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Abstract In forested headwater streams, decomposition of

allochthonous organic matter is a fundamental process

driven by aquatic microbes and invertebrate shredders. We

examined how season and eutrophication affect leaf

decomposition and the associated decomposer communi-

ties by immersing leaves of a late deciduous species

(Quercus robur) in five streams in Portugal along a gra-

dient of eutrophication in autumn and spring. We found

hump-shaped relationships between leaf decomposition

and total nitrogen and phosphorus in stream water in both

seasons. Leaf decomposition and shredder biomass were

higher during spring in streams with moderate levels of

eutrophication. Fungal sporulation and biomass were

stimulated at moderate levels of eutrophication and inhib-

ited at low or high levels of eutrophication. Fungal

assemblage composition shifted between seasons and along

the gradient of eutrophication. Tricladium chaetocladium

increased its contribution to total conidial production in

spring, while Dimorphospora foliicola was dominant in the

most eutrophic streams where Articulospora tetracladia

was almost absent. Invertebrate shredders were the primary

decomposers of leaves in streams with moderate levels of

eutrophication, particularly in the warmest season.

Although the presence of late deciduous plant species, such

as oak, in the riparian corridors may help to mitigate food

depletion to freshwater decomposers in spring, our results

suggest that moderate eutrophication can accelerate

decomposition further reducing litter standing stocks in the

warmer seasons.

Keywords Eutrophication � Season � Leaf decomposition �
Aquatic hyphomycetes � Shredders

Introduction

In low-order forested streams, terrestrial derived litter is the

main source of nutrients and energy for aquatic biota

(Webster and Benfield 1986). In these ecosystems, leaf

decomposition is a key ecological process mainly driven by

microorganisms and invertebrates (Graça and Canhoto

2006). Among microorganisms, aquatic hyphomycetes

play a pivotal role in leaf decomposition by producing a

variety of extracellular enzymes that degrade the structural

polysaccharides of plant cell walls, and improve leaf

palatability for invertebrate shredders (Suberkropp 1998;

Gessner et al. 2007).

Anthropogenic activities such as urbanization, industry

and intensified agriculture (Malmqvist and Rundle 2002)

have contributed significantly to the degradation of water

resources (Dudgeon et al. 2006). Eutrophication caused by

the increase of nutrients in stream water, mainly phos-

phorus and nitrogen, can directly affect stream biota and

overall ecosystem functioning (Woodward et al. 2012;

Rosemond et al. 2015). Previous studies suggested that

increased levels of dissolved nutrients in stream water

stimulate leaf decomposition and the activity of associated

decomposers (Pascoal et al. 2005a; Ferreira et al. 2006c;

Woodward et al. 2012; Lima-Fernandes et al. 2015).

However, the co-occurrence of increased nutrients and
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other stressors, such as sedimentation and/or low dissolved

oxygen, can inhibit leaf decomposition due to a reduction

in fungal and invertebrate activities (Pascoal et al. 2005a;

Medeiros et al. 2009). Moreover, inhibition of leaf

decomposition may also occur when nutrients, such as

ammonia and nitrites, become toxic to decomposers (Le-

cerf et al. 2006).

Temperature is an important environmental factor

determining the activity of organisms and key ecosystem

processes in streams (Brown et al. 2004; Friberg et al.

2009). Under controlled conditions, water temperature

affects leaf decomposition rates, by enhancing microbial

activity on leaves (Ferreira and Chauvet 2011; Fernandes

et al. 2014) and stimulates leaf consumption by inverte-

brate shredders (González and Graça 2003; Friberg et al.

2009). In fact, correlative studies have found a positive

relationship between water temperature and decomposition

rates of leaves incubated along latitudinal (Boyero et al.

2011) or geothermal gradients (Friberg et al. 2009).

Studies under different seasonal thermal regimes have

reported that temperature can have a strong influence on

biological processes and freshwater decomposer commu-

nities (Swan and Palmer 2004; Nikolcheva and Bärlocher

2005; Friberg et al. 2009), but, how these alterations affect

stream-dwelling decomposer communities remains poorly

understood in streams impacted by eutrophication. In this

study, we examined the effects of season and nutrient

concentrations by assessing leaf decomposition of a late-

deciduous species (Quercus robur L.) and the associated

fungal and invertebrate decomposers in autumn and spring,

in streams spanning a gradient of eutrophication. We

hypothesized that: (1) augmented temperature in spring

would shift the structure of fungal communities towards

species more common in warmer seasons and would

stimulate the activity of heterotrophic microorganisms

resulting in increased leaf consumption by invertebrate

shredders, and (2) intermediate levels of eutrophication

would shift the structure of fungal communities towards

species more tolerant to higher levels of nutrients and

would stimulate microbial activity, potentially increasing

leaf consumption by invertebrate shredders.

