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Abstract Small forest streams and their riparian
vegetation are closely linked ecosystems. Stream
consumers obtain most of their energy from leaf litter
provided by the terrestrial vegetation. Thus, under-
standing the relationship between riparian vegetation,
aquatic communities and litter decomposition may
help explaining the variability in aquatic communities
and processes among non-impacted streams, and
anticipate their responses to anthropogenic-induced
changes in the riparian vegetation. We surveyed 10
small non-impacted forest streams in central Portugal
for riparian vegetation (species richness), benthic litter
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(species richness and biomass), aquatic hyphomycete
conidia in transport (species richness and conidia
concentration) and macroinvertebrates associated with
benthic litter (taxon richness, density and biomass),
during the litter fall peak. We found significant
correlations between (a) aquatic communities and
riparian vegetation species richness, (b) aquatic com-
munities and benthic litter species richness and
biomass and (c) within aquatic communities. Oak
litter decomposition rates (from a previous experi-
ment on the same streams) were also correlated with
riparian tree species richness. This survey showed that
spatial variability in riparian vegetation, benthic litter,
aquatic communities and litter decomposition can be
high even within a relatively small area, and allowed
the identification of complex interactions between
these components of the aquatic detrital food web. The
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positive correlation between aquatic hyphomycete
species richness, macroinvertebrate taxon richness,
litter decomposition and riparian tree species richness
suggests that anthropogenic-induced decreases in
riparian species richness may affect aquatic commu-
nities and processes. Surveys over streams naturally
differing in environmental conditions may allow
forecasting the response of aquatic communities and
processes to anthropogenic activities.

Keywords Deciduous vegetation - Forest streams -
Litter breakdown - Litter processing

Introduction

The relationships between the diversity of resources
and consumers and between the diversity of consumers
and ecosystem process rates have long been a subject of
interest for ecologists (Gessner et al. 2010). In forest
streams, aquatic communities depend on the supply of
organic matter from the riparian vegetation, mostly in
the form of leaf litter (Wallace et al. 1997). Once in the
water, leaf litter is colonized and conditioned by
microbial decomposers, primarily aquatic hyphomy-
cetes, whose activities (i.e., organic carbon mineraliza-
tion, conversion of coarse into fine particulate organic
matter (FPOM) and production of reproductive propag-
ules) cause litter mass loss (Gulis and Suberkropp 2003;
Cornut et al. 2010). Additionally, the maceration of leaf
litter by fungal enzymes and the accumulation of fungal
biomass increases litter palatability to leaf-shredding
detritivores (detritivores henceforth), who convert
detritus into secondary production and FPOM though
litter fragmentation and feces production, causing
further litter mass loss (Cummins et al. 1989; Canhoto
and Graga 2008).

In temperate climates, streams flowing through
native deciduous mixed forests receive a diverse input
of leaf litter, especially during the litter fall peak in
autumn/winter (Swan and Palmer 2004; Lecerf et al.
2005). Leaf litter in these multi-species mixtures
varies in physical and chemical properties (Ostrofsky
1997), with high-quality leaf litter (i.e., softer leaves
with low lignin and/or high nutrient concentration)
being generally colonized and decomposed faster than
low-quality litter (Gessner and Chauvet 1994; Schind-
ler and Gessner 2009; Frainer et al. 2015). Recalcitrant
litter may, however, provide more stable substrates
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that allow decomposer activity and support consumers
long after the litter fall peak has passed (Ferreira et al.
2015a). Since fungi and detritivores exhibit substrate
preferences (Canhoto and Graca 1995, 1996; Gulis
2001; Swan and Palmer 2006) and colonize litter
following an ecological succession (Gessner et al.
1993; Gulis and Suberkropp 2003; Gongalves et al.
2004), more diverse riparian vegetation and benthic
litter will likely support more diverse aquatic com-
munities. Indeed, previous studies have found a
positive correlation between fungal species richness
and riparian tree or benthic leaf litter species richness
(Rajashekhar and Kaveriappa 2003; Laitung and
Chauvet 2005; Lecerf et al. 2005), although the
relationship between detritivore diversity and riparian
tree or benthic leaf litter species richness is not clear
(Jonsson et al. 2001).

Differences in benthic litter standing stock among
streams, which can be driven by differences in riparian
plant composition and stream retentive capacity, may
also explain differences in aquatic communities. For
example, streams with higher benthic litter storage are
likely to have higher diversity, abundance and biomass
of consumer taxa (‘productivity hypothesis’; Srivas-
tava and Lawton 1998 and references therein). Indeed,
higher fungal species richness and conidia concentra-
tions have been found in stream sections where litter
retention was experimentally enhanced (Laitung et al.
2002). Macroinvertebrate taxon richness and density
were also found to increase with benthic litter standing
stock in surveys and manipulative studies (Richardson
1991; Dobson and Hildrew 1992; Dudgeon 1994;
Negishi and Richardson 2003; Graga et al. 2004).

High leaf litter species richness is likely to stimu-
late litter decomposition (Lecerf et al. 2011) by
sustaining more diverse decomposer communities.
Increases in species richness of aquatic hyphomycetes
and detritivores may stimulate litter decomposition
through complementarity in species characteristics
(e.g., enzymatic activities) or increased chance of
having a highly efficient species (Jonsson and
Malmgvist 2000, 2003; Jonsson et al. 2001; Duarte
et al. 2006). High abundance of detritivores generally
also promotes litter decomposition (Tiegs et al. 2008).

Unraveling the relationships between riparian veg-
etation, benthic litter, aquatic communities and pro-
cesses is of fundamental importance to better
understand the natural variability in aquatic commu-
nities and process rates among non-disturbed streams.
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If we understand how aquatic communities and litter
decomposition correlate with riparian species richness
and benthic litter species richness and abundance, we
may be able to anticipate, and eventually mitigate, the
responses of aquatic communities and processes to
anthropogenic-induced changes to the riparian vegeta-
tion. However, previous surveys of forest streams have
generally focused on the relationship between aquatic
communities (either aquatic hyphomycetes or macroin-
vertebrates) and environmental variables and riparian
vegetation, but have not simultaneously considered all
the components of the detrital food web (riparian
vegetation, benthic litter, microbial decomposers,
macroinvertebrates, and litter decomposition). We
surveyed 10 non-disturbed forest streams in central
Portugal with similar environmental characteristics, but
naturally differing in riparian vegetation, for riparian
woody species richness, benthic litter species richness
and biomass, and aquatic communities (aquatic hypho-
mycete conidia in transport and benthic macroinverte-
brates), to uncover possible correlations among these
variables. Based on existing evidence, as explained
above, we expected positive correlations between (1)
riparian woody and benthic litter species richness, (2)
benthic litter species richness and abundance and
aquatic hyphomycetes species richness and conidia
concentration, (3) benthic litter species richness and
abundance and macroinvertebrate/detritivore taxon
richness, density and biomass, and (4) aquatic hypho-
mycetes species richness and conidia concentration and
macroinvertebrate/detritivore taxon richness, density
and biomass (Fig. 1a). The expected positive correla-
tion between litter decomposition rates and riparian
woody species richness was tested using published litter
decomposition rates for the same streams.

Methods
Streams and riparian vegetation

Ten small (1st—4th order; Strahler 1957) forest streams
were sampled in Lousd and Caramulo Mountains
(113-814 m a.s.l.), central Portugal, in November
13-16, 2006, during the peak of litter fall (Table 1).
The climate was temperate, and both mountain ranges
had similar rainfall (Lousa: 91.3 mm; Caramulo:
107.8 mm) and maximum (Lousa: 21.3 °C; Cara-
mulo: 21.0 °C) and minimum (Lousad: 11.1 °C;

Caramulo: 10.8 °C) air temperatures (average values
for 2006; IPMA 2007). The streams had little human
impact and similar geomorphology and water charac-
teristics and had been used as reference streams in
previous litter decomposition experiments (e.g., Gulis
et al. 2006; Ferreira et al. 2015b).

