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Abstract Riparian forests regulate stream ecosys-
tems and biodiversity. Therefore, changes to riparian
structure may threaten stream ecosystem function by
triggering taxonomic and functional changes to
aquatic communities. Because macroinvertebrate
assemblages are sensitive to environmental changes,
they can be effective indicators of stream integrity in
disturbed landscapes. To assess the role of riparian
forests in maintaining tropical stream communities in
areas experiencing large-scale watershed disturbance,
we quantified the taxonomic and functional response
of stream macroinvertebrate communities to forest
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clearing in the southeastern Amazon’s agricultural
frontier, a region experiencing widespread deforesta-
tion. Our results show that watershed deforestation can
lead to significant changes in macroinvertebrate
richness and community composition. We found a
predominance of shredders in forested watersheds;
scrapers in cropland watersheds with riparian forests;
and collector-filterers in cropland watersheds without
riparian forest buffers. Taxonomic composition was
controlled by available organic material in forested
watersheds and by periphyton in cropland sites
regardless of whether they had a riparian buffer. Our
results show that the clearing of riparian forests alters
food sources supporting aquatic food webs, leading to
ecosystem-level shifts through changes in light and
temperature dynamics that affect aquatic communi-
ties in areas with intense land-use change such as the
southeastern Amazon.
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Introduction

Riparian forests provide essential protection for
streams and represent an important link between
terrestrial and aquatic ecosystems (Naiman et al.,
2005). The benefits of riparian forests to stream
structure and function include moderating stream
water temperature (Osborne and Kovacic, 1993;
Fernandes et al., 2014); increasing habitat diversity
and food sources to stream organisms and sustaining
habitat integrity and biodiversity (Naiman et al., 1993;
Naiman and Décamps, 1997; Tolkkinen et al., 2020).
Riparian forests may also serve as important landscape
“filters” by reducing the input of pesticides and
fertilizers to streams (Shortle et al., 2001) and
contributing to bank stability, which reduces erosion
and sediment inputs to streams (Naiman and Décamps,
1997.

Despite a large body of knowledge on the
importance of conserving riparian forests, wide-
spread deforestation of riparian zones continues to
threaten stream and river ecosystems globally
(Sweeney et al., 2004; Luke et al, 2019; Dala-
Corte et al., 2020). The removal of riparian forests
has implications for stream ecosystem function,
including shifts in the energy base of stream food
webs. It often results in a transition from allochtho-
nous to autochthonous energy flows, because
removal of stream-side trees tends to both reduce
terrestrial subsidies and increase the light available
to fuel primary production (Bormann et al., 1974;
dos Reis Oliveira et al.,, 2020). Riparian forest
degradation can also change the diversity and
distribution of forest functional traits (e.g., phenol-
ogy, chemical composition), with consequences for
aquatic ecosystem function (Kominoski et al., 2013),
including altering nutrient cycling (Pert et al., 2010),
organic matter decomposition (e.g., Tank et al,
2010), and food web structure (Erdozain et al.,
2019).

Given their important functions, the preservation of
riparian forests has taken on increasing importance,
particularly in tropical regions where agriculture is
expanding and intensifying rapidly (Gibbs et al., 2010;
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Nunes et al., 2015). The Brazilian Forest Code places
strict limits on deforestation of riparian and upland
forests in agricultural regions of the Amazon, requir-
ing landowners to conserve 35% to 80% of their
property as intact forest and maintain riparian zones as
“Areas of Permanent Protection” (Soares-Filho et al.,
2014). However, it is not yet clear to what extent the
Forest Code (Law N° 12.651; Soares-Filho et al. 2014)
has succeeded in protecting riparian forest buffers or
the streams and rivers they surround (Azevedo et al.,
2017, Nunes et al., 2019). A recent meta-analysis
found a sharp decline in invertebrate indicator biodi-
versity with under 10% loss of native vegetation in a
50 m buffer, suggesting that riparian buffers are
critical to maintain stream function (Dala-Corte
et al., 2020).

