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Abstract

Non-native nitrogen-fixing Acacia species have been invading riparian ecosystems worldwide, potentially threatening stream
communities that strongly depend on allochthonous litter. We examined the effects of the invasion of native deciduous temperate
forests by Acacia species on litter decomposition and associated fungal decomposers in streams. Litter of native (Alnus glutinosa
and Quercus robur) and invasive (Acacia melanoxylon) species were enclosed in fine-mesh bags and immersed in three native
and three invaded streams, for 14-98 days. Litter decomposition rates, fungal biomass, and aquatic hyphomycete sporulation
rates were higher in invaded than in native streams, likely due to the higher water nitrogen concentration found in invaded
streams. Alnus glutinosa litter had higher aquatic hyphomycete sporulation rates and species richness, and higher decomposition
rates, probably because they were soft and nitrogen rich. Quercus robur litter also had high aquatic hyphomycete sporulation
rates but lower decomposition rates than A/l. glutinosa, probably due to high polyphenol concentration and carbon:nitrogen ratio.
Acacia melanoxylon litter had lower aquatic hyphomycete sporulation rates and species richness, and lower decomposition rates,
most likely because it was very tough. Thus, litter decomposition rates varied in the order: Al glutinosa > Q. robur > Ac.
melanoxylon. The aquatic hyphomycete community structure strongly differed between native and invaded streams, and among
litter species, suggesting that microbes were sensitive to water nitrogen concentration and litter characteristics. Overall, increases
in water nitrogen concentration and alterations in litter characteristics promoted by the invasion of native riparian forests by
Acacia species may affect the activity and community structure of microbial decomposers, and instream litter decomposition,
thus altering the functioning of stream ecosystems.
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Introduction Australian Acacia species are considered one of the

most aggressive and problematic plant invaders in several

Biological invasions are an ongoing and increasing problem
worldwide, posing a major threat to the services provided by
ecosystems to human societies [1-3]. Freshwater ecosystems,
for instance, have been severely degraded due to the invasion
of native riparian forests by non-native plant species [4].
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regions of the world, including southern European coun-
tries, such as Portugal, Spain, France, and Italy [5].
Acacia species create very dense and homogeneous stands
of evergreen, fast-growing, nitrogen (N)-fixing trees [6],
which markedly differ from native temperate decidous
forests. These differences between Acacia stands and na-
tive deciduous forests are expected to alter the diversity,
quality, quantity, and timing of litter fall into streams [5,
7, 8]. Therefore, stream aquatic food webs that strongly
depend on litter from terrestrial origin will likely be af-
fected, as shown in the case of other forest changes
[8-12]. Additionally, since Acacia species can fix atmo-
spheric N, N concentration in stream water will likely
increase as shown for the invasion of riparian forests by
other N-fixing species [8, 13—18].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-021-01749-0&domain=pdf
http://orcid.org/0000-0002-2695-4473
mailto:anapereiraeco@gmail.com

258

Pereira A. et al.

In headwater forest streams, aquatic hyphomycetes, a poly-
phyletic group of fungi mainly composed by the anamorphs of
Ascomycetes and Basidiomycetes, play a key role in litter
decomposition, mediating the transfer of energy and nutrients
from the litter into higher trophic levels [19-21]. Aquatic hy-
phomycetes community composition and structure are gener-
ally affected by litter characteristics [22, 23], while species
richness can increase with increases in the diversity of tree
species in the riparian vegetation [7, 24-26]. Also, aquatic
hyphomycetes usually colonize and decompose faster soft lit-
ter species, with high nutrient concentrations (e.g., N and/or
phosphorus (P)) and low concentrations of recalcitrant com-
pounds (e.g., lignin, polyphenols) [19, 27, 28]. Thus, alter-
ations in litter inputs characteristics, promoted by Acacia spe-
cies invasion, are expected to induce changes in decomposers
community structure and function, as observed in the case of
other forest changes [29-31]. Additionally, microbial decom-
poser activity and consequently litter decomposition are gen-
erally stimulated by moderate increases in dissolved N con-
centration [22, 32-36]. Therefore, fundamental stream eco-
system processes, such as litter decomposition and nutrient
cycling, are expected to be highly affected by the invasion
of native riparian forests by non-native N-fixing Acacia spe-
cies [37], as observed in the case of other forest changes
[29-31].

The effects of the invasion of native riparian forests by
Acacia species on stream ecosystems have rarely been
studied. To our knowledge, only three studies addressed
the effects of Acacia species invasion on litter decompo-
sition and/or decomposer communities in streams
[37-39]. In South Africa, field studies have shown that
the invasion of the Fynbos biome (dominated by
sclerophyllous species) by Acacia mearnsii De Wild. al-
tered the abundance of macroinvertebrate functional feed-
ing groups in streams [38], but it did not alter the density
of macroinvertebrates associated with submerged litter
nor litter decomposition [39]. On the other hand, a recent
laboratory experiment simulating the conditions of
streams flowing through native deciduous forests and
streams flowing through forests invaded by Acacia spe-
cies suggested that the invasion of native riparian forests
by Acacia species (namely Acacia dealbata Link and
Acacia melanoxylon R. Br.) can stimulate litter decompo-
sition due to increases in water N concentration, inhibit
litter decomposition due to changes in the physical and
chemical characteristics of litter inputs to streams, and
alter the activity and community structure of microbial
decomposers [37]. This laboratory experiment was per-
formed under controlled conditions, and therefore extrap-
olation of results to field conditions is limited. Thus, it is
necessary to address the effects of the invasion of native
deciduous riparian forests by N-fixing Acacia species on
litter decomposition, and the activity of the associated
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microbial decomposer community, under realistic stream
conditions, in order to take into account the physical,
chemical, and biological characteristics of streams run-
ning through forests invaded by Acacia species.