A 50-m-long reach was selected in each stream for
water characterization and biological sampling (see
below). The streams had similar geology (schist
bedrock, except for Agaddo stream that had granite
bedrock), were cool (9.3-13.7 °C), well aerated
(>10 mg O, Lfl) and circumneutral (pH = 6.3-7.1),
and had low conductivity (< 46 pS cm ') and low-to-
moderate nutrient concentrations (50-408 pg N L,
5-29 ug SRP L") (Table 1).

Woody species (trees + shrubs + lianas) and tree
richness in the riparian vegetation were determined in a
50-m-long and 10-m-wide area parallel to the stream
reach on each margin in July 10-14, 2007. The riparian
survey was done in spring, since plant species identifi-
cation is easier in this season than in autumn when most
deciduous species have already shed their leaves. Given
that we were interested in woody species only, all species
identified in spring were already present in autumn.

Benthic leaf litter

Ten random leaf litter samples were taken in each of
the 10 stream reaches. For each sample, a 20 x 20 cm
wood quadrat was placed on top of a leaf patch, and
leaves and any attached invertebrates were retrieved
by hand from the top 3-4 cm, to avoid anoxic
conditions at higher depths and the inorganic substrate
below. For small and sparse leaf patches, leaves were
collected from several locations or patches within a
<2-m radius to get a whole sample with an area of
~20 x 20 cm. To minimize the loss of macroinver-
tebrates during the sampling, a net (0.3 x 0.3 m
opening, 0.5-mm mesh pore) was placed immediately
downstream of the leaf pack during litter retrieval.
Litter samples and the material collected in the net
were placed in individual plastic bags and transported
in ice to the laboratory.

In the laboratory, leaf samples were rinsed through
a 0.5-mm mesh sieve to retain macroinvertebrates and
litter fragments. Litter fragments >1 cm were sorted
and assigned to morphotypes based on their charac-
teristics (e.g., venation, presence/absence of tri-
chomes, shape of leaf margins) to allow estimation
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Fig. 1 Graphical representation of expected correlations
between biological variables (a) and significant correlations
found in our survey (b). Plus positive correlation; minus
negative correlation

of litter species richness. Litter was oven dried at
80 °C for 48 h and weighed (£0.01 g) to determine
litter dry mass (DM). Dry mass was ignited at 500 °C
for 4 h and ashes were weighed (£0.01 g). Ash-free
dry mass (AFDM) was determined as the difference
between DM and ash mass. Benthic leaf litter species
richness was expressed as the number of taxa per
stream (samples combined), and biomass as g of litter
AFDM per sample (average of 10 samples).

Benthic macroinvertebrates
Macroinvertebrates associated with benthic leaf litter

were transferred into scintillation vials and stored in a
solution of ethanol/formalin (70 %/10 % volume,
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which minimized mass loss; Leuven et al. 1985; von
Schiller and Solimini 2005) until later identification
(generally genus or species level; Tachet et al. 2000;
Vieira-Lanero 2000), counting, and biomass determi-
nation. Individuals were generally measured (body
length or head width) using an eyepiece reticle in a
stereoscopic microscope, and biomass was estimated
using published body length—-DM or head width-DM
relationships (Meyer 1989; Burgherr and Meyer 1997;
Benke et al. 1999; Johnston and Cunjak 1999). When
relationships for the same taxa were given by multiple
publications, the relationship to be used was selected
based on the following criteria: (1) it should be derived
for European invertebrates, (2) the body length or head
width range used should contain the range observed
for our individuals, (3) it should have the largest
sample size and highest coefficient of determination,
and (4) the conservation method should be the same as
ours. Tipula sp. individuals were weighed wet
(£1 mg) and wet mass was converted into DM
following Canhoto (1994). Oligochaeta and Herpob-
della octoculata individuals were oven dried at 80 °C
for 24 h and weighed (£1 mg). Macroinvertebrates
were grouped into two categories: leaf-shredding
detritivores and non-detritivores following Tachet
et al. (2000). Macroinvertebrate taxon richness was
expressed as number of taxa per stream (samples
combined), density as number of individuals per g of
litter AFDM, and biomass as mg per g of litter AFDM
(average of 10 samples).

Aquatic hyphomycetes conidia in transport

At each stream reach, triplicate 500-mL samples of
stream water were filtered through membrane filters
(47 mm diameter, 5-pum pore size; SMWP membrane
filters, Millipore Corp., Billerica, MA, USA) to retain
conidia from aquatic hyphomycetes. The filters were
stained with cotton blue in lactic acid (0.05 %) and
stored individually in sealed Petri dishes. In the
laboratory, the filters were cut by half, mounted on a
slide, and conidia were identified and counted under a
compound microscope (Leitz Diaplan, Wetzlar, Ger-
many) at 200x magnification (Graca et al. 2005).
Aquatic hyphomycete species richness was expressed
as number of species per stream (triplicates combined)
and conidia concentration as number of conidia per L
(average of triplicates).



715

Aquat Ecol (2016) 50:711-725

(S661 VHAV)
poyiaw pIoe d91qI0dsy

S ST 6T L S L 3 8 L 01 (,_1 3 qis
(VSN VD ‘o[eakuung
‘0TT-X A XouoI(T) (,_13M)
Aydeigojewonyd uog 69¢ 80% €¢ LTT 101 S6¢ S9 9s 0S LET  N—_°ON + _ftON
1IN
‘arryspIoggels “py1
oynuatog £qqrg) 01€¢
Aemuar aqoid pong €9 L9 L9 L9 69 $9 ¥'9 I'L 89 89 Hd
(Auewron
‘wrsylom ‘MLM) (,_1 Suwp)
76 1XO 2qoxd platg €01 101 001 101 Tl Tl Tl Tl 801 011 UaZAX0 PIAJOSSI(
(;_uo gri)
wapy 1€ 6¢ S¢ 9t 9 I€ @ ST 43 LE Ayanonpuo)
(Auewron
‘WIAYOM ‘MIM)
0€€ A7 2qoxd pparg Tl SII 8Tl L€l €6 01 001 S0l 911 611 (Do) emyerodway,
UOTIBAIASQO PIAL] ISIYIS CHUATS) 1Yo ISIYIS 1Yo SIS 1Yo ISIYOS ISIY2S 1Y oensqng
(zuny)
wpy 80 v e 8¢ 0 S0 €0 80 67T 1T BAIE JUSWIYDIED)
0000S¢
i1 sdew KreyqiN I €T 0T I S¢ 65 8¢ (9% €l L1 (%) odorg
wap| 96L 0LS SsT €Il ¥18 1L 76S 76S €89 SpS  (Ts'e w) uoneas[g
wopl  ,0€01.8 ,4£S£1.8  ,80,11.8  ,ETLI.8 #8LET8 WBETT8  OETT.8 01,218  ,90,C1.8  ,6S,L1.8 M ‘OpmisuoT]
(uredg ‘euopaoreg
uneD) S HPSE0F 65, 1€.0F 46T, IE07  WLSOE0Y  LLOFO00F 01 F0.0F L pY 0.0 Y F0.0F . 1T.50.0F ,6%,£0.07 N ‘opmneT]
o[nwele) o[nweIre) o[nwelr) o[nwere) BSNO| BSNO| BSNO| BSNO| BSNO| BSNO a3uel UTR)UNOIN
4 I
SPOYIOIN epon3y oepedy esofo], Z0 Iopaueje)  Iopalreie) g [epue) I Tepue) eIIOpIRS senqel, SO[QRLIB A

