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Abstract Shredders play a crucial role in litter

decomposition in streams. However, in oceanic

islands, many streams have low shredder density and

richness, and microbes seem to be the main litter

decomposers. Here, we evaluate the effects of shred-

ders and aquatic hyphomycetes on litter decomposi-

tion in insular streams. Three leaf species differing in

physical and chemical characteristics, Alnus gluti-

nosa, Clethra arborea, and Cryptomeria japonica,

were enclosed in bags of coarse and fine mesh to allow

and avoid macroinvertebrate access to the litter,

respectively, and incubated in six streams along a

gradient of Limnephilus atlanticus (Trichoptera) den-

sity in São Miguel Island. In streams with higher L.

atlanticus density, leaf mass loss was higher in coarse

than fine mesh bags. However, no difference in litter

mass loss was found between bag types in streams

with no L. atlanticus, despite the presence of other

shredder taxa. These results suggest that when L.

atlanticus are present at relatively high densities, they

significantly contribute to litter decomposition, while

litter decomposition is mainly driven by microbes

when L. atlanticus density is low, or they are absent.

Moreover, litter decomposition depends on litter

quality, with leaves with high nutrient concentration

and low concentration of secondary compounds being

preferred by shredders.

Keywords Azores islands � Island freshwater

systems � Limnephilus atlanticus � Litter mass loss �
Microbial decomposers

Introduction

Streams, i.e., small water courses (order B 4; Strahler,

1957), represent the majority of water courses in

hydrographic basins, both in number and in length

(Allan & Castillo, 2007). This is especially true for

volcanic insular systems, where watersheds exhibit a

predominantly radial drainage pattern, as streams flow
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Calçada Martim de Freitas, 3000-456 Coimbra, Portugal

123

Hydrobiologia (2020) 847:2337–2355

https://doi.org/10.1007/s10750-020-04259-1(0123456789().,-volV)( 0123456789().,-volV)

https://doi.org/10.1007/s10750-020-04259-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-020-04259-1&amp;domain=pdf
https://doi.org/10.1007/s10750-020-04259-1


away from the central peaks, the center of volcanic

activity, dropping dramatically in altitude (Hughes,

2005). These streams are thus characteristically very

steep with near vertical valley walls, short, narrow,

shallow, and straight, and have a turbulent, torrential,

and often seasonal flow regime (Malmqvist, 2002;

Hughes, 2003; Smith et al., 2003). This is the case of

streams in Atlantic islands that are geologically young

and truly oceanic, i.e., with no physical connection to

continental landmass at any time. Specifically, in the

Azores archipelago there are 763 hydrographic basins

draining the 2322 km2 of land surface (DROTH &

INAG, 2001; Cruz & Soares, 2018) and streams have a

maximum length of 29 km (Raposeiro et al., 2013).

Many of these streams are covered by dense

riparian vegetation that decreases the amount of solar

energy that could be used by instream primary

producers (Graça & Canhoto, 2006). Thus, allochtho-

nous organic matter constitutes the primary source of

energy and matter for aquatic food webs (Anderson &

Sedell, 1979; Vannote et al., 1980; Wallace et al.,

1997), and it is present generally in the form of leaf

litter (Abelho, 2001).

Litter decomposition is mainly a biological process

in which microbes (mostly aquatic hyphomycetes) and

macroinvertebrate shredders are the main players

(Cummins et al., 1973; Hieber & Gensser, 2002;

Cornut et al., 2010). Microbes colonize leaf litter soon

after leaf immersion, mostly after leaching of soluble

secondary compounds (Canhoto & Graça, 1996).

Microbes decompose litter through respiration and

incorporation of carbon into reproductive structures

(spores) and biomass (Hieber &Gessner, 2002; Cornut

et al., 2010). Also, aquatic hyphomycetes produce

exoenzymes that depolymerize pectin, xylan and

cellulose from litter leading to litter softening and

the release of fine particulate organic matter (Gulis &

Suberkropp, 2003). Litter softening and microbial

biomass accumulation increase litter palatability to

shredders, which incorporate it into secondary pro-

duction and promote the release of fine particles

leading to further litter mass loss (Arsuffi &

Suberkropp, 1989; Graça, 2001; Gulis et al., 2006;

Graça & Cressa, 2010).

It is well known that macroinvertebrate shredders

play an important role in leaf decomposition in

continental temperate streams (Graça, 2001; Graça

& Canhoto, 2006; Pozo et al., 2011). However, less is

known about shredders’ contribution to litter

decomposition in remote islands. Oceanic island

freshwater assemblages are subject to ‘biogeograph-

ical filters’; strong physical barriers such as distance

between the mainland and islands, influence dispersal

and species colonization (Bilton et al., 2001; Covich,

2009) resulting in less diverse biotic assemblages in

islands compared to continental systems (Hughes,

2006). In the Azores archipelago, isolation and

numerous geological events and volcanic eruptions

contributed to the low diversity of freshwater species

(Whittaker & Fernandez-Palacios, 2007), but high

level of endemism (11% of the Azorean freshwater

invertebrate fauna; Raposeiro et al., 2012). In fact,

only few shredder taxa have been identified in

Azorean streams: Jaera nordica insulana Veuille,

1976 (isopod), Limnephilus atlanticus Nybom, 1948

(caddisfly), Dicranomyia sp., Tipula macaronesica

Savchenko, 1962 and T. oleracea Linnaeus, 1758

(crane flies) (Borges et al., 2010; Raposeiro et al.,

2012; Ferreira et al., 2016), and abundances are

generally low (Raposeiro et al., 2013). In these, and

other, oceanic island streams characterized by low

shredder density or even absence, microbes seem to be

the main litter decomposers (Larned, 2000; Benstead

et al., 2009; Raposeiro et al., 2014; Ferreira et al.,

2016). In some island streams, however, shredder

density is high, and they are active players on litter

decomposition (e.g., Li & Dudgeon, 2009; Longo &

Blanco, 2014). In fact, several studies showed that

high shredder density is a crucial driver of litter

decomposition, and shredder density and decomposi-

tion rate are positively correlated (Encalada et al.,

2010; Rincón & Covich, 2014; Raposeiro et al., 2018).

Litter decomposition rates also depend on litter

intrinsic characteristics. Soft leaves, with high con-

centration of nutrients (e.g., nitrogen) and low con-

centration of structural (e.g., lignin) and secondary

compounds (e.g., polyphenols) are generally colo-

nized and decomposed faster by microbes and

macroinvertebrate shredders than tough litter, with

low concentration of nutrients (Canhoto & Graça,

1995; Ferreira et al., 2016; Raposeiro et al., 2018).