In this study, we examined the effects of the invasion of
native deciduous temperate riparian forests by non-native N-
fixing Acacia species (namely Ac. dealbata and Ac.
melanoxylon) on the decomposition of native (Alnus glutinosa
(L.) Gaertn. and Quercus robur L.) and invasive (Ac.
melanoxylon) litter species and associated fungal decomposer
activity, species richness, and community structure. We pre-
dicted that: (i) water N concentration would be higher in
streams flowing through forests heavily invaded by N-fixing
Acacia species (invaded streams) than through native decidu-
ous forests (native streams), as a result from the leaching of N-
rich soil solutes into streams and instream decomposition of
N-rich litter; (ii) fungal decomposer activity would be higher
and litter decomposition would be faster in invaded than in
native streams, probably because water N concentration
would be higher; (iii) fungal decomposer activity would be
higher and litter decomposition would be faster in litter spe-
cies that are soft and have high nutritional quality and slower
in litter species that are tough and have high concentrations of
recalcitrant compounds; and (iv) the species richness and
community structure of aquatic hyphomycetes would differ
among litter species and between stream types, respectively
due to differences in native and invasive litter species charac-
teristics and water N concentrations.

Material and Methods
Study Region and Streams

This study was carried out in six small headwater forest
streams located in Serra da Lousd, central Portugal (Fig. 1).
Stream basins are underlined by schist bedrock, have very low
human activity, and are mainly covered by deciduous forests,
shrubby communities (Calluno-Ulicetea), eucalyptus and co-
nifer plantations, and Acacia species stands (Table 1). Three
streams, Maior, Cerdeira, and Candal, flow through native
mixed deciduous forests mainly composed by Quercus spp.
and Castanea sativa Miller (native streams), while the other
three, Sotdo, Fiscal, and Piedade, flow through forests that
have been heavily invaded by N-fixing Ac. dealbata
(dominant) and Ac. melanoxylon (sporadic) (10-43% cover
across stream basins) (invaded streams) (Table 1).
Additionally, the percentage of Ac. dealbata cover in the ri-
parian vegetation of invaded streams (defined as an area 50 m
wide on each stream bank and 250 m long upstream the sam-
pling point) was very high, varying from 94 to 100% across
streams (Table 1).
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Fig. 1 Location of the three native (Candal, Cerdeira, and Maior) and the three invaded (Piedade, Fiscal, and Sotao) streams in Serra da Lousa, central

Portugal

Litter Species and Initial Chemical Characteristics

Litter of native (A/. glutinosa and Q. robur) and invasive
(Ac. melanoxylon) tree species were selected for this
study. Alnus glutinosa and Q. robur are two broadleaf
deciduous tree species commonly found in the riparian
vegetation of streams flowing through native forests in
central Portugal and were selected to represent extremes
among litter characteristics of native species. Alnus
glutinosa is a N-fixing (actinorhizal) species with soft
leaves, high N concentration, and low concentrations of
recalcitrant and secondary compounds, while Q. robur is
a non-N-fixing species and has tough leaves with low N
concentration and high concentration of structural and de-
fensive compounds [40]. Acacia melanoxylon is an ever-
green N-fixing (legume) species commonly found in the
riparian vegetation of streams flowing through forests in-
vaded by Acacia species. Acacia melanoxylon litter has
tough phyllodes (i.e., leaf-like modified petioles) with
high N concentration [37, 41].

Fresh fallen leaves (Al glutinosa and Q. robur) or phyl-
lodes (Ac. melanoxylon) were collected immediately after

abscission in October 2016, from several trees in a small tree
stand for each species located in Serra da Lousa. Trees within
each stand had similar age and seemed to be exposed to sim-
ilar environmental and edaphic conditions. Litter of each tree
species was mixed, air-dried at room temperature, and stored
in the dark until used.

Three sets of air-dried litter per tree species were oven-
dried (105 °C for 48 h), ground to a fine powder (< 0.5-
mm size; Retsch MM 400, Haan, Germany), and stored in
the dark until nutrient analysis. The initial polyphenols
[42], P [42], lignin [43], carbon, and N (Thermo Fisher
Scientific Inc., CNH auto analyzer IRMS Thermo Delta V
advantage with a Flash EA, 1112 series, Waltham, USA)
concentrations were determined from a portion of oven-
dried powder (105 °C for 48 h). Results were expressed as
percentage of dry mass (DM). Litter toughness was deter-
mined using a penetrometer by measuring the mass (g)
necessary for a pin (0.49-mm diameter) to punch a hole
through the litter (n = 10) [42]. The specific litter area
(SLA) was determined for 12-mm litter discs (n = 10),
after being oven-dried at 105 °C for 24 h, as the ratio of
litter discs area to mass (mmz/mg).
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Table 1 Location, area, and land use in the native and invaded stream basins in Serra da Lousi (central Portugal), used in the litter decomposition
experiment

Stream type Native Invaded

Characteristics Streams Maior Cerdeira Candal Sotdo Fiscal Piedade
Latitude (N) 40°07'53.3"  40°05'23.1" 40°04'54.1"  40°07'54.1" 40°06'40.2"  40°05'52.6"
Longitude (W) 8°11'40.7" 8°12'05.0"  8°12'16.6" 8°09'08.3"  8°13'35.1"  8°14'11.5"
Altitude (m a.s.l.) 195 529 634 373 329 250

Basin area (ha) 605 337 98 114 124 215

Urban and industrial area, and communication routes (%) 0.15 1.20 1.64 0.00 2.76 0.54
Agricultural area (%) 0.00 0.50 0.00 0.00 0.00 0.00

Native forests (%) 25.28 20.00 11.99 6.05 5.40 29.81
Conifer plantations (%) 24.96 22.80 4.11 4535 27.79 48.61
Eucalyptus plantations (%) 9.64 1.36 0.00 26.18 4.06 0.00
Acacia species stands (%) 0.00 0.12 0.00 14.82 42.77 9.93
Bushes (%) 3043 54.00 68.91 7.59 0.00 6.26

Open bushes (%) 9.55 0.02 13.35 0.00 17.21 4.85
Acacia dealbata in the riparian zone (%)* 1 1 0 94 100 100

*The riparian zone was defined as an area 50 m wide on each stream bank and 250 m long upstream from the sampling point