[eSnyiod [enuad ur sweans Apnis )] U} JO UOTIBZIISIORILYD [BITWIAYD pue [eorsAyd pue uoneso] | J[qel.

pringer

As



716

Aquat Ecol (2016) 50:711-725

Leaf litter decomposition

Leaf litter decomposition experiments were carried
out in winter 2002/2003 at the 10 streams surveyed in
the present study (see Gulis et al. 2006; Ferreira et al.
2015b). Briefly, senescent, air-dried oak (Quercus
robur) leaf litter was enclosed in coarse (10-mm mesh
pore) and fine (0.5-mm mesh pore) mesh bags
(10 x 15 cm) and incubated in the 10 streams in
January 2003. Litter bags (n = 6) were retrieved from
the streams after 57 days, and remaining AFDM was
determined. Litter decomposition rates (k, day ')
were estimated by fitting a negative exponential model
to the fraction of AFDM remaining over time (see
Gulis et al. 2006; Ferreira et al. 2015b for a full
description of the methods).

Data analyses

Correlations among variables were assessed by
Pearson correlation; variables that were not normally
distributed (checked with Shapiro—Wilk test) were
log(x)-transformed. Pearson correlation coefficients
(r) were obtained by permutation with ‘corPerm’
function (developed by P. Legendre; http://adn.biol.
umontreal.ca/ ~ numericalecology/Rcode/), using R
software (R Core Team 2013). Water temperature
was negatively correlated with elevation
(r = —0.84, p = 0.002), but since temperature was
recorded on a single date, elevation was selected for
further analyses instead. Dissolved oxygen was
above saturation in all streams, conductivity was
low, and pH varied by <1 unit, and therefore these

variables were not considered in further analyses.
Nitrogen and soluble reactive phosphorus (SRP)
concentration varied by one order of magnitude
across streams, but no significant correlations with
aquatic communities were obtained (p > 0.055), and
thus results are not shown. Published decomposition
rates (k, dayfl) for oak leaf litter incubated in the
same streams 4 years earlier (see Gulis et al. 20006;
Ferreira et al. 2015b) were contrasted against riparian
woody species richness and riparian tree species
richness since these were unlikely to change much in
our non-impacted streams between the previous
studies and the present survey.

Results
Riparian vegetation and benthic leaf litter

Streams were surrounded by dense vegetation, gener-
ally dominated by Q. robur, Castanea sativa or Salix
atrocinerea trees. Although a total of 58 woody
species were identified across streams (including 35
tree species; Online resource ESM 1), woody species
richness per stream varied between 10 and 23 species
(6-14 tree species) (Table 2). Species richness in the
benthic litter standing stock per stream varied between
6 and 16 species (with Q. robur and C. sativa as
dominant species), and benthic litter biomass between
7.1 and 76.4 g AFDM sample~' (Table 2). The
correlations between benthic litter species richness
or biomass and riparian tree or woody species richness
were not significant (Table 3; Fig. 1b).

Table 2 Riparian woody species richness and benthic leaf litter species richness and biomass in the 10 study streams in central

Portugal

Riparian species and Tébuas Sardeira Candal 1 Candal 2 Catarredor 1 Catarredor 2 Foz

benthic litter

Tojosa Agaddao Agueda

. . . . —1
Riparian woody species richness (no. taxa stream™ ")

Woody species 13 23 18 10

Trees 8 14 13 6

Benthic litter

Species richness (no. 8 8 13 8
taxa streamfl)

Biomass (g AFDM  25.00 8.56 16.77 8.13
sample ™)

14 15 21 19 18

8 6 10 10 7

16 13 7 6 11
76.40 14.62 1431 7.38 7.12 8.80

Woody species, trees + shrubs + lianas; AFDM, ash-free dry mass

@ Springer


http://adn.biol.umontreal.ca/%7enumericalecology/Rcode/
http://adn.biol.umontreal.ca/%7enumericalecology/Rcode/

717

Aquat Ecol (2016) 50:711-725

pouwiojsuen-(x)307

(srrerop

10J SPOYIQJA 9935) ASAINS WEANS AY) 310J2q SILAA  pauniojiad sem judwiadxe uonisodwosap 1oNI 2y} IsneI2q SSAUYOL sa1oads Apoom pue 201 uerredir jsureSe A[uo paIsenuod
are (,_Aep “y) sojer uonisodwodd SUOE[SLI0 JUBIYIUSIS AU} 10 T6'() PUE TH'() USIMISQ PILIBA PUB 4 X .1 SB PIJBWNSI 3G UBD () UOISSAITI JEdul[ B Ul 9[qELIeA Juspuadapur
o) £q pauredxa st jey) 9[qerre juapuadop Y3 UT 0UBLIBA 3} JO UOTIORIJ AU, "P[OG UI UMOYS It (()S(0°0 > d) SUOIIR[AIIOD JUBOYIUSIS ‘UMOYS I8 (SOI[e) son[eA d pue I uosIedq

w0 120 1€°0 i4! ysoul auy ut yeo y

0rco 6¢°0 0L0 €l [saul 951200 UT Lo ¥
960 L90 CTYO0  S90— (430 81°0— €0 ¥$0— £€C0— £9°0 €0 Cl SSEWOIq I0ADINa(J

100°0> L9°0 &0 8r0— 10 §C0— LT°0 80— £€C0— 1.0 €0 I SSBUWOIq 9JeIqalIoAUTOIOBIA

SPo0 SE0°0 890 10— 900 91'0— cro 60— SCT0— 8¢°0 €€0 0l Ayisuop aroAnLa(

ceco £IT0 €200 S0'0— 020 90— o 89°0— [€0— 0 1€°0 6 Ay1Suap 21BIQAIIOAUTOIIRIA

0r0°0 0LI0 CT8E0  #68°0 €00 o 9I'0— w0 81°0 LO0 ¥T0 8 SSIUUDLL UOXe) a10ANIeq

99¢€°0 L8560 1980 S8S0 2960 $9°0 68°0 60 00 £5°0 69°0 L SSIUYDLI UOXE) 9)BIQILISAUIOEN

§E9°0 rr0 990 6590 8SE0 P00 £5°0 99°0 $9°0 €00 LSO 9 uonenuaouod 3)2Kwoydfy

£CE0 890 60L0 2SS0 6990 100°0> 0[O N0 0ro— €0 L0 S ssouyoLr sarvads a1e0AwoydAH

alro 2000 920 9200 8£C0 LI O £€0°0 £99°0 90 wo— €00 ¥ +SSBWOIQ IonI[ oryiuag

16670 PECO 8IS0 9L£0 690 1280 SPO'0 £08°0 P00 €e0— I10— ¢ $SOUYDLI so10ads Joniy onpuag

¢SS0 9L20  SS00 I20°0 88C0 €210 6980 1zro L£6°0 110 £€C0 8§¥E0 1.0 C ssouyoLr saroads Apoom ueLredry
6860 6100 08£0 LLEO PEED  E8E0  POSO 920°0 800 44X} 16670 VAYA, £0°0 [ ssauyoLr saroads dan uetredry
i4! el 4! I 01 6 8 L 9 S 14 € [4 ! SI[qeLIE A

