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We examine the relative importance of substrate quality and temperature in the estab-

lishment of aquatic hyphomycete assemblages and in their ability to decompose leaves.

We used leaves of alder (Alnus glutinosa) and oak (Quercus robur) and we tested four tem-

peratures (5�, 10�, 15� and 20 �C). Differences in decomposition rates and fungal assemb-

lages were higher substrata than across temperatures. In both species, decomposition

efficiency measured as the ratio of decay rate to fungal biomass, was greater at higher

temperatures. Oak leaves were colonized by fewer aquatic hyphomycete species than was

alder. Decomposition rates of oak increased with temperature but that of alder was not

affected. We conclude that the substratum is a key driver of aquatic hyphomycete

assemblages and can attenuate the effects of temperature differences on litter

decomposition.

ª 2013 Elsevier Ltd and The British Mycological Society. All rights reserved.
Introduction 1999, 2007; Suberkropp, 2001; Baldy et al., 2002; Lecerf et al.,
Small woodland streams account for most of the total length

of a river and are characteristically heterotrophic, given their

dependence on terrestrial plant litter as a source of energy and

carbon (Webster and Benfield, 1986; Abelho, 2001). Leaf litter

decomposition in such streams is a key ecosystem-level

process carried out by a varied assemblage of microbes

(fungi and bacteria) and invertebrates (Gessner et al., 1999,

2010). The activity, diversity and productivity of aquatic

hyphomycetes, a dominant group in early stages of leaf litter

degradation, depends on the physico-chemical characteristics

of the leaves and intraspecific variability in leaf traits, as well

as being influenced by environmental factors (Gessner et al.,
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2005; Lecerf and Chauvet, 2008). It is generally accepted that

microbial-mediated decomposition is retarded in low quality

substrata (i.e. low nutrients and high lignin concentrations)

while soft, highly nutritious leaves (e.g. N and P rich) tend to

stimulate decomposition (Gessner and Chauvet, 1994;

Canhoto and Graça, 1996; Ferreira et al., 2006).

Among the various environmental factors that have been

identified as important regulators of stream ecosystem pro-

cesses, temperature is of paramount relevance due to its role

as a modulator of biological processes (e.g. Friberg et al., 2009;

Woodward et al., 2010; Bergfur and Friberg, 2012). Evidence

from terrestrial systems suggests that the ratio of labile to

recalcitrant substances of a substratum may affect the
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temperature sensitivity of its decomposition (Conant et al.,

2008, 2011), while a study in freshwater indicates that higher

temperatures may overrule the importance of intrinsic dif-

ferences in leaf characteristics on microbial-mediated

decomposition (Fernandes et al., 2012). Experiments with

European alder leaves (high-nutrient content) revealed that

raising the temperature lead to an increase in microbial-

mediated decomposition (e.g. Fernandes et al., 2009, 2012;

Ferreira and Chauvet, 2011a,b; Geraldes et al., 2012), in spite

of a general reduction of fungal diversity and the consequent

changes in the structure of fungal communities (B€arlocher

et al., 2008; Fernandes et al., 2009, 2012; Ferreira and

Chauvet, 2011a). It seems plausible that temperature

changes may result in species replacement (probably related

to fungal species-specific thermal physiological limits) with

the overall ecological functions remaining intact. Fur-

thermore, the effects of temperature on fungal performance

are not straightforward: oscillations could causes differ com-

pared with continuous gradients, since exposure to extreme

values may inhibit fungal activity (Rajashekhar and

Kaveriappa, 2000; Bergfur and Friberg, 2012; B€arlocher et al.,

2013), promoting significant changes in litter decomposition

with cascading effects throughout stream food webs.

