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Abstract. The effect of mixing litter on decomposition and colonisation has been the focus of many studies car-
ried independently in terrestrial and aquatic ecosystems. Those studies are carried out in different regions, use
different experimental protocols and methodologies for the assessment of additive or non-additive effects, and
the conclusions on the effect of mixtures vary accordingly. In this study I tested the hypothesis, via a short-term
decomposition experiment, that, when using the same experimental protocol, mixtures have similar additive
effects on decomposition and associated biota in a stream and at its riparian zone. The effect of mixing litter
was assessed by comparing values in mixtures with the average of single species, alder and poplar (method 1);
comparing the value of a species in mixture with the value of that species alone (method 2); and by a graphi-
cal analysis of the average difference between observed and expected values and the 95 % confidence intervals
(method 3). Method 1 was the most conservative, detecting non-additive effects on macroinvertebrate abundance
only; method 2 detected non-additive effects on both dry mass remaining and ergosterol, with differential re-
sponses of the leaf species and the habitat; and method 3 detected non-additive effects on all variables except
ergosterol and percentage detritivore abundance and also identified different responses of the leaves exposed in
the terrestrial and the aquatic habitats. These results show that (i) the methodology used to detect the effects of
mixtures deeply influences the results obtained, and may partially explain the diversity of responses available in
literature; and (ii) the effect of mixtures may differ in the stream and at the riparian area. However, the findings
of the present work should be assessed in a larger-scale experiment in order to generalise the effects of mixing
litter on terrestrial and aquatic habitats.

1 Introduction

Riparian zones are recognised as a key feature in stream ecol-
ogy, due to the effect of shading on water temperature, pho-
tosynthesis inhibition and as a source of detritus as the main
food resource for the aquatic food webs (Naiman and Dé-
camps, 1997; Cummins, 2002). Riparian zones are also con-
sidered to play an important and significant role in terrestrial
ecology, due to their effect in the cycling of nutrients (Fior
et al., 2010). For instance,N retention in the vegetation and
litter compartment may contribute up to 99 % of the totalN

removed from the water flowing through the riparian zone
(Hefting et al., 2005).

Breakdown rates on the riparian zone depend on moisture
(Hutchens Jr. and Wallace, 2002) and soil microbial and fau-
nal communities (Edmonds and Tuttle, 2010; Hunter et al.,
2003), and tend to slow with distance from stream (Hutchens
Jr. and Wallace, 2002). Both in stream and at the forest floor
fungi are the key microbial decomposers whose activities
are modified and complemented by litter-consuming detri-
tivores (Gessner et al., 2010), but leaves of a given species
consistently show slower riparian than stream decomposition
rates, with stream rates 3.9 to 18.8 times faster than ripar-
ian rates, depending on the exposure habitat (surface or sub-
surface) and on species (Arizpe et al., 2008; Harner et al.,
2009; Hutchens Jr. and Wallace, 2002). This is due to ter-
restrial moisture limitation and to the more efficient stream
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invertebrate detritivores, which can consume ten times more
litter than terrestrial ones (Gessner et al., 2010), despite the
higher number of efficient lignin-degrader fungal species in-
volved in leaf decomposition in forest floors (Gessner et al.,
2010).

Litter-mixing experiments predominantly result in non-
additive effects, with synergistic dominating over antagonis-
tic responses in both terrestrial and aquatic ecosystems (Hät-
tenschwiler et al., 2005; Lecerf et al., 2007). Potential mech-
anisms for the frequently observed litter-diversity effects on
mass loss and nitrogen dynamics include fungi-driven nu-
trient transfer among litter species, inhibition or stimulation
of microorganisms by specific litter compounds, and posi-
tive feedback of fauna due to greater habitat and food diver-
sity (Kominoski et al., 2009; Naiman and Décamps, 1997).
Research on the effect of mixtures varies largely in experi-
mental protocols and the methodology used to assess the ex-
istence of non-additive effects (Gartner and Cardon, 2004;
Hättenschwiler et al., 2005). Thus, in addition to the mech-
anisms explaining additive or non-additive responses, non-
standardised methodologies may have also contributed to the
variety of responses available in literature. Moreover, exper-
iments have developed largely independently in forest floors
and aquatic ecosystems (Hättenschwiler et al., 2005; Lecerf
et al., 2009); precluding a general ecological understanding
on the effect of mixtures. Although both systems rely on leaf
litter decomposition as their main energy source, limitations
to decomposer activities due to abiotic factors such as water
and nutrient availability, as well as detritivore feeding strate-
gies differ (Gessner et al., 2010), and may differentially in-
fluence the effect of mixing litter in the terrestrial and the
aquatic habitats.