Litter Bags and Litter Decomposition

Air-dried litter was weighed in 3-g portions (£ 0.01 g),
sprayed with distilled water to turn them soft, and enclosed
in fine-mesh bags (0.5-mm mesh size). On the 21st of
November 2016, 12 litter bags of each litter species were tied
to iron bars secured in the streambed and submerged in each
stream site (12 bags x 3 litter species X 6 streams = 216 bags
total). After 14, 28, 63, and 98 days of incubation, 3 replicate
litter bags from each litter species were retrieved from the
streams, enclosed individually in zip lock bags, and
transported in a cold box to the laboratory. In the laboratory,
litter was rinsed with distilled water over a 0.5-mm mesh sieve
to remove sediments, and two sets of five litter discs (12-mm
diameter) were cut with a cork borer from individual litter and
used to determine fungal biomass and aquatic hyphomycetes
sporulation rates and species richness. The remaining litter
material was oven-dried (105 °C for 48 h), weighed (+ 0.1
mg) to determine DM remaining, and ground to a fine powder
(Retsch MM 400, Haan, Germany). A subsample of litter
powder was oven-dried (105 °C for 24 h), weighed (+ 0.1
mg) to determine DM, ignited (550 °C for 4 h), reweighed
(= 0.1 mg) to determine ash mass, and used to estimate ash-
free dry mass (AFDM). Dry mass and AFDM of subsamples
were used to estimate the AFDM remaining of the sample,
considering the mass of the discs extracted for microbial de-
terminations, and results were expressed as percentage of ini-
tial AFDM. An additional set of five litter bags of each litter
species was prepared as described for the other samples and
used to determine the initial air-dry mass to initial AFDM
conversion factor.
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Water Physical and Chemical Characteristics

During the study period (98 days), stream water temperature
was continuously measured using submerged data loggers
(Hobo Pendant UA-001-08, Onset Computer Corp., MA,
USA). In the beginning of the experiment and on each sam-
pling date (n = 5), conductivity, pH, and dissolved O, con-
centration were measured in situ with field probes (WTW,
Weilheim, Germany). On the same occasions, stream water
was collected, filtered through glass microfiber filters (47-mm
diameter, 0.7-um pore size; Whatman GF/F, GE Healthcare
UK Limited, Little Chalfont, UK) into acid washed plastic
bottles, and transported in a cool box to the laboratory. A
portion of the filtered water (~ 50 mL) was stored at — 20 °C
and used to determine nitrites, nitrates, and ammonium con-
centrations by the colorimetric method (AA3 Bran + Luebbe
autoanalyzer; SEAL Analytical, Norderstedt, Germany).

Fungal Biomass

One set of five litter discs was frozen at — 20 °C until used to
determine ergosterol concentrations as a surrogate for fungal
biomass [42]. Litter discs were lyophilized overnight,
weighed (+ 0.1 mg) to determine discs DM (converted into
AFDM using the ash fraction of discs used to induce sporula-
tion; see below), and placed in tightly closed tubes with 10 mL
of alkaline methanol (8 g KOH/L). Lipids were extracted from
litter discs by heating the tubes at 80 °C in a water bath, during
30 min. Lipids were purified by solid-phase extraction
(Waters Sep-Pak © Vac RC tC18 cartridges; Waters Corp.,
Milford, MA, USA), and ergosterol was eluted in isopropanol.
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Ergosterol was quantified at 282 nm by high-performance
liquid chromatography (HPLC, Dionex DX-120, Sunnyvale,
CA, USA) using a Thermo Scientific Syncronis C18 column
(Thermo, Waltham, MA, USA). The system ran continuously
with HPLC-grade methanol flowing at 1.4 mL/min (33 °C)
[42]. Ergosterol was converted into fungal biomass assuming
a 5.5 pg ergosterol/mg fungal DM [44], and results were
expressed as mg fungal biomass/g litter AFDM.

Sporulation by Aquatic Hyphomycetes

Conidial production by aquatic hyphomycetes was induced in
the laboratory by aeration of a set of five litter discs placed into
100-mL Erlenmeyer flasks containing 25 mL of filtered water
from the stream of origin [42]. Flasks were incubated for 48 h
at 18 °C, under a 12 h light and 12 h dark regime. Then,
conidial suspensions were transferred into 50-mL Falcon
tubes, preserved with 2 mL of formaldehyde (37%), and
stored in the dark until processed. Litter discs were oven-
dried (105 °C for 48 h), weighed, ignited (500 °C for 4 h),
and reweighed to allow determination of litter discs AFDM.

When preparing the samples for conidia identification and
counting, conidial suspensions were gently shaken, mixed
with 100 pL of 0.5% Triton X-100, and appropriate aliquots
of the suspensions were filtered through cellulose nitrate fil-
ters (25-mm diameter, 5-pm pore size; Sartorius Stedim
Biotech GmbH, Goettingen, Germany). Filters were stained
with 0.05% trypan blue in 60% lactic acid, and conidia were
identified and counted under a microscope at 200 x magnifi-
cation (Leica, DM1000, Wetzlar, Germany) [42]. For each
sample, at least 200 spores were counted, when possible,
and identified to species level using an identification key to
the common temperate species of aquatic hyphomycetes [42].
In some samples, it was not possible to identify 200 spores
because conidia production was extremely low (e.g., on Ac.
melanoxylon litter after 14 days of stream immersion).
Sporulation rates of each aquatic hyphomycete species and
sample were calculated using the formula: (G x E/ F) x C
/D) x24/B)/ A, were A is the discs AFDM (mg), B is the
incubation time (h), C is the total suspension volume (mL), D
is the suspension volume filtered (mL), E is the total number
of fields in the filter, F is the number of fields surveyed, and G
is the number of conidia counted. Total sporulation rates and
sporulation rates of each aquatic hyphomycete species were
expressed as the number of conidia released/mg litter AFDM/
day and aquatic hyphomycetes species richness as the number
of species/sample.

Statistical Analysis
Data normality was checked with the Shapiro-Wilk test (or

D’Agostino & Pearson test in the case of polyphenol concen-
tration and C:N ratio), and the homogeneity of variances was

checked with Levene’s test. Data was transformed when nec-
essary to meet the assumptions of normality and homoscedas-
ticity of analysis of variance (ANOVA) [45].

