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Abstract Aquatic ecosystems worldwide have been substan-
tially altered by human activities, which often induce changes
in multiple factors that can interact to produce complex ef-
fects. Here, we evaluated the combined effects of dissolved
nutrients (nitrogen [N] and phosphorus [P]; three levels: con-
centration found in oligotrophic streams in the Cerrado biome,
10× and 100× enriched) and oxygen (O2; three levels: hypoxic
[4%O2], depleted [55%O2], and saturated [96%O2]) on plant
litter decomposition and associated fungal decomposers in
laboratory microcosms simulating stream conditions under
distinct scenarios of water quality deterioration. Senescent
leaves of Maprounea guianensis were incubated for 10 days
in an oligotrophic Cerrado stream to allow microbial coloni-
zation and subsequently incubated in microcosms for 21 days.
Leaves lost 1.1–3.0% of their initial mass after 21 days, and
this was not affected either by nutrients or oxygen levels.
When considering simultaneous changes in nutrients and ox-
ygen concentrations, simulating increased human pressure,
fungal biomass accumulation, and sporulation rates were gen-
erally inhibited. Aquatic hyphomycete community structure
was also affected by changes in nutrients and oxygen avail-
ability, with stronger effects found in hypoxic treatments than

in depleted or saturated oxygen treatments. This study showed
that the effects of simultaneous changes in the availability of
dissolved nutrients and oxygen in aquatic environments can
influence the activity and composition of fungal communities,
although these effects were not translated into changes in litter
decomposition rates.
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Introduction

Anthropogenic activities have substantially altered aquatic
ecosystems worldwide [1, 2]. Among anthropogenic-
induced impacts, eutrophication (i.e., increase in nutrient
availability) is frequently found to affect aquatic ecosystems
[3]. The concentrations of dissolved nutrients (especially ni-
trogen [N] and phosphorus [P]) in inland waters tend to in-
crease with the use of the adjacent areas for agricultural prac-
tices and as a result of wastewater discharges [4, 5], and may
be accompanied by concomitant changes in other environ-
mental variables [6, 7]. The nutrient enrichment of fresh wa-
ters affects the composition, structure, stability, and produc-
tivity of food webs, leading to changes in ecosystem function-
ing (e.g., nutrient cycling and energy flow) [8, 9]. However,
the response of aquatic communities and processes to changes
in multiple stressors is less studied and more difficult to pre-
dict as multiple stressors often have contrasting individual
effects.

Aquatic communities in small streams with closed can-
opy derive most of their energy and carbon from litter of
terrestrial origin [10]. The decomposition of this litter is
primarily mediated by microbes, especially aquatic

* Patrícia Pereira Gomes
patriciapgl@gmail.com

1 Departamento de Ecologia, Universidade de Brasília –UnB, Campus
Universitário Darcy Ribeiro, Asa Norte, Brasília, DF 70910-900,
Brazil

2 MARE –Marine and Environmental Sciences Centre, Department of
Life Sciences, University of Coimbra, 3004-517 Coimbra, Portugal

3 Departamento de Botânica, Universidade Federal da Bahia – UFBA,
Campus Universitário de Ondina, Ondina, Salvador, BA 40170-115,
Brazil

Microb Ecol (2018) 75:854–862
https://doi.org/10.1007/s00248-017-1099-3

# Springer Science+Business Media, LLC 2017

mailto:patriciapgl@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-017-1099-3&domain=pdf


hyphomycetes [11, 12]. These fungi mineralize organic
carbon and nutrients, convert them into biomass (somatic
growth and reproductive structures) and promote the re-
lease of fine litter particles, causing litter mass loss
[11–14]. The degradation of leaf tissue by enzymatic mac-
eration and the accumulation of fungal biomass increase
the nutritional value and the palatability of litter for inver-
tebrate detritivores that promote further litter decomposi-
tion [15]. Microorganisms can obtain nutrients from both
the organic substrate and the water column [11, 16]. Thus,
increases in nutrients loads from the catchment can stim-
ulate microbial activity and leaf decomposition [17–19],
and also induce changes in the structure of fungal com-
munities [16, 17, 20].