Methods

Sampling sites and experimental design

The study was conducted in five streams of the Ave River

basin (northern Portugal): Agra Stream, Oliveira Stream,

Andorinhas Stream, Selho River and Couros Stream. Agra

is located in Serra da Cabreira in an area with low human

influence, while Oliveira and Andorinhas run through areas

with some agricultural activities. The other two sites, Selho

and Couros are surrounded by agricultural fields down-

stream of the city of Guimarães. Selho runs near the city

through an area with some industrial activities, while

Couros crosses the city. Agra is a 3rd order stream, Oli-

veira, Andorinhas and Couros are 4th order streams, while

Selho is a 5th order river (for a more detailed characteri-

zation see Duarte et al. 2015; Lima-Fernandes et al. 2015).

The riparian vegetation of the study region was domi-

nated by Alnus glutinosa Gaerth. (alder), Quercus robur

(oak) and Castanea sativa Miller (chestnut), which con-

tributed extensively to the natural litter standing stocks of

streams of the Ave River basin. Q. robur has been reported

as a late-deciduous and sometimes marcescent species, i.e.

leaves wither in autumn but remain dry in the trees,

shedding throughout winter until spring (Box and Fujiwara

2015). Additionally, alder and chestnut leaves decompose

faster than oak (Lima-Fernandes et al. 2015), so the pres-

ence of oak leaves in the stream bed during spring is much

higher than alder or chestnut (González and Pozo 1996).

Thus, we chose oak leaves for this study given their

potential year-round prevalence in the streams to assess the

effects of season and eutrophication on their

decomposition.

All Q. robur leaves used in this study were collected on

the same day, from adjacent trees (easily reached at the

collecting site), immediately before abscission in autumn

2007. Leaves were mixed (to decrease the variability in

litter quality from different trees), air dried and stored until

used. Portions of 3 g (±0.01 g) were weighed and placed

in plastic coarse-mesh bags (30 9 23 cm; 5-mm mesh size;

4 replicates). The bags were sealed and immersed at each

sampling site on 5th November 2012 (autumn) and 29th

April 2013 (spring). After 9, 23 and 43 days of stream

immersion, four leaf bags were collected from the stream,

placed individually in zip-lock plastic bags, and transported

in a cool box (4 �C) to the laboratory, where leaves were

rinsed with water over an 850-lm mesh sieve to collect

invertebrates. The animals were sorted and preserved in

96 % ethanol for further identification and counting. Leaf

material was cut into 12-mm leaf disks (from different

leaves) and used to estimate fungal biomass, diversity and

to induce fungal sporulation.

Stream water parameters

During the study period, water temperature was continu-

ously monitored with a submerged data logger (HOBO

Pendant UA-001-08, Onset Computer Corp., Bourne, MA,

USA) in all streams. Conductivity, pH and dissolved

oxygen were measured in situ with field probes (Multiline

F/set 3 no. 400327, WTW, Weilheim, Germany). Stream

water samples were collected into plastic bottles, trans-

ported in a cool box (4 �C), and used within 24 h for
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chemical analyses. Concentrations of nitrite (HACH kit,

program 371, diazotization method), nitrate (HACH kit,

program 351, cadmium reduction method), phosphate

(HACH kit, program 490, ascorbic acid method) and

ammonia (HACH kit, program 385, salicylate method)

were measured using a HACH DR/2000 spectrophotometer

(Hach Company, Loveland, CO, USA), according to the

manufacturer instructions.

Identification of fungal spores and quantification

of fungal biomass

Fungal sporulation was induced by aeration of 10 leaf disks

in 75 mL of filtered stream water (0.22-lm pore size,

Sarstedt, Nümbrecht, Deutschland) for 48 ± 4 h, at 16 �C.
Conidial suspensions were mixed with 0.5 % triton X-100

and appropriate volumes of each replicate were filtered

(0.45-lm pore size, Millipore Corp, Billerica, MA, USA),

and stained with 0.05 % cotton blue in lactic acid. At least

300 spores per filter were counted and identified under a

light microscope to determine the contribution of each

aquatic hyphomycete species to the total conidial produc-

tion in assemblages. Fungal sporulation rates were calcu-

lated for each species as the number of spores released per

lg of ash free dry mass (AFDM) per day.

Fungal biomass was estimated from ergosterol concen-

tration on leaves according to Gessner (2005). Lipids were

extracted from sets of 8 freeze-dried leaf disks by heating

(80 �C for 30 min) in 8 g L-1 KOH in methanol. The

ergosterol was purified by solid phase extraction, eluted in

isopropanol and quantified by high performance liquid

chromatography (Dionex UltiMate 3000, Thermo Fisher

Scientific, Waltham, MA, USA) using a LiChrospher RP18

column (250 9 4 mm, Merck KGaA, Darmstadt, Ger-

many). The system was run isocratically with HPLC-grade

methanol at 1.4 mL min-1 and 33 �C. Ergosterol was

detected at 282 nm and quantified based on a standard

curve of ergosterol in isopropanol (Sigma-Aldrich, Saint

Louis, MO, USA). Ergosterol concentration was converted

to fungal biomass assuming 5.5 lg ergosterol mg-1

mycelial dry mass (Gessner and Chauvet 1993).