Benthic macroinvertebrates represent a critical link
between terrestrial and aquatic systems and have long
been used as indicators of stream integrity (e.g.,
Barbosaet al., 2001; Rizo-Patrén et al., 2013; He et al.,
2019; Oliveira Janior & Juen, 2019). For example, the
occurrence and abundance of the EPT (Ephe-
meroptera, Plecoptera and Trichoptera) are often used
as proxies to assess ecosystem integrity (e.g., Lake,
2000; Péru and Doledec, 2010). The degradation and
loss of riparian forests tend to simplify macroinver-
tebrate communities (i.e., loss of species) and change
the availability and variety of food resources, thus
affecting the functional composition of aquatic insect
communities (Firmiano et al., 2021). Changes to
stream macroinvertebrate communities in response to
land-use change have been well documented around
the world (e.g., Sponseller et al., 2001; Tanaka et al.,
2016; Ferreira et al., 2017), yet we know relatively
little about the response of aquatic insect communities
to the loss or degradation of riparian forests in the
Amazon-Cerrado region (e.g., Juen et al., 2016; Leal
et al., 2016; Paiva et al., 2017; Faria et al., 2017,
Cardoso et al., 2018; Luiza-Andrade et al., 2020).

To understand if riparian forest degradation affects
the diversity and function of stream communities in
this rapidly developing region, we evaluated stream
macroinvertebrate communities in headwater streams
in forested watersheds (“Forest”), cropland water-
sheds with intact riparian forests (“Crop-Rip”), and
cropland watersheds without riparian forest buffers
(“Crop-NoRip) in the southeastern Amazon state of
Mato Grosso, Brazil. Our study addressed two key
questions: 1) Has the loss or removal of riparian



Hydrobiologia (2021) 848:3503-3520

3505

forests altered the taxonomic or functional composi-
tion of aquatic insect communities (i.e., abundance,
richness and diversity of species and functional
feeding groups)? 2) Which environmental factors are
the most important determinants of these observed
changes and do they differ for functional and
taxonomic diversity?

We hypothesized that forest streams would have
more suitable habitat and support more abundant and
diverse EPT assemblages, compared with streams in
cropland watersheds. We expected a reduction in
taxonomic and functional (measured as functional
feeding groups; FFG) richness for aquatic insect
communities in cropland streams without riparian
forest, but anticipated that cropland streams with
riparian forest would retain higher taxonomic and FFG
richness (Question 1). Given that watershed defor-
estation has altered stream physical conditions such as
discharge (Hayhoe et al., 2011; Riskin et al., 2017),
temperature (Macedo et al., 2012), benthic organic
matter standing stocks (K.J. Jankowski, U.S. Geolog-
ical Survey, written comm., 2021), and riparian forests
species composition (Maracahipes-Santos et al.,
2020), we expected those factors to exert a strong
influence on macroinvertebrates taxonomic and func-
tional composition (Question 2). More specifically, in
cropland streams with no riparian forest we expected
to find a reduction in the abundance of shredders due to
decreased litter input, but an increase in scrapers and
collector-filterers due to a higher abundance of algal
primary producers.

Methods
Study area

We conducted this study at Tanguro Ranch, an
800 km? farm located in the headwaters of the Xingu
River in the state of Mato Grosso, Brazil (Fig. I;
Appendix A). Regional climate is characterized by
high mean monthly temperatures (above 25°C).
Annual precipitation varies from 1,700 mm to
2,200 mm (Balch et al. 2008), with a pronounced
dry season from May to September (rare rainfall
events > 10 mm).

Forests in the region are evergreen, semi-decidu-
ous, seasonally dry transitional forests containing a
mixture of tree species from ombrophilous rainforests