Initial litter characteristics (asin(sqrt(x)) and log(x) trans-
formed for P and toughness, respectively) were compared
among litter species by one-way ANOVAs, followed by
Tukey’s honest significant difference (HSD) tests, when sig-
nificant differences were detected [45]. Stream water charac-
teristics (Box-Cox transformed for pH, and NO, -N, NO; -N,
NH,4*-N, and dissolved inorganic nitrogen (DIN) concentra-
tions) were compared between stream types and among sam-
pling dates by two-way ANOVAs [45].

Litter decomposition rates (k, /d) were calculated by linear
regression of fraction AFDM remaining (In(x) transformed)
over time (¢, days) (which assumes a negative exponential
decay): In(fraction AFDM) = — k X ¢. To account for temper-
ature differences among streams, litter decomposition rates
were calculated in degree days (k, /dd), by replacing time with
the sum of the accumulated mean daily temperature by the
sampling day.

The mean values of litter decomposition, fungal biomass,
and aquatic hyphomycete sporulation rates and species rich-
ness, for each litter species per stream and sampling date (all
Box-Cox transformed), were compared between stream types
and among litter species and time by three-way ANOVAs,
followed by Tukey’s HSD tests, when significant differences
were detected [45]. In the analysis, each stream within each
stream type was considered a replicate (i.e., Maior, Cerdeira,
and Candal were the replicate streams for the native stream
type, and Sotdo, Fiscal, and Piedade were the replicate streams
for the invaded stream type) for each litter species (3 litter
species x 3 replicate streams X 2 stream types x 4 sampling
dates).

The aquatic hyphomycete community structure, based on
the mean values of conidia production by each aquatic hypho-
mycete species for each litter species per stream and sampling
date, was assessed by nonmetric multidimensional scaling
(NMDS) ordination and unweighted pair group method with
arithmetic mean (UPGMA) cluster analysis. Aquatic hypho-
mycete communities were compared among litter species and
time, and between stream types by permutational multivariate
analysis of variance (PERMANOVA), followed by pair-wise
comparison tests [46]. Since PERMANOVA is sensitive to
differences in dispersion within groups, a PERMDISP analy-
sis was performed to test the homogeneity of the multivariate
dispersions [46]. Similarity of percentage analysis (SIMPER)
was also performed to identify the aquatic hyphomycete spe-
cies that most contributed to the dissimilarities among litter
species and between stream types. Samples of Ac.
melanoxylon litter from day 14 were not considered in the
analyses because aquatic hyphomycete sporulation rates were
extremely low (0 in some cases) and thus affected the ordina-
tion of the remaining samples in the analysis. Prior to all
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analyses, data was transformed (log(x + 1)) and converted into
a Bray-Curtis similarity matrix. Multivariate analysis (NMDS,
cluster, PERMANOVA, PERMDISP, and SIMPER) were
performed on PRIMER 6 (v6.1.16) & PERMANOVA+
(v1.0.6; Primer-E Ltd, Plymouth, UK) software package
(Primer-E Ltd, Plymouth, UK). The other statistical analyses
were performed on STATISTICA 8.0 for Windows (StatSofft,
Inc., Tulsa, OK, USA).

Results
Stream Water Characteristics

During the study period, stream water was cold,
circumneutral, well oxygenated, had low conductivity and
low nutrient concentrations (Table 2). Stream water conduc-
tivity, and NO3 -N and DIN concentrations were higher in
invaded than in native streams (two-way ANOVAs, p <
0.001; Table S1). For water temperature, pH, and dissolved
05, NO, -N, and NH,*-N concentrations, no significant dif-
ferences were found between stream types (two-way
ANOVAs, p > 0.060; Table S1).

Initial Litter Characteristics

Alnus glutinosa litter had the highest N concentration and
SLA, intermediate P concentration, and the lowest C:N ratio
and toughness (Tukey’s HSD test, p < 0.014) (Fig. 2).
Quercus robur litter had the highest polyphenols and P con-
centrations and C:N ratio, and the lowest N concentration
(Tukey’s HSD test, p < 0.001) (Fig. 2). Acacia melanoxylon
litter had the lowest P concentration and SLA, intermediate N

concentration and C:N ratio, and the highest toughness
(Tukey’s HSD test, p < 0.004) (Fig. 2). Litter species did not
significantly differ in lignin and carbon concentrations (one-
way ANOVAs, p = 0.147 and p = 0.145, respectively;
Table S2) (Fig. 2).

Litter Decomposition

Litter mass remaining decreased exponentially over the incu-
bation time (Fig. 3). After 98 days, AFDM remaining in AL
glutinosa ranged 27-39% in native and 23-34% in invaded
streams (Fig. 3a, d), in Q. robur it ranged 49—-62% in native
and 45-59% in invaded streams (Fig. 3b, e), and in Ac.
melanoxylon it ranged 65-69% in native and 58—65% in in-
vaded streams (Fig. 3¢, f). This translated into mean (across
streams) litter decomposition rates of 0.0014 and 0.0015 /dd
for AL glutinosa litter, 0.0007 and 0.0008 /dd for Q. robur,
and 0.0005 and 0.0006 /dd for Ac. melanoxylon in native and
invaded streams, respectively (Table 3). Litter decomposition
rates significantly differed among litter species and between
stream types (three-way ANOVA, p <0.006; Table S3). Litter
decomposition rates were in the order: Al glutinosa >
0. robur > Ac. melanoxylon (Tukey’s HSD test, p < 0.001)
and were significantly higher in invaded than in native streams
(p <0.0006) (Table 3, Table S3). No significant interaction was
found between litter species and stream type (three-way
ANOVA, p = 0.991; Table S3).