The potential stimulatory effects of nutrient enrichment
on microbial activity may, nevertheless, be offset or even
counteracted if there are concomitant changes in other
environmental variables with potentially inhibitory effects
on microbial activity, such as reductions in dissolved ox-
ygen concentration [7]. Decreases in oxygen concentra-
tion in a laboratory experiment negatively affected fungal
biomass, conidial production, and species richness of
aquatic hyphomycetes associated with decomposing litter
[21]. Fungal biomass decreased with decreases in oxygen
concentration along a pollution gradient in northwestern
Portugal [7]. Similarly, a laboratory experiment showed
that in eutrophic environments the microbial degradation
of leaf litter was slower under low oxygen conditions
[22].

The combined effects of concomitant increases in nu-
trient concentrations and decreases in oxygen concentra-
tion in stream water, as expected from increases in anthro-
pogenic pressures, on microbial activity, and litter decom-
position are difficult to anticipate as these potentially have
opposing individual effects. Here, we evaluated the com-
bined effects of changes in dissolved nutrients and oxygen
concentrations (three levels each) on plant litter decompo-
sition and associated microbial decomposer (fungal bio-
mass, reproductive activity and composition of aquatic
hyphomycetes communities) in laboratory microcosms
simulating stream conditions under distinct scenarios of
water quality deterioration. We predicted a stimulation
of fungal biomass, conidial production, and hence higher
litter decomposition at higher nutrients and oxygen con-
centrations when considered individually [14, 21, 23]. In
scenarios of water quality degradation (i.e., increased con-
centration of nutrients and decreased concentration of ox-
ygen) the response of decomposers is less predictable,
since increases in nutrient concentrations alone generally
stimulate while decreases in oxygen concentrations alone
generally inhibit microbial activity and litter decomposi-
tion. We also predict changes in aquatic hyphomycetes
communities with changes in nutrients and oxygen levels.

Methods

Collection and Conditioning of Leaves

We collected senescent leaves of Maprounea guianensis
Aubl., a tree species frequent in the riparian vegetation of
Cerrado streams [24], with nets (1 m2, 10 mm mesh) placed
in the riparian zone of Cabeça de Veado stream, Botanical
Garden, Brasilia, Brazil (15° 53′ 11.74″ S, 47° 50′ 33.27″
W; 1056 m a.s.l.). Leaves were air-dried, enclosed in mesh
bags (20 × 20 cm, 0.5 mm mesh; ~ 1.5 g of leaves bag−1) and
incubated in a second-order reach of Cabeça de Veado stream
for 10 days in January 2014, to allow microbial conditioning
[25]. During the incubation period, stream water was
21.3 ± 0.2 °C (mean ± SD, n = 2), slightly acidic (pH
6.3 ± 0.5), well oxygenated (10.5 ± 0.7 mg O2 L

−1) and had
low conductivity (4.9 ± 0.4 μS cm−1). Water nutrient concen-
trations were previously analyzed by Fonseca and Mendonça-
Galvão [26] between September 2011–March 2012 and aver-
aged 0.027 mg nitrate L−1, 0.035 mg total nitrogen L−1, and
0.008 mg soluble reactive phosphorus L−1. After microbial
conditioning, we transported the leaves to the laboratory,
rinsed them with distilled water and cut leaf discs with a cork
borer (12 mm diameter) avoiding main veins.

Experimental Setup

We assessed the individual and combined effects of variations
in the concentration of dissolved nutrients and oxygen (three
levels each), in a full factorial design, on leaf litter decompo-
sition, fungal biomass and reproductive activity of aquatic
hyphomycetes in laboratory microcosms. The microcosms
were adapted from Medeiros et al. [21] and consisted of
250-mL flasks containing 50 mL of nutrient solution accord-
ing to the following treatments: nutrient concentrations similar
to those found in oligotrophic streams in the Cerrado biome
(ambientNP, 1 mg NaNO3 and 0.066 mg K2HPO4 per liter of
distilled water; 0.165 mg N L−1 and 0.012 mg P L−1), nutrient
concentrations 10× higher (mediumNP, 10 mg NaNO3 and
0.66 mg K2HPO4; 1.65 mg N L−1 and 0.12 mg P L−1) and
nutrient concentrations 100× higher (highNP, 100 mg NaNO3