We used a microcosm experiment to assess leaf mass

loss and associated aquatic hyphomycete assemblages of

alder (Alnus glutinosa; high quality) and oak (Quercus robur;

low quality) leaves across a temperature range from 5 to

20 �C. Both species have been commonly used as test-

species in decomposition experiments (e.g. Gessner and

Chauvet, 1994; Ferreira et al., 2006; Gulis et al., 2006; Lecerf

et al., 2007). We hypothesize that deviation from the pre-

vailing stream temperature from which the aquatic hypho-

mycete assemblages were obtained will affect fungal

diversity, which in turn will affect both the activity and

decomposition of the 2 leaf species accordingly. Differences

across temperatures are expected to be more striking on the

more recalcitrant leaf.
Methodology

Microcosms and experimental setup

Alder (A. glutinosa) and oak (Q. robur) leaves were collected

from the forest floor immediately after fall and air-dried in the

dark at room temperature. To stimulate the loss of secondary

compounds that usually retard fungal colonization in

streams, leaves were leached for 48 hr in aerated distilled

water in the lab and oven-dried (60 �C; 48 hr). Portions of

leaves were ground up and analyzed for phosphorus, nitro-

gen, carbon, total polyphenolics (% leaf drymass; as described

in Graça et al., 2005) and lignin (% leaf dry mass; as described

in Goering and Van Soest, 1970). Additionally, initial tough-

ness was measured as penetrance (Graça et al., 2005), i.e. the

required mass (g of water in a container) to push a 1 mm

diameter metal shaft through the leaf disc.

The remaining leaves were used to obtain pairs of 12 mm

diameter leaf discs, whichwere punched out symmetrically in

relation to the main leaf vein with a cork borer. Groups of 20

discs from each species were oven-dried (105 �C; 48 hr), pre-
weighed (�0.1 mg), rehydrated by spraying with distilled

water and enclosed in 6 � 6 cm fine mesh bags (0.5 mm). In

each bag, two groups of five discs (each one with known

symmetrical pairs) were separately marked with nylon lines

to allow identification in subsequent experiments (see below).

A total of 192 bags, each with 20 leaf discs (96 with alder

and 96with oak) were tied to nylon ropes and immersed in the

Candal stream (a 2nd order stream located in Serra da Lous~a at

617 m asl; Central Portugal; W 40� 40 4400 N and 8� 120 1000 W) to

allow microbial colonization for 7 d. During the incubation,

the water was 90 % saturated with oxygen, the temperature

was 9 �C (Jenway 9200 oxygen meter; Jenway, UK), the pH was

6.6 (Jenway 3150; Jenway, UK) and the conductivity reached

25.7 mS cm�1 (WTW LF 330; WTW, Germany) (mean of two

measurements on days 1 and 4). Stream water samples were

transported to the laboratory in a cooler, filtered (glass fiber

filter, 0.7 mmpore size, Millipore APFF) and frozen at�18 �C for

determination of cations and anions by ion chromatography

(Dionex DX-120, Sunnyvale, California, USA) and soluble

reactive phosphorus (SRP) concentration (Allan and Castillo,

2007). Stream values for nitrate, ammonia, sulfate, nitrite

and phosphate SRP were: 0.13 mg l�1, 0.96 mg l�1, 1.48 mg l�1,

<100 mg l�1 and 45.33 mg l�1, respectively. Additional stream

water samples were collected, filtered as described above and

autoclaved (120 �C, 1 hr) for microcosm assays (see below).

After stream incubation, all the bags were brought to the

laboratory and the leaf discs rinsed with deionized water.

From the 20 discs in each bag, one of the marked sets of five

discs was used as a control to account for mass losses in the

stream and to determine initial mass for subsequent labo-

ratory experiments (see below); the corresponding sym-

metrical set was further immersed in the microcosm along

with the other 10 discs from each bag. These 15 leaf discs from

each replicate were placed in sterilized 100 ml Erlenmeyer

flasks with 40 ml of sterile stream water. Batches of 48

microcosms (24 for each leaf species) were exposed to tem-

peratures of 5, 10, 15 or 20 �C, which encompass the annual

temperature range of local streams.