Fungal Biomass

Fungal biomass in Al. glutinosa and Q. robur litter generally
increased until a peak was attained and then decreased, while
in Ac. melanoxylon litter it increased throughout the

Table 2 Physical and chemical water characteristics of native and invaded streams in Serra da Lousa during the litter decomposition experiment

Stream type Temperature pH Conductivity ~ Dissolved O, NO, -N NO; -N NH,"-N DIN
O (uS/em) (mg/L) (ug/h) (ug/l) (ug/h) (ug/h)

Native

Maior 9.07 £ 0.19 723 £+ 0.08 53.00 + 5.04 11.15 046 225 + 0.72 11.80 = 434 2511 + 3.65 39.17 6.19
Cerdeira 8.67 £ 0.17 7.14 £ 0.11 37.00 + 1.52 11.01 048 098 + 0.14 887 =+ 2.64 2651 = 196 3636 437
Candal 825 £ 0.14 7.07 £ 0.17 29.60 + 0.87 10.79 031 270 £ 1.17 562 =+ 1.11 3141 += 6.16 39.73 797
Invaded

Sotdo 983 £ 0.16 7.13 £ 0.13 62.80 + 5.01 11.11 037 1.06 £ 028 43.17 £ 588 2643 + 324 70.66 8.95
Fiscal 945 + 0.17 730 = 0.07 80.40 + 6.41 10.88 040 3.87 £ 297 6532 + 2640 3795 + 1551 107.13 38.28
Piedade 838 £ 022 735 £ 0.10 70.20 + 3.15 1141 050 2.09 + 0.77 2549 + 622 2479 + 3.50 5237 9.44
Average

Native 8.66 £ 024 7.15 £ 0.05 39.87 + 691 1098 0.10 198 + 051 876 =+ 1.78 27.68 + 191 3842 1.04
Invaded 922 + 043 7.26 £ 0.07 71.13 = 5.10 11.13 0.15 234 + 0.82 4466 + 11.52 29.72 + 4.14 76.72 16.10

Values are means + SE (n = 5, except for temperature where n = 98)

DIN dissolved inorganic nitrogen (NO, -N + NO3™ -N + NH,*-N)
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Fig. 2 Initial litter polyphenols (a), phosphorus (b), nitrogen (c¢), lignin
(d) and carbon (e) concentrations, C:N (carbon:nitrogen) ratio (f),
toughness (g), and SLA (specific litter area) (h) of the three species,
Alnus glutinosa (Ag), Quercus robur (Qr), and Acacia melanoxylon
(Am), used in the litter decomposition experiment. Values are means +
SE. Species with different letters are significantly different (one-way
ANOVA followed by Tukey’s HSD test, p < 0.05)

incubation period (Fig. 4). Maximum fungal biomass in AL
glutinosa litter ranged 60—70 mg/g AFDM in native and 76—
150 mg/g AFDM in invaded streams (Fig. 4a, d), in Q. robur it
ranged 137-164 mg/g AFDM in native and 94-186 mg/g
AFDM in invaded streams (Fig. 4b, e), and in Ac.
melanoxylon it ranged 77-95 mg/g AFDM in native and
147-159 mg/g AFDM in invaded streams (Fig. 4c, f).
Fungal biomass was significantly affected by litter species,
stream type, and by the interaction between both factors
(three-way ANOVA, p <0.019; Table S3). In native streams,
fungal biomass was higher in Q. robur than in AL glutinosa

and Ac. melanoxylon litter (Tukey’s HSD test, p < 0.001), with
no significant differences between the two latter species (p =
0.999). In invaded streams, fungal biomass was lower in AL
glutinosa than in Q. robur litter (Tukey’s HSD test, p =
0.037), with no significant differences between Al glutinosa
and Ac. melanoxylon (Tukey’s HSD test, p = 0.905) and be-
tween Q. robur and Ac. melanoxylon (p = 0.327). Also, fungal
biomass in Ac. melanoxylon litter was higher in invaded than
in native streams (Tukey’s HSD test, p = 0.007), while in A/
glutinosa and Q. robur litter fungal biomass did not differ
between stream types (Tukey’s HSD test, p = 0.156 and p =
0.360, respectively).

Aquatic Hyphomycetes Sporulation Rates and Species
Richness

Dynamics of sporulation rates by aquatic hyphomycetes were
similar to those of fungal biomass. Sporulation rates attained a
peak during the decomposition of Al. glutinosa and Q. robur
litter, while it increased throughout the incubation period in
Ac. melanoxylon litter (Fig. 5). Maximum sporulation rates in
Al glutinosa litter ranged 1125-2504 conidia/mg AFDM/d in
native and 1828-2761 conidia/mg AFDM/d in invaded
streams (Fig. Sa, d), in Q. robur it ranged 574-2117 conidia/
mg AFDM/d in native and 2512-3324 conidia/mg AFDM/d
in invaded streams (Fig. 5b, e), and in Ac. melanoxylon it
ranged 408-896 conidia/mg AFDM/d in native and 539—
808 conidia/mg AFDM/d in invaded streams (Fig. 5c, ).
Aquatic hyphomycetes sporulation rates significantly differed
among litter species and between stream types (three-way
ANOVA, p <0.003; Table S3). Aquatic hyphomycetes spor-
ulation rates were lower in Ac. melanoxylon than in AL
glutinosa and Q. robur litter (Tukey’s HSD test, p < 0.001),
with no significant differences between Al glutinosa and
Q. robur (Tukey’s HSD test, p = 0.973). Also, aquatic hypho-
mycetes sporulation rates were higher in invaded than in na-
tive streams (three-way ANOVA, p = 0.003; Table S3). No
significant interaction was found between litter species and
stream type (three-way ANOVA, p = 0.453; Table S3).
Aquatic hyphomycete species richness generally increased
sharply over the first 3 weeks of litter immersion and then
roughly stabilized (Fig. 6). Maximum species richness in AL
glutinosa litter ranged 12—13 species in native and 10-13 in
invaded streams (Fig. 6a, d), in Q. robur it ranged 9—13 spe-
cies in native and 8—15 species in invaded streams (Fig. 6b, e),
while in Ac. melanoxylon it ranged 89 species in native and
7-9 species in invaded streams (Fig. 6c, f). Aquatic hypho-
mycetes species richness significantly differed among litter
species (three-way ANOVA, p < 0.001; Table S3), with
higher values for Al glutinosa and Q. robur than for Ac.
melanoxylon litter (Tukey’s HSD test, p < 0.001), with no
significant difference between the two former species (p =
0.310). No significant differences were found for stream type
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Fig. 3 Ash free dry mass (AFDM) remaining associated with Alnus
glutinosa (a, d), Quercus robur (b, e), and Acacia melanoxylon (c, f)
litter incubated in three native and three invaded streams in Serra da

or the interaction between litter species and stream type (three-
way ANOVA, p = 0.584 and p = 0.911, respectively;
Table S3).