and 6.6 mg K2HPO4; 16.5 mg N L−1 and 1.2 mg P L−1). We
maintained the Redfield ratio in all treatments. Although the
NO3-N concentration in the ambientNP microcosms is much
higher (ca. 6 times) than that reported for the streamwhere the
bags were incubated for microbial leaf conditioning, it is sim-
ilar to dissolved inorganic N (DIN) concentration found in
non-impacted streams in the Cerrado (average DIN for 60
reaches within 7 non-impacted streams = 0.219 mg L−1;
[27]). We supplemented all treatments with 75.5 mg CaCl2
and 10 mg MgSO4.7H2O per liter of nutrient solution to sup-
ply microcosms with salts generally found in stream water (in
addition to Na and K already present in NaNO3 and K2HPO4;
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nutrient solutions were adapted from Ferreira and Chauvet
[14] and Dang et al. [28].We controlled the levels of dissolved
oxygen (hypoxic, 4%; depleted, 55%; saturated 96%) in the
microcosms by adding nitrogen (N2) gas and air using plastic
tubes inserted through the lid of the microcosms and connect-
ed respectively to a N2 bottle (WhiteMartins Gases Industriais
Ltda, São Paulo, Brazil) and to an aquarium pump, which
promoted turbulence and kept discs in constant motion
(Fig. 1a). Valves placed on each microcosm individually con-
trolled the diffusion rate of both gases (Fig. 1b). We measured
the dissolved oxygen concentration twice a day in each mi-
crocosm using an oximeter (JENWAY–970, Gransmore
Green, England) and adjusted the diffusion rates when neces-
sary. The selected nutrients and oxygen levels intended to
simulate different scenarios, e.g., a reference condition typical
of non-impacted oligotrophic streams of the Cerrado biome
(ambientNP—saturated), a moderate impact (e.g.,
mediumNP—depleted), and a strong impact (highNP—hyp-
oxic) resulting from increased human pressure.

We randomly distributed sets of 10 leaf discs into 36 mi-
crocosms (3 nutrient levels × 3 dissolved oxygen levels × 4
replicates) and incubated them at 20 °C for 21 days. We re-
placed the nutrient solutions of each microcosm every 3 days

and the conidial suspensions were preserved with formalin
(4%) for subsequent identification of aquatic hyphomycetes
conidia (see below).

Litter Decomposition

At the end of the experiment (day 21), we used five randomly
chosen discs of each microcosm to determine the remaining
dry mass (DM) after drying at 60 °C for 72 h. We then ignited
DM at 550 °C for 4 h for determination of ash mass. We
estimated remaining ash-free dry mass (AFDM) as DM–ash
mass. We estimated initial AFDM from a set of five discs
removed from the leaves prior to the incubation in the micro-
cosms. We expressed litter decomposition as the relative litter
mass loss (LML), LML = (init ial AFDM − f inal
AFDM) initial AFDM.

Fungal Biomass

We froze (− 20 °C) the other set of five discs until ergosterol
extraction, used as a measure of fungal biomass [29]. We
immersed the leaf discs in 8 mg KOH L−1 methanol and ex-
tracted the lipids at 80 °C for 30 min followed by purification

Fig. 1 Experimental setup (a) with the microcosms being supplied with
O2 and N2 to maintain distinct oxygen concentrations 4% O2 (hypoxic),
55% O2 (depleted), and 96% O2 (saturated). Microcosms with nutrient
concentrations representative of those found in oligotrophic streams in the
Cerrado Biome (ambientNP) are included on lines 1–3; those with

nutrient concentrations 10× higher (mediumNP) are included on lines
4–6; and those with nutrient concentrations 100× higher (highNP) are
included on lines 7–9. Details of one microcosm (b) are N2 input (a),
O2 input (b), valve (c), and discs (d)
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of the crude extract by solid-phase extraction (Vac RC tC18
cartridges, 500 mg; Waters Sep-Pak®, Waters Corp., Milford,
MA, USA) using a vacuum system. We eluted ergosterol with
isopropanol and quantified it by high-performance liquid
chromatography (HPLC, Dionex ICS Series PDA,
Sunnyvale, CA, USA; detection wavelength, 282 nm; flow
rate, 1.5 mL s−1; column temperature, 33 °C; injection vol-
ume, 20 μL). We expressed the results as microgram ergos-
terol per gram AFDM.