(i.e. high annual rainfall) in the north to woody
Cerrado (tropical savannas; lower annual rainfall) in
the south. Tanguro Ranch is representative of the type
and chronology of land-use changes occurring in the
region. Deforestation for cattle pastures occurred in
the mid-1980s, followed by conversion to soybean
croplands occurring into the early 2000s (Macedo
et al., 2012). Early forest clearing for pastures often
included the removal of riparian forest to the stream
edges, but the majority of cropped watersheds at
Tanguro Ranch have wide riparian buffers that exceed
Forest Code requirements (Macedo et al., 2012).
Broad plateaus dominate the Tanguro Ranch land-
scape, with a gentle break sloping towards stream
channels. Soils are deep, acidic and highly permeable
(Neill et al., 2013, Jankowski et al., 2018). Several
headwater streams are contained within the bound-
aries of Tanguro Ranch and drain either forested or
cropland watersheds (Fig. 1). Further, cropland
streams at Tanguro Ranch include a range of riparian
forest protection—some watersheds have been com-
pletely deforested, while others have intact riparian
forest buffers that are 30-200 m wide. Our study
included nine streams, three in each of the following
categories according to watershed land cover and
riparian forest condition (Appendix A and B): com-
pletely forested watersheds (“Forest”); cropland
watersheds with riparian forests (“Crop-Rip”); crop-
land watersheds without riparian forest buffers
(“Crop-NoRip”).

Environmental variables

We measured standard environmental variables (fol-
lowing the protocol of Peck et al., 2006) at the time of
macroinvertebrate sampling, including (i) habitat
characteristics: substrate type, flow, presence of large
wood; (ii) stream morphology: sinuosity, slope, width,
depth; (iii) riparian structure: tree cover density,
margin shading and; (iv) human disturbance in the
channel and riparian forest: presence of pasture and
crops. We selected variables that best described
potential changes in EPT microhabitat and riparian
forest characteristics in our analyses, based on previ-
ous work in similar Amazon streams (e.g., Luiza-
Andrade et al., 2017; Paiva et al, 2021) (Appendix C).
The variables included: (i) percentage of substrate
cover (organic material, wood, macrophyte, periphy-
ton); (ii) flow microhabitat (categorized as fast
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Fig. 1 Tanguro Ranch.
Inset: Red point indicates
the location of Tanguro
Ranch in the Amazon-
Cerrado transition zone.
Biodiversity: sampling
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[percentage covered by cascades, rapids, riffles and
falls] and slow [percentage covered by glides and
pools]) and; (iii) riparian forest structure (presence of
large trees, woody understory, and herbaceous under-
story). Environmental variables were measured in 10
segments for each stream reach (Fig. 2; see Macroin-
vertebrate Sampling for details), and the mean and
standard deviation calculated for the final analyses. In
our study, each stream is defined as a sampling unit.
We measured pH at the top, middle and base of each
150 m stream reach using a multiparameter handheld
meter (YSI Inc, Yellow Springs, Ohio, USA). Water
temperature was measured every hour in each stream
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using a Hobo water level logger (Onset Computer,
Bourne, Massachusetts, USA). We used the average
temperature for August 2017 to characterize water
temperature in each stream.

Macroinvertebrate sampling

We sampled all nine streams over nine days during the
dry season of 2017 (August 07-15). In each stream, we
sampled a 150 m reach that was subdivided into ten
15 m sections (Fig. 2). Each section was further
subdivided into three segments of 5 meters (a total
of 30 segments). We sampled macroinvertebrates in
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Fig. 2 Sampling design of EPT and environmental variables.
In each stream, we sampled a 150 m reach that was subdivided
into ten 15 m sections. Each section was further subdivided into
three segments of 5 meters (a total of 30 segments)

the first two segments of each section and used the
third segment to assess the environmental variables of
the next upstream section, thus avoiding disturbance
of the substrate before sampling (Juen et al. 2016;
Faria et al. 2017; Shimano et al. 2018). We system-
atically assessed environmental variables and biodi-
versity by sections to ensure that the entire 150 m
reach was equally represented. This approach
increased the likelihood of capturing a representative
sample of macroinvertebrate biodiversity. To estimate
reach-scale values for abiotic and biotic variables, we
used the subsamples to calculate the mean and
standard deviations for environmental variables (10
samples, 1 per section), as well as total species
abundance (20 samples, two per segment).
Macroinvertebrates were sampled with a hand net
(known in Brazil as a “rapiché”; 18 cm diameter and
mesh opening of 250 pm) following a systematic zig-
zag trajectory along each stretch (Shimano and Juen,
2016; Luiza-Andrade et al., 2017; Paiva et al., 2017).
We identified only the individuals belonging to the
orders Ephemeroptera, Plecoptera and Trichoptera.
All functional groups were well represented among
these three orders in our study streams. The specimens
collected were fixed and stored with 85% ethanol and
identified to the genus level using specialized litera-
ture specific to the Amazon-Cerrado region (Dom-
inguez et al., 2006; Lecci and Froehlich, 2007;
Hamada et al., 2014). Studies evaluating

