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Abstract Ongoing climate change is expected to affect the
diversity and activity of aquatic microbes, which play a key
role in plant litter decomposition in forest streams. We used a
before-after control-impact (BACI) design to study the effects
of warming on a forest stream reach. The stream reach was
divided by a longitudinal barrier, and during 1 year (ambient
year) both stream halves were at ambient temperature, while
in the second year (warmed year) the temperature in one
stream half was increased by ca. 3 °C above ambient temper-
ature (experimental half). Fine-mesh bags containing oak
(Quercus robur L.) leaves were immersed in both stream
halves for up to 60 days in spring and autumn of the ambient
and warmed years. We assessed leaf-associated microbial di-
versity by denaturing gradient gel electrophoresis and identi-
fication of fungal conidial morphotypes and microbial activity
by quantifying leaf mass loss and productivity of fungi and
bacteria. In the ambient year, no differences were found in leaf

decomposition rates and microbial productivities either be-
tween seasons or stream halves. In the warmed year, phospho-
rus concentration in the stream water, leaf decomposition
rates, and productivity of bacteria were higher in spring than
in autumn. They did not differ between stream halves, except
for leaf decomposition, which was higher in the experimental
half in spring. Fungal and bacterial communities differed be-
tween seasons in both years. Seasonal changes in streamwater
variables had a greater impact on the activity and diversity of
microbial decomposers than a warming regime simulating a
predicted global warming scenario.

Keywords Global warming . Streams . Plant-litter
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Introduction

Due to ongoing climate change, global mean air temperature
has increased by ca. 0.75 °C since the late nineteenth century
and is predicted to increase by 1.5–4.6 °C by the year 2100
[1]. Such increases are likely to be mirrored in stream water
temperatures, leading to alterations in flow regimes, distur-
bance intensity and frequency, water chemistry, and species
interactions, which can strongly compromise the services pro-
vided by these ecosystems [2]. In particular, small-forest
streams, where water temperature is typically low throughout
the year, are expected to be highly vulnerable to temperature
increases [3]. In these streams, the decomposition of organic
matter provided by the riparian vegetation constitutes the main
source of nutrients and energy to aquatic biota [4, 5]. Plant
litter decomposition is a dynamic process that links riparian
vegetation, environmental conditions, and aquatic biota, espe-
cially microbes and invertebrate detritivores [4, 5]. Aquatic
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fungi and bacteria are the basis of detritus food webs,
converting plant litter into a more palatable food resource for
detritivores, a process known as microbial conditioning [4, 5].
Aquatic hyphomycetes macerate the leaf matrix by the activ-
ities of extracellular enzymes [6], convert organic matter into
fungal biomass (mycelium and conidia; [7]), and mineralize it
[8, 9] increasing litter quality for detritivores [10, 11].

Temperature controls most physiological activities of
aquatic hyphomycete species and their interactions, due to
the tight coupling between species during litter decomposition
[12, 13]. Therefore, thermal variations have the potential to
alter microbial colonization of submerged leaf litter and, thus,
interfere with the flow of carbon and energy to higher trophic
levels which may impact the functioning of small-forest
streams. Previous studies conducted in laboratory microcosms
suggest that an increase in temperature by 5–10 °C stimulates
litter decomposition mediated by aquatic microbes [14–20].
This stimulation is associated with enhanced fungal respira-
tion rates, biomass accumulation, and reproduction on
decomposing leaf litter [17–20]. On the other hand, tempera-
ture increases of the same order of magnitude did not affect
fungal activity when control temperature was already high
(18 °C) and similar to that attained in streams of Northwest
Portugal in spring/summer [15]. Increases in temperature of-
ten lead to shifts in the structure of stream-dwelling microbial
communities [14–18]. Thus, fungal species typical of warmer
waters became dominant on decomposing plant litter under
warming treatments [e.g., 15, 16]. Moreover, the effects of
warming appear to be strongly modulated by the environmen-
tal context (such as differences in litter quality [16, 17, 21],
eutrophication [18], and metal pollution [19]).

Approaches using microcosms have provided valuable in-
formation on the impacts of increased temperature on stream
biota and ecological processes. However, the complex array of
interactions in natural ecosystems cannot be fully simulated in
microcosms [22, 23]. Correlative studies using elevation [24,
25], latitudinal [26–28], geothermal [29], and seasonal gradi-
ents [30, 31] provided more realistic information about the
potential effects of future temperature on freshwater ecosys-
tems. Nevertheless, it is impossible to unravel the effects of
biogeography and temperature because community composi-
tion varies with factors other than differences in temperature
(e.g., nutrient concentrations, hydrology, and dispersal con-
straints) [32]. In addition, the temperature range prevailing
in these correlative studies [e.g., 28, 29] is often wider
(>10 °C) than the temperature increase expected from global
warming in this century [1].

Amore realistic approach for assessing the effects of global
warming is based on in-stream manipulation of water temper-
ature, which allows experiments in field conditions preserving
the natural diurnal and seasonal variation of abiotic factors
[33–35]. In this study, we took advantage of a stream manip-
ulation in a second-order forest stream [35–38] to assess the

effects of warming on stream-dwelling microbial decom-
posers and litter decomposition. The stream reach was divided
longitudinally in half, and a before-after control-impact
(BACI) design was followed. During 1 year, both stream
halves were at ambient temperature, while in the second year
one half was maintained at ambient temperature and the other
half was warmed ca. 3 °C above ambient [35]. This tempera-
ture increase represents a realistic climate change scenario as
predicted for the next 30 years for air temperature in Portugal
[39]. Oak (Quercus robur L.) leaves were incubated in both
stream halves in spring and autumn before (ambient year) and
during warming (warmed year), and microbial activity and
diversity were assessed. Our expectations were as follows:
(i) differences in temperature due to season and warming will
induce shifts in the structure of stream-dwelling microbial
decomposer communities; (ii) microbial activity will be stim-
ulated at warmer temperatures; and (iii) increased microbial
activities at higher temperatures will result in higher leaf de-
composition rates.