Conidia Production by Aquatic Hyphomycetes

We filtered aliquots of conidial suspension through 5-μm
pore-size membranes (Millipore Corporation, Bedford, MA,
USA). We stained the filters with 0.1% lactophenol cotton
blue (NewPROV, Pinhais, Brazil) and examined them under
an optical microscope at 400× (Metrimpex, Labimex Modelo
Studarlab®, Budapest, Hungary) for the identification and
counting of aquatic hyphomycetes conidia. We expressed spe-
cies richness as the number of species per sample and sporu-
lation rates on day 21 as the number of conidia released per
milligram litter AFDM per day (no. conidia mg−1

AFDM day−1; [30]).

Data Analysis

We used linear models to test the effects of nutrients and
oxygen levels (both categorical factors) and their interac-
tion on leaf mass loss, fungal biomass, and sporulation
rate, and species richness of aquatic hyphomycetes.
Multi-panel boxplots for each response variable versus
nutrients and oxygen levels showed similar variance
among treatments for all variables but sporulation rates
and species richness. To take this difference into account
we used a particular variance structure (BVarIdent^ func-
tion of Bnlme^ R package; [31]) for both sporulation rates
and species richness models, which allowed residual
spread to vary in relation to nutrients and oxygen levels.
As species richness was examined on multiple sampling
dates, we used an auto-regressive model of order 1 (func-
tion BcorAR1^ of Bnlme^ R package) to consider temporal
autocorrelation between subsequent measures [32]. The
optimal variance structure and correlation component
were defined by model comparison using Akaike’s infor-
mation criterion. We fitted linear models using the func-
tions Blm^ or Bgls^ (generalized least squares and restrict-
ed maximum likelihood method in the case of species
richness) of Bbase^ and Blme^ packages, respectively, in
R software (version 3.2.2; [33]). We addressed pairwise
multiple comparisons with Tukey tests using Bglht^ func-
tion of the Bmultcomp^ R package [34].

Aquatic hyphomycetes communities were ordinated by
nonmetric multidimensional scaling (NMDS) based on a

Bray-Curtis similarity matrix of transformed (log[x + 1])
conidial production data. We compared the aquatic hypho-
mycetes communities among nutrient and oxygen levels
using an analysis of similarity (ANOSIM) (Primer 6
v6.1.11 and Permanova + v1.0.1; Primer-E Ltd.,
Plymouth, UK; [35]).

Results

Litter Decomposition

Litter mass loss varied between 1.1–3.0% after 21 days
of incubation and was not affected either by nutrient or
oxygen levels (Table 1).

Table 1 Results of linear models to test the effect of nutrient (three
levels: ambientNP, mediumNP, and highNP) and oxygen levels (three
levels: hypoxic, depleted, and saturated) on litter mass loss, fungal
biomass, and sporulation rate and species richness of aquatic
hyphomycetes. Note that litter mass loss, fungal biomass, and
sporulation rate were assessed at the completion of the microcosm
experiment (after 21 days of incubation), while species richness was
examined on multiple sampling dates (seven sampling dates
corresponding to the microcosm medium change)

Source of variation df MS F p

Litter mass loss

Intercept 1 265206.3 < 0.001

Nutrients 2 1.783 1.4 0.270

Oxygen 2 1.041 0.8 0.458

Nutrients × oxygen 4 1.451 1.1 0.367

Residuals 27 1.295

Fungal biomass

Intercept 1 212.6 < 0.001

Nutrients 2 85387 7.9 0.002

Oxygen 2 31237 2.9 0.073

Nutrients × Oxygen 4 35442 3.3 0.026

Residuals 27 10825

Sporulation rate

Intercept 1 – 17.0 < 0.001

Nutrients 2 – 3.7 0.039

Oxygen 2 – 27.6 < 0.001

Nutrients × oxygen 4 – 9.2 < 0.001

Residuals 27 –

Species richness

Intercept 1 – 1819.6 < 0.001

Nutrients 2 – 162.0 < 0.001

Oxygen 2 – 7.9 < 0.001

Nutrients × oxygen 4 – 0.3 0.877

Residuals 242 –
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Fungal Biomass