The objective of this study was to test the hypothesis that,
under the same experimental protocol, the effect of mixtures
is similar in stream and at the riparian area. For that pur-
pose I compared breakdown and colonisation by fungi and
invertebrates of leaf litter of common alder (Alnus glutinosa
(L.) Gaertner), hybrid black poplar (Populus x canadensis
Moench), and a 1: 1 mixture of both species in a stream and
at its riparian area.

2 Methods

2.1 Study site

The experiment was carried out at Ribeira do Botão, a
3rd order stream located near Coimbra, central Portugal
(40◦18′23′′ N, 08◦23′55′′ W; elevation 80 m), during Novem-
ber 2011. The stream drains a sedimentary rock (mostly lime-
stone) basin dominated by eucalypt forestry with small-scale
agricultural fields downstream of the study site. The riparian
vegetation at the study site was composed of mixed decidu-
ous trees where common alder was dominant. By the begin-
ning of the experiment leaves (mainly alder leaf litter) were
already accumulating on the floor. During the study period

(data collected at the nearest meteorological station located
at 40◦12′33′′ N, 08◦27′08′′ W; elevation 16 m), average daily
air temperature was 12.6◦C (range 8.6–18.1◦C), precipita-
tion totalled 168 mm and humidity was 85.8 % (range 54.0–
96.4 %). At the stream bank where the bags were deployed
(circa 1.5 m above the stream surface and 1 m away from the
stream margin), fallen leaf litter was moist throughout the ex-
periment due to precipitation (personal observation) and no
surface hydrologic interaction occurred between the stream
and the riparian litter bag location. The stream channel was
3.1 to 3.4 m wide, had a water depth of 13.6 to 16.0 cm, cur-
rent velocity of 0.239 to 0.307 m s−1 and discharge of 0.107
to 0.140 m3 s−1. The water temperature was 9.6 to 13.3◦C,
pH 7.1 to 7.3, conductivity 171 µS cm−1 and dissolved oxy-
gen 11.9 mg L−1.

2.2 Experiment

Decomposition was studied on leaves of common alder (Al-
nus glutinosa(L.) Gaertner) and hybrid black poplar (Pop-
ulus x canadensisMoench). These two species were chosen
because the genera are well known, with data available in
literature, and common in riparian zones across broad geo-
graphic areas. Senescent leaves were collected from the trees
or from the ground when freshly fallen, during three con-
secutive days on October 2011, air-dried in the laboratory
and weighed to the nearest 0.001 g to form single species
or mixture (1: 1) portions of 2.8 g± 0.08 g SE. The leaves
were introduced in 5 mm mesh square bags (20 cm× 20 cm),
tied in groups (1 alder, 1 mixture, 1 poplar) and placed at
the riparian zone by the stream channel and in a riffle area
of the stream on 2 November 2011. The riparian bags were
deployed on the floor and loosely covered with dead fallen
leaves. The stream bags were tied to nails fixed at the bottom
of the stream.

On each sampling occasion (after 14 and 28 days), three
replicate bags of each type were randomly removed, allo-
cated to individual plastic bags and transported to the lab-
oratory in an ice chest. In the laboratory, the bags were
opened and the leaves gently washed with tap water through
a 0.5 mm mesh sieve to remove attached debris and inverte-
brates. The invertebrates were stored in 75 % ethanol for a
maximum period of a week, identified and counted under a
binocular magnifier, assigned to detritivores or others (Hop-
kin, 2002; Quigley and Madge, 1988; Tachet et al., 2000),
oven-dried (60◦C, 3 days) and combusted (500◦C, 5 h) to
determine ash-free dry mass (AFDM). Although preserva-
tion in ethanol may alter AFDM of the invertebrates (Leuven
et al., 1985), the short preservation period and the dark con-
ditions of storage may have been sufficient to keep losses to
a minimum and allow meaningful comparisons among sam-
ples.