Methods

Study Site and Experiment Setup

Decomposition experiments were conducted in a second-
order forest stream reach (Candal stream, Lousã mountain,
central Portugal; 40° 4 44 N, 8° 12 10 W; 620 m asl).
This stream drains an area (0.8 km2) of schist bedrock, cov-
ered by deciduous mixed forest dominated by chestnut
(Castanea sativaMill.) and oak (Q. robur), and of low human
activity [40]. Oak leaves were selected for the study because
oak trees shed most of their leaves later than chestnut trees
[41] and oak leaves decompose slower than chestnut leaves
[40], and thus in spring there are more oak than chestnut
leaves on the stream bed [42]. The study reach was divided
in half with a longitudinal barrier of schist stones (ca. 22 m
long), roughly cemented and driven into the sediment down to
the bedrock to prevent any transfer of water between stream
halves (ca. 0.5 m width). In the first year (ambient year—
2010), stream water was at ambient temperature in both
stream halves. In the second year (warmed year—2011), the
temperature in one stream half was increased by ca. 3 °C
(experimental half) above the ambient water temperature in
the control half. Warming was achieved with two stainless
steel tanks (260 L) that received water, by gravity, from the
main channel. One tank was equipped with electric water
heaters (n=30; 2 kW) operating with a continuous supply of
energy, while the other tank had no heating power. During the
warmed year, the experimental stream half received water
from the heating tank (ca. 3 °C above ambient temperature)
while the control half received water from the unheated con-
trol tank. The target increase in water temperature was 3 °C,
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based on predictions for air temperature in Portugal by the end
of this century [39] and on the relationship between water and
air temperature reported for similar streams [43]. However,
due to electrical shutoffs during thunderstorms, the difference
in temperature between stream halves was 3 °C in spring 2011
and 2.3 °C in autumn 2011. A detailed description of the
electrical and hydraulic systems can be found in Canhoto
et al. [35].

Litter decomposition experiments were performed in both
stream halves in spring and autumn, before (ambient year—
2010) and during warming (warmed year—2011). Batches of
2.24–2.53 g of air-dried oak leaves, collected just after abscis-
sion (Lousã Mountains, central Portugal, autumn 2006), were
enclosed in fine-mesh bags (10×12 cm, 0.5-mm pore size)
and deployed in the stream (n=15/half). Fine-mesh litter bags
were used to exclude macroinvertebrates. On day 0, five extra
litter bags, prepared as above, were taken to the stream, sub-
merged for ca. 10 min, returned to the laboratory, oven-dried
at 105 °C for 24 h, and weighed to establish a conversion
factor for initial air-dry mass to initial oven-dry mass.
Replicate bags (n=3) were retrieved after 11, 20, 31, 45,
and 60 days of immersion.

Physical and Chemical Stream Water Characterization

Weekly, electrical conductivity (LF 330, WTW, Weilheim,
Germany), pH (pH 3110, WTW, Weilheim, Germany), and
dissolved oxygen (Oxi 3210, WTW, Weilheim, Germany)
were recorded in situ in both stream halves. Discharge was
determined volumetrically at the outflows of the tanks that
feed each stream half [44]. Temperature was measured hourly
with submerged data loggers (Hobo Pendant UA-001-08,
Onset Computer Corp., MA, USA), yielding a total of 1440
measurements (24 measurements per day×60 days). Daily
averages were used for data presentation and analyses. At each
sampling date, 300 mL of water was collected from each
stream half, filtered through glass fiber filters (47 mm diame-
ter, pore size 0.7 μm; Millipore APFF04700, Millipore Corp.,
Billerica, MA, USA), transported to the laboratory in a cool
box and frozen until analyzed for nutrient concentrations.
Nitrate concentration was determined by ion chromatography
(Dionex DX-120, Sunnyvale, CA, USA), and soluble reactive
phosphorus (SRP) concentration was determined by the ascor-
bic acid method [45]. Alkalinity was determined by titration
with sulfuric acid to an endpoint of pH 4.2 [45].

Litter Bag Processing and Leaf Dry Mass Remaining

In the laboratory, oak leaves were rinsed with tap water to
remove sediment. From each replicate bag, leaf disks were
cut with a 1.2-cm diameter cork borer; one set of four leaf
disks was lyophilized for DNA extraction, one set of five leaf
disks was immediately used to induce fungal sporulation, two

sets of six leaf disks were used to determine fungal produc-
tion, and three sets of four leaf disks were used to determine
bacterial production (see below). The dry mass of the leaf
disks used in the microbial analyzes was estimated from an
additional set of 15 leaf disks that was oven-dried at 105 °C
for 24 h and weighed. The remaining leaves were dried and
weighed to the nearest 0.01 g. Leaf dry mass remaining (g)
was determined as the sum of the mass of the remaining leaves
and the mass of the leaf disks.