Fungal biomass at day 21 varied across treatments (153–
478 μg ergosterol g−1 AFDM; Fig. 2a). The interaction be-
tween nutrients and oxygen levels influenced fungal biomass
on litter (Table 1): in hypoxic and saturated oxygen condi-
tions, fungal biomass did not significantly differ between nu-
trient concentrations (Tukey test, p > 0.611), while in depleted
oxygen conditions, fungal biomass was significantly higher at
high than at ambient nutrient concentrations (Tukey test,
p = 0.025). When considering simultaneous changes in nutri-
ents and oxygen concentrations simulating increased human
pressure, fungal biomass accumulation was generally
inhibited (Fig. 2a).

Conidia Production by Aquatic Hyphomycetes

Sporulation rates at day 21 varied between 3 and 337
conidia mg−1AFDM day−1 across treatments (Fig. 2b). There
was a significant interaction effect of nutrient and oxygen
concentrations on sporulation rates (Table 1): in saturated

oxygen conditions, sporulation rates were higher at ambient
and medium than at high nutrient concentrations (Tukey test,
p < 0.008), but were similar between ambient and medium
nutrient concentrations (Tukey test, p = 0.450), while in hyp-
oxic and depleted oxygen conditions, sporulation rates did not
significantly differ among nutrient concentrations (Tukey test,
p > 0.232). When considering scenarios simulating increased
human pressure, sporulation rates were generally inhibited
(Fig. 2b).

Aquatic Hyphomycetes Communities

Six species of aquatic hyphomycetes were identified on
decomposing litter: Anguillospora filiformis Greath.,
Culicidospora gravida Petersen, Heliscus submersus
Hudson, Lunulospora curvula Ingold, Mycocentrospora
acerina (Hartig) Deighton, and Tricladium chaetocladium
Ingold (Fig. 3). A. filiformis was the dominant species in all
treatments (relative abundance, 78% in highNP—depleted to
98% in highNP–hypoxic). Species richness of aquatic hypho-
mycetes was reduced under hypoxic conditions (mean of 1.5
species vs. 3.1 under depleted and saturated oxygen condi-
tions) and at high nutrient concentrations (mean of 2.2 species
vs. 2.8 at ambientNP and mediumNP) (Table 1; Tukey test,
p < 0.004 for all significant comparisons).

Aquatic hyphomycetes communities differed among nutri-
ent and oxygen concentrations (Fig. 4, Table 2). Changes in
oxygen concentration significantly affected communities’

Fig. 2 Fungal biomass (a) and sporulation rate by aquatic hyphomycetes
(b) after 21 days of litter incubation in laboratory microcosms at three
nutrients (ambientNP, mediumNP, and highNP) and three oxygen levels
(hypoxic, depleted, and saturated). Values are means ± 1SE (n = 4).
Different letters indicate statistically significant differences (p < 0.05)

Fig. 3 Relative contribution of aquatic hyphomycetes species to the total
conidial production after 21 days of litter incubation in laboratory
microcosms at three nutrients (ambientNP, mediumNP, and highNP)
and three oxygen levels (hypoxic, depleted, and saturated)
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structure within each nutrient concentration, except at ambient
nutrient concentrations where there were no significant differ-
ences between depleted and saturated oxygen conditions
(ANOSIM, R = 0.229, p = 0.143; Fig. 4). However, nutrient
concentrations did not significantly affect community struc-
ture in hypoxic conditions (ANOSIM, R = − 0.094–0.094,
p = 0.257–0. 571) and no significant difference was found
between ambient and medium nutrient concentrations in sat-
urated oxygen conditions (ANOSIM, R = 0.208, p = 0.057).
Conversely, changes in nutrient concentrations significantly
affected community structure in depleted oxygen conditions
(ANOSIM, R = 0.365–0.958, p = 0.029 for all three compar-
isons) and differences were also found between ambient and
high and between medium and high nutrient concentrations in
saturated oxygen conditions (ANOSIM, R = 0.990, p = 0.029
for both comparisons) (Fig. 4).