Shredders are especially sensitive to the concentration

of secondary and structural compounds that affect

litter palatability, and therefore these characteristics

may be more important determining biological litter

decomposition than litter nutrient concentrations

(Graça & Cressa, 2010; Claeson et al., 2013; Ferreira

et al., 2016). In fact, stronger differences in litter
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decomposition have been found among litter species

in the presence of shredders than when decomposition

is onlymicrobial-driven (Pereira et al., 1998; Hieber &

Gessner, 2002; Ferreira et al., 2012; Raposeiro et al.,

2018).

This study evaluates litter decomposition in relation

to macroinvertebrate shredder presence and density

and litter characteristics by comparing the decompo-

sition of three litter species with distinct physical and

chemical characteristics (Alnus glutinosa (L.) Gaertn.,

Clethra arborea Aiton, and Cryptomeria japonica D.

Don.), enclosed in coarse mesh bags (that allow

shredder access to the litter) and in finemesh bags (that

prevent shredder access to the litter and where

decomposition is mostly microbial-driven), and incu-

bated in streams along a gradient of Limnephilus

atlanticus density (from absence to high density) in

São Miguel Island (Azores archipelago). The follow-

ing hypotheses were tested: (1) litter decomposition in

coarse mesh bags is higher in the presence of shredders

and is positively correlated with benthic shredder

density, (2) litter decomposition is higher in coarse

mesh than in fine mesh bags in streams with shredders

but not in streams without shredders, (3) litter

decomposition varies among litter species and is

highest for soft litter with high nutrient concentration,

and (4) there is an interaction between stream

(shredder density), mesh bag type and litter species

on litter decomposition with (4a) shredders playing a

stronger role on the decomposition of palatable than

recalcitrant litter and (4b) differences among litter

species being stronger in the presence than in the

absence of shredders (when considering different

streams or mesh bag type). Additionally, this study

evaluates aquatic hyphomycetes communities and

reproductive activity associated with Alnus glutinosa

(the most palatable litter species) to test the following

hypotheses: (5) spore production and community

structure differ among streams as a result from

differences in environmental characteristics and (6)

spore production and community structure differ

between coarse and fine mesh bags as a result from

predation by shredders and competition for leaf litter

in coarse mesh bags.

Materials and methods

Study area

The study was conducted in streams in São Miguel

Island, Azores archipelago. The Azores archipelago is

located in the middle of the northern Atlantic Ocean,

between the latitudes 36� 450 N and 39� 430 N and the

longitudes 24� 450 W and 31� 170 W, about 1500 km

off Portugal mainland (Santos et al., 2004). It

comprises nine islands of volcanic origin with a total

land surface area of 2325 km2, with São Miguel Island

being the largest. The climate is temperate oceanic

with a mean annual temperature of 15�C (Machado &

Gonçalves, 2004). Mean annual precipitation ranges

from 1500 to 3000 mm, depending on altitude, and

relative humidity is high (Silva & Smith, 2004).

Vegetation is composed by a larger percentage of non-

indigenous (69%) than indigenous (31%) species

(Silva & Smith, 2004). Native forests cover less than

10% of the total area (Borges et al., 2009) as the result

of exploitation of the forest resources and clearance

for agriculture and urbanization (Constância, 1963).

Streams selection

Based on extensive surveys of island streams under-

taken in the context of stream bioassessment programs

(Gonçalves et al., 2016, 2017) and previous studies

(Raposeiro et al., 2013, 2018) and on surveys specif-

ically done in preparation for this experiment during

March 2017, six permanent streams with similar

hydrology, geomorphology (low order, * 7 km

long,\ 4 m wide, * 0.5 m deep, substrates domi-

nated by mixed gravel/cobbles with occasional large

and submerged boulders) and riparian vegetation and

distinct Limnephilus atlanticus densities (no. ind/m2)

were selected at similar elevation (600–800 m a.s.l.) in

Planalto dos Graminhais, northeastern São Miguel

Island (Fig. S1). This area extends over more than

100 ha and is partially included in the Special

Protection Zone of Pico da Vara/Ribeira do Guil-

herme. It has the largest spot of altitude bogs of the

island, which highlights its enormous importance as a

natural water reservoir (Botelho & Peñil, 2013).

Streams were named from RIB1 to RIB6, where

RIB1 had the lowest L. atlanticus density (absent) and

RIB6 the highest.
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Water variables

Water temperature was recorded hourly for the

duration of the experiment (4 April to 24 May,

2017) using data loggers (Hobo Pendant UA-001-08,

Onset Computer Corp., MA, U.S.A) and hourly values

were averaged to produce daily means. Electrical

conductivity, pH and dissolved oxygen, were recorded

five times (4, 11 and 18 April, 5 and 24 May, 2017)

with a multiparametric field probe (Horiba model

U-52G, Horiba Instruments, U.K.). Water samples

were collected, transported to the laboratory, filtered

(47 mm diameter, 1.2 lm pore size; Whatman GF/C,

GE Healthcare Europe GmbH, Little Chalfont, U.K.)

and frozen at – 22�C until analyzed. Nutrient concen-

trations were determined using a Continuous Flow

Analyser Skalar San?? (Skalar Analytical B.V.,

Breda, The Netherlands) with segmented flow analysis

(SFA) according to Skalar methods M461-318 (EPA

353.2), for nitrite, nitrate and total nitrogen, M155-

008R (EPA 350.1), for ammonium, and M503-555R

(Standard Method 450-P I), for phosphate and total

phosphorus (Skalar, 2004). Total phosphorus, nitrite

and ammonium concentrations were below detection

limit (502.0 lg/l, 18.3 lg/l, and 5.2 lg/l, respec-

tively). Water analyses were done at MARIN-

NOVA—Marine and Environmental Innovation,

Technology and Services, Porto.

Litter decomposition experiment

Leaf species

Three leaf species with distinct characteristics were

selected for the decomposition experiment: Alnus

glutinosa, Clethra arborea, and Cryptomeria japon-

ica. Alnus glutinosa is a deciduous broadleaf tree

species that is exotic to the Azores archipelago, and in

São Miguel Island is only found in the surroundings of

Furnas, Azul and Verde lakes (Berger & Aptroot,

2002). Alnus glutinosa leaves are often used for large

scale comparisons (Boyero et al., 2011; Ferreira et al.,

2019; Seena et al., 2019) and were used here for their

high palatability to shredders owing to high nutrient

concentrations and softness (Friberg & Jacobsen,

1994; Graça & Cressa, 2010). It has been shown that

decomposers are more responsive to litter character-

istics than to litter origin, especially for high quality

litter, and thus A. glutinosa foreign origin likely did

not affect the results (Kennedy & El-Sabaawi, 2017;

Yeung et al., 2019). Clethra arborea is an invasive

perennial broadleaf tree species and C. japonica is an

exotic perennial conifer tree species, but both common

in the Azorean riparian vegetation and dominant at the

study streams. Senescent leaves of A. glutinosa were

collected after natural senescence in autumn 2015.