([eSmiod [enudd ur sweans )] = u) sajel uonisodwoosp
IONI] puUe IONI] OMJIUSQ UM PIJLIOOSSE SIjeIqalIdAuroroew ‘Jiodsuer) ur saeokwoydAy onenbe ‘xopip Jes] onjjueq ‘uoneldSoa ueledil JOJ SUONB[OIIOD UOSIEd] ¢ e,

pringer

As



718

Aquat Ecol (2016) 50:711-725

Table 4 Aquatic hyphomycete conidia in transport and macroinvertebrate taxon richness, density and biomass associated with

benthic leaf litter in the 10 study streams in central Portugal

Stream name

Tabuas Sardeira Candal 1 Candal 2 Catarredor 1 Catarredor 2 Foz

Tojosa Agaddo Agueda

Agquatic hyphomycete conidia in transport

Species richness (no. 11 16 14 8
species stream™")

Conidia 1905 5015 9191 1370
concentration (no.
conidia L")

Macroinvertebrate taxon richness (no. taxa stream ™! )

Total 21 26 24 16
macroinvertebrates

Detritivores 9 8 9 8

Macroinvertebrate density (no. ind. g~' AFDM)

Total 3 9 4 6
macroinvertebrates

Detritivores 2 6 2 3

Macroinvertebrate biomass (mg g~' AFDM)

Total 1.25 6.21 2.63 1.82
macroinvertebrates

Detritivores 1.10 4.46 2.01 1.58

12 9 13 12 12 4
9453 5899 3332 2420 2050 84
24 2 24 23 22 17
10 9 7 10 8 9

8 4 9 5 4

3 1 2 2 3
0.85 2.15 391 266 304 462
0.71 1.59 323 166 236 258

Aquatic hyphomycete conidia in transport

Twenty-five aquatic hyphomycete species were found
across streams, with Articulospora tetracladia and
Flagellospora curvula being the most common, pre-
sent in all 10 streams (Online resource ESM 2).
Species richness per stream varied between 4 and 16
species (Table 4). Aquatic hyphomycete species rich-
ness was positively correlated with riparian tree
species richness (Fig. 2a) and macroinvertebrate
taxon richness (Table 3; Fig. 1b).

Conidia concentration in the water column varied
among streams by two orders of magnitude: 84-9453
conidia L™' (Table 4). Anguillospora filiformis, A.
tetracladia, F. curvula, Lunulospora curvula, and
Tetrachaetum elegans were the species contributing the
most to conidial production (Online resource ESM 2).
Conidia concentration was positively correlated with
benthic litter species richness, benthic litter biomass and
macroinvertebrate taxon richness (Table 3; Fig. 1b).

Benthic macroinvertebrates
Benthic leaf litter across streams was colonized by 47

macroinvertebrate taxa, 14 of which were detritivores

@ Springer

(Online resource ESM 3). Macroinvertebrate taxon
richness per stream varied between 16 and 26 taxa, and
detritivore taxon richness between 7 and 10 taxa
(29-53 % of total taxa) (Table 4). Among non-detri-
tivores, Orthocladiinae midges, Simuliini blackflies,
and the beetle Hydraena sp. were the most common
taxa, present in all 10 streams. The most common
detritivores were the caddisfly Lepidostoma hirtum,
the stoneflies Nemoura sp., Protonemoura sp. and
Leutra sp., and the beetle Elodes sp., which were
found in all 10 streams (Online resource ESM 3).
Macroinvertebrate taxon richness was positively cor-
related with riparian tree species richness (Table 3;
Figs. 1b, 2b).

A total of 6059 individuals was collected across
streams, but densities of macroinvertebrates (1-9
individuals g~' AFDM) and detritivores (1-6 individ-
uals g~ ' AFDM; 22-70 % of total macroinvertebrate
density) were low and varied among streams
(Table 4). Among non-detritivores, Orthocladiinae
was the most abundant taxon, which dominated
macroinvertebrate communities in Catarredor 1,
Catarredor 2, Candal 1, Tojosa, and Agadao streams
(43-64 % relative contribution to total density). The
most abundant detritivores were the stoneflies
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Protonemoura sp. (up to 42 % relative contribution to
total density), Nemoura sp. (up to 28 %), and Leuctra
sp. (up to 16 %), and the caddisfly L. hirtum (up to
19 %) (Online resource ESM 3). Macroinvertebrate
density was negatively correlated with benthic leaf
litter biomass and positively correlated with detriti-
vore density (Table 3; Fig. 1b).
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Biomass of macroinvertebrates (0.85-6.21 mg g~

AFDM) and detritivores (0.71-4.46 mg g_l AFDM)
on benthic litter also varied among streams (Table 4).
Detritivores contributed the most to total macroinver-
tebrate biomass (56-88 % relative contribution to
total biomass), mainly the caddisfly Alogamus laure-
atus (10=75 %), Tipulidae craneflies (18-51 %), and
the stoneflies Protonemura sp (5-20 %) and Nemoura
sp. (up to 24 %) (data not shown). Macroinvertebrate
biomass was positively correlated with riparian woody
species richness and detritivore density (Table 3;
Fig. 1b). Detritivore biomass was negatively corre-
lated with detritivore taxon richness and positively
correlated with detritivore density and macroinverte-
brate biomass (Table 3; Fig. 1b).

Leaf litter decomposition

Oak leaf litter decomposition rates varied among
streams, being 0.0077-0.0236 day ™' in coarse mesh
bags and 0.0043-0.0099 day~' in fine mesh bags
(Gulis et al. 2006; Ferreira et al. 2015b). Decompo-
sition rates in coarse mesh bags were positively
correlated with riparian tree species richness (Figs. 1b,
2c¢) and decomposition rates in fine mesh bags were
negatively correlated with elevation (Table 3).

Discussion

Our results reveal important relationships between
riparian vegetation, benthic litter, aquatic communi-
ties and litter decomposition in streams that derive
most of their energy from litter of terrestrial origin,
which are described below.

Benthic leaf litter standing stock

Benthic leaf litter species richness varied up to 2.7 fold
among our study streams, but values were similar to
those of other streams flowing through similar broad-
leaf mixed deciduous forests (Gonczol and Révay
2004; Laitung and Chauvet 2005; Lecerf et al. 2005).
Unexpectedly, benthic leaf litter species richness was
not correlated with riparian woody or tree species
richness, which may have several, non-exclusive
explanations. Firstly, leaf litter in a given stream
reach can also arrive from upstream reaches (Molinero
and Pozo 2003), which may explain the higher benthic
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litter species richness than riparian woody species
richness found in some streams. Secondly, the com-
position of the benthic litter standing stock is likely to
depend on the identity, abundance and characteristics
of the riparian species. Dominant tree species that
produce high amounts of leaves will likely contribute
high amounts of leaf litter to the stream bed, while less
abundant riparian species that have low leaf produc-
tion may be less represented in the benthic standing
stock; some rare riparian species may not even
contribute to the benthic litter standing stock in a
noticeable way (Gongalves et al. 2014). In fact,
although the riparian woody species richness varied
between 10 and 23 species, Q. robur and C. sativa
were the species contributing the most to benthic litter
standing stock in all streams. Leaves of different
species may also be retained in the stream bed with
different efficiency, depending on the leaf litter
characteristics and their interaction with stream
retentive structures (Canhoto and Graca 1998; Larra-
naga et al. 2003). Lastly, benthic sampling was done
on a single date, which might have been insufficient to
capture the maximum benthic leaf litter diversity in
these streams, even if the sampling was done during
the litter fall peak.