Community Structure of Aquatic Hyphomycetes

During the decomposition experiment, a total of 26 aquatic
hyphomycete species were recorded across treatments
(Table S4). Aquatic hyphomycetes species richness in AL
glutinosa litter ranged 19-20 species in native streams (24
species total) and 1418 species in invaded streams (20 spe-
cies total), in Q. robur it ranged 18—19 species in native
streams and 11-23 in invaded streams (23 species total in both
stream types), and in Ac. melanoxylon it ranged 10-17 in
native streams (19 species total) and 10-15 in invaded streams
(15 species total) (Table S4). The community structure of
aquatic hyphomycetes significantly differed among all litter
species (pair-wise comparison tests, p < 0.001) and between
stream types (three-way multivariate PERMANOVA, p <
0.001; Table S5) (Fig. 7). The dissimilarity of aquatic hypho-
mycete communities between Al glutinosa and Q. robur litter
was, however, mild (two-way SIMPER analysis, average dis-
similarity = 40%; Table S6). Stronger dissimilarities in aquatic
hyphomycete communities were found between Al glutinosa
and Ac. melanoxylon litter (average dissimilarity = 53%;
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Lousa (central Portugal), over 98 days. Values are means + SE (SE bars
are too small to be seen)

Table 3 Decomposition rates (k, /dd) of Alnus glutinosa, Quercus
robur, and Acacia melanoxylon litter incubated in three native and
three invaded streams in Serra da Lousa (central Portugal), over 98 days

Litter species ~ Stream type  Stream k(/dd) SE R?
Alnus Native Maior 0.0016 <0.001 0.71
glutinosa Cerdeira  0.0013 <0.001 0.92
Candal 0.0012 <0.001 0.88
Invaded Sotao 0.0015 <0.001 0.90
Fiscal 0.0016 <0.001 0.87
Piedade  0.0014 <0.001 0.85
Quercus Native Maior 0.0008 <0.001 0.84
robur Cerdeira  0.0007 < 0.001 0.94
Candal 0.0006 <0.001 0.86
Invaded Sotéo 0.0009 <0.001 0.90
Fiscal 0.0009 < 0.001 0.93
Piedade 0.0007 < 0.001 0.84
Acacia Native Maior 0.0005 <0.001 092
melanoxylon Cerdeira  0.0005 <0.001 098
Candal 0.0005 < 0.001 0.96
Invaded Sotao 0.0005 < 0.001 0.94
Fiscal 0.0006 < 0.001 0.95
Piedade  0.0005 <0.001 0.97
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Table S7) and between Q. robur and Ac. melanoxylon litter
(average dissimilarity = 50%; Table S8), with Tetrachaetum
elegans Ingold and Articulospora tetracladia
Ingold contributing the most to the separation between litter
species (Fig. 8). Dissimilarities in aquatic hyphomycete com-
munities between native and invaded streams were also mild
(two-way SIMPER analysis, average dissimilarity = 42%;
Table S9). Accordingly with the previous results, the cluster
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Time (days)
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100

Lousa (central Portugal), over 98 days. Values are means + SE (in some
cases, SE bars are too small to be seen)

analysis showed that aquatic hyphomycetes communities
were primarily separated by litter type, with communities on
Al glutinosa and Q. robur litter (native species) clearly dif-
fering from those on Ac. melanoxylon (invasive species), and
to a lesser extent by litter species and stream type (Fig. 9).
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quality of litter inputs to streams and alter water N concentra-
tion, thereby affecting the functioning and structure of stream
ecosystems [8, 37]. In this study, litter decomposition rates in
fine-mesh bags and associated fungal decomposer activity and
community structure differed between native and invaded
streams, probably due to differences in water N concentra-
tions, and among litter species, probably due to differences
in the litter physical and chemical characteristics.

Litter Decomposition Was Slightly Faster in Invaded
than in Native Streams

In this study, litter decomposition rates in fine-mesh bags were
slightly, but significantly, higher in invaded than in native
streams, likely due to the higher water N concentration in
the former streams. This agrees with the findings from a pre-
vious laboratory experiment where we simulated the condi-
tions of streams flowing through native deciduous forests and
streams flowing through forests invaded by Acacia species
[37]. As observed before, the small magnitude of the effect
can most likely be attributed to water N concentrations being
still in the oligotrophic range, despite the 5x higher NO; -N
and 2x higher DIN concentration in invaded than in native
streams [34]. In invaded streams basins, agricultural activity
was absent, urban and industrial settlements were residual,
and Acacia species stands occupied more than 10% of the
basin area and covered more than 94% of the riparian zone
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of each stream site (Table 1); thus, the higher water N concen-
tration was likely a result of the invasion of riparian forests by
N-fixing Acacia species. Indeed, it has been shown previously
that increases in land cover by N-fixing species can increase N
concentration in streams through two main non-exclusive
pathways: (i) the mineralization of litter N by aquatic mi-
crobes during the decomposition of the N-rich litter inputs
provided to streams by the surrounding riparian vegetation,
and (ii) the surface and groundwater runoff of N-rich leachates
(from litter decomposition in the soil) and N-rich root exu-
dates from the surrounding riparian areas [13—18].

Increases in water N concentration, especially when back-
ground N concentration is low, generally accelerate decompo-
sition rates [32-35, 37], due to a stimulation of microbial
decomposer activity on litter [e.g., 22, 32, 36]. In this study,
fungal biomass and aquatic hyphomycete sporulation rates
were generally higher in invaded than in native streams, sug-
gesting that microbial growth and reproduction were likely
stimulated by the higher water N concentrations in invaded
streams. This agrees with previous studies showing that even
small increments in water N concentration can stimulate mi-
crobial decomposer activity on litter [22, 37, 47-49].
Nevertheless, we could hypothesize that in invaded streams,
litter decomposition rates may increase further if water N con-
centration continues to increase as the invasion of native for-
ests by Acacia species progresses through the years, and the
area covered by Acacia species increases in the invaded
stream basins [8].