Discussion

The individual effects of nutrient enrichment on litter decom-
position and associated decomposers are well studied
(reviewed by Ferreira et al. [9]). However, increases in nutri-
ent concentrations, as a result of agricultural activity or urban
wastewater discharge, may be accompanied by decreases in
oxygen concentrations [7]. The simultaneous variation in nu-
trient and oxygen concentrations can also occur in a scenario
of global warming since temperature rise stimulates microbial
activity, enhances the mineralization of nutrients and de-
creases oxygen solubility [6, 3]. This study showed that the
effects of simultaneous changes in nutrient and oxygen con-
centrations in aquatic environments can influence the activity
and composition of fungal communities, although these ef-
fects were not translated into changes in litter mass loss during
the early stage of decomposition addressed here. We also
found that the effects of changes in one factor on microbial
variables depended on the level of the other factor, suggesting
interactions between factors. For instance, microbial variables
were less sensitive to changes in nutrient concentration when
oxygen concentration was suboptimal (i.e., hypoxic condi-
tions) than when oxygen concentration was higher. This
agrees with the suggestion that when one factor is suboptimal,
changes in another factor may not affect biological activities
[36].

Litter mass loss after 21 days of incubation in laboratory
microcosms was extremely low (< 3%) irrespective of the
treatment, and may be attributed to M. guianensis litter being
exposed in a stream for 10 days prior to being incubated in the
microcosms. During stream exposure, leaching of soluble
compounds likely caused a rapid initial mass loss, after which
mass loss declined as recalcitrant compounds were left be-
hind. Gomes et al. [25] found 17.5% of mass loss for
M. guianensis litter after 10 days incubation in laboratory
microcosms and Moretti et al. [37], Alvim et al. [38], and
Medeiros et al. [39] found 5–15% of leaf mass loss for several
Cerrado plant species after 1 week of field incubation and a
maximum of 20% mass loss after 30 days, which supports the
contention that a rapid initial mass loss followed by a strong
decrease in the rate of litter decomposition over at least
1 month is common in leaves from the Cerrado biome.
Moreover, we should also consider that microbial degradation
of leaf litter might be low or inefficient in the initial period of
decomposition (< 30 days) in tropical savanna streams be-
cause of the low water nutrient concentration and the low
quality of leaves, which retard microbial colonization [27,
40, 41]. Litter mass loss could have been higher if litter had
been less recalcitrant and nutrient-rich and if the experiment
had been carried out for a longer period [37, 38]. Extending
the duration of the experiment was, however, not possible in
the present study due to the high cost of continuously supply-
ing the microcosms with N2. Nevertheless, the low litter mass

Fig. 4 Nonmetric multidimensional scaling (NMDS) ordination of
aquatic hyphomycete communities after 21 days of litter incubation in
laboratory microcosms at three nutrients (ambientNP, mediumNP, and
highNP) and three oxygen levels (hypoxic, depleted, and saturated).
The polygons group samples accordingwith oxygen concentration: group
on the left = saturated + depleted; group on the right = hypoxic

Table 2 Results of ANOSIM pairwise tests performed on aquatic
hyphomycete communities after 21 days of litter incubation in
laboratory microcosms at three nutrients (ambientNP, mediumNP, and
highNP) and three oxygen levels (hypoxic, depleted, and saturated). To
facilitate interpretation, significant p values are shown in bold

Treatments R p

Nutrients treatments

AmbientNP × mediumNP 0.160 0.056

AmbientNP × highNP 0.663 0.003

MediumNP × highNP 0.681 0.002

Oxygen tratments

Hypoxic × depleted 0.972 0.001

Hypoxic × saturated 0.986 0.001

Depleted × saturated 0.441 0.003
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loss may have rendered it insensitive to changes in nutrient
and oxygen concentrations.