From each sample a group of six 1.4 mm leaf discs was
cut with a cork borer and immediately frozen at−20◦C
to determine ergosterol as a surrogate for fungal biomass
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(Newell, 1992). The rest of the leaves of each species was
oven-dried (60◦C, 3 days) and weighed separately to deter-
mine dry mass. Dry mass remaining of each species on each
sampling date was the sum of the mass of the leaves and the
mass of the discs. Species in mixtures were assessed individ-
ually and summed to obtain mass remaining of the mixture.
Initial oven-dry mass of the leaves was estimated from the
ratio oven-dry to air-dry mass of an extra set of three leaf
portions per leaf species.

2.3 Ergosterol analysis

Ergosterol is a membrane-bound sterol in most fungi, is ab-
sent from vascular plants, and is the most used indicator of
fungal biomass associated with decomposing leaves in both
terrestrial and aquatic habitats where light is a limiting factor
(Gessner, 2005). Ergosterol was extracted with a microwave
assisted method (MEA) based on that of Young (1995). The
discs were lyophilized overnight, immediately weighed to
determine dry mass, transferred to a 30 mL glass vial con-
taining 2.0 mL of methanol (CH4O) and 0.5 mL of 2 M of
aqueous sodium hydroxide (NaOH), and tightly sealed with
a Teflon-lined screw cap. The vials were individually placed
in 300 mL capped plastic bottles and tightly sealed. Eleven
of these combinations were placed in a domestic microwave
oven (operating at 2450 MHz and 750 W maximum output),
heated at 50 % power for three periods of 20 s with 3 min
intervals and removed from the plastic bottle after cooling
to room temperature (circa 15 min). The solution was neu-
tralised with 1 mL of 1 M of aqueous hydrochloric acid (HCl)
and ergosterol was extracted with three consecutive 2 mL
methanol and pentane (C5H12) washes; after vorticity the
supernatant was removed with individual Pasteur pipettes to
10 mL glass tubes. The pentane extracts were evaporated to
dryness on a moist sand bath at 55◦C, rinsed three times with
0.5 mL of pentane to an HPLC vial, evaporated again and the
residue was dissolved in 1 mL of methanol and kept at 4◦C
in the dark until analysis. Recovery rate of ergosterol for each
extraction run was estimated with a blank sample spiked with
a known amount of ergosterol and treated as the other sam-
ples. Ergosterol was quantified by measuring absorbance at
282 nm after separation from other lipids by HPLC (Dionex,
Sunnyvale, California) with column (LiChroCART 250-4
LiChrospher 100 RP-18 (5 mm), Merck, Darmstadt, Ger-
many) temperature maintained at 33◦C and a mobile phase
of pure methanol at a flow rate of 1.4 mL min−1 (Gessner,
2005). Peak identity was checked on the basis of retention
times of pure ergosterol standards and quantification was
achieved by measuring peak height (Gessner and Chauvet,
1997). Ergosterol was expressed as mg g−1 leaf dry mass on
basis of the dry mass of the discs. Ergosterol content of mix-
tures was the average of the value of each species.

2.4 Statistical analysis

Exponential breakdown rates were calculated as the slope
of the regression of the natural logarithm of percentage dry
mass remaining upon time in days. Analysis of covariance
(ANCOVA; Zar, 1996) was used to test the effect of loca-
tion and treatment on the slope (breakdown rate) of the re-
gressions. Percentage dry mass remaining, invertebrate and
ergosterol data were tested for homogeneity of variances
(Bartlett’s test; Zar, 1996) before testing the effect of lo-
cation (riparian vs. stream) and treatment (alder vs. poplar
vs. mixture) with repeated-measures ANOVA using time as
the within-subjects variable (Zar, 1996). Whenever signifi-
cant differences among species were found, post hoc Tukey
type tests were carried out to determine identity of the dif-
ferences (Zar, 1996). Statistical analysis was carried out with
the software STATISTICA 7 with the level of significance set
atα = 0.05.

All percentages and the abundance of invertebrates were
homoscedastic (B < 15.89, df = 8–10, p > 0.1) while in-
vertebrate biomass and ergosterol concentrations were het-
eroscedastic (B > 22.3, df = 10, p < 0.01), and were trans-
formed with the logarithmic transformationX′

= ln(X + 1)

(Zar, 1996), becoming homoscedastic (B < 17.4, df = 10,
p > 0.07).