In this study, water conductivity was also higher in invaded
than in native streams, suggesting that ions other than NO; -N
could also be available in slightly higher concentrations in the
former stream type, which could also affect the activity of mi-
crobial decomposers on litter decomposition. For instance, in-
creases in water P-PO,~ concentration have been shown to stim-
ulate microbial activity on litter and thus accelerate litter decom-
position in streams [36, 47]. However, previous studies compar-
ing streams flowing through non-invaded forests and streams
flowing through forests invaded by other N-fixing species found
no significant differences in P concentrations between stream
types [16, 50, 51], while others found a negative correlation
between nitrate and phosphate concentrations [18]. Thus, al-
though we did not measure P concentration in water, it could
be anticipated that its concentration probably does not differ
substantially between stream types, and the slightly higher litter
decomposition rates observed in invaded streams occurred most
likely due to higher water N concentration.

Water temperature, although not significantly different be-
tween stream types, was also slightly higher in invaded than in
native streams, which could have contributed to the stimulation
of microbial activity. Indeed, increased water temperature has
been reported before to stimulate microbial activity on litter de-
composition [49, 52, 53]. However, the difference in mean tem-
perature between stream types was < 1 °C, which was likely not
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enough to induce a significant stimulation of microbial activity.
In fact, a whole-stream manipulative experiment carried out at
Candal stream (native stream), where water temperature was
increase by ~ 3 °C above ambient temperature over ~ 1 year,
showed no noticeable effects of warming on decomposer activity
[54, 55]. Also, since litter decomposition rates were normalized
by water temperature and expressed in degree days, the observed
differences in decomposition rates between stream types cannot
be directly associated with differences in water temperature [36].

We should also take into consideration that, even though
this study focused mostly in assessing the effects of Acacia
species invasion on the activity of litter associated aquatic
hyphomycetes, other microorganisms (e.g., bacteria, yeasts,
zoosporic fungi, meiofauna) and small macroinvertebrates
that could pass through the 0.5-mm mesh and enter into the
litter bags may also have contributed to litter decomposition,
in both stream types. For instance, zoosporic fungi have been
associated with early stages of litter decomposition [56], while
bacteria generally contributed more actively to litter decom-
position at later stages, when litter has been partially
decomposed by aquatic hyphomycetes [57, 58]. Meiofauna
and small-sized macroinvertebrates have also been found to
participate on litter decomposition [59]. Nevertheless, aquatic
hyphomycetes have been widely recognized as the primary
decomposers of litter in streams, especially during the early
stages of the process [19, 32, 58]. Indeed, a recent study com-
paring the contributions of biotic communities (microbes,
meiofauna, and macrofauna) to litter decomposition found
that microbes, especially aquatic hyphomycetes, were the pri-
mary litter decomposers [59]. Thus, we may assume that, in
this study, litter decomposition in fine-mesh bags was primar-
ily carried out by aquatic hyphomycetes.

Litter Decomposition Was Slower for Acacia
melanoxylon than for Native Species

Litter decomposition rates in fine-mesh bags differed among
litter species in the order: Ac. melanoxylon < Q. robur < AL
glutinosa, as observed in a recent laboratory study [37].
Differences in decomposition rates among species were expected
since they differed in litter physical and chemical characteristics.
Previous studies have shown that microbes generally colonize
and decompose faster soft litter with high nutrient concentrations
and low concentrations of structural (e.g., lignin) and secondary
recalcitrant compounds (e.g., polyphenols) [60—64]. The micro-
bial colonization and decomposition of Al. glutinosa and
Q. robur litter have been well studied as these species represent
extremes in litter characteristics among the most common native
species present in the riparian vegetation of European streams.
As observed before, Al glutinosa litter was soft and had high N,
and low polyphenol concentrations and low C:N ratio, and con-
sequently decomposed faster than Q. robur litter, which was
tough and had low N, and high polyphenol concentrations and
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high C:N ratio [10, 22, 40, 47, 65, 66]. Decomposition rates for
Ac. melanoxylon litter were the slowest, which agrees with other
multi-species studies where Ac. melanoxylon generally was the
slowest decomposing species [37, 41, 67—69]. The lower decom-
position rates of Ac. melanoxylon litter have been often attributed
to its high toughness [37, 41]. Acacia melanoxylon phyllodes
have a very thick and tough cuticle, with veins placed very close-
ly and parallel to each other, which makes this litter species a
very hard substrate for microbial colonization and activity [37,
41]. Indeed, litter toughness has been shown before to be an
important factor controlling decomposer activity and litter de-
composition in streams [37, 41, 64, 70]. Nevertheless, it was
interesting to note that, even though Ac. melanoxylon litter had
the lowest aquatic hyphomycete sporulation rate, its fungal bio-
mass was as high as that in AL glutinosa, suggesting an efficient
microbial colonization. High fungal biomass associated with Ac.
melanoxylon litter was also found in insular streams [41]. The
accumulation of high biomass in Ac. melanoxylon likely occurs
because its high lignin concentration and toughness ensure high
substrate stability, thus allowing the accumulation of fungal bio-
mass for a longer time; it is common to find higher fungal bio-
mass in more recalcitrant litter species [41, 71]. On the contrary,
aquatic hyphomycete sporulation rates were lower in Ac.
melanoxylon than in Al glutinosa and Q. robur litter. It has been
often found that reproductive activity by aquatic hyphomycetes
can be more sensitive to changes in substrate quality than fungal
growth [22, 72]. This suggests that, although microbial decom-
posers can fully colonize Ac. melanoxylon litter, their ability to
reproduce is impaired, which may result in decreases in the in-
oculum potential (i.e., number of conidia in transport) in streams
receiving high litter inputs of Ac. melanoxylon stands.