Aquatic hyphomycete conidia in transport

Aquatic hyphomycete species richness in stream water
was low (4-16 species per stream; 25 species in total)
when compared with other surveys of non-impacted
streams that found 27-77 aquatic hyphomycete
species per stream (Gonczol and Révay 1999;
Bérlocher 2000; Bérlocher and Graga 2002; Gulis
and Suberkropp 2004; Laitung and Chauvet 2005).
However, we note that our survey took place on a
single sampling date, while previous surveys were
generally based on monthly—bimonthly sampling of
stream water over longer time periods (10 months in
Laitung and Chauvet (2005) to 5 years in Bérlocher
(2000)). The number of aquatic hyphomycete species
in stream water is generally highly variable over the
year, and 8-81 % of the total number of species can be
identified from in a single sampling date (Gonczdl and
Révay 1999; Birlocher 2000; Birlocher and Graga
2002; Gulis and Suberkropp 2004; Laitung and
Chauvet 2005), suggesting that multiple sampling
dates are needed to more acurate determinations of
aquatic hyphomycete species richness in a stream. In
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fact, previous studies have allowed the identification
of 26 aquatic hyphomycete species associated with
decomposing leaf litter in one of our study streams
(Candal 1) and 20 species in another (Candal 2)
(Ferreira et al. 2006a, 2012, 2015a; Domingos et al.
2015), in contrast with the 14 and 8 species found in
the present survey, respectively.

Aquatic hyphomycete species richness was posi-
tively correlated with riparian tree species richness, as
expected and previously found in a survey of 21
stream sites in India (Rajashekhar and Kaveriappa
2003). Surveys of 8—10 streams in France also found a
positive correlation between aquatic hyphomycete
species richness and benthic leaf litter species richness
(Laitung and Chauvet 2005; Lecerf et al. 2005), which
was not observed in our study (see discussion above on
the relationship between riparian and benthic litter
species richness). Nevertheless, it is possible that the
correlation between aquatic hyphomycete and riparian
tree species richness is mediated by changes in benthic
leaf litter species composition among streams. Fungi
species have distinct enzymatic capabilities (Arsuffi
and Suberkropp 1984, 1988), which may translate into
distinct colonization patterns and performance on
different litter species (Canhoto and Graga 1996; Gulis
2001; Ferreira et al. 2006b). Thus, higher substrate
richness may allow the coexistence of more aquatic
hyphomycete species (Laitung and Chauvet 2005).

Conidia concentration in stream water varied by
two orders of magnitude across streams, and the
recorded concentrations included values (>5000 coni-
dia L™" in four streams) that were much higher than
those found in other surveys of non-disturbed streams
(Barlocher 2000; Bérlocher and Graga 2002; Gulis and
Suberkropp 2004; Laitung and Chauvet 2005). Our
highest conidia concentrations resembled those found
by Gulis and Suberkropp (2004) in a stream experi-
mentally enriched with nitrogen and phosphorus
(383 pug NL™" and 46 pg SRP L™"). However, in
our case, conidia concentrations in stream water were
not correlated with dissolved nutrients, despite the
eightfold variation in nitrogen (50408 pg N L™
and sixfold variation in SRP concentrations
(5-29 pg L™") across streams, and the previously
reported stimulation of fungal reproductive activity
with increases in dissolved nutrient availability (Su-
berkropp and Chauvet 1995; Gulis and Suberkropp
2003; Ferreira et al. 2006b; Gulis et al. 2006). Our
highest conidia concentrations resembled those found
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by Gonczol and Révay (1999, 2004) during autumn. A
peak in conidia concentration in stream water is
generally found during litter fall (Gonczol and Révay
1999; Birlocher 2000), which can help explaining the
high conidia concentrations found in our survey.
Conidia concentration was positively correlated
with benthic litter species richness and biomass, as
expected and in agreement with a previous study
(Laitung et al. 2002). Our results suggest that aquatic
hyphomycete reproductive output at the stream level
may depend more on the availability of organic
resources than on dissolved inorganic nutrients. This
may be due to the high needs for carbon during
conidial production and to nutrient demands by fungi
being met at relatively low concentrations of dissolved
inorganic nutrients (Rosemond et al. 2002; Ferreira
et al. 2006b; Gulis et al. 2006; Fernandes et al. 2014).

Benthic macroinvertebrates

Benthic macroinvertebrates associated with leaf litter
were diverse, and detritivores were well represented
(29-53 % of total taxon richness), as was also found
4 years earlier in the same streams (Gulis et al. 2006;
Ferreira et al. 2015b). Macroinvertebrate taxon rich-
ness was positively correlated with aquatic hyphomy-
cete species richness and conidia concentration, as
expected. Macroinvertebrates associated with leaf
litter may take advantage of aquatic hyphomycetes
in multiple ways. Filter feeders may feed on the
conidia produced by aquatic hyphomycetes and feed-
ing may be selective toward certain fungal species
(Barlocher and Brendelberger 2004). Even though
feeding on conidia may have a negligible contribution
to the energetic requirements of filter feeders, they
may supply macroinvertebrates with important nutri-
ents and fatty acids as suggested by Bérlocher and
Brendelberger (2004). Detritivores may also be
favored by increases in aquatic hyphomycete species
richness (Lecerf et al. 2005), which may enhance leaf
litter palatability due to complementary characteristics
among fungal species (e.g., distinct enzymatic activ-
ities, distinct concentration of nutrients, distinct iden-
tity and concentration of fatty acids; Suberkropp and
Arsuffi 1984; Chung and Suberkropp 2009; Funck
et al. 2015; Danger et al. 2016). Laboratory experi-
ments have shown that different detritivore species
have preferences for distinct fungal species (Arsuffi
and Suberkropp 1984, 1986). Thus, an increase in

aquatic hyphomycete species richness and conidia
concentration may favor a more diverse macroinver-
tebrate community.

Benthic macroinvertebrate taxon richness and
biomass were positively correlated with riparian tree
and woody species richness, respectively, but not with
benthic litter species richness, suggesting that riparian
richness is a better predictor of macroinvertebrate
taxon richness than a single measure of benthic litter
richness, possibly because the former is a more
integrative measure. The increase in the number of
riparian species could increase resource availability to
benthic macroinvertebrates (although no correlation
was found between riparian and benthic litter species
richness; but see above), allowing the coexistence of
more consumer species, e.g., through niche comple-
mentarity (Jonsson and Malmqvist 2000, 2003, 2005).
Most detritivores prefer feeding on softer leaves with
higher nutrient concentration, while the use of recal-
citrant leaves may require specific adaptations (Can-
hoto and Graga 1995; Azevedo-Pereira et al. 2006).
For instance, eucalypt leaves, which are tough and rich
in tannins and essential oils, are rarely preferred as
food resources by detritivores, in part because tannins
bind to proteins (enzymes) and prevent leaf litter
digestion, but craneflies (Tipulidae) are able to feed on
these leaves because their alkaline guts prevent the
formation of tannin—protein complexes (Canhoto and
Graga 2006). Leaf litter species with higher concen-
tration of secondary compounds may be preferred by
some caddisflies for case building (Moretti et al.
2009). Tough leaf litter may provide grazers with
biofilm, and soft leaf litter may provide fine particulate
organic matter to benthic collectors and filter feeders.
Tough leaf litter may also offer shelter and protection
from predators (Boyero 2011).