Fungal biomass and sporulation rates were low in hypoxic
conditions, as expected [7, 21]. This agrees with previous
studies where there was a reduction in fungal biomass or re-
productive activity of aquatic hyphomycetes when dissolved
oxygen availability was low [21]. At intermediate oxygen
levels, fungal biomass increased with increases in nutrient
concentrations. Previous studies have also found an increase
in biomass accumulation with increases in nutrient availability
[11, 16, 17]. The unexpected decrease in fungal biomass when
nutrient concentrations raised from intermediate to high in
oxygen-saturated conditions (mediumNP—saturated vs.
highNP—saturated) could be explained by different dynamics
in biomass accumulation among treatments through time. For
instance, the fungal biomass peak might have occurred earlier
in high nutrient than in intermediate nutrient treatment [14],
and be already declining by the sampling date (day 21).

Sporulation rates on day 21 did not significantly differ be-
tween low and intermediate nutrient conditions, which could
also be due to differences in conidial production dynamics as
for fungal biomass. However, sporulation rates were lower in
high than in intermediate or ambient nutrient conditions, es-
pecially at depleted oxygen conditions, and this reflects the
lower conidial production in high nutrient conditions over
time (data not shown). In general, high nutrient concentrations
(especially N and P) stimulate microbial reproductive activity,
which results in a more efficient colonization of the substrate
[19, 20]. The contrasting results observed for fungal biomass
and sporulation rates (e.g., higher biomass was not reflected in
higher sporulation rates) regarding nutrient and oxygen con-
centrations might be due to different strategies of aquatic hy-
phomycetes species, which can invest their energy in hyphae
biomass (and thus, higher biomass) or spores (and thus, higher
sporulation rates). In this case, not all fungal species may have
had the ideal conditions for reproduction because of the low
quality of leaf litter [38, 40, 41].

Changes in nutrient and oxygen concentrations simulating
increased human pressure significantly affected aquatic hy-
phomycete community structure. Species richness of sporulat-
ing aquatic hyphomycetes was highest in microcosms with
low and intermediate nutrient concentrations in depleted and
saturated oxygen conditions, reflecting the antagonistic effects
of these two factors on fungal interactions. This suggests that
the number of species was reduced by deleterious or adverse
effects on some species that are not adapted to the harsh con-
ditions (highNP—hypoxic). These results show that the dif-
ferent interactions among these environmental conditions
would promote changes in the structure of aquatic hyphomy-
cetes communities. A. filiformis dominated the fungal conidia
production, even in hypoxic conditions, which corroborates
previous reports showing A. filiformis to be tolerant to low
oxygen availability [42, 43].H. submersuswas observed only

in microcosms with intermediate and high nutrient concentra-
tions, although it was absent in hypoxic conditions regardless
of the nutrient concentration. This species was exclusively
associated with polluted environments in a previous study
[43], suggesting that it benefits from increase in nutrient avail-
ability when enough oxygen is available. Thus, changes in
aquatic hyphomycete communities’ structure promoted by
changes in nutrient and oxygen concentrations, as expected
from global warming, intensification of agricultural activities
and increases in wastewater discharges, is expected to propa-
gate through aquatic food webs, considering that consumer
feeding activity is affected by fungal biomass, identity and
species richness [15, 44].

Conclusions

We demonstrated that simultaneous changes in nutrient
and oxygen concentrations affected fungal growth, and
reproduction and community structure of aquatic hypho-
mycetes associated with decomposing leaf litter to differ-
ent extents, but not leaf litter mass loss during the early
stage of decomposition. The individual effects of one fac-
tor on microbes depended on the level of the other factor.
Although changes in nutrient and oxygen concentrations
did not significantly affect microbial-induced litter de-
composition, likely due to the poor litter quality or to
functional redundancy among aquatic hyphomycete com-
munities [37, 42], they may still affect litter decomposi-
tion where invertebrate detritivores are present since these
consumers preferentially feed on microbial conditioned
litter and are able to distinguish aquatic hyphomycetes
species composition [15, 44]. The effects of changes in
environmental variables on litter decomposition and asso-
ciated biota may also depend on litter identity as litter
with better carbon quality may be more sensitive to
changes in nutrient availability compared with the litter
used here [23]. Future research should consider the pres-
ence of consumers, differences in the quality of basal
resources and long-term experiment duration when evalu-
ating the effects of multiple environmental stressors on
litter decomposition.
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