The slow decomposition of Ac. melanoxylon litter may not
be, however, extrapolated to other Acacia species since they
can differ in litter characteristics. For instance, Ac. dealbata
has bipinnate leaves composed by a high number of very
small leaflets (< 1 mm wide) that can increase the leaf
area:volume ratio and facilitate microbial colonization, while
the small area of leaflets may limit fungal mycelial growth.
Although Ac. dealbata was the dominant species in the Acacia
stands and in the riparian vegetation of invaded streams, it was
not used in this study for technical reasons. The small leaflets
detach very easily from the leaves and can escape from fine-
mesh bags (personal observation), which would lead to an
overestimation of litter decomposition rates. Although finer
mesh bags could have been used, these are more easily
clogged by fine sediments and biofilm development, which
would limit water circulation inside the bags and jeopardize
the supply of oxygen and nutrients to microbes, leading to an
underestimation of microbial activity and litter decomposi-
tion. Indeed, in laboratory microcosms simulating stream con-
ditions, Ac. dealbata and Ac. melanoxylon litter decomposed
at similar low rates, despite higher microbial activity found in
the former species [37].

We must also take into consideration that, in both stream
types, the higher microbial activity on the native Al. glutinosa
and Q. robur litter, and their faster decomposition, compared
to the invasive Ac. melanoxylon, may have resulted from
home-field advantage as a result from microbial decomposer
communities being more specialized in degrading native
home-derived high-quality litter (native species) than the
non-native recalcitrant litter. For instance, a previous study
addressing the effects of home-field advantage on litter de-
composition and associated microbial decomposers found that
stream microbes processed more rapidly conifer litter from the
home region than ‘foreign’ broadleaf litter [73]. It is possible
that, with time, microbial communities in invaded streams will
adapt to the recalcitrant Ac. melanoxylon litter and decompo-
sition rates may slightly increase, although litter recalcitrance
will pose a challenge.

Aquatic Hyphomycete Community Structure Differed
Between Native and Invaded Streams and Among
Litter Species

The aquatic hyphomycete community structure based on co-
nidia production differed between stream types, thus
confirming the preliminary results from a previous laboratory
experiment [37]. The observed differences between stream
types were not surprising because several aquatic hyphomy-
cete species are known to be sensitive to differences in nutri-
ent concentrations (e.g., N) in stream water [32, 36, 37, 74].
For instance, Anguillospora filiformis Greath. and T. elegans
decreased their contribution to the community composition
from native to invaded streams, suggesting that both species
may be poor competitors in nutrient-enriched conditions [32,
36]. On the other hand, Hydrocina chaetocladia
Scheuer contributed more to the community composition of
invaded streams, suggesting that it is favored by increases in
nutrient availability, thus increasing conidia production [36].
Nevertheless, aquatic hyphomycete species richness was very
similar in both stream types: 25 and 23 species were recorded
in native and invaded streams, respectively, which was near
the total number of species recorded during the study period
(26 species). This was not expected since aquatic hyphomy-
cete species richness often increases with moderate water nu-
trient enrichment [22, 32, 75, 76]. Additionally, aquatic hy-
phomycete species richness can also positively respond to
changes in resource species diversity [7, 24-26]; it is easy to
assume that species diversity of benthic litter standing stocks
is lower in invaded than in native streams as a result from
decreases in riparian species diversity. Therefore, it is possible
that the increase in nutrient concentrations in stream water and
the decrease in resource species richness counteracted each
other, leading to no strong differences in aquatic hyphomycete
species richness between stream types.
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The aquatic hyphomycete species richness and community
structure differed among litter species, also confirming the results
from a previous laboratory study [37]. Aquatic hyphomycete
species richness was highest for native A/l glutinosa (25 species)
and Q. robur (24 species) litter and lowest for the invasive Ac.
melanoxylon (19 species). This was expected since microbial
decomposers are sensitive to the physical and chemical charac-
teristics of resources [22, 27, 28, 75], probably due to differences
in enzymatic capabilities [28, 77, 78] and stoichiometric require-
ments [79]. Interestingly, the relative contribution of the domi-
nant aquatic hyphomycete species to the community also differed
among litter species: A. fetracladia and T. elegans decreased their
contribution from high quality to low quality litter species (A/.
glutinosa > Q. robur > Ac. melanoxylon), while H. chaetocladia
increased. Articulospora tetracladia has been shown to be more
abundant in AL glutinosa litter than in more recalcitrant resources
(e.g., Eucalyptus globulus Labill., Platanus sp.) [75], while
T. elegans can be more abundant in Al glutinosa than in
Q. robur [62]. On the other hand, H. chaetocladia has been
shown to be more abundant in Q. robur than in Al glutinosa
[22, 71, 75]. Nevertheless, the aquatic hyphomycetes community
structure on both native species differed less between them than
when compared with that on Ac. melanoxylon. This suggests that
the replacement of native forests with a high diversity of trees
species by a homogeneous stand of Acacia species will most
likely alter the community structure of microbial decomposers
in streams due to a decrease in the diversity of resources, as
observed in the case of other forest replacements [25, 29, 31].
Additionally, since the characteristics of Ac. melanoxylon litter
are very dissimilar from those of native species, their effects on
stream ecosystems will be much stronger [80].

Conclusion

Overall, our results suggest that the invasion of native decid-
uous riparian forests by N-fixing Acacia species will affect
litter decomposition rates and the activity, species richness,
and community structure of microbial decomposers in
streams. Decomposition rates of given litter species will be
faster in invaded than native streams, probably due to an in-
crease in the N concentration in water, which will stimulate
the activity of microbial decomposers on litter. Additionally,
the replacement of native forests with high tree diversity by
plant communities dominated by Acacia species will reduce
the diversity and quality of resources entering streams, thus
decreasing the richness and activity of aquatic microbial de-
composers, and consequently litter decomposition rates at the
stream level. Since the reduction of litter decomposition rates
due to changes in litter characteristics (i.e., replacement of fast
decomposing native species by slow decomposition Ac.
melanoxylon litter) is more pronounced than the stimulation
of litter decomposition due to increases in dissolved N
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concentration (invaded vs. native streams), the overall litter
decomposition potential of invaded streams will likely de-
crease, consequently affecting nutrient cycling and aquatic
food webs. Changes in the structure and functioning of detrital
food webs may have consequences for the services provided
by stream ecosystems to the human society (e.g., good water
quality, secondary production). Therefore, the protection of
native riparian areas and/or the recovery of the native vegeta-
tion in invaded riparian areas should be a priority to ensure
that streams receive a high diversity of litter from different tree
species to sustain aquatic food webs, an issue that must re-
ceive immediate attention considering the high susceptibility
of such habitats to invasion [81].
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