Microbial Diversity

DNAwas extracted from one quarter each of four lyophilized
leaf disks from each replicate bag (UltraClean® Soil DNA
isolation kit, MoBio Laboratories, Solana Beach, CA, USA),
according to the manufacturer’s instructions, except that the
lysis step was conducted in the FastPrep FP120 instrument
(velocity 5.0, duration 30^) (Qbiogene, Heidelberg,
Germany). The ITS2 region of fungal ribosomal DNA and
the V3 region of bacterial 16S rDNA were amplified with
the primer pairs ITS3GC/ITS4 [46] and 338GC/518 [47], re-
spectively. Briefly, 1 μL (1–10 ng μL−1) of DNA extract was
mixed with 0.5 μL of each primer (0.4 μM final concentra-
tion), 12.5 μL of GoTaq® Green Master Mix (Promega
Corporation, WI, USA), and 10.5 μL of water supplied with
the GoTaq® Green Master Mix in 0.2 mL PCR tubes. PCR
reactions were carried out in a Doppio thermocycler (VWR
International, PA, USA) as follows: (i) initial denaturation for
2 min at 95 °C; (ii) 36 cycles of denaturation for 30 s at 95 °C;
annealing for 30 s at 55 °C and extension for 1 min at 72 °C;
and (iii) final elongation for 5 min at 72 °C. The PCR products
were run on a 2 % agarose gel at 80 V for 45 min to check for
the presence of the desired band.

The denaturing gradient gel electrophoresis (DGGE) anal-
yses, which separate sequences of similar length but with dif-
ferent nucleotidic compositions [47], were performed with a
DCode™ Universal Mutation Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). Samples with ca. 750 ng
of fungal DNA (pooled from three replicates) from amplifica-
tion products of 380–400 bp (ITS3GC/ITS4) or of bacterial
DNA (pooled from three replicates) from amplification prod-
ucts of 200 bp (338GC/518) were loaded on 8 % (w/v) poly-
acrylamide gel in 1× TAE with a denaturing gradient from 30
to 70 % or from 45 to 75 %, respectively (100 % denaturant
corresponds to 40 % formamide and 7 M urea). The gels were
run at 55 Vand 56 °C for 16 h and stained with 1× of GelStar
(Lonza, Switzerland) for 10 min. The gel images were cap-
tured under UV light in a gel documentation system
(GenoSmart, VWR International, PA, USA). A marker was
prepared by mixing equal amounts of DNA of four aquatic
hyphomycete species (AT, Articulospora tetracladia Ingold
UMB-748.11; TC, Tricladium chaetocladium Ingold UMB-
523.10; TE, Tetrachaetum elegans Ingold UMB-522.10; and
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TS, Tricladium splendens Ingold UMB-767.11) or DNA of
five bacterial species (BC, Bacillus cereus Frankland &
Frank l and ; PV, Pro t eu s vu l ga r i s Hause r ; SA ,
Staphylococcus aureus Rosenbach; PP, Pseudomonas putida
(Trevisan) Migula; and EC, Escherichia coli (Migula)
Castellani & Chalmers). DGGE bands appearing at the same
position on the gel were considered as the same operational
taxonomic unit (OTU).

Fungal Conidial Production

One set of five leaf discs was used to induce conidial produc-
tion by aquatic hyphomycetes. Leaf discs were incubated in
100-mL Erlenmeyer flasks with 25 mL of filtered stream wa-
ter from the corresponding stream half (47 mm diameter, pore
size 0.7 μm; Millipore APFF04700, Millipore Corporation,
MA, USA). The flasks were incubated over 48 h in an orbital
shaker (100 rpm) in a room acclimated at 15 °C and with a
12-h light/12-h dark photoperiod. The conidial suspensions
were poured into 50-mL Falcon tubes, fixed with 2 mL of
37 % formalin, and the final volume adjusted to 35 mL with
distilled water. When preparing filters for conidium identifi-
cation and counting, 150 μLTriton X-100 (0.5 %) was added
to the suspension, mixed with a magnetic stirring bar to ensure
uniform distribution of conidia, and 1–5 mL of the suspension
were filtered throughmembrane filters (2.5mm diameter, pore
size 5 μm; Millipore SMWP, Millipore Corporation, MA,
USA). Filters were stained with 0.05 % trypan blue in 60 %
lactic acid, and conidia were identified and counted under a
compound microscope at ×320 magnification [48, 49].

Microbial Productivity

Fungal production was determined from rates of
[1-14C]acetate incorporation into ergosterol [50, 51], using a
conversion factor of 19.3 μg of fungal biomass per nanomole
of acetate incorporated [50]. Two sets of six leaf disks from
each replicate bag were transferred to 25-mL Erlenmeyer
flasks containing 4 mL of filtered and sterilized stream water
and incubated for 1 h at the temperature corresponding to the
respective stream half, before the assay. In one set, microor-
ganisms were killed by adding 200 μL of 37 % formaldehyde
30 min before the incubation with [1-14C]acetate to determine
the background level of radioactivity. The reaction started by
the addition of sodium [1-14C]acetate to a final concentration
of 2.5 mM (specific activity, 48 MBq mmol−1, Amersham).
Incubations were carried out for 2 h at the respective temper-
ature on a shaker (80 rpm), and the uptake stopped by adding
200 μL of 37 % formaldehyde. The flask contents were fil-
tered through glass microfiber filters (GF/C, Whatman), and
leaf disks washed twice with 4 mL of cold deionized water
and placed in vials containing 0.8 % KOH-methanol.
Ergosterol was extracted according to Gessner and Newell

[51]. Briefly, lipids were (i) extracted from sets of six leaf
disks by heating for 80 °C during 30 min in 0.8 % KOH-
methanol; (ii) purified by solid-phase extraction (Sep-Pak,
Waters, Milford, MA, USA); and (iii) quantified at 262 nm
by high-performance liquid chromatography (HPLC;
Beckman Gold System, Brea, CA, USA) on a C18 column
(15 × 0.40 cm, Merck KGaA, Darmstadt, Germany) with
methanol as the mobile phase. The ergosterol fractions of
two HPLC injections (100 μL sample loop) from each repli-
cate were pooled into a vial containing 10 mL of scintillation
fluid (Optiphase Hisafe 2, Perkin-Elmer, MA, USA) and
stored overnight before measuring the radioactivity on ergos-
terol fractions (Packard Tri-Carb 2200, CA, USA).