DNA extraction and amplification

DNA was extracted from 4 freeze-dried leaf disks using a

soil DNA extraction kit (PowerSoil� DNA Isolation kit,

MoBio Laboratories, Solana Beach, CA, USA) according

to the manufacturer instructions, except for the lysis step

that was conducted in the FastPrep FP120 instrument

(velocity 5.5, duration 30 s, 2 times) (Qbiogene, Heidel-

berg, Germany). Fungal diversity was assessed with the

primer pairs ITS3GC (GC-GCATCGATGAA-

GAACGCAGC) and ITS4 (TCCTCCGCTTATTGA

TATGC) (White et al. 1990), which amplify the ITS2

region of fungal rDNA. For PCR reactions, 19 GoTaq

Green Master Mix (Promega, Madison, WI, USA), 0.4 lM
of each primer, and 1 lL containing 50 ng of DNA were

used in a final volume of 25 lL. Fungal PCRs were carried
out in a T100TM Thermal Cycler (Bio-Rad Laboratories,

Hercules, CA, USA), using the following program: initial

denaturation at 95 �C for 2 min, followed by 36 cycles of

denaturation at 95 �C for 30 s, primer annealing at 55 �C
for 30 s, and extension at 72 �C for 1 min. The final

extension was done at 72 �C for 5 min (Duarte et al. 2008).

Denaturing gradient gel electrophoresis

DGGE analysis was performed using a DCodeTM universal

mutation detection system (Bio-Rad Laboratories, Her-

cules, CA, USA). Samples with 15–40 ng of fungal DNA

from the amplification products of 380–400 bp (ITS3GC/

ITS4) were loaded on 8 % (w/v) polyacrylamide gels in 19

Tris–acetate-EDTA (TAE) with denaturing gradients from

30 to 60 % (100 % denaturant corresponds to 40 % for-

mamide and 7 M urea). The gels were run at 55 V, 56 �C
for 16 h and stained with 1x Midori Green (NIPPON

Genetics EUROPE GmbH, Düren, Germany) for 10 min.

The gel images were captured under UV light in a

GenoSmart gel documentation system (VWR International,

Radnor, PA, USA). In each DGGE gel, a DNA mixture of

the taxa Dimorphospora foliicola Tubaki (UMB-1085.13),

Anguillospora filiformis Greath (UMB-1088.13), Tricla-

dium chaetocladium Ingold (UMB-1101.13), Alatospora

pulchella Marvanová (UMB-1115.13), Tricladium splen-

dens Ingold (UMB-1117.13), Triscelophorus acuminatus

Nawawi (UMB-1118.13) and Articulospora tetracladia

Ingold (UMB-1127.13 and UMB-1136.13) was used to

calibrate the gels.

Invertebrate identification and biomass

Leaf-associated invertebrates were identified to the family

level and categorized as shredders according to Tachet

et al. (2010). After counting and identification, invertebrate

shredders were oven-dried to constant mass (±80 �C, 48 h)

and weighed to the nearest ±0.0001 g.

Leaf dry mass

The remaining leaf material from each bag was oven-dried

(80 �C ± 72 h) to constant mass and weighed to the

nearest ±0.0001 g. The dried samples were ashed at

550 �C for 6 h at the Centro de Apoio Cientı́fico e Tec-

nolóxico á Investigación (CACTI, University of Vigo,

Spain) to determine the organic matter content (AFDM).

Four additional 3 g groups of leaves were freeze dried
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(72 ± 24 h, Christ alpha 2–4; B. Braun, Melsungen, Ger-

many) to constant mass, weighed (±0.0001 g) and ashed

(as above) to determine the initial AFDM.

Statistical analysis

Ordination of streams according to the stream water vari-

ables was performed using a principal component analysis

(PCA), after standardization of data (z-scores; the values of

each variable had their mean subtracted and divided by

their standard variation; Zar 2010).

In order to standardize the decomposition process for

temperature differences among sites, leaf decomposition

rates were expressed in degree-days (dd-1) by multiplying

the average temperature during the experiment, by the

sampling day (Boyero et al. 2011). The AFDM remaining

of oak leaves was fit to the exponential model: Wt = -

W0 9 e-kt, where Wt is the leaf dry mass remaining at

time t, W0 is the initial leaf dry mass, and k is the leaf

decomposition rate. In the model, a fixed intercept was

used at W0 = 100. Leaf breakdown rates were compared

by ANCOVA with time (dd) as a continuous variable and

season (fixed factor) and stream (random factor) as cat-

egorical variables, followed by Tukeýs HSD tests (Zar

2010). Relationships between decomposition rates and

total nitrogen and phosphorus in stream water in autumn

and spring were assessed by non-linear regressions (Lor-

entzian model: y = amplitude/(1 ? ((x-center)/

width) ^ 2); for spring data, a fixed intercept at ampli-

tude = 0.0044 dd-1 was used in the model). Relation-

ships between decomposition rates and shredder biomass

on oak leaves in autumn and spring were assessed by

linear regressions.