Benthic macroinvertebrate density was negatively
correlated with benthic litter biomass, which was
unexpected and contradicts previous observations for
streams in our study region (Graga et al. 2004) and
elsewhere (Dudgeon 1994), where positive correla-
tions were found. Manipulative studies in streams
have also found higher macroinvertebrate density with
increases in litter retention (Richardson 1991; Dobson
and Hildrew 1992; Negishi and Richardson 2003; but
see Tiegs et al. 2008). However, our results could be
explained by higher concentration of macroinverte-
brates in litter packs in streams with lower benthic
litter biomass, and/or higher dispersion of
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macroinvertebrates in streams with higher benthic
litter biomass (Tiegs et al. 2008). Benthic macroin-
vertebrate density was positively correlated with
detritivore density and macroinvertebrate biomass
was positively correlated with detritivore density and
biomass. Detritivores contributed largely to macroin-
vertebrate density (22-70 %) and biomass (56—88 %),
with large numbers of small Leuctridae and Nemouri-
dae stoneflies (2065 individuals found in this study)
and with large taxa (e.g., the caddisflies L. hirtum and
A. laureatus, and Tipulidae craneflies). Detritivore
biomass was positively correlated with detritivore
density and negatively correlated with detritivore
taxon richness, suggesting that richer detritivore
communities are dominated by small taxa.

Leaf litter decomposition

As expected, decomposition rates of oak leaf litter in
coarse mesh bags were positively correlated with
riparian tree species richness (Lecerf et al. 2011),
which was possibly mediated by changes in aquatic
communities. Although we could not test the correla-
tion between litter decomposition rates and aquatic
communities, since both were assessed at different
times, we found positive correlations between riparian
tree, aquatic hyphomycete species richness and
macroinvertebrate taxon richness (see above). Increases
in aquatic hyphomycete and macroinvertebrate taxon
richness may stimulate litter decomposition due to
complementarity or facilitation in resource use, or to the
higher chance of having a particularly efficient species
(Jonsson and Malmqvist 2000; Jonsson et al. 2001;
Birlocher and Corkum 2003; Duarte et al. 2006).
Decomposition rates of oak litter in fine mesh bags
were negatively correlated with elevation, as observed
previously in a survey of 14 stream sites over an
elevation gradient in France (Fabre and Chauvet
1998). Elevation can be taken as a surrogate of
temperature, which suggests a limitation of decom-
poser activity at higher elevations (lower tempera-
ture). In fact, fungal biomass on leaf litter decreased
with increasing elevation in France (Fabre and Chau-
vet 1998). In our case, however, no correlation was
found between aquatic hyphomycetes and elevation,
but we recall that litter decomposition rates were
assessed 4 years earlier. Nevertheless, in an experi-
ment manipulating stream water temperature in
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Candal 1 stream (Lousd Mountain), oak leaf litter
decomposed faster when temperature was increased
by ~3 °C in winter, although no strong effect of
temperature was found on decomposers associated to
litter (Ferreira and Canhoto 2015; Ferreira et al.
2015a).

Conclusion

This survey of non-impacted forest streams in central
Portugal showed that spatial variability in riparian
vegetation, benthic litter, aquatic communities and
litter decomposition can be high even within a
relatively small area, and allowed the identification
of complex interactions between these variables.
Aquatic hyphomycete species richness, macroinver-
tebrate taxon richness, and oak litter decomposition
were positively correlated with riparian tree species
richness in these non-impacted streams, suggesting
that anthropogenic-induced decreases in riparian
species richness may affect aquatic communities and
ecosystem processes. Decreases in riparian species
richness could result from forestry practices (e.g.,
commercial monocultures), invasion by exotic plant
species, plant disease outbreaks and climate change
(Kominoski et al. 2013; Ferreira et al. 2016). In fact,
extensive areas of the Lousa Mountain are becoming
invaded by Acacia species (Costa 2014), which are
exotic fast-growing nitrogen fixers that rapidly estab-
lish pure stands, generally expanding from stream
banks and road sides into the forest. Similarly, large
areas of the Caramulo Mountain are covered by
Eucalyptus globulus monocultures, which often
replace native mixed deciduous riparian forests
(Abelho and Graga 1996; Birlocher and Graga
2002). These changes in the riparian vegetation, with
a consequent decrease in tree species richness, will
probably lead to the environmental and biological
homogenization of streams, in contrast to the high
heterogeneity found in this study, and could increase
the susceptibility of aquatic communities to additional
stressors (McKinney and Lockwood 1999; Olden et al.
2004; Correa-Araneda et al. 2015). Our results suggest
that surveys of non-impacted streams that naturally
differ in environmental conditions can be useful in
forecasting the response of aquatic communities and
processes to anthropogenic activities.



Aquat Ecol (2016) 50:711-725

723

Acknowledgments We thank Elsa Rodrigues for ion
chromatography analysis and two anonymous reviewers for
their comments on an earlier version of the manuscript. This study
was partially supported by the Portuguese Foundation for Science
and Technology (FCT) through the strategic project UID/MAR/
04292/2013 granted to MARE and by the National Geographic
Society’s Committee for Research and Exploration through the
project 7980-06 granted to Luz Boyero. Financial support granted
to Verénica Ferreira by the FCT (SFRH/BPD/34368/2006,
program POPH/FSE; 1F/00129/2014) is also acknowledged.

References

Abelho M, Graga MAS (1996) Effects of eucalyptus afforesta-
tion on leaf litter dynamics and macroinvertebrate com-
munity structure of streams in Central Portugal.
Hydrobiologia 324:195-204

APHA (1995) Standard methods for the examination of water
and wastewater, 19th edn. American Public Health Asso-
ciation, Washington DC

Arsuffi TL, Suberkropp K (1984) Leaf processing capabilities of
aquatic hyphomycetes: interspecific differences and influ-
ence on shredder feeding preferences. Oikos 42:144-154

Arsuffi TL, Suberkropp K (1986) Growth of two stream cad-
disflies (Trichoptera) on leaves colonized by different
fungal species. J N Am Benthol Soc 5:297-305

Arsuffi TL, Suberkropp K (1988) Effects of fungal mycelia and
enzymatically degraded leaves on feeding and perfor-
mance of caddisfly (Trichoptera) larvae. J N Am Benthol
Soc 7:205-211

Azevedo-Pereira HVS, Graga MAS, Gonzilez JM (2006) Life
history of Lepidostoma hirtum in an Iberian stream and its
role on organic matter processing. Hydrobiologia
559:183-192

Birlocher F (2000) Water-borne conidia of aquatic hyphomy-
cetes: seasonal and yearly patterns in Catamaran Brook,
New Brunswick, Canada. Can J Bot 78:157-167

Birlocher F, Brendelberger H (2004) Clearance of aquatic
hyphomycete spores by a benthic suspension feeder.
Limnol Oceanogr 49:2292-2296

Birlocher F, Corkum M (2003) Nutrient enrichment over-
whelms diversity effects in leaf decomposition by stream
fungi. Oikos 101:247-252

Birlocher F, Graca MAS (2002) Exotic riparian vegetation
lowers fungal diversity but not leaf decomposition in
Portuguese streams. Freshw Biol 47:1123-1135

Benke AC, Huryn AD, Smock LA, Wallace JB (1999) Length-
mass relationships in North America with particular ref-
erence to the southeastern United States. ] N Am Benthol
Soc 18:308-343

Boyero L (2011) Expression of a behaviourally mediated mor-
phology in response to different predators. Ecol Res
26:1065-1070

Burgherr P, Meyer EI (1997) Regression analysis of linear body
dimensions vs. dry mass in stream macroinvertebrates.
Arch Hydrobiol 139:101-112

Canhoto C (1994) A decomposicido e utilizagdo das folhas de
Eucalyptus globulus como fonte alimentar por detritivoros
aquaticos. Dissertation, University of Coimbra

Canhoto C, Graca MAS (1995) Food value of introduced
eucalypt leaves for a Mediterranean stream detritivore:
tipula lateralis. Freshw Biol 34:209-214