anthropogenic effects on aquatic insects at the taxo-
nomic resolution of genus have presented consistent
results (e.g., Ligeiro et al., 2013; Bertaso et al., 2015;
Luiza-Andrade et al, 2017; Godoy et al., 2019; Paiva
etal.,2021). Following processing, all specimens were
deposited in the Zoological Collection of the Federal
University of Para (UFPA).

Functional feeding groups

Feeding traits are particularly useful functional traits
since they indicate changes in the fundamental food
sources supporting aquatic food webs (Poff
et al.,2006). All individuals were classified into five
functional feeding groups (according to Cammins and
Klug, 1979; Appendix D): predators, scrapers, shred-
ders, collector-gatherers and collector-filterers. The
functional traits’ values were transformed using the
Fuzzy coding approach (Chevenet et al.,1994). This
method works as an affinity index, that considers
differences registered (by different authors) for the
same characteristic of the genus, taking into account
the biological group’s trophic plasticity. The Fuzzy
method score ranges from zero (no affinity) to three
(high affinity). In the literature, we find records for
specimens that contained two or more types of FFG
categories. For example, the genus Caenis presents the
values 0.4 in the Collector-Gatherer category and 0.6
for Scraper in the table (Supplementary Material -
Appendix D). These values indicate that 40% of the
consulted articles classified the genus in one FFG (in
the Collector-Gatherer category), while the other 60%
classified the same genus in another (such as Scraper).
The fuzzy transformation converts the affinity into a
percentage and separates the categories by blocks
whose sum of the lines totals the value one. We used
this approach because a particular genus can exhibit
trophic plasticity, and we wanted to better reflect the
range of potential feeding strategies represented by
sampled taxa.

Data analysis

Abundance, richness, and diversity of EPT
and FFG

To evaluate whether the loss or removal of riparian
forest altered the abundance, richness, or diversity of
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EPT at the genus level, we calculated the total number
of individuals found in streams for each land use/man-
agement category (abundance) and used them as an
estimate of taxonomic richness. Individuals from each
stream were further classified into five functional
feeding groups based on their genus, allowing us to
calculate functional richness. Taxonomic and func-
tional richness abundance were compared separately
among streams of each riparian forest category using a
univariate Analysis of Variance (ANOVA). Where
significant differences were found across riparian
forest categories (p<0.05), a post hoc Tukey test was
used for pairwise comparison of differences among
riparian forest categories.

To estimate the taxonomic diversity across riparian
forest categories, we created rarefaction curves using
individual-based accumulation (Gotelli and Colwell,
2011). The rarefaction curve method plots the number
of individuals on the x-axis against the number of
genera on the y-axis. We then calculated the mean
taxonomic diversity across streams in each riparian
forest category, as well as their confidence interval.
We used the same analytical approach to evaluate FFG
diversity.

To test if we sampled the communities sufficiently
to capture their species richness we performed a
sampling coverage test (proposed by Chao and Jost,
2012) using the rareNMtests (Cayuela and Gotelli,
2014) and Vegan packages in R (Oksanen et al., 2013).