In spring, time was excluded as a factor in ANOVAs

because data for fungal and shredder parameters from day

43 were missing in Oliveira and Andorinhas (leaf decom-

position was 97 % in Andorinhas and 100 % in Oliveira,

and no leaves were remaining to analyze these two vari-

ables). A mixed-effect model was used to assess the effects

of season (fixed factor) and stream (random factor) on

shredder abundance and biomass and fungal sporulation

and biomass associated with oak leaves. Two-way ANO-

VAs were followed by Tukey’s HSD tests (Zar 2010). Data

were transformed when necessary to achieve normality.

To assess if season and stream affected the assemblage

of aquatic hyphomycetes based on conidial morphology

(number of conidia produced by each fungal species per lg
of leaf ash free dry mass per day) and DGGE fingerprints

(relative intensity of each OTU) two-way PERMANOVAs

were used (Anderson 2001). Data were log (x ? 1) trans-

formed and converted into a Bray-Curtis similarity matrix,

prior to Unweighted Pair-Group Method Average

(UPGMA) cluster analysis.

DGGE gels were aligned and normalized using

BioNumerics 7.1 (Applied Maths, Sint-Martens-Latem,

Belgium). Each DGGE band was considered one opera-

tional taxonomic unit (OTU) taking into account that more

than one species can co-migrate to the same position in the

gel. PCA, PERMANOVA and clusters were done

with PRIMER v6 software package (Primer-E Ltd, Ivy-

bridge, UK). Other statistical analyses were done with

STATISTICA 8.0 for Windows (StatSoft, Inc., Tulsa, OK,

USA).

Results

Physical and chemical characteristics of the stream

water

Physical and chemical characteristics of the stream water

among the five streams and two seasons are described in

Table 1. Stream water temperature ranged from 10.7 to

13.2 �C in autumn, and from 11.3 to 15.7 �C in spring.

Agra had the lowest pH (6.1), while Couros had the highest

one (7.2). Conductivity was 18 times higher in Couros

compared to the lowest conductivity observed in Agra, and

dissolved oxygen concentration was 2 times higher in

Oliveira than in Couros. Couros had much higher con-

centrations of N-NO3
- (48 times), N-NO2

- (49 times),

N-NH4
? (731 times) and P-PO4

3- (43 times) compared to

the lowest nutrient concentrations observed in Agra.

The PCA ordination of the streams according to the stream

water variables showed that axes 1 and 2 explained 96.9 % of

the total variance (Fig. 1). The first PC axis separated Agra,

Oliveira and Andorinhas, from Selho and Couros, mainly due

to differences in pH, conductivity, water temperature and

inorganic nutrient concentrations (N-NO2
-, N-NO3

-,

P-PO4
3- and N-NH4

?) in stream water. Streams were ordi-

nated according to the gradient of eutrophication as follows:

Agra\Oliveira\Andorinhas\Selho\Couros.

Shredder abundance and biomass

The abundance of shredders associated with oak leaves

ranged from 0 to 3.4 individuals leaf bag-1 in autumn, and

from 0 to 20.4 individuals leaf bag-1 in spring (Fig. 2a).

Stream and season did not affect shredder abundance

(Two-Way ANOVA, P[ 0.05; Table 2). However, a sig-

nificant interaction between stream and season was found

(Two-Way ANOVA, P\ 0.05; Table 2). Shredder abun-

dance was significantly higher in spring, in streams with

low (Agra) and moderate (Oliveira) levels of eutrophica-

tion (Tukey’s HSD, P\ 0.05).

Shredder biomass ranged from 0 to 13.4 mg DM leaf

bag-1 in autumn, and from 0 to 97.1 mg DM leaf bag-1 in
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spring (Fig. 2b). Stream and season did not affect shredder

biomass (Two-Way ANOVA, P[ 0.05; Table 2). How-

ever, a significant interaction was found between stream

and season (Two-Way ANOVA, P\ 0.05; Table 2). The

highest shredder biomass was observed in spring in

streams with moderate (Oliveira and Andorinhas) levels of

eutrophication (Tukey’s HSD, P\ 0.05).

Fungal sporulation and biomass

In autumn, fungal sporulation rates on decomposing oak

leaves varied from 0.1 to 1.2 spores lg-1 AFDM day-1,

and from 0.2 to 3.5 spores lg-1 AFDM day-1 in spring

(Fig. 2c). Fungal sporulation rates were significantly

affected by stream (Two-Way ANOVA, P\ 0.05;T
a
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Table 2), but not by season or the interaction between both

factors (Two-Way ANOVA, P[ 0.05; Table 2). Fungal

sporulation was significantly lower in the most eutrophic

stream (Couros) (Tukey’s HSD, P\ 0.05), but similar in

streams with low (Agra), moderate (Oliveira and Andor-

inhas) or high (Selho) levels of eutrophication (Tukey’s

HSD, P[ 0.05).