Bacterial production was determined from incorporation
rates of L-[4,5-3H]leucine into protein [52]. Three sets of four
leaf disks per replicate were put into screw-top tubes contain-
ing 4 mL of filter-sterilized stream water for 1 h at each re-
spective temperature before the assay. In one set, microorgan-
isms were killed by the addition of 500 μL of 40 % trichloro-
acetic acid (TCA) to determine the background level of radio-
activity. In another set, the potential eukaryotic incorporation
of leucine was controlled by the addition of 10 μL of 8 %
cycloheximide and 5 μL of 8 % colchicine 1 h before the
addition of radiolabeled leucine. The third set was used to
estimate bacterial production in the samples. Reactions started
with the addition of L-[4,5-3H]leucine (final concentration of
400 nM; specific activity, 142 GBq mmol−1, Amersham) and
incubated at each temperature for 30 min with gentle mixing
every 10 min. The reaction was stopped by adding 500 μL of
40 % TCA. Bacterial cells were dislodged from leaf disks by
sonication in a bath (model 2510, Branson, Danbury, CT,
USA) for 5 min, and bacterial protein was extracted by heating
in a water bath at 95 °C for 30 min. The contents of each tube
were filtered through polycarbonate filters (0.2 μm, GTTP,
Millipore Corporation, MA, USA), and leaf disks were
washed twice with 4 mL of cold deionized water and placed
into scintillation vials, and radioactivity counted as described
above. Bacterial production (BP) was calculated by the meth-
od of Kirchman [52] as BP= (L×F×C) / (P×D), where L is
the incorporation rate of L-[4,5-3H]leucine, F is the formula
weight of leucine, C is the ratio of cellular carbon to protein
(0.86), P is the fraction of leucine in protein (0.073), and D is
the mass of leaf disks.

Data Treatment

For each year (ambient and warmed), two-way analyses of
variance (ANOVA) were used to test if season and stream half
significantly affected stream water variables. The relation-
ships between environmental variables were examined using
Pearson correlation coefficients [53].

DGGE gels were aligned and normalized. A DGGE band
was considered an OTU, ignoring the fact that DNA from
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more than one species can co-migrate to the same position in
the gel. The relative intensities of bands in the fingerprints
were analyzed in BioNumerics 7.1 (Applied Maths, Sint-
Martens-Latem, Belgium).

For each year, differences in fungal (based on conidia or
DGGE OTUs) and bacterial communities (based on DGGE
OTUs) between stream halves and seasons were assessed by
non-metric multidimensional scaling (NMDS) based on the
Bray-Curtis index [54]. Data were square root transformed
prior to construction of similarity matrices. Two-way
PERMANOVAs were used to assess if season and stream half
affected fungal and bacterial community structures [55].

Repeated measures ANOVAs, with time as repeated factor,
were used to test if season and stream half significantly affect-
ed bacterial and fungal production in the ambient and warmed
year [53]. Tukey’s post-tests were used to determine where
significant differences occurred [53].

Kolmogorov-Smirnov’s tests for normality and Levene’s
tests for homogeneity of variances were applied to physical
and chemical variables of stream water and to fungal and
bacterial productivity data [53].

Leaf mass remaining was fit to the negative exponential
modelWt=W0× e

− kt, whereWt is leaf mass remaining at time
t,W0 is the initial mass, and k is the rate of leaf decomposition.

Leaf decomposition rates were compared by ANCOVA with
time as continuous variable and season and stream half as
categorical variables, followed by Tukey’s post-tests [53].
NMDS and PERMANOVA analyses were done with
PRIMER v6 software package for windows (Primer-E Ltd,
Plymouth, UK). ANOVAs and ANCOVAs were done with
Statistica 8.0 (StatSoft, Inc., Tulsa, OK, USA).

Results

Physical and Chemical Stream Water Characterization

Physical and chemical variables of the streamwater during the
study are shown in Table 1. In the ambient year, conductivity
(26.2–28.6 μS cm−1), discharge (2.3–3.0 L s−1), alkalinity
(4.0–4.9 mg CaCO3L

−1), and nitrogen concentration (31.2–
40.3 μg L−1) did not differ between stream halves and seasons
(two-way ANOVA, F≤2.0, P≥0.2). On the other hand, dis-
solved oxygen concentration (8.1–12.7 mg L−1) and water
temperature (9.8–11.1 °C) were higher in spring than in au-
tumn (two-way ANOVA, F≤85.7, P<0.0001; Tukey post-
tests, P<0.001), while pH (6.7–7.8) was higher in autumn
than in spring (two-way ANOVA, F= 106.7, P< 0.0001;

Table 1 Water variables in
spring and autumn in control and
experimental halves of the Candal
stream, before (ambient year—
2010) and during warming
(warmed year—2011)

Water variables Spring Autumn

Control Experimental Control Experimental
Half Half Half Half

Ambient year

Incubation period (60 days) Apr 2, 2010 to Jun 1, 2010 Oct 15, 2010 to Dec 14, 2010