The microcosms were incubated on shakers (120 rpm)

under a 12 hr light: 12 hr dark photoperiod for 56 d. Stream

water was replaced every 2 d and spore suspensions were

saved and combined to determine the total spore production

and fungal diversity from eachmicrocosm. After 7, 21, 35 and

56 d, six replicates of each treatment were sacrificed to

estimate leaf mass loss, microbial respiration and fungal

biomass.

Mass loss

Leaf discs (control and exposed in microcosms) were oven-

dried (48 hr at 105 �C), weighed (�0.1 mg), ashed (5 hr at

550 �C) and reweighed to obtain ash free dry mass remaining

(AFDMr). Mass losswas estimated as the% difference between

the drymass of the discs not exposed and the discs exposed in

the microcosms for 56 d.

Microbial respiration

One set of five leaf discs from each microcosm was used to

determine leaf associatedmicrobial respiration. Thiswasdone
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by incubating the five leaf discs of each microcosm in 3 ml

respiration chambers in a Strathkelvin 929 respiration system

(Glasgow, UK). Measurements were taken at the same tem-

perature as themicrocosms of origin (i.e. 5, 10, 15 or 20 �C). The
oxygen consumed during the experiment (O2) was extrapo-

lated to the entire incubation period (after 7, 21, 35 and 56 d) by

linear fitting (Matlab 7.6, Mathworks Company, Massachu-

setts, USA), to obtain the respiration rates as a function of time.

The total amount of O2 consumed is the integral of this func-

tion. The standard error (SE) of the integral was determined

using the standard theory of statistical error propagation from

the fitted parameter errors (Tellinghuisen, 2001). The results

were expressed in terms of the total carbon (C; mg) released.
Fungal biomass

Oneach samplingdate,wedetermined ergosterol content (as a

proxy of fungal biomass; Gessner and Chauvet, 1993; Young,

1995) in a subset of five randomly chosen leaf discs from

each microcosm. Leaf discs were freeze-dried, weighed, sus-

pended in 2 ml of methanol and treated with 0.5 ml of 2 M

aqueous sodium hydroxide, heated in a microwave oven

(1min; 2 450MHz and 750W), and the ergosterolwas extracted

with pentane (ca. 6 ml). The pentane was evaporated to dry-

ness in a sand bath, at 55 �C, and the ergosterol was re-

dissolved in 1 ml of methanol. Ergosterol concentration was

quantified by high performance liquid chromatography (HPLC)

using a Merck LiChroCART 250-4 (LiChrospher 100) RP-18 col-

umn by measuring absorbance at 282 nm (Young, 1995). The

ergosterol was converted into fungal biomass using a con-

version factor of 5.5 mg ergosterol mg�1 fungal dry mass

(Gessner and Chauvet, 1993) and the results were expressed as

mg fungal biomass g�1 DM.
Aquatic hyphomycete sporulation

Every second day, when the microcosm water was renewed,

the conidial suspensions from the six microcosms to be sac-

rificed at 56 d were transferred into six 1.5 l bottles and pre-

served with 2 ml of 37 % formalin. At the end of the

experiment, the conidial suspensions weremixedwith 2ml of

Triton X e 100 solution (0.5 %), an aliquot was filtered (Milli-

pore SMWP, 5 mm pore size) and the retained spores stained

with 0.05 % cotton blue in lactic acid (60 %). Conidia were

identified and counted under a compoundmicroscope at 250�
(Graça et al., 2005). Results were expressed as the total number

of conidia microcosm�1.
Statistical analysis

Differences between alder and oak leaves in terms of chemical

and physical parameters were assessed by t-tests. Decay rates

(k) for each species and temperature were calculated by linear

regression of the logarithm (ln) of the remaining mass over

time, and taking the slope as the decomposition coefficient (k)

(Graça et al., 2005). Comparisons among temperatures in each

leaf species were done by ANCOVA, with temperature as a

categorical variable and time as the continuous variable, fol-

lowed by Tukey’s HSD.
Significant differences of respiration measurements were

evaluated by confidence limits, which were provided by each

temperature fit (Matlab 7.6, Mathworks Company, Massa-

chusetts, USA). Peaks of fungal biomass, total number of

conidia and total species richness per microcosm were com-

pared among temperatures by one-way ANOVAs, followed by

Tukey’s HSD.