2.5 Detecting additive or non-additive responses

Three methods were used to determine whether tested vari-
ables showed additive or non-additive responses to mixtures.
In method 1, values of the response variables in mixtures (ob-
served) were compared with values calculated by averaging
single-species treatments (expected) by repeated-measures
ANOVA as above (treatment being observed and expected
values). If no significant differences between observed and
expected values were detected, mixtures were considered ad-
ditive for that variable. If non-additive, the direction of the
difference indicated synergistic (observed > expected) or in-
hibition (observed < expected) effects of that variable in the
mixture. The previous approach may mask species-specific
responses to mixing litter (Hättenschwiler et al., 2005);
thus, method 2 compared the value of a species in mixture
with the value of that species alone by two-way repeated-
measures ANOVA as above (treatment being species in mix-
ture and single species) and was used only for percentage
dry mass remaining and ergosterol concentrations. The exis-
tence of significant differences was considered an indication
of non-additive effects: synergistic if the value in mixture
was higher than the value alone or antagonistic if otherwise.
In methods 1 and 2, a significant interaction between loca-
tion and treatment was indicative of a differential effect of
the mixtures in the stream and at the riparian zone. Method
3 consisted in the graphical analysis described by Ball et
al. (2008). For each response variable, the difference between
observed and expected values of the replicates was computed
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Table 1. Exponential breakdown rates (−k day−1
± 95 % confi-

dence limits) of leaves of alder, poplar and mixture, of alder and
poplar in mixture, and calculated on basis of the average of single-
species treatments, decomposing in the stream and at the riparian
zone of Ribeira do Botão.N = 9, except for alder in stream where
N = 8; r2

≥ 0.85,p < 0.0001.

Treatment Riparian Stream

Alder 0.0187± 0.0039 0.0430± 0.0011
Poplar 0.0091± 0.0034 0.0220± 0.0060
Mixture 0.0146± 0.0033 0.0342± 0.0040
Alder in mixture 0.0219± 0.0050 0.0458± 0.0059
Poplar in mixture 0.0145± 0.0052 0.0316± 0.0062
Average of single species 0.0136± 0.0032 0.0310± 0.0040

as 100× (observed− expected)/expected)), and the average
and the 95 % confidence intervals (CI) were taken for each
treatment and location (n = 6). The effect was considered
non-additive if the CI did not crossy = 0 for each point, in-
dicating synergistic, if the difference was positive or antag-
onistic effects, if the difference was negative, and otherwise
considered additive. All heteroscedastic variables (after Bart-
ley’s test) were transformed as above.

3 Results

3.1 Mass loss, fungal and invertebrate colonisation

All regressions of dry mass remaining upon time were signif-
icant and fitted to the negative exponential model (r2

≥ 0.85;
p < 0.0001; Table 1). Breakdown rates were faster in the
stream than at the riparian area (F1,46 = 30.8, p < 0.0001)
and there was a significant effect of treatment (F2,46 = 3.9,
p < 0.05) with poplar decomposing slower than alder or the
mixtures (p < 0.05). After 28 days, leaves at the riparian
zone had lost 23 % (poplar) to 41 % (alder) while leaves
in the stream lost 46 % (poplar) to 70 % (alder) of initial
mass (Fig. 1a). Both location (F1,15 = 179.1, p < 0.0001;
riparian > stream) and treatment (F2,15 = 20.2, p < 0.0001;
poplar > mixture= alder,p < 0.01) had a significant effect on
dry mass remaining.

Ergosterol concentrations associated with decomposing
leaves attained higher values and showed higher varia-
tion in the stream than at the riparian zone (Fig. 1b).
There was a significant effect of location (F1,15 = 189.5,
p < 0.0001; stream > riparian) and treatment (F2,15 = 12.5,
p < 0.001; poplar < mixture= alder,p < 0.05 andp < 0.001,
respectively) on ergosterol concentrations associated with
leaf litter.