T (°C) 10.8 ± 1.3 (60)a 11.1 ± 1.3 (60)a 9.8 ± 1.2 (60)b 10.1 ± 1.1 (60)b

pH 6.7 ± 0.4 (7)a 6.9 ± 0.5 (7)a 7.8 ± 0.2 (8)b 7.7 ± 0.1 (8)b

Conductivity (μS cm−1) 27.3 ± 3.4 (7)a 26.2 ± 0.6 (7)a 27.9 ± 1.8 (8)a 28.6 ± 2.2 (8)a

Oxygen (mg L−1) 12.2 ± 1.8 (7)a 12.7 ± 1.2 (7)a 8.2 ± 0.5 (9)b 8.1 ± 0.4 (9)b

Discharge (L s−1) 2.5 ± 0.9 (7)a 3.0 ± 1.2 (8)a 2.3 ± 1.0 (9)a 2.5 ± 1.0 (9)a

Alkalinity (mg CaCO3L
−1) 4.7 ± 0.5 (7)a 4.9 ± 0.7 (7)a 4.2 ± 1.2 (9)a 4.0 ± 0.9 (9)a

N-NO3
− (μg L−1) 40.3 ± 23.3 (7)a 31.2 ± 2.9 (7)a 39.9 ± 22.5 (9)a 37.6 ± 21.7 (9)a

SRP (μg L−1) 21.1 ± 22.5 (7)a 11.9 ± 10.2 (7)a 8.0 (1) 6.7 (1)

Warmed year

Incubation period (60 days) Mar 31, 2011 to May 30, 2011 Oct 28, 2011 to Dec 27, 2011

T (°C) 11.8 ± 0.9 (60)a 14.8 ± 1.4 (60)b 9.7 ± 1.1 (60)c 12.0 ± 1.8 (60)a

pH 7.3 ± 0.2 (12)a 7.2 ± 0.2 (11)a 7.3 ± 0.1 (8)a 7.2 ± 0.2 (8)a

Conductivity (μS cm−1) 26.9 ± 0.2 (11)a 27.4 ± 0.3 (11)b 25.2 ± 0.4 (6)c 25.6 ± 0.4 (6)c

Oxygen (mg L−1) 9.7 ± 0.3 (12)a 9.0 ± 0.6 (12)a 9.4 ± 1.2 (8)a 9.6 ± 1.7 (8)a

Discharge (L s−1) 1.8 ± 0.7 (10)a 1.7 ± 0.6 (10)a 2.3 ± 0.2 (8)ª,b 2.6 ± 0.3 (8)b

Alkalinity (mg CaCO3L
−1) 4.8 ± 0.3 (5)a 4.6 ± 0.4 (5)a 6.1 ± 0.7 (7)b 6.0 ± 0.7 (7)b

N-NO3
− (μg L−1) 16.8 ± 4.7 (9)a 18.3 ± 7.8 (8)a 82.5 ± 10.9 (5)b 89.3 ± 28.5 (5)b

SRP (μg L−1) 22.7 ± 22.2 (10)a 9.4 ± 12.6 (10)a 2.7 ± 5.7 (8)b 3.2 ± 6.3 (8)b

Mean± SD (n). For each year, different superscript letters denote significant differences between variables (Tukey
post-test, P< 0.05)
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Tukey post-test, P=0.0001) and no differences were found
between stream halves for all parameters (two-way ANOVA,
F≤2.7, P≥0.1) (Table S1).

In the warmed year, pH (7.2–7.3) and dissolved oxygen
(9.0–9.7 mg L−1) were similar between stream halves and
seasons (two-way ANOVA, F≤0.8, P≥0.4). In contrast, con-
ductivity (25.2–27.4 μS cm−1), temperature (9.7–14.8 °C),
and SRP concentration (2.7–22.7 μg L−1) decreased, whereas
discharge (1.7–2.6 L s−1), alkalinity (4.6–6.1 mg CaCO3L

−1),
and nitrogen concentration (16.8–89.3 μg L−1) increased from
spring to autumn (two-way ANOVA, F ≥ 7.7, P ≤ 0.009;
Tukey post-tests, P<0.009). In addition, temperature differed
between stream halves (two-way ANOVA, F ≥ 12.9,
P≤0.001), increasing 2.3 (autumn) and 3.0 °C (spring) from
the control to the experimental half (Tukey’s post-test,
P<0.001). Conductivity was also higher in the experimental
than the control half in spring (Tukey’s post-test, P=0.005).

Stream water temperature was positively correlated with
conductivity both before and during warming (Pearson’s,
r=0.91 and r=0.68, respectively, P<0.05). Positive correla-
tions were also found between temperature and nitrogen con-
centrations in the ambient year (Pearson’s, r=0.60, P<0.05).
On the other hand, negative correlations were found between
temperature and discharge in the ambient year (Pearson’s,
r=− 0.88, P<0.05) and between temperature and oxygen,

temperature and nitrogen, and temperature and alkalinity in
the warmed year (Pearson’s, r = −0.56, r = −0.58, and
r=−0.69, respectively, P<0.05).

Microbial Diversity

DNA fingerprints of fungal communities on decomposing oak
leaves decreased from 39 to 33 OTUs, from the ambient to the
warmed year (Fig. 1). In both years, the maximum number of
OTUs increased from spring to autumn: 19 (control half) to 23
fungal OTUs (experimental half) in the ambient year (Fig. 1a)
and 20 (control half) to 22 fungal OTUs (experimental half) in
the warmed year (Fig. 1c). On the other hand, an increase from
a total of 17 to 20 fungal taxa sporulating from leaves was
found from the ambient to the warmed year (Fig. 2). In the
ambient year, a slight increase from a maximum of 11 (control
half) to 13 fungal taxa (control half) was found from spring to
autumn (Fig. 2a), while in the warmed year a slight decrease
from a maximum of 12 (control half) to 10 species (experi-
mental half) was found from spring to autumn (Fig. 2c). The
two dominant contributors to total conidium production re-
gardless of stream half, season, or year, were Tetrachaetum
elegans (up to 93 %) and Tricladium chaetocladium (up to
79 %) (Fig. 2a, c).