Fungal assemblages at different temperatures in each leaf

species were compared by a non-metric Multidimensional

Scaling (MDS), based on Bray Curtis similarity index of log

(x þ 1) transformed conidial abundance data, and a cluster

analysis was overlaid (PRIMER v6; Clarke and Gorley, 2001). An

analysis of similarity (one-way ANOSIM) was also performed

to test the similarity among temperature treatments to each

leaf species. Conidial abundance was used to determine

Shannon’s diversity index (PRIMER v6) of the aquatic hypho-

mycete communities colonizing both leaf species at different

temperatures, and compared by one-way ANOVAs (followed

by Tukey’s HSD), within each substratum, among temper-

atures. Additionally, for visual clarity, we combined all the

conidial abundance data (from alder and oak leaves) in the

same non-metric Multidimensional Scaling (MDS), followed

by an analysis of similarity (two-way ANOSIM), with the

temperature and leaf species as factors.When necessary, data

were ln transformed to achieve normality and homo-

scedasticity and all analyses were performed with STATIS-

TICA 7 (Zar, 1999).
Results

Initial litter quality

The initial values in alder and oak leaves did not differ sig-

nificantly in terms of P (0.11 � 0.02 % vs 0.05 � 0.02 %;

mean � SE; t test (6) ¼ 1.871, P ¼ 0.111), C (53.5 � 0. 5 % vs

58.1 � 2.0 %; t test (4) ¼ 2.316, P ¼ 0.081) and lignin concen-

trations (42.1� 0.4 % vs 41.5� 0.3 %; t test (6)¼ 1.150, P¼ 0.294).

However, alder had higher N concentrations (3.70 � 0.10 % vs

1.00 � 0.03 %; t test (4) ¼ 21.535, P < 0.0 001) and about half of

the total polyphenolic compounds of oak (6.8 � 0.2 vs

12.9 � 0.9 %; t test (4) ¼ 6.801, P < 0.001). Toughness was

approximately twice as high in oak as in alder (45.6 � 2.7 g vs

81.4 � 5.2 g; t test (4) ¼ 6.241, P < 0.001).

Leaf decomposition and microbial respiration

Decomposition rates of alder did not differ among temper-

atures (k ¼ 0.0 120e0.0144 d�1; ANCOVA, F3,91 ¼ 2.081,

P ¼ 0.108; Fig 1A). The same was observed with the total

respired carbon (Fig 1B; Table 1). Temperature affected

decomposition of oak (k ¼ 0.004e0.007 d�1; ANCOVA,

F3,90 ¼ 5.696, P¼ 0.001), with higher rates at 20 �C than at 5 and

10 �C (Tukey’s test, P < 0.009; Fig 1A). Respired carbon peaked

at 10 and 15 �C (Fig 1B).

Fungal biomass

The maximum fungal biomass associated with oak did not

differ between temperatures (one-way ANOVA, F3,18 ¼ 0.073,
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Fig 1 e (A) Decay rate (g dL1), (B) total carbon respired and

(C) fungal biomass peaks of alder and oak leaf discs

incubated in microcosms for 56 d at 5, 10, 15 and 20 �C
(mean ± SE; in a: n [ 24; in b: n [ 20; in c: n [ 6). No letters

indicate absence of differences within the same leaf

species.