Canhoto C, Graga MAS (1996) Decomposition of Eucalyptus
globulus leaves and three native leaf species (Alnus gluti-
nosa, Castanea sativa and Quercus faginea) in a Por-
tuguese low order stream. Hydrobiologia 333:79-85

Canhoto C, Graga MAS (1998) Leaf retention: a comparative
study between two stream categories and leaf types. Verh
Int Ver Theor Angew Limnol 16:990-993

Canhoto C, Graga MAS (2006) Digestive tract and leaf pro-
cessing capacity of the stream invertebrate Tipula lateralis
Meig. Can J Zool 84:1087-1095

Canhoto C, Graca MAS (2008) Interactions between fungi and
stream invertebrates: back to the future. In: Sridhar S,
Birlocher F, Hyde KD (eds) Novel techniques and ideas in
mycology. Fungal Diversity Research Series 20. Hong
Kong University Press, Hong Kong, pp 302-325

Chung N, Suberkropp K (2009) Effects of aquatic fungi on
feeding preferences and bioenergetics of Pycnopsyche
gentilis  (Trichoptera: limnephilidae). Hydrobiologia
630:257-269

Cornut J, Elger A, Lambrigot D, Marmonier P, Chauvet E
(2010) Early stages of leaf decomposition are mediated by
aquatic fungi in the hyporheic zone of woodland streams.
Freshw Biol 55:2541-2556

Correa-Araneda F, Boyero L, Figueroa R, Sanchez C, Abdala R,
Ruiz-Garcia A, Graga MAS (2015) Joint effects of climate
warming and exotic litter (Eucalyptus globulus Labill.) on
stream detritivore fitness and litter breakdown. Aquat Sci
77:197-205

Costa JLPDO (2014) Os caminhos da invasio do género Acacia
Mill. na Bacia do Rio Arouce. Dissertation, University of
Coimbra

Cummins KW, Wilzbach MA, Gates DM, Perry JB, Taliaferro
WB (1989) Shredders and riparian vegetation. Bioscience
39:24-30

Danger M, Gessner MO, Birlocher F (2016) Ecological stoi-
chiometry of aquatic fungi: current knowledge and per-
spectives. Fungal Ecol 19:100-111

Dobson M, Hildrew AG (1992) A test of resource limitation
among shredding detritivores in low order streams in
southern England. J Anim Ecol 61:69-77

Domingos C, Ferreira V, Canhoto C, Swan C (2015) Effect of
warming and presence of a dominant shredder on litter
decomposition and in the variability patterns of macroin-
vertebrate and fungal assemblages. Aquat Sci 77:129-140

Duarte S, Pascoal C, Céssio F, Birlocher F (2006) Aquatic
hyphomycete diversity and identity affect leaf litter
decomposition in microcosms. Oecologia 147:658—
666

Dudgeon D (1994) The influence of riparian vegetation on
macroinvertebrate community structure and functional
organization in six New Guinea streams. Hydrobiologia
294:65-85

Fabre E, Chauvet E (1998) Leaf breakdown along an altitudinal
stream gradient. Arch Hydrobiol 141:167-179

Fernandes I, Seena S, Pascoal C, Cassio F (2014) Elevated
temperature may intensify the positive effects of nutrients
on microbial decomposition in streams. Freshw Biol
59:2390-2399

@ Springer



724

Aquat Ecol (2016) 50:711-725

Ferreira V, Canhoto C (2015) Future increase in temperature
may stimulate litter decomposition in temperate mountain
streams: evidence from a stream manipulation experiment.
Freshw Biol 60:881-892

Ferreira V, Elosegi A, Gulis V, Pozo J, Graga MAS (2006a)
Eucalyptus plantations affect fungal communities associ-
ated with leaf-litter decomposition in Iberian streams. Arch
Hydrobiol 166:467-490

Ferreira V, Gulis V, Graca MAS (2006b) Whole-stream nitrate
addition affects litter decomposition and associated fungi
but not invertebrates.Oecologia 149:718-729

Ferreira V, Encalada AC, Graca MAS (2012) Effects of litter
diversity on decomposition and biological colonization of
submerged litter in temperate and tropical streams. Freshw
Sci 31:945-962

Ferreira V, Chauvet E, Canhoto C (2015a) Effects of experi-
mental warming, litter species, and presence of macroin-
vertebrates on litter decomposition and associated
decomposers in a temperate mountain stream.Can J Fish
Aquat Sci 72:206-216

Ferreira V, Larrafiaga A, Gulis V, Basaguren A, Elosegi A,
Graga MAS, Pozo J (2015b) The effects of eucalypt plan-
tations on plant litter decomposition and macroinvertebrate
communities in Iberian streams. For Ecol Manage
335:129-138

Ferreira V, Koricheva J, Pozo J, Graca MAS (2016) A meta-
analysis on the effects of changes in the composition of
native forests on litter decomposition in streams. For Ecol
Manage 364:27-38

Frainer A, Moretti MS, Xu W, Gessner MO (2015) No evidence
for leaf-trait dissimilarity effects on litter decomposition,
fungal decomposers, and nutrient dynamics. Ecology
96:550-561

Funck JA, Bec A, Perriére F, Felten V, Danger M (2015)
Aquatic hyphomycetes: a potential source of polyunsatu-
rated fatty acids in detritus-based stream food webs. Fungal
Ecol 13:205-210

Gessner MO, Chauvet E (1994) Importance of stream micro-
fungi in controlling breakdown rates of leaf litter. Ecology
75:1807-1817

Gessner MO, Thomas M, Jean-Louis AM, Chauvet E (1993)
Stable successional patterns of aquatic hyphomycetes on
leaves decaying in a summer cool stream. Mycol Res
97:163-172

Gessner MO, Swan CM, Dang CK, McKie BG, Bardgett RD,
Wall DH, Hittenschwiler S (2010) Diversity meets
decomposition. Trends Ecol Evol 25:372-380

Gongalves J F Jr, Santos AM, Esteves FA (2004) The influence
of the chemical composition of Typha domingensis and
Nymphaea ampla detritus on invertebrate colonization
during decomposition in a Brazilian coastal lagoon.
Hydrobiologia 527:125-137

Gongalves J F Jr, Rezende RS, Gregorio RS, Valentin GC
(2014) Relationship between dynamics of litterfall and
riparian plant species in a tropical stream. Limnologica
44:40-48

Gonczol 1, Révay A (1999) Studies on the aquatic hypho-
mycetes of the Morgd stream, Hungary. II. Seasonal
periodicity of conidial populations. Arch Hydrobiol
144:495-508

@ Springer

Gonczol J, Révay A (2004) Aquatic hyphomycetes in two
streams differing in discharge and distribution of leaf litter.
Studia Bot Hung 35:45-58

Graga MAS, Pinto P, Cortes R, Coimbra N, Oliveira S, Morais
M, Carvalho MJ, Malo J (2004) Factors affecting
macroinvertebrate richness and diversity in Portuguese
streams: a two-scale analysis. Int Rev Hydrobiol
89:151-164

Graga MAS, Birlocher F, Gessner MO (2005) Methods to study
litter decomposition. A practical guide.Springer, Dordrecht

Gulis V (2001) Are there any substrate preferences in aquatic
hyphomycetes? Mycol Res 105:1088—-1093

Gulis V, Suberkropp K (2003) Leaf litter decomposition and
microbial activity in nutrient-enriched and unaltered
reaches of a headwater stream. Freshw Biol 48:123-134

Gulis V, Suberkropp K (2004) Effects of whole-stream nutrient
enrichment on the concentration and abundance of aquatic
hyphomycete conidia in transport. Mycologia 96:57-65