Fig. 1 Denaturing gradient gel electrophoresis (DGGE) fingerprints of
fungal communities (a, c) and NMDS ordination diagrams based on
fungal communities assessed from DGGE OTUs (b, d), during 60 days
of immersion in the control and the experimental half of the Candal

stream in spring and autumn at the ambient and the warmed year. M
mixture of DNA of four fungal species, AT Articulospora tetracladia,
TC Tricladium chaetocladium, TE Tetrachaetum elegans, TS
Tricladium splendens

268 S. Duarte et al.



DNA fingerprints of bacterial communities on decomposing
oak leaves increased from a total of 38 to 47 OTUs from the
ambient to the warmed year (Fig. 3). In the ambient year, an
increase from a maximum of 19 (experimental half) to 25 bac-
terial OTUs (both halves) was found from spring to autumn
(Fig. 3a), while in the warmed year the opposite was found: a
decrease from amaximumof 31 (experimental half) to 27OTUs
(control half) from spring to autumn (Fig. 3c).

TheNMDSordinationdiagramsof fungal communitiesbased
on OTUs (Fig. 1b, d) or conidia (Fig. 2b, d) and of bacterial
communities based on DGGE OTUs (Fig. 3b, d) indicated that

season significantly affected community structure
(PERMANOVA, P≤0.03) while no differences were found be-
tween stream halves (PERMANOVA,P≥0.7), in both years.

Microbial Productivity

Fungal production attained similar maxima between seasons
and stream halves in both years: 2.2 mg C g−1 day−1 in spring
(experimental half) and 2.1 mg C g−1 day−1 in autumn (exper-
imental half) in the ambient year (Fig. 4a, b), and 2.8 mg
C g−1 day−1 in spring (control half) and 2.5 mg C g−1 day−1

Fig. 2 Percentage contribution of aquatic hyphomycete species to total
conidial production (a, c) and NMDS ordination diagrams based on
fungal communities assessed from conidia released from oak leaves (b,
d), during 60 days of immersion in the control and experimental half of
the Candal stream in spring and autumn of the ambient and the warmed
year. ALAC Alatospora acuminata Ingold, ANFI Anguillospora filiformis
Greath., ANFU Anguillospora furtiva Webster & Descals, ARTE
Articulospora tetracladia, CASP Casaresia sphagnorum Gonz., CLAQ
Clavariopsis aquatica De Wild., CLLO Clavatospora longibrachiata
(Ingold) Marvanová & Sv. Nilsson, CUAQ Culicidospora aquatica R.

H. Petersen, FLCU Flagellospora curvula Ingold, GOMO Goniopila
monticola (Dyko) Marvanová & Descals, HELU Heliscus lugdunensis
Sacc. & Thérry, LAUN Lateriramulosa uni-infata Matsush., LEAL
Lemonniera alabamensis R.C. Sinclair & Morgan-Jones, LUCU
Lunulospora curvula Ingold, MYCA Mycofalcella calcarata
Marvanová, STNE Stenocladiella neglecta (Marvanová & Descals)
Marvanová & Descals, TEEL Tetrachaetum elegans, TRCH Tricladium
chaetocladium, TRSP Tricladium splendens, TRAC Triscelophorus
acuminatus Nawawi, TRMO T. monosporus Ingold

Season More Than Warming Affect Decomposers 269



in autumn (control half) in the warmed year (Fig. 4d, e).
Bacterial production was low (Fig. 5) and decreased from
spring to autumn in both years: 0.056 mg C g−1 day−1 (exper-
imental half) to 0.045 mg C g−1 day−1 (control half), in the
ambient year (Fig. 5a, b) and 0.027 mg C g−1 day−1 (experi-
mental half) to 0.016 mg C g−1 day−1 (experimental half), in
the warmed year (Fig. 5d, e).

No significant differences were found between stream
halves and seasons for fungal (two-way ANOVA, F≤ 2.4,
P≥0.2; Fig. 4c) and bacterial production (two-way ANOVA,
F≤0.9,P≥0.4; Fig. 5c), in the ambient year. Duringwarming,
productivity was higher in spring than in autumn for fungi in
both stream halves (Tukey post-test, P=0.02) and for bacteria
in the experimental half (Tukey’s post-test, P=0.03). No sig-
nificant differences in production were found between stream
halves for fungi (two-way ANOVA, F=0.4, P=0.5; Fig. 4f)
and bacteria (two-way ANOVA, F=0.02, P=0.9; Fig. 5f).

Leaf Decomposition

In the ambient year, leaf mass loss was highest in the experi-
mental half in autumn (40%) (Fig. 6), but decomposition rates

did not significantly differ between treatments (Fig. 6c;
ANCOVA, F=0.8, P=0.5). In the warmed year, in spring,
loss of initial mass was 1.4 times higher in the experimental
(50 %) than in the control stream half (32 %) (Fig. 6d), which
translated into significant differences in leaf decomposition
rates between stream halves (Fig. 6f; ANCOVA, F= 6.2,
P=0.02). In autumn, leaves lost 40 % of their initial mass at
both control and experimental halves (Fig. 6e) and leaf de-
composition rates did not differ between stream halves
(Fig. 6f; ANCOVA, F=1.2, P=0.3). In addition, leaf decom-
position rate in the experimental half in spring was significant-
ly higher (1.4 times) than in the control half in autumn (Fig. 6f;
ANCOVA, F=7.9, P=0.009).