Taxonomic and FFG community composition
of EPT

To evaluate if community composition differed
significantly among the three types of riparian forest
categories, we used a Permutational Multivariate
Analysis of Variance (PERMANOVA) using the
Vegan package in R (Oksanen et al., 2013). PERMA-
NOVA is a non-parametric analysis (analogous to
MANOVA) that allows for the use of non-Euclidean
distance measures among samples (Anderson, 2001).
We ran the analysis using the Bray—Curtis distance
metric and the adonis function. We also tested for the
“homogeneity of group dispersion” which is a
PERMANOVA assumption available in the PERM-
DISP (betadisper) function. This test evaluates vari-
ance within groups by using the average distance of
group members (i.e., riparian forest categories) to the
group centroid. It is a multivariate analog to Levene’s
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test for homogeneity of variance (Anderson, 2001). To
evaluate how many genera were shared and how many
genera were unique among the three riparian forest
stream categories (Forest, Crop-Rip, Crop-NoRip) we
used a Venn Diagram (VennDiagramn package; Chen
& Boutros, 2011). We used these same analytical
approaches to evaluate if functional composition
significantly changed among the three riparian forest
categories.

Environmental drivers of taxonomic and FFG
community composition

To examine which environmental variables most
influenced taxonomic and functional composition we
used a Redundancy Analysis (RDA; Rao, 1964). RDA
is a constrained ordination technique that evaluates the
effects of environmental variables on community
composition (ter Braak and Verdonschot 1995) and
is particularly useful when there are underlying linear
abundance distributions. We applied a detrended
correspondence analysis (DCA) to our data to deter-
mine the appropriate response model (linear [RDA] or
unimodal [Canonical Correspondence Analysis]). The
length of the first DCA axis was < 4 SD (units of
standard deviation), indicating a homogenous dataset
well suited to analysis with linear methods like RDA
(Leps and §milauer, 2003). We performed two
separate RDAs, using either taxonomic (Appendix
E) or FFG relative abundance (Appendix F) data as
response variables and environmental factors as
explanatory variables. To reduce the effect of multiple
zeros in our abundance matrices, we did a Hellinger
transformation (Dray & Dufour, 2007) to express each
abundance value as a proportion of the total abun-
dance. Environmental data were standardized to make
them dimensionally homogenous, allowing direct
comparison of regression coefficients (Legendre &
Legendre, 2012). Before including the selected envi-
ronmental variables (see “environmental variables”
section) in the RDA, we tested for collinearity,
removing variables that had a variance inflation factor
higher than 10 (VIF > 10). We then used forward
selection of non-collinear environmental variables to
select the variables that explained the most variance in
the abundance data. The forward selection was done
using the function “ordiR2step.” The significance of
the RDA was tested by an ANOVA-like permutation
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test. All analyses were done in the Vegan package in R
(Oksanen et al., 2013).

Results

Abundance, richness, and diversity of EPT
and FFG

We found a total of 465 individuals and 18 genera
belonging to Ephemeroptera, Plecoptera and Tri-
choptera (EPT) orders across the nine streams (Ap-
pendix E). EPT insects were most abundant in the
forest sites (225 individuals), followed by Crop-NoRip
(138) and Crop-Rip (102 individuals) sites. The most
abundant genera were Macronema (109 individuals),
Campylocia (101 individuals) and Leptonema (95
individuals) (Appendix GA). The most abundant
functional feeding guilds were collector-filterers
(198 individuals) and predators (186 individuals)
(Appendix GB). We found no differences in taxo-
nomic abundance among watershed types (ANOVA;
P =034, F=1.262, Appendix F). We did find
differences in the abundance of functional feeding
groups of collectors-filterers (ANOVA; F = 0.142,
P =0.001, Table 1) and shredders (ANOVA;
F=37.22, P<0.001, Table 1), when comparing
forested watersheds to both categories of cropland
watersheds. The largest differences occurred between
forested watersheds and Crop-NoRip watersheds
(Table 2).

EPT taxonomic richness was similar in Forest sites
(number of taxa: 11) and Crop-Rip (number of taxa:
11), but lower in Crop-NoRip (number of taxa: 9). We
found no significant difference in the average EPT
taxonomic diversity among riparian forest categories
(Fig. 3A). The average EPT functional diversity in
Crop-NoRip streams was significantly lower than that
of Forest or Crop-Rip streams, which were similar
(Fig. 3B). The rarefaction analysis showed that
species accumulation curves were still increasing in
all three riparian forest categories and did not reach a
horizontal asymptote, indicating that more or larger
samples are needed to fully represent absolute species
richness (Fig. 4).