In autumn, fungal biomass varied from 9.2 to 52.3 mg

DM g-1 AFDM, and from 7.9 to 54.3 mg DM g-1 AFDM

in spring (Fig. 2d). Fungal biomass was significantly

affected by stream (Two-Way ANOVA, P\ 0.05;

Table 2), but not by season or the interaction between

factors (Two-Way ANOVA, P[ 0.05; Table 2). Fungal

biomass was lowest in the most eutrophic stream and not

different among the others.

Fungal assemblages on decomposing leaves

In the oligotrophic stream (Agra), Articulospora tetracla-

dia and Anguillospora filiformis were the species that

contributed the most to the total conidial numerical pro-

duction in autumn (76 %) and spring (86 %; Table 3).

Conversely, Dimorphospora foliicola was the dominant

species in the most eutrophic stream (Couros), contributing

93 % and 68 % in autumn and spring respectively, to

conidial production.

Leaf-associated fungal assemblages (based on conidial

morphology or OTUs from DNA fingerprints) were sig-

nificantly affected by stream, season and the interaction

between both factors (PERMANOVA, P = 0.001;

Table 4). Based on conidial morphology, autumn and

Table 2 Two-way ANOVAs on the effects of stream (random factor) and season (fixed factor) on shredder abundance and biomass and fungal

biomass and sporulation, and ANCOVA on the effects of time (degree days), stream (random factor) and season (fixed factor) on leaf mass loss

Parameter Effect Effect

(F/R)

SS df MS Den. Syn.

Error df

Den. Syn.

Error MS

F P

Two-way ANOVAs

Shredder abundance Stream Random 2209.4 4 552.3 4.0 290.0 1.9 0.274

Season Fixed 1879.3 1 1879.3 4.0 287.8 6.5 0.063

Stream*Season Random 1160.1 4 290.0 99.0 57.2 5.1 \0.001

Intercept Fixed 3783.1 1 3783.1 4.0 547.6 6.9 0.058

Error 5667.5 99 57.3

Shredder biomass Stream Random 46388.0 4 11597.0 4.0 8997.9 1.3 0.406

Season Fixed 26234.2 1 26234.2 4.0 8927.7 2.9 0.161

Stream*Season Random 35991.6 4 8997.9 99.0 1681.6 5.4 \0.001

Intercept Fixed 61540.3 1 61540.3 4.0 11501.9 5.4 0.082

Error 166476.7 99 1681.6

Fungal sporulation Stream Random 60.2 4 15.1 4.0 0.6 26.1 0.004

Season Fixed 2.2 1 2.2 4.1 0.6 3.7 0.124

Stream*Season Random 2.3 4 0.6 77.0 0.8 0.7 0.590

Intercept Fixed 11.9 1 11.9 4.0 15.0 0.8 0.424

Error 62.8 77 0.8

Fungal biomass Stream Random 71.9 4 18.0 4.0 1.4 12.8 0.015

Season Fixed 0.7 1 0.7 4.1 1.4 0.5 0.532

Stream*Season Random 5.6 4 1.4 77.0 2.6 0.5 0.701

Intercept Fixed 1243.9 1 1243.9 4.0 17.9 69.6 0.001

Error 197.7 77 2.6

ANCOVA

Leaf mass loss Time Fixed 50945.0 1 50945.0 149.0 230.0 221.5 \0.001

Stream Random 21855.7 4 5463.9 4.0 1150.2 4.8 0.080

Season Fixed 2209.8 1 2209.8 4.0 1142.2 1.9 0.236

Stream*Season Random 4608.8 4 1152.2 149.0 230.0 5.0 \0.001

Intercept Fixed 629999.2 1 629999.2 4.5 2501.9 251.8 \0.001

Error 34273.8 149 230.0
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spring assemblages from the oligotrophic stream (Agra)

grouped together and separated from the assemblages of

other streams (Fig. 3a). Autumn assemblages from streams

with moderate (Oliveira and Andorinhas) or high (Selho)

levels of eutrophication grouped together and separated

from the spring assemblages of Oliveira, Andorinhas,

Selho and Couros. On the other hand, based on OTUs from

DNA fingerprints, spring assemblages from streams with

moderate levels of eutrophication (Oliveira and Andorin-

has) grouped together and separated from the assemblages

of other streams (Fig. 3b). Autumn assemblages from

Oliveira and Andorinhas grouped together, and separated

from the autumn and spring assemblages of Agra, Selho

and Couros.