Clethra arborea leaves were directly collected from

trees on March 2015. Cryptomeria japonica freshly

fallen twigs were picked from the ground on March

2017 and the 5–10 cm tips, corresponding to the last

growth period, were used (Ferreira et al., 2017).

Leaves and tips were transported to the laboratory, air

dried at ambient conditions and stored in the dark until

used.

Leaf species were characterized regarding tough-

ness and chemical composition at MARE—Marine

and Environmental Sciences Centre, University of

Coimbra. Leaf toughness was determined using a

penetrometer after leaves had been soaked in distilled

water for 1 h and results were expressed as the force

(g/mm2) needed to penetrate the leaf mesophyll with

an iron rod (Graça et al., 2005). Subsamples of leaves

and tips were ground to fine powder (\ 1 mm), dried

(105�C), weighed and used for the determination of

nitrogen (N) and carbon (C) (IRMS Thermo Delta V

advantage with a Flash EA—1112 series), phosphorus

(P; APHA, 1995), lignin (Goering & Van Soest, 1970)

and polyphenol concentration (Graça et al., 2005).

Results were expressed as % DM.

Experimental set up

Air dried leaves and tips were weighted (0.01 g

precision) in batches of 3.30–3.55 g and sprayed with

distilled water to make them soft and less susceptible

to break due to manipulation. Substrates were

enclosed in fine mesh bags (0.5 mm mesh size; 10 9

12 cm), to avoid macroinvertebrates access and allow

microbial decomposition only, and coarse mesh bags

(5 mm mesh size with 10 mm holes; 10 9 12 cm) to

allow macroinvertebrate access.

Twelve litter bags of each mesh size and species

were deployed in each stream, in areas of natural

organic matter accumulation (12 bags9 3 leaf species

9 2 mesh sizes 9 6 streams, 432 bags in total) on 4

April, 2017. After 7, 14, 31, and 50 days, three

randomly selected bags for each species and mesh size

were collected from each stream (3 bags 9 3 leaf

123

2340 Hydrobiologia (2020) 847:2337–2355



species9 2 mesh size9 6 streams, 108 bags per date),

enclosed into plastic bags and transported cold to the

laboratory. Although the experiment was performed in

spring, riparian vegetation in Azorean islands is

dominated by evergreen species and thus organic

matter can be found in the benthos year round. Also,

this is the time when late instars of aquatic insects

(also Limnephilus atlanticus) are more common (pers.

observ.), maximizing the chance of finding effects of

shredders on litter decomposition.

Litter mass remaining

Litter remaining in bags was gently rinsed with

distilled water into a 0.5-mm mesh sieve to retain

small litter fragments (and macroinvertebrates in the

case of coarse mesh bags; see below). Litter remaining

was placed in pre-weighted aluminum pans, oven

dried at 60�C for 48 h (Memmert GmbH ? Co,

Schwabach, Germany) and weighed to determine dry

mass (DM). Substrates were ignited at 500�C for 4 h

(Lenton EF 11/8B, Hope Valley, U.K.) and reweighed

to determine ash mass. Ash-free dry mass (AFDM)

remaining was calculated as the difference between

DM and ash mass (taking into account the AFDM of

the leaf discs taken to induce sporulation in the case of

Alnus glutinosa; see below).

Percentage AFDM remaining was calculated as

final AFDM/initial AFDM 9 100, with initial AFDM

being estimated by multiplying the initial air dry mass

of samples by an initial air dry mass to initial AFDM

conversion factor derived from an extra set of samples.

For the creation of the conversion factor, three litter

bags for each species and mesh size (18 bags in total)

were prepared as described above, immersed in RIB2

for 10 min and taken back to the laboratory on day 0.

Litter was washed with distilled water and placed in

pre-weighed aluminum pans for DM and AFDM

determination as described. The initial air dry mass to

initial AFDM conversion factor was estimated as the

ratio between initial AFDM and initial air dry mass.

Macroinvertebrates

Benthic macroinvertebrate samples were collected at

each stream on three occasions (beginning, middle,

and end of the litter decomposition experiment, on

days 0, 14, and 50, respectively). Benthic samples

were composed of six subsamples (1 m long) taken

with a kicknet (0.33 m wide, 0.5 mm mesh) from the

different existing microhabitats along a 50 m reach

and preserved with 70% ethanol. Macroinvertebrates

were identified and counted with a stereo microscope

(Olympus SZ61, Tokyo, Japan). Identification was

done to the lowest possible taxonomic level using

identification keys (Tachet et al., 2000; Borges et al.,

2010; Kriska, 2013) and organisms were assigned to

functional feeding groups (Schmidt-Kloiber & Her-

ing, 2012). Relative abundance was expressed as a

percentage of each taxon relative to the total number

of individuals present for each stream and taxa

richness was expressed as the number of taxa per

sample. Limnephilus atlanticus density was calculated

as number of individuals per m2.

Additionally, macroinvertebrates from coarse mesh

bags were saved and preserved in 70% ethanol for

further identification and counting as described for

benthic macroinvertebrates. Shredder abundance was

expressed as the number of shredders per gram of leaf

litter AFDM.

Aquatic hyphomycetes

Aquatic hyphomycetes are the main microbial decom-

posers in aquatic systems (Hieber & Gessner, 2002;

Pascoal et al., 2005). Community structure and

sporulation rates of aquatic hyphomycetes associated

with Alnus glutinosa leaf litter were assessed after

inducing sporulation under laboratory conditions

(Bärlocher, 2005). Aquatic hyphomycetes were

assessed only for A. glutinosa because faster colo-

nization and higher activity was anticipated for this

species due to its higher nutritional quality compared

with the other two species (Ferreira et al., 2012, 2016).