The sampling coverage test, on the other hand,
showed that our samples had coverage values higher
than 95% (Forest = 99%; Crop-Rip = 98%; Crop-
NoRip = 98%), indicating that our sampling effort

adequately characterized the EPT richness of these
streams.

Taxonomic and FFG community composition
of EPT

EPT taxonomic composition differed significantly
among Forest, Crop-Rip, and Crop-NoRip sites
(PERMANOVA, F = 4.93; R*> = 0.6; P = 0.02), but
within-group variance was similar (betadisper,
F =0.5; P =0.62). Taxa that differed among riparian
forest categories varied among riparian forest category
pairs (Fig. 5A). Crop-Rip and Crop-NoRip streams
shared a total of four genera absent in Forest streams:
Anacroneuria, Caenis, Cernotina and Nectopsyche.
Three genera were shared among all three riparian
forest categories.: Leptonema, Macronema and Oecetis
(Fig. 5A).

The centroids of the functional community com-
position did not differ (PERMANOVA, F = 1.46;
R? = 0.32; P = 0.25) and were similar in the amount
of functional variation (betadisper, F = 0.56;
P = 0.59) among the three riparian forest categories.
Shredders were the only functional feeding guild that
was not present in all riparian forest categories.
Shredders were abundant in Forest streams, rare in
Crop-Rip streams (i.e., only one individual found;
Fig. 5B) and absent in Crop-NoRip streams.

Environmental drivers of taxonomic and FFG
community composition

Taxonomic composition- Seven environmental vari-
ables had a VIF < 10 and four were selected (by
forward selection) for inclusion in the RDA analysis
(Appendix H). Environmental variables explained a
total of 70.6% of variation (51.1% by first axis, 19.5%
by second axis) in the taxonomic composition of
streams. The EPT composition of Forest sites was
distinct in multivariate space, compared with cropland
sites, whether they had a riparian buffer or not
(Fig. 6A). This separation was driven by four envi-
ronmental variables that are likely related to land use:
organic material, low flow microhabitat, periphyton,
and temperature. EPT forest communities were asso-
ciated with high levels of organic material and
presence of low flow microhabitat. Communities in
Crop-Rip and Crop-NoRip streams corresponded with
higher temperature and periphyton. The ANOVA-like
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Table 1 Results of
ANOVA for abundance of
functional feeding groups
among the land-cover-
riparian forest categories
(Forested, Crop-Rip and
Crop-NoRip)

Bold numbers indicate
statistical significance
(P <0.05)

Df degrees of freedom, Sum
sum of squares, Mean mean

Df Sum Mean F Pr(> F)
Collector gatherers
Riparian forest categories 2 142.9 71.4 0.14 0.87
Residuals 6 3026 504.3
Collector-filterers
Riparian forest categories 2 1286 643 21.6 <0.001
Residuals 6 178 29.7
Scrapers
Riparian forest categories 2 106.9 53.4 0.71 0.52
Residuals 6 449.3 74.8
Predators
Riparian forest categories 54 27 0.05 0.94
Residuals 3066 511
Shredders
Riparian forest categories 2 264.6 132.3 37.2 <0.001
Residuals 6 21.3 35

of squares

Table 2 Results of Tukey post hoc pairwise comparison
among the riparian forest categories (Forest, Crop-Rip, Crop-
NoRip)

diff lwr upr P

Collector filters

Forest:Crop-NoRip 18 43 31.6 0.016
Crop-Rip:Crop-NoRip — 11 — 246 2.6 0.106
Crop-Rip:Forest - 29 —426 — 153 0.002
Shredders

Forest:Crop-NoRip 11.6 6.9 16.3  0.001
Crop-Rip:Crop-NoRip 0.3 —43 5.0 0974
Crop-Rip:Forest - 113 —16 — 6.6 0.001