Leaf decomposition

Decomposition of oak leaves after 43 days of stream

immersion varied between 0.00043 (Couros) and 0.00182

dd-1 (Oliveira) in autumn, and 0.00048 (Couros) and

0.00440 dd-1 (Oliveira) in spring (Table 5). Leaf decom-

position was significantly affected by time and the inter-

action between stream and season (ANCOVA, P\ 0.05;

Table 2), but not by stream or season (ANCOVA,

P[ 0.05; Table 2). Leaf decomposition was stimulated in

streams with moderate levels of eutrophication (Oliveira

and Andorinhas) in spring (Tukey’s HSD, P\ 0.05), but

not in autumn (Tukey’s HSD, P[ 0.05; Table 5).

Hump-shaped relationships were found between leaf

decomposition rates and the gradient of total nitrogen

(Fig. 4a) and phosphorus (Fig. 4b) concentrations in

stream water. In both seasons, leaf decomposition

increased in streams with moderate levels of eutrophication

but was lower at both extremes of the gradient (Lorentzian

Table 3 Mean percentage

contribution of the two most

abundant aquatic hyphomycete

species to the total conidial

production on decomposing

leaves in the five streams of the

Ave River basin, in autumn and

spring

Stream Autumn Spring

Species % Species %

Agra Articulospora tetracladia 64 Articulospora tetracladia 68

Anguillospora filiformis 12 Anguillospora filiformis 18

Oliveira Tetrachaetum elegans 35 Dimorphospora foliicola 34

Articulospora tetracladia 23 Tricladium chaetocladium 23

Andorinhas Tetrachaetum elegans 55 Articulospora tetracladia 23

Clavatospora longibrachiata 13 Tricladium chaetocladium 21

Selho Clavariopsis aquatica 38 Dimorphospora foliicola 55

Dimorphospora foliicola 33 Tricladium chaetocladium 16

Couros Dimorphospora foliicola 93 Dimorphospora foliicola 68

Anguillospora filiformis 7 Heliscus lugdunensis 19

Table 4 PERMANOVAs of

the effects of stream and season

on the structure of fungal

assemblages based on conidial

morphology and fungal OTUs

from DGGE fingerprints

Parameter Effect df SS MS Pseudo-F P(perm)

Conidial morphology Stream 4 89310.0 22328.0 26.1 0.001

Season 1 18397.0 18397.0 21.5 0.001

Stream*Season 4 16330.0 4082.4 4.8 0.001

Residuals 77 65875.0 855.5

OTUs from DGGE fingerprints Stream 4 36806.0 9201.6 9.6 0.001

Season 1 17726.0 17726.0 18.5 0.001

Stream*Season 4 28407.0 7101.8 7.4 0.001

Residuals 73 70042.0 959.5

COa
COs
OLs
SEs
ANs
SEa
ANa
OLa
AGa
AGs

10080604020

OLs
ANs
AGs
COs
SEs
SEa
AGa
COa
ANa
OLa

10080604020
Similarity (%) Similarity (%)

(a) (b)

Fig. 3 Cluster dendograms of fungal communities on decomposing

oak leaves, based on fungal conidial morphology (a) and OTUs from

DGGE fingerprints (b), in the five streams of the Ave River basin, in

autumn and spring. Capital letters correspond to the stream site.

Lowercase letters correspond to the season: a autumn, s spring
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model). A positive linear relationship between decompo-

sition rates and shredder biomass on leaves was found in

spring (linear regression, P\ 0.0001), but not in autumn

(linear regression, P = 0.1750; Fig. 5).

Discussion

In our study, leaf decomposition and the biomass of

shredders were higher in spring in streams with moderate

levels of eutrophication (Oliveira and Andorinhas). This

agrees with previous studies reporting faster leaf decom-

position in warmer seasons, due to a stimulation of

microbial and invertebrate activity on leaves by tempera-

ture (Swan and Palmer 2004; Friberg et al. 2009; Boyero

et al. 2011; Ferreira and Canhoto 2014). However, in this

study, the differences observed between seasons cannot be

directly connected with differences in temperature, because

decomposition rates were normalized by temperature (ex-

pressed in dd). Actually, we found a significant linear

relationship between decomposition rates and shredder

biomass in spring. Thus, the higher decomposition rates

observed in the warmer season, particularly in streams with

moderate levels of eutrophication (Oliveira and Andorin-

has), seemed to be attributed to the higher abundance and

biomass of shredders (later instars are more abundant in

spring; Basaguren et al. 2002), that may have consumed

more leaves (González and Graça 2003), rather than the

higher temperatures found in stream water. On the other

hand, in these two streams litter standing stocks were

reduced in spring, in comparison with autumn stocks (au-

thors pers. obs.). Thus, litter bags immersed in Oliveira and

Andorinhas could possibly have acted as food islands in

Table 5 Decomposition rates (k) of oak leaves in the five streams of

the Ave River basin, in autumn and spring

Stream site k (dd-1) ± SE r2

Autumn

Agra 0.00098 ± 0.00005a 0.92

Oliveira 0.00182 ± 0.00013a 0.92

Andorinhas 0.00152 ± 0.00003a 0.99

Selho 0.00080 ± 0.00007a 0.74

Couros 0.00043 ± 0.00006a 0.40

Spring

Agra 0.00097 ± 0.00007a 0.86

Oliveira 0.00440 ± 0.00064b 0.89

Andorinhas 0.00384 ± 0.00053b 0.89

Selho 0.00077 ± 0.00006a 0.80

Couros 0.00048 ± 0.00005a 0.59

Identical superscript letters indicate no significant differences among

groups (ANCOVA and Tukey’s HSD, P[ 0.05) (n = 16)

SE standard error, r2 coefficient of determination
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which invertebrates fed at higher rates (Ferreira et al.