For each sample, one set of five leaf discs were cut

using a cork borer (12 mm diameter). Sets of leaf discs

were placed in Erlenmeyer flasks with 25 mL of

filtered stream water (47 mm diameter, 1.2 lm pore

size; Whatman GF/C, GE Healthcare Europe GmbH,

Little Chalfont, U.K.) and incubated on an orbital

shaker (100 r.p.m.) at 10�C for 48 h under a 8:16 h

light:dark photoperiod to simulate light conditions

under the shaded streams. After 48 h, suspensions

were gently shaken to dislodge spores attached to the

flask walls, transferred into 50 mL graduated tubes,

fixed with 2 mL formalin 37% and the final volume

adjusted to 35 mL with distilled water. Spore suspen-

sions were stored in the dark until used. Leaf discs
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were transferred to pre-weighted aluminum cups, oven

dried at 60�C for 48 h and weighed to the nearest

0.1 mg for DM determination. Dry leaf discs were

ignited for at 500�C 4 h to determine ash mass and

AFDM.

Spore suspensions were gently shaken and trans-

ferred into a beaker with 100 lL Triton X-100 solution

(0.5%). Suspensions were homogenized with a mag-

netic stirrer and aliquots were filtered through cellulose

nitrate filters (25 mmdiameter, 5 lmpore size; SMWP,

MerkMillipore Ltd. Cork, Ireland). Filters were stained

with cotton blue in 60% lactic acid (0.05%) and

mounted on a microscope slide. Spores were identified

and counted under a microscope (Leica DM2500, Leica

Microsystems CMS GmbH, Wetzlar, Germany) at 9

200 magnification (Gulis et al., 2005). Sporulation rates

were expressed as number of spores released per mg

AFDM per day and aquatic hyphomycete species

richness as number of species per sample.

Statistical analyses

Water characteristics were compared among streams

using one-way analysis of variance (ANOVA) fol-

lowed by Tukey’s honest significant difference (HSD)

test when significant effects were detected in

ANOVA. Initial litter chemical and physical charac-

teristics were compared among species by one-way

ANOVA followed by Tukey’s HSD test.

Although litter bags were sampled on four occa-

sions, and litter decomposition is often expressed as

decomposition rate, in this case, neither the negative

exponential model nor the negative linear model

successfully fitted the data in all treatments. Thus,

comparisons among streams, species and mesh sizes

were done based on fraction of AFDM remaining

(arcsin square root transformed) by the last sampling

date (day 50) using three-way ANOVA, followed by

Tukey’s HSD test when significant effects were

detected. Pearson correlation was used to relate

percentage of AFDM remaining and density of

Limnephilus atlanticus in the benthos.

Limnephilus atlanticus densities in the benthos

were compared among streams using one-way

ANOVA followed by Fisher’s least square difference

(LSD) test. Benthic macroinvertebrates communities

(log (x ? 1) transformed) were compared among

streams by permutational multivariate analysis of

variance (PERMANOVA) based on Bray–Curtis

similarity matrix followed by pairwise test (Anderson,

2001; McArdle & Anderson, 2001). Total macroin-

vertebrate and shredder abundance associated with

decomposing litter in coarse mesh bags were corre-

lated using Pearson correlation. Since high correlation

existed between total macroinvertebrates and shredder

abundance in litter bags (Pearson correlation:

r = 0.93, P = 0.001), only shredder abundance (no.

shredder/g AFDMr, log (x ? 1) transformed) was

compared among streams, leaf species and time by

three-way ANOVA followed by Tukey’s HSD test.

Aquatic hyphomycetes communities (based on

spore production; log (x ? 1) transformed) associated

with decomposing litter were compared among

streams, mesh sizes and time by PERMANOVA as

described above. Aquatic hyphomycetes sporulation

rates and species richness (log (x ? 1) transformed)

associated with Alnus glutinosa litter were compared

among streams, mesh sizes and time by three-way

ANOVA followed by Tukey’s HSD test. Only data for

day 7 and day 14 were considered since not all coarse

mesh bags had enough litter mass remaining to induce

sporulation by day 31 and 50.

Data were checked for homoscedasticity (Bartlett’s

test) and normality (Shapiro–Wilk test) before anal-

yses and transformed when necessary. Univariate

analyses were performed using STATISTICA 7

(StatSoft, Tulsa, OK, U.S.A.) and community analyses

were performed using PRIMER 6 v6.1.11 & PERMA-

NOVA ? v1.0.1 (Primer-E Ltd, Plymouth, U.K.).

Results

Water variables

Stream water was 10.5–11.6�C, slightly alkaline (pH

7.7–8.4), well oxygenated (80.6–91.1% dissolved

oxygen), with low conductivity (57.2–75.8 lS/cm),

and moderate–high nutrient concentration (total N:

1081–1233 lg/L; PO4
3-: 77–228 lg/L; NO3

-:

107–1127 lg/L) (Table 1). Significant differences

among streams were found for conductivity, with

RIB5 having significantly higher conductivity than

RIB1 and RIB6; phosphate, with RIB5 having signif-

icantly higher concentration than RIB3 and RIB6; and

nitrate, with RIB5 having the highest concentration,

followed by RIB2, RIB1, RIB6, RIB4 and RIB3

(Table 1).
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Leaf species

The three leaf species selected differed in chemical

characteristics (Table 2). Alnus glutinosa leaves had

the highest nutrient (both nitrogen and phosphorus)

concentrations and the lowest polyphenols concentra-

tions (Table 2). Clethra arborea leaves had the lowest

carbon and lignin concentration, the highest polyphe-

nols concentration and intermediate nutrient concen-

trations (Table 2). Cryptomeria japonica leaves had

the highest lignin concentration, intermediate

polyphenols concentration and the lowest nutrient

concentrations (Table 2). Alnus glutinosa and C.

arborea leaves did not differ significantly in toughness

(Table 2).

Litter mass remaining

Litter mass remaining decreased gradually over time

(Fig. 1), with AFDM remaining on fine mesh bags

varying between 53.8 and 70.5% of initial mass for

Alnus glutinosa leaves, 55.0–71.4% for Clethra

arborea and 77.7–94.2% for Cryptomeria japonica,

and on coarse mesh bags varying between 0.2 and

58.5% for A. glutinosa, 6.4–58.6% for C. arborea and

9.1–87.4% for C. japonica (Fig. 2).