Table 1 e Mean and confidence limits (CL) of total carbon
released, provided by the integral of the respiration rate
as a function of time at each temperature, for alder and
oak leaf discs incubated inmicrocosms for 56 d at 5, 10, 15
and 20 �C (mean ± SE; n [ 20)

Temperature (�C) Mean with 95 % CL

Alder 5 319 (178e460)

10 432 (320e545)

15 384 (296e472)

20 492 (273e711)

Oak 5 105 (78e133)

10 224 (138e309)

15 272 (205e339)

20 151 (81e221)

A

B

C
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P¼ 0.974; Fig 1C) while temperature affected fungal biomass in

alder (the peak of fungal biomass tended to decrease with the

temperature gradient; one-way ANOVA, F3,18 ¼ 3.433,

P ¼ 0.049), with the lowest biomass at 15 �C (Tukey’s test,

P > 0.047; Fig 1C).
Fig 2 e (A) Total number of conidia produced, (B)

cumulative species richness per microcosm and (C)

corresponding mean Shannon’s diversity index,

associated with alder and oak leaf discs incubated in

microcosms for 56 d at 5, 10, 15 and 20 �C (mean ± SE;

n [ 6).
Sporulation rates and fungal communities

In alder, the total number of conidia produced was higher

at 10 �C (w1.3 million of conidia) than at other temper-

atures (one-way ANOVA, F3,20 ¼ 12.222, P < 0.001; Tukey’s

test, P < 0.004; Fig 2A). The total number of aquatic

hyphomycete species was also higher at 5e10 �C (8e10

species) and lower at 20 �C (one-way ANOVA, F3,20 ¼ 30.055,

P < 0.001; Tukey’s test, P < 0.024; Fig 2B); the same was

observed for diversity H0 (one-way ANOVA, F3,20 ¼ 32.035,
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P ¼ 0.001; Fig 2C). Flagellospora curvula and Alatospora acu-

minata were the major producers of spores at 10 �C (Fig 3A).

A. acuminata, as the dominant fungal species at lower

temperatures, tended to be replaced by Triscelophorus acu-

minatus and Tetrachaetum elegans over the gradient of tem-

perature (Fig 3A).

In oak, the total number of spores was significantly

higher at 15 and 20 �C (one-way ANOVA, F3,20 ¼ 110.669,

P < 0.001; Tukey’s test, P < 0.001; Fig 2A). However, as in

alder, the total number of species and diversity H0 were

higher at 10 �C than at the other temperatures (one-way

ANOVA, F3,20 ¼ 5.704, P ¼ 0.005 and F3,20 ¼ 4.221, P ¼ 0.018,

respectively; Fig 2B, C). Flagellospora curta was the main

contributor to the total conidia production at all temper-

atures in oak (>80 %; Fig 3B).

The aquatic hyphomycete assemblages associated with

the two leaf species, determined from conidial counts, were

significantly affected by temperature (one-way ANOSIM,

alder: R ¼ 0.904, P ¼ 0.001; oak: R ¼ 0.345, P ¼ 0.001; Fig 4A, B).

In alder, the fungal communities at all temperatures were

<75 % similar to each other, while the assemblage at 20 �C
similarity was <55�% (Fig 4A). The composition of oak fungal

communities was consistently affected by temperature, and

the general similarity among temperatures was >75 %

(Fig 4B). An analysis of all the data (from alder and oak leaves)

in a combined multidimensional analysis indicated that the
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Fig 3 e Mean relative abundances (%) of dominant

hyphomycetes species from (A) alder and (B) oak leaf discs

incubated in microcosms for 56 d at 5, 10, 15 and 20 �C
(mean ± SE; n [ 6).

alder and (B) oak fungal communities exposed to 5, 10, 15

and 20 �C for 56 d in microcosms, based on BrayeCurtis

similarity matrix of relative abundances of aquatic

hyphomycete conidia.
fungal community structure was more affected by the sub-

stratum quality than by temperature (two-way ANOSIM, by

leaf species: R ¼ 0.999, P ¼ 0.001; Fig 5). Moreover, aquatic

hyphomycete assemblages in alder leaf litter seemed to be

more sensitive to temperature than when associated with

oak (two-way ANOSIM, by temperature: R ¼ 0.625, P ¼ 0.001;

Fig 5).
5º C - Alder
10º C - Alder
15º C - Alder
20º C - Alder
5º C - Oak
10º C - Oak
15º C - Oak
20º C - Oak

Stress: 0.09

Fig 5 e Non-metric Multidimensional Scaling (NMDS) of

fungal communities on (A) alder and (B) oak exposed to 5,

10, 15 and 20 �C for 56 d in microcosms, based on

BrayeCurtis similarity matrix of relative abundances of

aquatic hyphomycete conidia.