Discussion

In a stream manipulation experiment, seasonal tempera-
ture increases had a greater impact on microbial decom-
posers than experimental warming of similar magnitude
(ca. 3 °C). The approach adopted here allows more
realistic predictions of the effects of warming on stream

Fig. 3 Denaturing gradient gel electrophoresis (DGGE) fingerprints of
bacterial communities (a, c) and NMDS ordination diagrams of bacterial
communities based on DGGE OTUs on oak leaves (b, d) during 60 days
of immersion in the control and the experimental half of the Candal

stream in spring and autumn of the ambient and the warmed year. M
mixture of five bacterial species, BC Bacillus cereus, PV Proteus
vulgaris, SA Staphylococcus aureus, PP Pseudomonas putida, EC
Escherichia coli
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microbial community structure and functioning, when
compared with microcosms [e.g., 15, 17–19, 56] or cor-
relative field studies along natural thermal gradients [24,
28, 30]. Microbial decomposers of plant litter are wide-
ly recognized as key mediators of carbon (C) and

energy flow in freshwaters [4, 9]. Thus, understanding
how global change will affect microbial diversity and
activity in a more realistic scenario is crucial for fresh-
water ecologists attempting to forecast changes in bio-
diversity and key ecosystem processes.
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Do Differences in Temperature due to Season
and Warming Induce Shifts in the Structure
of Decomposer Communities?

Decomposing oak leaves harbored diverse aquatic fungal and
bacterial communities regardless of year, seasons, and stream
half,as indicatedbythenumbersofOTUsfromDNAfingerprints
and taxon richness. Both were similar to those found in previous
studies using molecular approaches [57–60]. Fungal species di-
versity assessed fromconidia followed the samepatternbefore or
duringwarming andwas lower than that based onDGGEOTUs.
Thiswas expected sinceDGGEalsodetects non-sporulating fun-
gal species [57, 58, 60] or non-cultivablebacteria [58–61], giving
more accurate results about the true diversity of environmental
samples than the traditional approaches.

Fungal and bacterial richness was similar between seasons,
but community structure differed between spring and autumn
both before and during warming. In temperate regions, sea-
sonal changes in water temperature have been suggested as a
main driver of the structure of fungal communities on
decomposing plant litter [57, 62, 63]. On the other hand, the
experimental warming did not produce any effects on micro-
bial community structure both in spring and autumn. This
agrees with a previous study where no effects on fungal spor-
ulating community structure were found with a 3 °C temper-
ature increase, suggesting that warming stimulated most fun-
gal species to a similar degree [64]. However, marked changes
in fungal sporulating community have been found with

warming of 5 to 10 °C [15, 17, 18, 34]. Greater temperature
increases (>3 °C) may favor warm-water species, such as
Lunulospora curvula [15, 16, 64] (present in the current study
in spring), and inhibit cold-water species, such as
Flagellospora curvula or Anguillospora filiformis (present in
the current study in autumn in the warmed year). Differences
in fungal communities/assemblages and their metabolic rates
can alter leaf quality at warmer temperatures [15–17, 21, 65]
and therefore affect the detritivore performance and global C
cycle of the coupled stream detritus foodwebs [66, 67].

In our study, the lack of an effect of experimental warming
on microbial community structure suggests that seasonal
changes in water temperature in combination with other envi-
ronmental factors, in particular the phosphorus levels, may
have contributed more to structure microbial communities
on leaves than the experimental warming. The trophic status
of a stream, defined by nitrogen or phosphorus concentrations,
can determine the structure of microbial communities on plant
litter [e.g., 60]. Temperature affects most life processes, e.g.,
the growth rates and life cycles of aquatic biota, and the pro-
ductivity of the entire system [2]. Therefore, nutrient alter-
ations in stream water may also have structured commu-
nities of microbial decomposers of plant litter, as sug-
gested earlier [18].

To our knowledge, the current study is the first attempt to
compare the effects of season and warming on leaf-associated
bacterial diversity in temperate streams. Data from other bi-
omes, such as arctic lakes [68] or littoral freshwater marshes
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[69], suggest that increases in temperature can lead to pro-
nounced shifts in the composition of bacterial communities.

Do Warmer Temperatures Increase Microbial Activity
and Leaf Litter Decomposition?

In the ambient year, no differences were found in leaf mass
loss or microbial productivities between stream halves, which
was expected since both halves were at the same temperature.
Microbial communities differed between spring and autumn,
but these differences were not accompanied by significant
alterations in microbial activity. The small variation in tem-
perature between spring and autumn (ca. 1 °C higher in
spring) most likely explained the lack of differences in micro-
bial activity in the ambient year between seasons, as previous-
ly reported [70, 71].

Although we would expect an increase in the contribution
of bacteria to litter decomposition with temperature increase
[72], fungal C production was greater than that of bacteria in
both years, seasons, and stream halves and slightly increased
with temperature. Fungal production exceeded bacterial pro-
duction 132-fold in spring and 84-fold in autumn in the am-
bient year and 201-fold in spring and 232-fold in autumn in
the warmed year, which agrees with previous reports [9, 50,
but see 72], suggesting that even under warming conditions,
fungi are the main contributors to litter decomposition.
Accordingly, most studies reported a stimulation of fungal
biomass and activity with increasing temperature [14–20].