Percentage litter mass remaining after 50 days

incubation differed significantly among litter species,

mesh sizes and streams (three-way ANOVA,

P\ 0.001; Fig. 2, Table S1). There were, however,

significant interactions among factors (three-way

ANOVA, P\ 0.001; Table S1). Percentage of AFDM

remaining was significantly lower in coarse than in

fine mesh bags for the three leaf species in streams

Table 1 Physical and chemical characteristics (mean ± SE, n = 5) of the stream water during the experiment (4 April–24 May,

2017)

Water characteristics RIB1 RIB2 RIB3 RIB4 RIB5 RIB6

Temperature (�C) 10.5 ± 0.0a 10.8 ± 0.0a 10.6 ± 0.0a 10.8 ± 0.0a 11.6 ± 0.0a 11.0 ± 0.0a

pH 8.4 ± 0.3a 7.7 ± 0.1a 7.9 ± 0.1a 7.8 ± 0.2a 7.7 ± 0.2a 8.0 ± 0.2a

Dissolved oxygen (mg/L

DO)

9.9 ± 0.6a 8.9 ± 0.6a 9.2 ± 0.8a 8.8 ± 0.3a 9.8 ± 0.4a 10.0 ± 0.1a

Dissolved oxygen (% DO) 90.8 ± 6.0a 81.8 ± 5.4a 83.7 ± 7.0a 80.6 ± 3.2a 90.9 ± 5.1a 91.1 ± 2.2a

Conductivity (lS/cm)* 58.0 ± 5.4a 66.2 ± 4.3ab 58.6 ± 4.0ab 62.8 ± 4.5ab 75.8 ± 1.3b 57.2 ± 3.6a

Total N (lg/L) 1233 ± 236a 1226 ± 224a 1155 ± 195a 1205 ± 226a 1081 ± 154a 1217 ± 235a

PO4
3- (lg/L)* 95 ± 22ab 106 ± 15ab 81 ± 20b 108 ± 20ab 228 ± 24a 77 ± 32b

NO3
- (lg/L)*** 345 ± 65ac 897 ± 27 cd 107 ± 29b 156 ± 36ab 1127 ± 82d 210 ± 51ab

Streams with different letters differ significantly (one-way ANOVA followed by Tukey’s HSD test; *P\ 0.05; **P\ 0.01;

***P\ 0.001)

Table 2 Chemical and physical characteristics (mean ± SE, n = 3) of the three leaf species used in the experiment

Litter characteristics Alnus glutinosa Clethra arborea Cryptomeria japonica

P (% DM)*** 0.1 ± 0.0a 0.09 ± 0.01b 0.03 ± 0.00c

N (% DM)*** 2.5 ± 0.1a 0.71 ± 0.03b 0.34 ± 0.02c

C (% DM)** 47.5 ± 1.0a 45.1 ± 0.6a 51.3 ± 0.2b

Lignin (% DM)*** 35.8 ± 0.4a 27.8 ± 1.4b 44.2 ± 0.3c

Polyphenols (% DM)*** 3.5 ± 0.3a 13.1 ± 0.2b 7.7 ± 0.2c

Toughness (g)# 107.2 ± 8.6a 97.7 ± 6.9a –

Leaf species with different letters differ significantly (one-way ANOVA followed by Tukey’s HSD test; *P\ 0.05; **P\ 0.01;

***P\ 0.001)
#Toughness was not determined for C. japonica because the needles were too thin to be used in the penetrometer
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with higher shredder density (RIB4–RIB6) (Tukey’s

test, P\ 0.001), while no significant differences were

found in RIB1–RIB3 (except for Alnus glutinosa in

RIB3). Litter mass remaining was significantly higher

for Cryptomeria japonica than for Clethra arborea

and Alnus glutinosa in fine mesh bags (Tukey’s test,

P\ 0.001), with no significant difference among the

two latter species (P = 0.995), while litter mass

remaining differed significantly among the three leaf

species in coarse mesh bags (A. glutinosa\C.

arborea\C. japonica; P\ 0.001).

Percentage of AFDM remaining for Cryptomeria

japonica was significantly lower in RIB5 and RIB6

than in RIB1–RIB4 (Tukey’s test, P\ 0.001), with

significant differences within the former group

(RIB5[RIB6; P\ 0.001) but not within the latter

Fig. 1 Ash-free dry mass remaining (AFDMr) (mean ± SE,

n = 3) of A. glutinosa, C. arborea, and C. japonica litter

enclosed in fine and coarse mesh bags and incubated in six

streams over 50 days. Streams are ranked by increasing density

of L. atlanticus (no. ind/m2) from RIB1 to RIB6
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(PC 0.650). Litter mass remaining in Clethra arborea

bags was significantly lower in RIB4–RIB6 than in

RIB1–RIB3 (Tukey’s test, P\ 0.043), with no sig-

nificant differences within each group (P C 0.998).

Litter mass remaining for Alnus glutinosa did not

differ significantly between RIB1 and RIB2, between

RIB3 and RIB4, and between RIB5 and RIB6

(Tukey’s test, P = 0.616, P = 1.000, and P = 0.999,

respectively), but differed significantly among the

three groups (first[ second[ third; P\ 0.030).

Percentage of AFDM remaining in fine mesh bags

was significantly higher on RIB1 than on RIB3 and on

RIB3 than on RIB5 (Tukey’s test, P\ 0.001). For

coarse mesh bags, litter mass remaining was signifi-

cantly higher in streams without Limnephilus atlanti-

cus (RIB1 and RIB2) than in streams with L. atlanticus

(RIB3–RIB6) (Tukey’s test, P\ 0.010) (Fig. 2), with

significant differences among streams in the latter

group (RIB3[RIB4[RIB6[RIB5; P\ 0.001)

(Fig. 2).

Moreover, litter mass remaining in coarse mesh

bags was negatively correlated with Limnephilus

atlanticus density in the benthos (Pearson correlation:

Alnus glutinosa, r = – 0.94, P = 0.003; Clethra

arborea, r = – 0.90, P = 0.007; Cryptomeria japon-

ica, r = – 0.82, P = 0.024; n = 6).

Fig. 2 Ash-free dry mass remaining (AFDMr) (mean ± SE,

n = 3) of A. glutinosa, C. arborea, and C. japonica litter

enclosed in fine and coarse mesh bags and incubated in six

streams for 50 days. Streams are ranked by increasing density of

L. atlanticus (no. ind/m2) from RIB1 to RIB6
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Macroinvertebrates

Thirty-two macroinvertebrate taxa were found in the

benthos (Table 3). Benthic communities in RIB1 and

RIB2 were dominated by Orthocladiinae midges, in

RIB3 by Orthocladiinae midges and the caddisfly

Limnephilus atlanticus, in RIB4 by the isopod Jaera

nordica insulana, and in RIB5 and RIB6 by Ortho-

cladiinae midges and the black fly Simulium azorense

Carlsson. Only four species of shredders were col-

lected, Tipula sp. (0.2% relative abundance), Dicra-

nomyia sp. (1.5–16.0%), J. nordica insulana

Table 3 Mean relative abundance (%) and total taxa richness of benthic macroinvertebrates collected during the experiment on 4

and 18 April and 24 May, 2017 (day 0, day 14, and day 50 of the litter decomposition experiment, respectively)