2006b).

In this study, streams with moderate levels of eutroph-

ication had higher leaf decomposition rates compared to

streams with lower (Agra) or higher levels of eutrophica-

tion (Selho and Couros). In fact, hump-shaped relationships

between total nitrogen and phosphorus in the stream water

and leaf decomposition were found in both seasons, due to

nutrient limitation in oligotrophic ecosystems and the

excess of nutrients in highly eutrophic streams (this study;

Woodward et al. 2012; Lima-Fernandes et al. 2015).

Consistent with this prediction, we found that fungal bio-

mass and sporulation, and shredder abundance and biomass

on decomposing leaves increased from low to moderate

levels of eutrophication and decreased in the most

eutrophic stream (Couros). This suggests that increased

fungal activity on leaves may have improved litter quality

for invertebrate shredders and therefore stimulated leaf

decomposition (Gulis and Suberkropp 2003; Pascoal et al.

2005a; Gulis et al. 2006). This is in accordance with pre-

vious studies reporting a stimulation of fungal and inver-

tebrate activity on leaves, and consequently leaf

decomposition, due to increased nutrient concentrations in

stream water (Lecerf et al. 2006; Woodward et al. 2012;

Lima-Fernandes et al. 2015). However, the highest levels

of ammonium and nitrite, and the lowest dissolved oxygen

found in Couros, could have negatively affected fungal

and/or invertebrate activity on leaves inhibiting leaf

decomposition at this site (Lecerf et al. 2006; Medeiros

et al. 2009; Lima-Fernandes et al. 2015). Our data revealed

that the effects of eutrophication on leaf decomposition can

differ between seasons. Thus, the effects of season on leaf

decomposition and associated biota should be taken into

account when assessing effects of anthropogenic stress on

functional and structural stream condition.

In this study, the structure of aquatic fungal assem-

blages, based on conidial morphology and OTUs from

DGGE fingerprints, clearly differed between seasons. In

temperate regions, seasonal alterations in water tempera-

ture affected the occurrence and dominance of fungal

species (Suberkropp 1984; Nikolcheva and Bärlocher

2005), mostly due to species tolerance to temperature

(Duarte et al. 2013). For instance, T. chaetocladium a

warm-water species, known to grow and sporulate at higher

temperatures (Chauvet and Suberkropp 1998), increased its

contribution to the total conidial production during spring.

On the other hand, the cold-water species A. tetracladia

was dominant on leaves decomposing in Agra, in autumn

and spring. In this stream, the community composition of

fungi was not affected by season, probably because water

temperature did not change much during the study period

(10.65–11.25 �C). Although slight differences were found

in community structure of fungal species decomposing oak

litter between seasons, this was not translated into changes

in fungal sporulation and biomass, suggesting redundancy

among fungal species that experience seasonal changes in

temperature.

The structure of aquatic fungal assemblages on

decomposing leaves also shifted along the gradient of

eutrophication. Nutrient enrichment has been reported to

induce shifts in the dominance of fungal communities on

leaves (Pascoal et al. 2005a, b; Duarte et al. 2009). For

instance, A. tetracladia was the dominant species on leaves

decomposing at streams with low (Agra) or moderate

levels of eutrophication (Oliveira and Andorinhas), but was

absent from leaves decomposing in the most eutrophic

streams (Selho and Couros). Although this species is

reported to have a worldwide distribution (Duarte et al.

2016), it appears to be relatively sensitive to eutrophication

(Pascoal et al. 2005b; Duarte et al. 2009). On the other

hand, in Couros, fungal assemblages were dominated by D.

foliicola that is reported to be abundant in nutrient-enriched

(Gulis and Suberkropp 2003) and eutrophic streams (Pas-

coal et al. 2005b; Duarte et al. 2008, 2009). In this

eutrophic stream, fungal diversity on leaves appeared to be

higher when assessed by DNA-based techniques (data not

shown), which is consistent with that found in other

streams (Nikolcheva et al. 2005; Fernandes et al. 2015).