Total invertebrate biomass (Fig. 2a) colonising the leaves
was higher in the stream than at the riparian zone (F1,15 =

30.2, p < 0.0001) but there were no significant differ-
ences among treatments (F2,15 = 1.3, p = 0.30). There
was a significant effect of location (F1,15 = 0.7, p = 0.40;
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Figure 1. (a) Dry mass remaining and(b) ergosterol concentrations
of leaves of alder, poplar and mixture decomposing in the stream
and at the riparian zone of Ribeira do Botão. Values are ranges
(boxes) and means (+) of n = 3.

stream > riparian) and treatment (F2,15 = 9.9, p < 0.01) on
total invertebrate abundance (Fig. 2b), with higher colonisa-
tion of mixtures than of poplar (p < 0.05). The percentage
biomass of detritivores (Fig. 2c) was highly variable with
no clear pattern regarding location (F1,15 = 0.7, p = 0.40)
or treatment (F2,15 = 0.8, p = 0.47), while their percentage
abundance (Fig. 2d) was affected by location (F1,15 = 12.4,
p < 0.01; stream > riparian) but not by treatment (F2,15 =

2.0, p = 0.09).
The most abundant taxonomic groups at the riparian zone

(Table 2), constituting 69 % of total abundance were order
Collembola (20 % in alder, 46 % in poplar and 41 % in mix-
ture), order Diptera (49 % in alder, 29 % in poplar and 24 %
in mixture), and Class Gastropoda (10 % in alder, 11 % in
poplar and 9 % in mixture). The relative abundances of these
taxonomic groups varied among treatments and with time,
especially in alder leaves (Fig. 3a). The most abundant taxo-
nomic groups in the stream (Table 2), constituting 94 % of all
abundance were order Plecoptera (family Leuctridae: 63 %
in alder, 64 % in poplar and 68 % in mixture), order Diptera
(17 % in alder, 26 % in poplar and 20 % in mixture, of which
the most abundant were family Simuliidae, 12 % of total and
Chironomidae, 7 %), and order Trichoptera (6 % in alder, 5 %
in poplar and 6 % in mixture, of which the most abundant
was family Hydropsychidae, with 4 % of total). The relative
abundances of these taxa were consistent through time and
among treatments (Fig. 3b).
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Figure 2. (a) Total invertebrate biomass and (b) abundance, (c) percentage detritivore biomass and (d) abundance colonizing leaves of alder, 523 

poplar and mixture decomposing in the stream and at the riparian zone of Ribeira do Botão. Values are ranges (boxes) and means () of n=3.524 

Figure 2. (a) Total invertebrate biomass and(b) abundance,(c) percentage detritivore biomass and(d) abundance colonising leaves of alder,
poplar and mixture decomposing in the stream and at the riparian zone of Ribeira do Botão. Values are ranges (boxes) and means (+) of
n = 3.

3.2 The effect of mixtures

When data were analysed with method 1 (comparing ob-
served and expected values by two-way repeated-measures
ANOVA), observed values were similar to expected for all
variables (F1,13 < 4.2,p > 0.06) except for invertebrate abun-
dance (F1,13 = 9.9, p < 0.01), which was higher than ex-
pected. There was no significant interaction between loca-
tion and treatment for any of the tested variables (F1,13 < 2.9,
p > 0.11).

When data were analysed with method 2 (comparing
species in mixture with species alone), dry mass remaining
and ergosterol concentrations of alder (F1,10 = 10.6,p < 0.01
and F1,10 = 9.0, p < 0.05, respectively) and poplar leaves
(F1,13 = 22.6, p < 0.001 andF1,13 = 13.1, p < 0.01, respec-
tively) were lower in the species in mixture than in the
species alone. There was no significant interaction between
location and treatment for dry mass of alder (F1,10 = 0.5,
p = 0.48) or poplar (F1,13 = 0.9, p = 0.35) or ergosterol of
alder (F1,10 = 0.03, p = 0.87). Ergosterol concentrations of
poplar in the stream were higher when in mixture, whereas
at the riparian zone they were higher when alone, resulting
in a significant interaction between location and treatment
(F1,13 = 35.7, p < 0.0001).

When data were analysed with method 3 (comparing ob-
served and expected values by graphical analysis), mixtures
were additive for ergosterol and percentage detritivore abun-
dance; all other variables showed non-additive effects either
in the stream, at the riparian zone, or both (Fig. 4). Percent-

age dry mass remaining of mixtures was additive at the ri-
parian zone and non-additive, indicating synergistic effects
on decomposition, in the stream (Fig. 4a). Invertebrate abun-
dance and percentage detritivore biomass were additive in
the stream and non-additive at the riparian zone, showing
synergistic effects (Fig. 4b). Invertebrate biomass was non-
additive, showing synergistic effects in the stream and antag-
onistic effects at the riparian zone (Fig. 4a).