Family Taxa FFG RIB1 RIB2 RIB3 RIB4 RIB5 RIB6

Baetidae Cloeon dipterum Linnaeus, 1760 Gatherer/collector 1.4

Camisiidae Platynothrus sp. Gatherer/collector 0.6 0.3

Chironomidae Tanypodinae Predator 5.1 0.8 1.8 1.3

Chironomidae Tanytarsini Gatherer/collector 0.5 0.4 2.8 0.5 1.3 0.6

Dryopidae Dryops sp. Predator 0.2 0.2

Dugesiidae Dugesia sp. Predator 0.3 0.5 0.3 0.2 0.4

Dytiscidae Agabus sp. Predator 0.2 0.5 0.3

Dytiscidae Rhantus suturalis (MacLeay, 1825) Predator 3.5 2.3 0.6 0.5 2.1

Empididae Predator 0.3 0.6 1.4 0.3 0.3 1.1

Entomobryidae Gatherer/collector 0.5

Hydroptilidae Hydroptila sp. Grazer/scraper 10.6 1.0

Hydroptilidae Oxyethira falcata Morton, 1893 Grazer/scraper 0.2

Hydrozetidae Hydrozetes sp. Gatherer/collector 3.5 1.5 0.5 0.6

Isotomidae Gatherer/collector 0.2 0.2

Janiridae Jaera nordica insulana Veuille, 1976 Shredder 0.3 0.9 47.7 0.2

Limnephilidae Limnephilus atlanticus Nybom, 1948 Shredder 0.2 20.7 10.2 12.4 19.5

Limoniidae Dicranomyia sp. Shredder 16.0 11.9 6.9 1.5 2.5 5.6

Lumbricidae Gatherer/collector 0.8 0.2 8.3 5.5 1.3 2.4

Lumbriculidae Gatherer/collector 0.3 0.4 0.5 0.3 0.2

Lymnaeidae Galba truncatula (O. F. Müller, 1774) Grazer/scraper 0.2

Malaconothridae Trimalaconothrus sp. Gatherer/collector 2.1 4.4 2.8 1.1 0.6

Naididae Gatherer/collector 8.5 23.7 5.1 12.3 17.4 12.4

Orthocladiinae Gatherer/collector 39.1 41.6 22.6 12.6 8.3 26.8

Poduromorpha Gatherer/collector 0.3 0.6

Simuliidae Simulium azorense (Carlsson, 1963) Filter feeder 16.2 6.2 13.4 5.6 52.1 25.3

Sminthurididae Gatherer/collector 0.3 0.5

Sperchonidae Sperchon brevisrostris Koenike, 1895 Gatherer/collector 0.3 1.4 0.2 0.6

Tetrastemmatidae Prostoma sp. Unknown 0.4 0.5 0.5 0.2

Thrypochtoniidae Gatherer/collector 0.3 1.3

Tipulidae Tipula sp. Shredder 0.2

Tomoceridae Gatherer/collector 0.2

Tubificidae Gatherer/collector 0.5 0.6 1.8 0.7

Total abundance (no. individual/stream) 125 173 72 220 201 155

Total taxa richness (no. taxa/stream) 18 23 22 17 18 16

Streams are ranked by increasing density of L. atlanticus (no. ind/m2) from RIB1 to RIB6. Functional feeding groups (FFG) are also

shown. Shredders are highlighted in bold
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(0.2–47.7%) and L. atlanticus (0.2–20.7%). Each

stream had at least one shredder species, but domi-

nance varied between Dicranomyia sp. in RIB1 and

RIB2, J. nordica insulana in RIB4 and L. atlanticus in

RIB3, RIB5 and RIB6 (Table 3). Moreover, benthic

macroinvertebrate communities were significantly

different among streams (PERMANOVA,

P = 0.006, permutations 998).

There was a tendency for an increase in Lim-

nephilus atlanticus density from RIB1, where they

were absent, to RIB6 (Fig. 3). Limnephilus atlanticus

density in the benthos differed significantly among

streams (one-way ANOVA, P = 0.017), with higher

values in RIB3–RIB6 than in RIB1 and RIB2 (Tukey’s

test, P = 0.036), although no significant difference

was found within either stream group (P[ 0.638).

Among shredders, L. atlanticus was the dominant

species (99.7%), followed by Dicranomyia sp. (0.2%)

and Jaera nordica insulana (0.1%). Tipula sp. was not

found associated with litter.

Shredder abundance differed significantly among

leaf species (three-way ANOVA, P\ 0.001;

Table S2) with significantly higher values on Alnus

glutinosa than on Clethra arborea and Cryptomeria

japonica (Tukey’s test, P\ 0.001), which did not

differ significantly (P = 0.905) (Fig. 4). Shredder

abundance also differed significantly among streams

(three-way ANOVA, P\ 0.001; Table S2) with

significantly higher values in RIB3–RIB6 than in

RIB1 and RIB2 (Tukey’s test, P = 0.036), with no

significant differences being found within either

stream group (P C 0.957). Litter bags from RIB6

had the highest shredder abundance (Fig. 4). Time was

also a significant factor (three-way ANOVA,

P = 0.030; Table S2), with shredder abundance being

highest on A. glutinosa on day 7 and decreasing

thereafter. All interactions were significant (three-way

ANOVA, P\ 0.002; Table S2). In particular, shred-

der abundance was similar for the three species in

streams RIB1 and RIB2 (Tukey’s test, P = 1.000),

while shredder abundance was significantly higher for

A. glutinosa than for C. japonica and C. arborea in

streams RIB3–RIB6 (Tukey’s test, P\ 0.002), with

no significant difference between the former two

species (P C 0.998).

Aquatic hyphomycetes

Twenty-five species of aquatic hyphomycetes were

found associated with decomposing litter of Alnus

glutinosa (Table S3). Fungal communities did not

differ significantly between mesh sizes (PERMA-

NOVA, P = 0.797; Table S4). However, they differed

significantly between sampling dates (PERMA-

NOVA, P = 0.001; Table S4) and among streams

(P = 0.001). Significant interactions were only found

for stream 9 time (PERMANOVA, P = 0.001;

Table S4).

Most abundant species varied among streams, and

often among bag types. However, Alatospora pul-

chella Marvanová, Articulospora tetracladia Ingold,

Heliscus lugdunensis Saccardo & Therry, Lemonniera

aquatica De Wildeman and Tetrachaetum elegans

Ingold were most often the dominant or most abundant

species (Fig. 5).

a a

b

b

b

b

0

5

10

15

20

25

30

RIB1 RIB2 RIB3 RIB4 RIB5 RIB6

L.
 a

tla
nt

ic
us

 d
en

si
ty

 ( 
no

. i
nd

/m
2 )

Fig. 3 Limnephilus

atlanticus density in the

benthos of the six streams

(mean ± SE, n = 3).