Gulis V, Ferreira V, Graca MAS (2006) Stimulation of leaf litter
decomposition and associated fungi and invertebrates by
moderate eutrophication: implications for stream assess-
ment. Freshwat Biol 51:1655-1669

IPMA (Instituto Portugués do Mar e da Atmosfera) (2007).
Accessed 2 Oct 2007. http://www.meteo.pt/pt/clima/clima.
Jsp

Johnston TA, Cunjak RA (1999) Dry mass-length relationships
for benthic insects: a review with new data from Catamaran
Brook, New Brunswick, Canada. Freshw Biol 41:653-674

Jonsson M, Malmqvist B (2000) Ecosystem process rate
increases with animal species richness: evidence from leaf-
eating, aquatic insects. Oikos 89:519-523

Jonsson M, Malmqvist B (2003) Mechanisms behind positive
diversity effects on ecosystem functioning: testing the
facilitation and interference hypotheses. Oecologia
134:554-559

Jonsson M, Malmgqvist B (2005) Species richness and compo-
sition effects in a detrital processing chain. ] N Am Benthol
Soc 24:798-806

Jonsson M, Malmgqvist B, Hoffsten P-O (2001) Leaf litter
breakdown rates in boreal streams: does shredder species
richness matter? Freshw Biol 46:161-171

Kominoski JS, Shah JJF, Canhoto C, Fischer DG, Giling DP,
Gonzalez E, Griffiths NA, Larrafiaga A, LeRoy CJ, Mineau
MM, McElarney YR, Shirley SM, Swan CM, McElarney
YR (2013) Forecasting functional implications of global
changes in riparian plant communities. Front Ecol Environ
11:423-432

Laitung B, Chauvet E (2005) Vegetation diversity increases
species richness of leaf-decaying fungal communities in
woodland streams. Arch Hydrobiol 164:217-235

Laitung B, Pretty JL, Chauvet E, Dobson M (2002) Response of
aquatic hyphomycete communities to enhanced stream
retention in areas impacted by commercial forestry. Freshw
Biol 47:313-323

Larrafiaga S, Diez JR, Elosegi A, Pozo J (2003) Leaf retention in
streams of the Agiiera basin (northern Spain). Aquat Sci
65:158-166

Lecerf A, Dobson M, Dang CK, Chauvet E (2005) Riparian
plant species loss alters trophic dynamics in detritus-based
stream ecosystems. Oecologia 146:432-442


http://www.meteo.pt/pt/clima/clima.jsp
http://www.meteo.pt/pt/clima/clima.jsp

Aquat Ecol (2016) 50:711-725

725

Lecerf A, Marie G, Kominoski JS, LeRoy CJ, Bernadet C, Swan
CM (2011) Incubation time, functional litter diversity, and
habitat characteristics predict litter-mixing effects on
decomposition. Ecology 92:160-169

Leuven RS, Brock TC, van Druten HA (1985) Effects of
preservation on dry-and ash-free dry weight biomass of
some common aquatic macro-invertebrates. Hydrobiologia
127:151-159

McKinney ML, Lockwood JL (1999) Biotic homogenization: a
few winners replacing many losers in the next mass
extinction. Trends Ecol Evol 14:450-453

Meyer E (1989) The relationship between body length param-
eters and dry mass in running water invertebrates. Arch
Hydrobiol 117:191-203

Molinero J, Pozo J (2003) Balances de hojarasca en dos arroyos
forestados: impacto de las plantaciones de eucalipto en el
funcionamiento ecoldgico de un sistema l6tico. Limnetica
22:63-70

Moretti MS, Loyola RD, Becker B, Callisto M (2009) Leaf
abundance and phenolic concentrations codetermine the
selection of case-building materials by Phylloicus sp.
(Trichoptera, Calamoceratidae). Hydrobiologia
630:199-206

Negishi JN, Richardson JS (2003) Responses of organic matter
and macroinvertebrates to placements of boulder clusters
in a small stream of southwestern British Columbia,
Canada. Can J Fish Aquat Sci 60:247-258

Olden JD, Poff NL, Douglas MR, Douglas ME, Fausch KD
(2004) Ecological and evolutionary consequences of biotic
homogenization. Trends Ecol Evol 19:18-24

Ostrofsky ML (1997) Relationship between chemical charac-
teristics of autumn-shed leaves and aquatic processing
rates. ] N Am Benthol Soc 16:750-759

Rajashekhar M, Kaveriappa KM (2003) Diversity of aquatic
hyphomycetes in the aquatic ecosystems of the Western
Ghats of India. Hydrobiologia 501:167-177

R Core Team (2013) R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna

Richardson JS (1991) Seasonal food limitation of detritivores in
a montane stream: an experimental test. Ecology
72:873-887

Rosemond AD, Pringle CM, Ramirez A, Paul MJ, Meyer JL
(2002) Landscape variation in phosphorus concentration
and effects on detritus-based tropical streams. Limnol
Oceanogr 47:278-289

Schindler MH, Gessner MO (2009) Functional leaf traits and
biodiversity effects on litter decomposition in a stream.
Ecology 90:1641-1649

Srivastava DS, Lawton JH (1998) Why more productive sites
have more species: an experimental test of theory using
tree-hole communities. Am Nat 152:510-529

Suberkropp K, Arsuffi TL (1984) Degradation, growth, and
changes in palatability of leaves colonized by six aquatic
hyphomycete species. Mycologia 76:398-407

Suberkropp K, Chauvet E (1995) Regulation of leaf breakdown
by fungi in streams: influences of water chemistry. Ecology
76:1433-1445

Swan CM, Palmer MA (2004) Leaf diversity alters litter
breakdown in a Piedmont stream. J N Am Benthol Soc
23:15-28

Swan CM, Palmer MA (2006) Composition of speciose leaf
litter alters stream detritivore growth, feeding activity and
leaf breakdown. Oecologia 47:469-478

Tachet H, Richoux P, Bournaud M, Usseglio-Polatera P (2000)
Invertébrés d’eau douce: systématique, biologie, écologie.
CNRS éditions, Paris

Tiegs SD, Peter FD, Robinson CT, Uehlinger U, Gessner MO
(2008) Leaf decomposition and invertebrate colonization
responses to manipulated litter quantity in streams. J N Am
Benthol Soc 27:321-331

Vieira-Lanero R (2000) Las larvas de los tricopteros de Galicia
(Insecta: Trichoptera). Dissertation, Universidad de San-
tiago de Compostela

von Schiller D, Solimini AG (2005) Differential effects of
preservation on the estimation of biomass of two common
mayfly species. Arch Hydrobiol 164:325-334

Wallace J, Eggert SL, Meyer JL, Webster JR (1997) Multiple
trophic levels of a forest stream linked to terrestrial litter
inputs. Science 277:102-104

@ Springer



	Aquatic hyphomycetes, benthic macroinvertebrates and leaf litter decomposition in streams naturally differing in riparian vegetation
	Abstract
	Introduction
	Methods
	Streams and riparian vegetation
	Benthic leaf litter
	Benthic macroinvertebrates
	Aquatic hyphomycetes conidia in transport
	Leaf litter decomposition
	Data analyses

	Results
	Riparian vegetation and benthic leaf litter
	Aquatic hyphomycete conidia in transport
	Benthic macroinvertebrates
	Leaf litter decomposition

	Discussion
	Benthic leaf litter standing stock
	Aquatic hyphomycete conidia in transport
	Benthic macroinvertebrates
	Leaf litter decomposition

	Conclusion
	Acknowledgments
	References




