IRES indicates shifts
in degradation capabilities by different microbial heterotrophs at different hydrological phases. During
drying in Mediterranean IRES, peptidase activity revealed heavy use of organic-N compounds in stream
biofilms while phosphatase activity remained in the sediment (Romani et al., 2013). At a larger scale,
the heterotrophic microbial community in the surface sediments mainly relied on organic-N compounds
while degrading accumulated algal biomass (Freixa et al., 2016). This study also revealed greater hetero-
trophic functional diversity (related to the use of carbon compounds) during drying than during base-flow
periods because of the greater patchiness and spatial heterogeneity within the river environment.

In the dry streambed, carbon processing is maintained to some degree (Zoppini and Marxsen, 2011),
evident by CO, emissions (Gémez-Gener et al., 2016). Similarly, in another Mediterranean IRES, enzyme
activity and bacterial density in the dry streambed declined but still persisted at significant levels (Timoner
etal., 2012). During drying, including pool phases and when the streambed is dry, a reduction in prokaryote
diversity is expected (Section 4.1.2) and this may reduce the capacity to maintain multiple functions (e.g.,
Peter et al., 2011). However, studies on microbial functional-diversity relationships in IRES are scarce.

During drying, leaf litter decomposition is inhibited (Schlief and Mutz, 2011; Mora-Gémez et al.,
2015). In isolated pools, low oxygen and accumulation of phenolic compounds from litter leachates
inhibit microbial activity (Schlief and Mutz, 2007; Medeiros et al., 2009). When the bed is dry, there
is an associated deceleration of microbial processes (fungal biomass accrual, sporulation rate, and
microbial respiration). Both intensity and total duration, but not frequency of drying events, affect
fungal biomass and litter decomposition in streams (Langhans and Tockner, 2006; Bruder et al., 2011;
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Foulquier et al., 2015). Mora-Gémez et al. (2016) found that summer drying conditions inhibited
lignocellulolytic enzyme activities and modified fungal community structure in a Mediterranean IRES,
suggesting a link between structure and function of fungal decomposers. However, most aquatic hy-
phomycete species exhibit a wide range of enzymatic capacities and so there is redundancy among
species in leaf-associated assemblages. In a microcosm experiment, Gongalves et al. (2016) found
higher fungal richness was related to greater leaf decomposition, and this relationship was maintained
after drying. Leaf-associated bacterial and fungal community composition affected respiration but this
interacted with humidity and N-availability more than with temperature (Matulich and Martiny, 2015).
Species identities may have a greater effect on leaf decomposition rate than diversity per se (Krauss
et al., 2011) although the predictability of decomposition rate tends to increase with increasing species
richness (Dang et al., 2005).

Declines in leaf litter decomposition rates during drying are further affected by the reduced con-
tribution of macroinvertebrates (Schlief and Mutz, 2009), although protozoans can partly replace their
roles. This is due to protozoans coping better with unfavorable conditions during the drying phase
in IRES and recovering much faster than the macrofauna. Microcosm experiments showed that oxy-
gen concentrations marginally affected microbially (bacteria, fungi, and protozoa) mediated leaf lit-
ter processing, and that the presence of protozoans increased leaf-associated respiration (Risse-Buhl
et al., 2015). Furthermore, as protozoans can remain active when the streambed is dry (Cotiteaux and
Darbyshire, 1998), protozoan-mediated functions probably continue, at least partly, during all hydro-
logical phases in IRES.

Upon rewetting, microbial functions rapidly resume. Extracellular enzyme activities in IRES are
quickly recovered (Zoppini and Marxsen, 2011; Pohlon et al. 2013) and the use of polysaccharides
is enhanced, linked to the increase in available DOM in the flowing water (Romani et al., 2006b;
Ylla et al., 2010). In a Mediterranean IRES, enzymes recovered instantly, peaking in activity only
3 hours after rewetting (Romani and Sabater, 1997), and in an arid-zone stream, rehydration caused
a significant increase in functional diversity (Timoner et al., 2014b). These observations might be
linked to the observed resuscitation strategies of some microbial groups that become activated in few
hours of rewetting, contributing to a significant peak in carbon dioxide (Placella et al., 2012). Leaf-
associated fungal activity also recovers rapidly after immersion (Maamri et al., 1998, 2001; Langhans
and Tockner, 2006; Datry et al., 2011). The fungal communities and microbial enzymatic performance
observed after rewetting reflect modification in leaf quality that occurred during the previous dry
phase (Mora-Gomez, 2014).

Embracing the variability in structure and function over space and time in IRES, we hypothesize
a sequence of changes over the hydrological cycle (Fig. 4.1.9) associated with dominance by differ-
ent microbial groups during different phases. A key attribute of IRES driving microbial communities
is the highly variable nature of microhabitats created during various phases of the hydrological cycle.
We predict that this mosaic of microhabitats in IRES leads to patchy distributions in microbial taxa
and changes in ecosystem functions over space and time. Testing whether specific functions occur
in “hot spots” and “hot moments” (Chapter 3.2) will improve our understanding of the drivers of
microbial variability and inform efforts to scale up fine-scale measurements of microbially mediated
processes to ecosystem-scale responses. For example, “waves” of hot spots (Fig. 4.1.9) may have
implications for higher taxa and downstream functions but more information is needed to assess
these hypotheses.
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4.1.7 FUTURE CHALLENGES

IRES, especially headwaters, are well known for their microbially mediated contributions to nutrient
cycling in downstream reaches (Meyer et al., 2007), with many implications for ecosystem and global-
scale processes as well as management and restoration. Improved understanding of the relationships
between IRES structure and function is critical if the challenges posed by issues (e.g., greenhouse gas
emissions and pollution, including eutrophication) are to be managed effectively. Comprehensive stud-
ies of microbial community structure and function in IRES could guide predictions about ecosystem
processes (Graham et al., 2016), answering questions such as whether changes in diversity result in
similar shifts in functions and/or if there are keystone taxa in IRES.

Exploring microbial structure-function relationships in IRES is becoming increasingly feasible
with the decreasing costs and wider availability of molecular approaches. Of the microbial taxa, bacte-
rial communities are currently the most widely investigated but the lack of consistent methodologies to
measure either structural or functional aspects of their communities limits the potential for widespread
comparisons. Opportunities for future studies may include the characterization of multiple microbial
taxa in a single study, over multiple hydrological phases across a range of microhabitats or compart-
ments. Despite the paucity of data, the occurrence and relevance of archaea in IRES streambed sedi-
ments should not be underestimated given their potential roles in stream biogeochemistry. Moreover,
the contribution of protozoans to the range of possible microbially mediated ecosystem processes re-
mains underexplored. We surmise that in IRES, there are increases in protozoan functions (e.g., grazing
activity and control of bacterial populations, acceleration of carbon flow, and contribution to nutrient
recycling) compared to those by higher taxa when conditions become unfavorable for the macrofauna.

These future challenges also have management implications. For example, an increased prevalence
of IRES globally may lead to more degraded ecosystem functions. If so, this further reinforces the need
to improve our understanding of microbial communities, the controls on the functions they carry out,
and how they influence other taxa levels and processes in connected ecosystems.
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