Streams with different

letters differ significantly

(one-way ANOVA followed

by Fisher’s LSD test;

P\ 0.050)
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Species richness significantly differed among streams

(three-way ANOVA, P\0.001; Table S5), with higher

values in RIB1 in coarse mesh bags and RIB5 in fine

mesh bags (Fig. 6). Differences between sampling dates

were also found (three-way ANOVA, P\0.001;

Table S5). Species richness increased from one species

on day 7 to a maximum of 11 species in coarse mesh

bags and from one species on day 7 to 13 species in fine

mesh bags (Fig. 6). However, no significant differences

were found between coarse and fine mesh bags (three-

way ANOVA, P = 0.263; Table S5). Only interaction

between stream 9 timewas found (three-way ANOVA,

P = 0.009; Table S5), with significant differences

between day 7 and 14 for RIB1 (Tukey’s test,

P = 0.012), RIB5 (P = 0.006) and RIB6 (P\0.001).

Sporulation rates differed significantly among

sampling dates (three-way ANOVA, P\ 0.001;

Table S5), increasing over the incubation period

(Fig. 6), and among streams (P\ 0.001). Three

homogeneous groups were found among streams

(Tukey’s test, P\ 0.046): RIB2, RIB3, RIB4 and

RIB6 (PC0.553); RIB1, RIB2 and RIB6 (P C 0.661);

and RIB1, RIB5 and RIB6 (P C 0.635). Sporulation

rates did not differ significantly between mesh sizes

(three-way ANOVA, P = 0.062; Table S5). Only

interaction between stream 9 time was found (three-

way ANOVA, P = 0.009; Table S5), with differences

between day 7 and 14 being only found for RIB5

(Tukey’s test, P\ 0.001) and RIB6 (P\ 0.001).

Discussion

It has been widely reported that shredders play a

crucial role in leaf litter decomposition, especially in

continental temperate streams, but this is not always

the case in oceanic island streams (Larned, 2000;

Raposeiro et al., 2014; Ferreira et al., 2016). Here, we

addressed the decomposition of three leaf litter species

in Azorean streams with different Limnephilus atlanti-

cus densities (absence to high density) and showed

that litter decomposition was higher when L. atlanti-

cus were present, but the effects of L. atlanticus

presence strongly depended on litter quality.

Leaf litter decomposition was faster

in the presence of shredders

Macroinvertebrate communities in Azorean streams

are characterized by low diversity, with very few

shredder taxa (Borges et al., 2010; Raposeiro et al.,

2011, 2012; Ferreira et al., 2016). Shredder density is

also generally low (Raposeiro et al., 2013). Previous

studies in Azorean streams with low shredder density

have shown that microbes are the main players in litter

decomposition (Raposeiro et al., 2014; Ferreira et al.,

2016). However, some Azorean streams located at

higher elevation, in restricted areas of difficult access,

Fig. 4 Shredder abundance (mean ± SE, n = 3) on A.

glutinosa, C. arborea, and C. japonica litter enclosed in coarse

mesh bags and incubated in six streams over 50 days. Streams

are ranked by increasing density of L. atlanticus (no. ind/m2)

from RIB1 to RIB6
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have comparatively high densities of Limnephilus

atlanticus (7–15 ind/m2). In these streams (RIB3–

RIB6), litter decomposition in coarse mesh bags (that

allow shredder access to the litter) was faster than in

streams with lower density or from where L. atlanticus

were absent (RIB1 and RIB2), which translated into a

negative correlation between litter mass remaining

and L. atlanticus density in the benthos. Also, litter

decomposition was faster in coarse mesh bags than in

fine mesh bags only for streams with higher shredders

density (RIB3–RIB6). These results suggest that when

shredders are present in higher densities they may

have a significant role on litter decomposition, while

this process is mainly driven by microbes when

shredder density is low or they are absent. This agrees

with a recent study that showed faster litter decom-

position in coarse mesh bags in an Azorean stream

where shredder density was high (5–13 L. atlanticus/

m2) than in the absence of shredders (fine mesh bags)

or in treatments with low L. atlanticus density (fine

mesh bags with 1–3 individuals) (Raposeiro et al.,

2018). Other studies have found that macroinverte-

brates played a minor role on litter decomposition in

some tropical island streams with low shredder density

(Larned et al., 2003; Benstead et al., 2009; MacKenzie

et al., 2013), while in other streams invertebrate

macroconsumers contributed substantially to litter

decomposition (Pringle et al., 1993; Larned et al.,

2003; Wright & Covich, 2005).

Previous studies (Crowl et al., 2001; Encalada et al.,

2010; Raposeiro et al., 2018) suggested that the rate of

litter decomposition was not related to the overall

diversity of the shredder community, but to the

presence and abundance of a single species, whose

feeding behavior makes it a predominant driver of this

ecosystem process. Among the shredder species found

in our streams, only Limnephilus atlanticus individu-

als were found associated with litter in coarse mesh

bags, suggesting that this species acts as an important

shredder in these streams as proposed before (Balibrea

et al., 2017). On the contrary, Jaera nordica insulana

and Dycranomyia sp. may be acting as generalist

Fig. 5 Relative contribution (based on spore production) of

aquatic hyphomycetes species associated with A. glutinosa litter

enclosed in coarse and fine mesh and incubated in six streams

over 31 days in spring, 2017. Streams are ranked by increasing

density of L. atlanticus (no. ind/m2) from RIB1 to RIB6
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feeders in Azorean streams, which could explain why

they are not contributing to litter decomposition

despite being relative abundant in some streams

(RIB1, RIB2 and RIB4). In fact, it has been shown

before that macroinvertebrate have a certain degree of

feeding plasticity depending on food resources avail-

ability and quality (Friberg & Jacobsen, 1999; Callisto

et al., 2007; Carvalho & Graça, 2007).

Physical abrasion is always a factor to consider

when comparing litter decomposition between streams

or between coarse and fine mesh bags. However, we

consider that it was not a relevant factor in our study

because (i) litter bags were deployed in depositional

areas where the impact of physical abrasion is much

reduced, (ii) the six streams were similar in flow and

current velocity, and (iii) litter mass remaining was

similar between coarse and fine mesh bags for streams

without Limnephilus atlanticus but distinct in streams

with L. atlanticus.