The effect of temperature on leaf decomposition and fungal diversity 551
Discussion

In this study we showed that the quality of leaf substratum

overrules temperature as determinants of microbial decom-

position, at least for the range of temperatures and for the leaf

species tested. Substratum properties have long been shown

to control decomposition of organic matter and to be reliable

indicators of leaf litter decomposition rates (e.g. Cornelissen

et al., 1999; Bakker et al., 2011). In agreement with previous

studies, oak and alder leaves seem to differ in their suscepti-

bility to conidia settlement (Dang et al., 2007; Kearns and

B€arlocher, 2008), mycelial mechanical invasion (Canhoto and

Graça, 1999) and also fungal mediated enzymatic decom-

position (Gessner et al., 2007). Dissimilar chemical composi-

tion, mainly in terms of the concentration of secondary

compounds (e.g. polyphenols) and the presence/absence of a

thick cuticle (determining, along with lignin, leaf toughness),

may have controlled a priori the fungal imprint, the degradative

potential of fungal species (Gessner and Chauvet, 1994;

Canhoto and Graça, 1996) and the establishment of distinct

fungal assemblages.

In oak decomposition, carbon mineralization and fungal

conidia production generally increased with temperature,

which is in line with the relationship between the carbon

recalcitrance and temperature sensitivity found in terrestrial

systems (Conant et al., 2008). Nonetheless, in a comparable

study under laboratory conditions, Fernandes et al., (2012) did

not find a significant effect of an increase of 8 �C on oak

decomposition, sporulation rates or fungal diversity.

In contrast to oak, the changes in water temperature did

not affect the carbon released or the decomposition rates of

alder leaves. This was not expected considering previous

microcosm approaches with natural (Fernandes et al., 2009,

2012) or manipulated aquatic hyphomycete communities

(Dang et al., 2009; Ferreira and Chauvet, 2011a,b), where an

increment of 5e8 �C stimulated microbial decomposition in

alder. Besides differences in experimental conditions among

experiments (e.g. the leaching and conditioning period in the

stream), we cannot rule out intraspecific variations in leaf

chemistry and physical properties. Indeed, large intraspecific

variability in leaf quality due to environmental conditions and

genetic variation has been demonstrated (e.g. LeRoy et al.,

2007, 2012; Lecerf and Chauvet, 2008), which may modulate

temperature effects.

In our study, the maximum fungal biomass on oak leaves

was constant among temperatures; however, the same fungal

biomass was more efficient in breaking down substrates and

invested more in reproduction at higher temperatures, as

expected from the relationship between metabolism and

temperature (Friberg et al., 2009; Bergfur and Friberg, 2012). In

alder, the fungal biomass tended to decrease over the tem-

perature gradient. Again, however, the efficiency increased

with temperature, as the lower biomass at the highest tem-

perature resulted in decomposition rates similar to the other

temperatures.

Alder sporulation peaked at 10 �C (the stream temperature

during the incubation period), which is consistent with

Fernandes et al. (2009, 2012), but contrary to other studies,

where sporulation increased at higher temperatures (i.e. 15 �C)
on leaves inoculated with manipulated fungal assemblages

(e.g. Ferreira and Chauvet, 2011a). Although the reason for

such discrepancies needs further investigation, it seems

possible that specific responses are related to the composition

of the communities andwith the individual response of fungal

species to temperature changes. If the environmental tem-

perature departs from the species’ optimum, its fitness, par-

ticularly its reproductive output, may decline (Chauvet and

Suberkropp, 1998).