Thus, DGGE was proven to be a useful technique to assess

the diversity of fungi associated with leaves decomposing

in hypertrophic streams, where sporulation was strongly

inhibited. The shift in fungal species among streams with

different trophic status may have also accounted for the

differences in fungal biomass and sporulation found among

streams. Although aquatic hyphomycete species have been

considered functionally redundant (Pascoal et al. 2005a;

Ferreira et al. 2006a; Gonçalves et al. 2013), shifts in

fungal species composition can affect leaf decomposition

directly (Bärlocher and Corkum 2003; Duarte et al. 2006)

or indirectly because invertebrate shredders seem to feed

preferentially on certain fungal species on decomposing

leaves (Suberkropp et al. 1983; Jabiol and Chauvet 2012).

Overall, leaf decomposition rates and shredder biomass

were higher in spring in streams with moderate levels of

eutrophication, suggesting that shredders were the main

decomposers of oak leaves and responsible for the sub-

stantial differences found between seasons in these

streams. Fungal communities revealed shifts in community

composition between seasons and along the gradient of

eutrophication. These shifts may affect the ability of fungal

communities to decompose leaves directly and also indi-

rectly by changing shredder activity due to differential

feeding preferences. Our results suggest that moderately

eutrophic streams can face a potential reduction in litter

standing stocks in warmer seasons. In temperate deciduous

forests, the major input of leaves into streams occurs in
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autumn (Abelho and Graça 1998), but the presence of late-

deciduous species in the riparian corridors, such as oak

(Box and Fujiwara 2015), may help to mitigate food

depletion that can limit the activity of aquatic decomposers

in warmer seasons. Nevertheless, the high activity of

invertebrates in moderately eutrophic streams may accel-

erate leaf decomposition, and, consequently, the disap-

pearance of litter from benthos, with consequences for the

stream biota and overall processes in detritus-dependent

ecosystems. Thus, seasonal effects should be considered

when assessing freshwater ecosystem condition by exam-

ining leaf decomposition and aquatic decomposers, par-

ticularly in human-impacted eutrophic streams.
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hyphomycete diversity and identity affect leaf litter decompo-

sition in microcosms. Oecologia 147:658–666. doi:10.1007/

s00442-005-0300-4
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Invertebrés d’eau douce. Systématique, biologie, écologie.

CNRS Editions, Paris, France

Webster JR, Benfield EF (1986) Vascular plant breakdown in

freshwater ecosystems. Annu Rev Ecol Syst 17:567–594

White TJ, Bruns S, Lee S, Taylor J (1990) Amplification and direct

sequencing of fungal ribosomal RNA genes for phylogenetics.

PCR Protoc. A Guid. to Methods Appl. Academic Press,

pp 315–322

Woodward G, Gessner MO, Giller PS et al (2012) Continental-scale

effects of nutrient pollution on stream ecosystem functioning.

Science 336:1438–1440. doi:10.1126/science.1219534

Zar JH (2010) Biostatistical analysis. Prentice-Hall, Englewood-Cliffs

Spring stimulates leaf decomposition in moderately eutrophic streams 207

123

http://dx.doi.org/10.1046/j.1365-2427.2003.00985.x
http://dx.doi.org/10.1046/j.1365-2427.2003.00985.x
http://dx.doi.org/10.1111/j.1365-2427.2006.01615.x
http://dx.doi.org/10.1111/j.1365-2427.2012.02829.x
http://dx.doi.org/10.1127/0003-9136/2006/0165-0105
http://dx.doi.org/10.1086/679223
http://dx.doi.org/10.1017/S0376892902000097
http://dx.doi.org/10.1017/S0376892902000097
http://dx.doi.org/10.1111/j.1365-2427.2008.02101.x
http://dx.doi.org/10.1111/j.1462-2920.2004.00709.x
http://dx.doi.org/10.1111/j.1462-2920.2004.00709.x
http://dx.doi.org/10.1017/S0953756204001698
http://dx.doi.org/10.1899/05-010.1
http://dx.doi.org/10.1126/science.aaa1958
http://dx.doi.org/10.1126/science.aaa1958
http://dx.doi.org/10.1016/S0007-1536(84)80211-9
http://dx.doi.org/10.1016/S0007-1536(84)80211-9
http://dx.doi.org/10.1899/0887-3593(2004)023%3c0015:LDALBI%3e2.0.CO;2
http://dx.doi.org/10.1899/0887-3593(2004)023%3c0015:LDALBI%3e2.0.CO;2
http://dx.doi.org/10.1126/science.1219534

	Spring stimulates leaf decomposition in moderately eutrophic streams
	Abstract
	Introduction
	Methods
	Sampling sites and experimental design
	Stream water parameters
	Identification of fungal spores and quantification of fungal biomass
	DNA extraction and amplification
	Denaturing gradient gel electrophoresis
	Invertebrate identification and biomass
	Leaf dry mass
	Statistical analysis

	Results
	Physical and chemical characteristics of the stream water
	Shredder abundance and biomass
	Fungal sporulation and biomass
	Fungal assemblages on decomposing leaves
	Leaf decomposition

	Discussion
	Acknowledgments
	References