4 Discussion

4.1 Mass loss and colonisation

Breakdown rates are influenced by microbial biomass and
activity which in turn are affected by abiotic factors such as
temperature and water availability. Moisture availability was
probably one factor contributing to the lower fungal biomass
attained at the riparian zone in contrast to the stream (Gess-
ner et al., 2010). Harner et al. (2009) also found higher fungal
biomass in leaves exposed in the stream than at the surface of
the riparian zone, but only in more recalcitrant rather than in
more labile leaf litter. More detritivores colonised the leaves
in the stream than at the riparian zone, further contributing
to the faster instream rates (Hutchens Jr. and Wallace, 2002)
especially if the stream detritivores consumed more litter per
unit body mass than the terrestrial ones (Gessner et al., 2010).
However, it was probably the difference in invertebrate com-
munity and functional structure that most contributed to the
different breakdown rates in the stream and at the riparian
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Table 2. Total abundance (sum of three bags) of taxonomic groups associated with leaves of alder, poplar and mixture decomposing in the
stream and at the riparian zone of Ribeira do Botão after 14 and 28 days. Taxa assigned to the group of the detritivores were the Isopoda,
Collembola, Diplura, Leuctridae (Plecoptera), Lepidostomatidae and Sericostomatidae (Trichoptera) and Tipulidae (Diptera).

Alder Poplar Mixture
Location Taxon day 14 day 28 day 14 day 28 day 14 day 28

Riparian Oligochaeta 2 3 1 6
Gastropoda 4 6 1 6 2 8
Chilopoda 1 1
Diplopoda 1
Isopoda 1 5 2
Acarina 1 2
Araneae 2 2
Opiliones 3
Pseudoscorpionidae 3 1 6 2
Collembola 2 17 1 28 10 35
Diplura 1
Hymenoptera 1 1
Coleoptera 1 1 1
Trichoptera 1
Diptera 2 46 2 16 5 21
Pupae 4 2

Total 18 79 4 59 30 80

Stream Nematoda 1 1 1
Tricladida 2 4 1
Hirudinea 1
Gastropoda 2 3 1
Hydracarina 5 1 7
Collembola 1
Ephemeroptera 3
Plecoptera 65 166 66 135 80 228
Odonata 4 3 2
Coleoptera 2 3 1
Trichoptera 8 19 5 10 14 15
Diptera 32 47 32 49 27 64
Pupae 4 2 2 4 4 5

Total 117 248 108 204 132 323

zone. In fact, the most abundant taxonomic group of the
stream communities, constituting at least 63 % of all inverte-
brate abundance, were the stoneflies Leuctridae, and it is thus
expected that leaf consumption by these efficient shredders
likely contributed to the higher rates of leaf breakdown in the
stream than at the riparian zone (Hutchens Jr. and Wallace,
2002). Additionally, abiotic factors, such as the effect of cur-
rent velocity and sediment abrasion in the stream (Abelho,
2008), help explain the faster breakdown rates in the stream
in comparison to the riparian zone.

Notwithstanding, breakdown rates (k day−1) at the ripar-
ian area were medium (poplar:−0.0091) to fast (mixture:
−0.0146, alder:−0.0187; Petersen and Cummins, 1974) and
much faster than the breakdown rates of several species ob-
tained in other decomposition studies at riparian areas, some
of which include nitrogen-fixing species (Table 3). Moreover,

in the present study stream rates were only 2 times faster than
riparian rates and this ratio was consistent in all three litter
types while other studies reported stream rates to be at least
3 to 9 times faster than riparian rates (Harner et al., 2009;
Hutchens Jr. and Wallace, 2002).

Although decomposition was slower at the riparian zone
than in stream, there was considerable mass loss of riparian
leaves during the first 14 days (19.5–26.4 %) and the 28 days
of the experiment (22.5–40.7 %). In temperate regions, lat-
eral movements of riparian leaf fall to streams may represent
7–55 % of direct fall (Abelho, 2001) but can be as high as
81 % of total leaf litter entering streams (Benfield, 1997). If
these riparian leaves are retained long enough at the ripar-
ian area before being blown or washed into the stream, they
may be already in an advanced state of decomposition, that
is, with only the more recalcitrant composts remaining.
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Table 3. Fastest breakdown rates of leaf litter obtained in several studies at riparian areas.