Significant shifts in species richness and community

structure occurred across temperatures in both species. The

maximum number of fungal species, on oak and alder leaves,

was found at 10 �C, the closest to the temperature in the

incubation stream. It is reasonable to assume that fungal taxa

initially colonizing the leaves were acclimatized to the ambi-

ent temperature in the stream (Rajashekhar and Kaveriappa,

2000). In alder, fungal diversity decreased with temperatures

>10 �C. However, in oak there were no differences in diversity

across higher temperatures (i.e. 15 and 20 �C). This result is

consistent with previous reports by Fernandes et al. (2012)

where a significant lower diversity was observed at 24 �C in

comparison with 16 �C in alder, even though no significant

differences were observed in oak leaves.

Not only did fungi differ between leaves but within leaves,

there were differences across temperatures, particularly in

alder. Several studies,mainly dealingwith the effects of global

warming on the activities of decomposers, have previously

described aquatic hyphomycete species as sensitive to

changes in water temperature (B€arlocher et al., 2008; Dang

et al., 2009; Fernandes et al., 2009; Ferreira and Chauvet,

2011a,b). For example, F. curvula and Articulospora tetracladia

have been associated with low, and T. elegans with high,

temperatures (Chauvet and Suberkropp, 1998; Fernandes

et al., 2009; Ferreira and Chauvet, 2011a,b). In this study fun-

gal assemblages on alder were clearly different across tem-

peratures, with spores ofA. acuminata beingmore abundant at

the lower range of the temperatures tested; T. acuminatus and

T. elegans were clearly dominant at warmer temperatures.

Considering that the initial inoculum and the four temper-

atures were the same for both leaf types, the ordination

revealed that the leaf substratum is more important than

temperature for fungal community structure. Species such as

F. curvula, A. acuminata, Tricladium splendens and even A. tet-

racladia were more frequent on alder and hardly seen on oak.

These findings are in agreement with reports suggesting

substratum specificity by fungi (Gulis, 2001; Ferreira et al.,

2006).

Despite the differences in fungal assemblages on alder, the

decomposition of these leaves was maintained over a wide

temperature regime as previously indicated. Assuming that

spore counts are proportional to fungal diversity and species

abundance, the results suggest functional redundancy of

fungal communities across temperatures. In contrast, on oak,

F. curtawas present at all temperatures tested and differences

in community structure (as judged by MDS on conidia counts)

were more consistent across temperatures. Three non-

exclusive explanationsmay explain these results: F. curta (a) is

ubiquitous and its importance to leaf litter decomposition

throughout the year in temperate Portuguese streams is

already known (Pascoal et al., 2005; Duarte et al., 2009;
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Gonçalves and Canhoto, 2009); (b) has a known optimum at

20 �C, which was the highest temperature tested here; (c) took

advantage of a reduction of the antagonistic interactions

among aquatic hyphomycetes (as previously reported for this

species by Duarte et al. (2006)), through the colonization

period or during early colonization in the stream. In this study,

spore production was used to estimate the diversity of the

community established on colonized leaves (Duarte et al.,

2012); such an approach may underestimate the number of

fungal taxa colonizing both leaf species (Nikolcheva et al.,

2003, 2005). Further studies using molecular approaches (e.g.

denaturing gradient gel electrophoresis) are advisable as they

may add accuracy to the evaluation of fungal and bacterial

diversity on decomposing substrata such as alder and oak

(Krauss et al., 2011; Nikolcheva et al., 2003, 2005).

In conclusion, our results suggest that both substratum

and temperature are important drivers of fungal mediated

litter decomposition, with substratum quality being more

important than temperature. The effect of temperature was

more pronounced in the more recalcitrant oak leaves colon-

ized by less diverse fungal communities. Although we used

alder and oak as contrasting test-species, a large number of

leaves, with a wide range of traits, are usually found in tem-

perate streams. Little is known of their functional response

under global warming scenarios or changes in thermal regime

promoted by forestry practices. Cascading effects are expec-

ted considering the selective feeding by shredders on the leaf-

fungal consortia (Canhoto and Graça, 2008). Our results indi-

cate that leaf litter traits should be considered when riparian

forests are managed with the objective of protecting stream

communities against climate change.
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