The effect of shredders on litter decomposition

depended on litter species

Analysis of variance detected a significant species 9

stream interaction, suggesting that effects of shredders

on litter decomposition may depend on litter species.

In fact, Alnus glutinosa seemed to be the most

sensitive species with litter mass remaining in coarse

mesh bags varying in the order: RIB6–RIB5\RIB4–

RIB3\RIB–RIB1; followed by Clethra arborea

with litter mass remaining varying in the order:

RIB6–RIB5\RIB4\RIB3–RIB2–RIB1; and

Cryptomeria japonica with litter mass remaining

varying in the order: RIB5\RIB6\RIB4\
RIB3–RIB2–RIB1. In other words, the effects of

shredder presence on litter decomposition in coarse

mesh bags were stronger for A. glutinosa than for C.

arborea and C. japonica since the density of Lim-

nephilus atlanticus needed to affect litter

Fig. 6 Species richness and sporulation rates of aquatic

hyphomycetes (mean ± SE) associated with A. glutinosa litter

enclosed in fine and coarse mesh bags and incubated in six

streams over 31 days in spring, 2017. Streams are ranked by

increasing density of L. atlanticus (no. ind/m2) from RIB1 to

RIB6
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decomposition increased from the former to the latter

litter species. These differences in the response of

litter decomposition among litter species may be due

to differences in litter characteristics. Alnus glutinosa

litter had the highest nutrient concentration and the

lowest polyphenol concentration, making it a high

quality resource, and previous studies have shown that

high quality litter is generally colonized faster by the

microbial community and supports higher microbial

activity than more recalcitrant litter (Gessner &

Chauvet, 1994; Gulis & Suberkropp, 2003; Gulis

et al., 2006; Ferreira et al., 2012). The higher microbial

biomass accumulation and higher activity of microbial

extracellular enzymes on high quality litter generally

improve its palatability to shredders (Canhoto &

Graça, 2008; Bärlocher & Sridhar, 2014), often

leading to faster litter decomposition of this litter

(Ferreira et al., 2006; Gulis et al., 2006;Martı́nez et al.,

2013; Raposeiro et al., 2018). Laboratory studies have

shown that shredders prefer to feed on palatable litter

(Canhoto & Graça, 1995; Azevedo-Pereira et al.,

2006; Graça & Cressa, 2010; Balibrea et al., 2017),

which justifies the interaction between litter quality

and shredder presence on litter decomposition

observed here. High concentration of structural and

secondary compounds may affect litter palatability to

shredders translating in low decomposition rates

(Abelho & Graça, 1996; Graça & Cressa, 2010). It

has been shown that shredders may use alternative

food sources and supplement their diet with algae and

macrophyte tissue even when decomposing leaves

were present according to food resources quality

(Canhoto & Graça, 1999; Callisto et al., 2007;

Carvalho & Graça, 2007). This may explain why

some shredder species, as Jaera nordica insulana and

Dycranomyia sp., may act as generalist feeders in

Azorean streams where the riparian vegetation is

composed mainly by sclerophyll evergreen plants

species that have many secondary compounds, such as

essential oils, which may be toxic for invertebrates

(Dias et al., 2007; Rosa et al., 2010; Balibrea et al.,

2017), especially endemic species (Borges et al.,

2009).

Microbial litter decomposition did not vary

among streams but depended on litter species

Microbial-driven litter decomposition (in fine mesh

bags) did not differ significantly among streams,

despite differences in environmental characteristics

and aquatic hyphomycetes community structure.

Changes in decomposer community structure that are

not translated into differences in litter decomposition

among streams may suggest some degree of functional

redundancy among decomposer communities (Bärlo-

cher & Graça, 2002; Dang et al., 2009; Ferreira et al.,

2015, 2017).

Microbial-driven litter decomposition differed,

however, among litter species, being faster for Alnus

glutinosa and Clethra arborea than for Cryptomeria

japonica. These differences in microbial-driven litter

decomposition among litter species may be due to

differences in litter characteristics. Conifer species

like C. japonica are considered poor quality litter for

microbial decomposers due to low nutrient concen-

tration, elevated concentration of lignin and polyphe-

nols and high toughness (Bärlocher & Oertli, 1978;

Girisha et al., 2003; Martı́nez et al., 2013; Ferreira

et al., 2017). Alnus glutinosa with high nutrient

concentration and low polyphenol concentration and

C. arborea with low lignin concentration were likely

more attractive to microbial decomposers resulting in

faster litter decomposition. Similar results were found

before in Azorean streams where higher microbial-

driven decomposition rates occurred for leaf species

with higher nutrient concentration and lower concen-

trations of structural and secondary compounds (Fer-

reira et al., 2016, 2017; Raposeiro et al., 2018).

Microbial decomposers activity and community

composition vary among streams but are

not sensitive to shredder presence

Aquatic hyphomycete community composition, spe-

cies richness, and sporulation rate on Alnus glutinosa

leaves differed among streams, likely reflecting

differences in environmental conditions. Previous

studies have found differential responses of aquatic

hyphomycetes species to dissolved nutrient concen-

trations with some species being promoted while

others are inhibited, although the total spore produc-

tion is generally enhanced (Gulis & Suberkropp, 2003;

Ferreira et al., 2006; Artigas et al., 2008). Species

richness and spore production can also differ among

streams as a result from potential differences in current

velocity (Ferreira & Graça, 2006). These differences,

however, did not affect litter decomposition as
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explained above, suggesting functional redundancy

among aquatic hyphomycete communities.

Aquatic hyphomycete parameters did not differ

between coarse and fine mesh bags, suggesting that the

presence of invertebrates was of minor importance in

structuring aquatic hyphomycetes communities and

activity. Shredders seem to prefer certain fungal

species over others when these are allowed to colonize

leaf litter individually in laboratory trials (Arsuffi &

Suberkropp, 1985, 1986; Chung & Suberkropp, 2009).

However, it may be more difficult for shredders to

distinguish among fungal species in environmental

samples where the mycelia may be intermingled

(Ferreira & Graça, 2006; Gonçalves et al., 2007;

Chung & Suberkropp, 2008).

Final considerations

The results from this study allow anticipating that

human-induced changes that lead to changes in

shredder density and in litter quality may have

important effects on litter decomposition and conse-

quently on stream functioning and aquatic food webs.

Currently, several human activities have the potential

to affect instream communities and riparian compo-

sition in oceanic islands, including clearing of the

native vegetation, water pollution, and introduction of

exotic species. Protection areas should take into

consideration the presence of Limnephilus atlanticus,

which besides being an endemic species plays a key

role on litter decomposition.
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