Fastest rate (k day−1) Leaf litter Exposure Reference

−0.0012 Herbaceous Soil surface Hefting et al. (2005)
−0.0017 Red alder (Alnus rubra) Soil surface Matkins et al. (2004)
−0.0023 Red alder (A. rubra) Soil surface Edmonds and Tuttle (2010)
−0.0035 Cottonwood (Populus fremontiissp.fremontii) Soil surface Borders et al. (2006)
−0.0044 Red maple (Acer rubrum) Soil surface Hutchens Jr. and Wallace (2002)
−0.0072 Russian olive (Elaeagnus angustifolia) Soil subsurface (10 cm) Harner et al. (2009)
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Figure 3. Relative abundance of the three most abundant taxonomic
groups colonising leaves of alder, poplar and mixture decomposing
(a) at the riparian zone and(b) in the stream of Ribeira do Botão.
Detritivores are shown in white and stripes.

The breakdown rates of alder (k = −0.0430 day−1) and
poplar (k = −0.0220 day−1) decomposing in the stream
were fast according to the classification of Petersen and
Cummins (1974). Decomposition rate of alder was similar to
rates previously obtained in the same stream (Abelho, 2009;
Gonçalves and Canhoto, 2009) and faster than most values
reported in literature for the same or similar leaf species (e.g.
Abelho, 2001; Canhoto and Graça, 1996). Decomposition
rate of poplar was within the highest values reported for sev-
eral species of poplar (k = −0.0057 tok = −0.0374 day−1)
(Abelho, 2001; Casas et al., 2000; Harner et al., 2009).

Most studies consider alder to be a better food resource
for both fungi and invertebrates when compared with other
species (Canhoto and Graça, 1996; Gonçalves and Canhoto,
2009). In the present study, alder decomposed 2 times faster
than poplar both in the stream and at the riparian zone, de-

spite the higher abundance of Collembola in poplar leaves
(48 % versus 20 % of total abundance). Although springtails
are tiny when compared to other detritus-consuming inverte-
brates, their feeding activities may increase bacteria and re-
duce fungi thus exerting a strong differential effect on fun-
gal and bacterial communities during decomposition (Han-
lon and Anderson, 1979; Hopkin, 2002), and may contribute
to the decomposition process of high and low quality litter
(Yang et al., 2012). This could partially explain the lower
fungal colonisation of poplar leaves and the difference in
breakdown rates between alder and poplar at the riparian
zone.

In the stream, ergosterol concentrations associated with
poplar leaves attained higher values earlier in time and along
the decomposition continuum than alder’s, but invertebrate
colonisation was higher in alder, both in terms of abundance
and biomass, than in poplar leaves and partially explain the
differences between the two species. Moreover, the enhance-
ment of the breakdown of softer leaves by current velocity
has been previously shown by several authors (Abelho, 2008;
Casas et al., 2000; Chauvet, 1997), additionally explaining
the differences in breakdown rate of alder and poplar in the
stream.

4.2 The effect of mixtures

The effect of mixing litter on decomposition may be addi-
tive (e.g. Abelho, 2009; Taylor et al., 2007) but most com-
monly litter mixtures have been found to decompose at a
different rate from their individual counterparts, showing ei-
ther enhancement (Kominoski et al., 2007; Leroy and Marks,
2006), slowing of the processing rates (Taylor et al., 2007),
or both, depending on the leaf species present in the mix-
ture (Gonçalves and Canhoto, 2009). In the present study,
the three methods resulted in different effects of mixing litter
on the response variables. While the comparison of observed
with expected values by ANOVA resulted in pure additive ef-
fects for all variables except for invertebrate abundance, the
other two methods detected non-additive effects of mixing
litter for most of the response variables. Differential results
among methods were also found elsewhere (Ball et al., 2008;
Kominoski et al., 2007).