On the other hand, in the warmed year, leaf mass loss and
microbial productivity were on average higher in spring than
in autumn, particularly in the experimental half in spring. An
overall increase in microbial metabolic rates generally accel-
erates microbial-mediated leaf decomposition [50, 65, 73, 74].
Our results supported this trend since during warming the
seasonal increase in temperature stimulated microbial activity
and led to faster leaf decomposition in the experimental half
(2.8 °C higher in spring than in autumn), but not in the control
half (2.1 °C higher in spring than in autumn). In addition, the
increase in temperature, simulating global warming in the ex-
perimental half, stimulated leaf litter decomposition in spring
(3 °C higher in the experimental than in the control half), but
not in autumn (2.3 °C higher in the experimental half). The
low levels of phosphorus found in the stream water in autumn
in the warmed year might help explain the limited response of
litter decomposition to temperature increase in this season.
Litter decomposition is usually lower under oligotrophic con-
ditions [75, 76], and the effect of warming might have been
limited by the low nutrient availability [18]. For instance,
fungal biomass and sporulation rates increased with tempera-
ture (up to 15 °C) at low (up to 0.01 mg L−1 PO4-P and
1.39 mg NO3-N L−1) and high nutrient levels (up to
0.10 mg L−1 PO4-P and 13.86 mg NO3-N L−1), but leaf de-
composition was stimulated with increased temperature only

at high nutrient levels [18]. Thus, if nutrient levels had been
high in both seasons in the warmed year, we would have
expected a stimulation of microbial activity and leaf decom-
position in spring due to increased temperature.

An opposite trend was found by Ferreira and Canhoto [36,
37]: a stimulation of litter decomposition was found only in
the coolest (ambient temperature of 6.4 °C in winter), but not
in the warmest months (ambient temperature of 11.8 °C in
spring and 9.7 °C in autumn). However, as in our study, the
effects of temperature on litter decomposition, within each
season, were not directly explained by the response patterns
of microbial variables (fungal biomass accrual and sporulation
rates) [37].

A 3 °C experimental increase led to higher prokaryote and
chlorophyll density and alterations in bacterial biofilm func-
tional composition [38]. But the use of organic compounds
was affected differentially: under warming conditions,
biofilms had a higher capacity to use cellulose, hemicellulose,
lignin, and peptidic compounds, but a lower capacity to de-
grade lipids [38]. The effects of temperature on bacterial com-
munities were also complex in arctic lakes and streams in
northern Alaska, but strongly influenced bacterial productivity
and community composition [68].

In our study, increased temperature in the experimental half
during the warmed year could have promoted leaf litter
leaching [e.g., 30, 77] or stimulated enzymatic activities [78]
and accelerated decomposition without enhancing microbial
productivities in spring, as initially expected. Phosphorus con-
centrations, which are reported to accelerate microbial decom-
position [8, 9, 60], were higher in spring than in autumn, in
particular in the control half of the stream, which could have
dampened differences in microbial activity between treat-
ments [66]. Temperature and dissolved nutrients, which are
predicted to increase concomitantly with global change [79],
may act synergistically on litter decomposition and associated
fungi [18, 80], and the results found in the warmed year lend
support to this. Differences in temperature between seasons
were small in both years (1.1–1.2 times higher in spring than
in autumn, for both stream halves), but phosphorus concen-
trations were higher in the warmed (8.4 and 2.9 times higher at
the control and experimental half, respectively) than in the
ambient year in spring (2.6 and 1.8 times higher at control
and experimental half, respectively), where an overall stimu-
lation of microbial activity and leaf decomposition was found.
Although the slight differences in nutrient concentrations be-
tween seasons in the warmed year may have contributed to
differences in microbial activity and leaf decomposition be-
tween seasons, these concentrations are still low when com-
pared with nutrient-enriched streams [9, 60, 75, 76].
Therefore, the effects of warming on litter decomposition
might be exacerbated under eutrophication scenarios [18, 29,
56] leading to a faster disappearance of litter from the stream
bed and to a mismatch between consumers and their resources
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[81]. In addition, if faster leaching occurs in a warmer envi-
ronment [77], litter conditioning might be stimulated, increas-
ing the availability of high-quality substrate for detritivores
but further compromising the functioning of detritus
foodwebs if substrates are consumed faster. We must keep in
mind, however, that the warming period in our study was
restricted to 1 year. Stronger effects of small increases in tem-
perature may be found in streams experiencing longer
warming periods and supplied with higher quality litter (e.g.,
Alnus glutinosa (L.) Gaertn.), where the faster decomposition
may lead to food depletion for aquatic invertebrates during
part of the year, until the following litter fall [64].

Take-Home Message

A ca. 3 °C temperature increase stimulated decomposition of
oak leaves in spring, but this was not accompanied by alter-
ations in the structure of microbial communities or by in-
creased microbial activity. The increase in water temperature
due to global warming may stimulate litter decomposition
resulting in reduced quantities of benthic organic matter avail-
able for stream-dwelling organisms. We should be aware that
temperature differences such as those found between the two
seasons (up to 2.8 °C) can readily occur due to riparian veg-
etation alterations, as a result from agricultural or forestry
activities (e.g., tree removal from the stream margins) [2,
82]. In fact, the effects of alterations in riparian vegetation
on litter decomposition in streams are expected to be more
pronounced than the effects of a temperature increase of up
to 3 °C [64]. Nevertheless, we speculate that microbial diver-
sity and activity will be affected when global change pushes
temperature beyond the natural seasonal differences of 3 °C.
Additional effects on ecosystem processes may arise due to
concomitant changes in other environmental factors, such as
nutrient availability in the stream water.
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