Given the greaterN content of alder leaves and previous
work with litter varying in quality (e.g. Ball et al., 2008;
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Figure 4. Difference between observed (mixture) and expected (average of single-species) values of(a) dry mass and ergosterol concen-
trations, and(b) invertebrate colonisation, calculated as 100× ((observed− expected)/expected). Values are means of all samples± 95 %
confidence intervals (n = 6). Mixtures are considered non-additive for a given variable when the CI bar does not cross they = 0 line.

Hättenschwiler and Gasser, 2005), we would expect non-
additive effects of mixing litter on decomposition. The com-
parison between dry mass remaining of a species in mix-
ture with that species alone clearly detected synergistic ef-
fects of mixture on decomposition, with lower mass remain-
ing (faster decomposition) of both alder and poplar in mix-
ture than alone. However, according to method 3, this syn-
ergistic effect occurred only in the stream and not at the
riparian area. Although there was an overall enhancement
of the breakdown rate of individual leaf species in mix-
ture, alder decomposed only 1.1 to 1.2 times faster while
poplar decomposed 1.4 to 1.6 faster in the mixture than
alone. Other experiments in the same stream have shown a
decrease (alder× Spanish oak; Abelho, 2009) or an increase
(alder× eucalypt; Gonçalves and Canhoto, 2009) in alder
breakdown rates in mixtures, but those experiments were car-
ried out with leaf species rich in deterrent compounds. The
enhancement of poplar breakdown rates could be related to
N-transfer from alder to poplar (Schimel and Hättenschwiler,
2007).

Other studies have shown that, similarly to decomposi-
tion, mixing litter may have additive effects on invertebrate
colonisation (Smith and Bradford, 2003), but in most cases,
non-additive effects of mixtures on invertebrate colonisation
have been found, attributed, for instance, to the deterrent
physical effect of the slow-decomposing species in the access
of invertebrates to the more palatable components of the mix-
ture (Taylor et al., 2007) or to the preference of macroinverte-
brates for one type of litter (Gonçalves and Canhoto, 2009).
In the present study, mixing litter showed non-additive ef-
fects on invertebrate abundance and biomass, and, according
to method 3, the effect of mixtures on invertebrate colonisa-
tion differed in the stream and at the riparian zone. Inverte-
brate abundance and percentage detritivore biomass were ad-
ditive in the stream; at the riparian area mixing litter showed
synergistic effects on invertebrate abundance and percentage

detritivore biomass, suggesting that the more complex habitat
provided by the mixtures was attractive for the invertebrates
(Abelho, 2009), despite the lower amount of alder present in
the mixture.

In the present study, the effect of mixing litter on the re-
sponse variables depended on the method used to assess the
existence of non-additive effects. The comparison of mix-
tures with the average of single species was the most con-
servative method, detecting non-additive effects on macroin-
vertebrate abundance only; the comparison of a species in
mixture with that species alone detected non-additive effects
on both dry mass remaining and ergosterol, with differen-
tial responses of both leaf species and habitat; the graphical
analysis of the average difference between observed and ex-
pected values and the 95 % confidence intervals not only de-
tected non-additive effects on all variables except ergosterol
and percentage detritivore abundance but also identified dif-
ferent responses of the leaves exposed in the terrestrial and
the aquatic habitats. Thus, in addition to the influence of the
experimental set-up (Hättenschwiler et al., 2005), the out-
come of the studies on the effect of mixtures – including dif-
ferential responses of terrestrial and aquatic habitats – also
depends on the method used to detect non-additive effects.

Differential responses of the terrestrial and the aquatic
habitat obtained in the present study may have a significant
ecological meaning. In contrast to the suggestion by Gess-
ner et al. (2010) that detritivores mediate litter-diversity ef-
fects on decomposition in both forest floors and streams, in-
vertebrate colonisation at the riparian zone was non-additive
showing that mixtures were colonised by more but smaller
invertebrates than single species, but it was additive in the
stream. On the other hand, decomposition was additive at the
riparian area but synergistic in the stream. Thus, the higher
invertebrate abundance of mixtures at the riparian zone did
not translate into higher mass loss suggesting that the more
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complex habitat provided by the mixtures was probably used
as shelter.

In conclusion, although the results provide an indication
that the effects of mixing litter may be different in aquatic
and terrestrial ecosystems this small-scale experiment does
not allow meaningful generalisations of the results. The find-
ings of the present work should be assessed in a larger-scale
experiment in order to generalise the effects of mixing litter
on terrestrial and aquatic habitats.
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