Bold numbers indicate statistical significance

diff mean difference between groups, Iwr lower boundary, upr
upper boundary

permutation test showed that the RDA results were
significant (F = 3.57; P = 0.003; DF = 4).
Functional composition- Seven environmental
variables had a VIF < 10 and six were selected (by
forward selection) for inclusion in the RDA analysis
(Appendix H). Environmental variables explained
82.6% of the variation (52.9% by first axis; 29.7%
by second axis) in functional composition. Interest-
ingly, although the PERMANOVA found no signif-
icant compositional differences, the RDA showed that
functional composition of Forest sites was distinct
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from sites with Crop-Rip and Crop-NoRip (Fig. 6B),
similar to the taxonomic analysis. Functional differ-
ences were driven by six environmental variables:
temperature, large wood, organic material, periphy-
ton, low flow microhabitat and macrophytes. Compo-
sition in Forest streams was best explained by high
organic material, low flow microhabitat, and the
presence of wood, whereas communities in the Crop-
Rip and Crop-NoRip sites corresponded with higher
temperatures, periphyton, and macrophytes. The
ANOVA-like permutation test showed that the RDA
was significant (F = 3.45; P = 0.04; DF = 6).

Discussion

Our results showed that watershed deforestation
resulted in changes in EPT macroinvertebrate com-
munity composition in small tropical streams. Inter-
estingly, although we found significant differences in
the taxon composition among riparian forest cate-
gories, functional composition remained similar,
indicating that streams have retained some EPT
functional resiliency to watershed-scale change. We
detected subtle differences in EPT functional groups
among Forest, Cropland with riparian forest and
cropland without riparian forest indicating that func-
tional capacity may shift over time as the landscape is
altered (see Appendix A). Individual EPT functional
groups showed different associations with sites and
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Fig. 4 Rarefaction curves 15-
for EPT genera collected in

three riparian forest

categories. The curve is

based on the number of

individuals recorded

Genus richness

environmental variables, however. Shredders showed
the strongest differences in abundance among stream
types. They were abundant in Forest streams, rare in
cropland streams with riparian buffers, and absent in
cropland streams with no riparian forest. Shredders
and collector-gatherers were more abundant in Forest
streams, which had higher organic material (K.J.
Jankowski, U.S. Geological Survey, written comm.,

200 300 400
Number of individuals

= interpolated = =+ extrapolated

Crop.NoRip Crop.Rip -] Forest

2021) and more low flow microhabitat. Cropland
streams at Tanguro Ranch have 2-4 times greater
discharge on average than forested streams, as a result
of reduced watershed evapotranspiration and greater
runoff (Hayhoe et al., 2011, Riskin et al., 2017), which
reduces the area of low flow habitat preferred by some
macroinvertebrate species. Scrapers were more abun-
dant in Crop-Rip sites, which had higher values of
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Fig. 5 Venn diagram A
showing the number of
genera shared among the
three riparian forest
categories, as well as the
number of the genera (in
red) that are unique to each
category (A). Bar

chart showing how many
individuals of each FFG
were found in each riparian
forest category (B)

Amanahyphes

Americabaetis 4

Crop-Rip

B

Forest

Forest

Campylocia  Farrodes

Triplectides ~ Miroculis

Macrogynoplax

5

3

Cryptonympha
1

Crop-NoRip

8 -

crop-Rip - " '
Crop-NORip _ y [

m Collector-gatherers

periphyton and higher water temperature. Collector-
filterers, the most generalist feeding type, were more
common in Crop-NoRip sites associated with the
presence of wood. These results indicate that streams
on either end of the riparian forest categories (i.e.,
Forest and Crop-NoRip) had the most distinct func-
tional communities. However, Crop-Rip and Crop-
NoRip sites seemed to converge functionally and
taxonomically due to subtle shifts in environmental
conditions from watershed deforestation.
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m Collector-filterers  m Scrapers Predators m Shredders

Taxonomic abundance, richness, diversity
and composition

Our results support prior findings that degradation of
riparian forests exerts a strong influence on macroin-
vertebrate communities (Siegloch et al., 2016; de
Castro et al., 2018; Dala-Corte et al., 2020) and indi-
cate that intact riparian forests provided protection
against aquatic species loss in cropland watersheds
(Carvalho et al., 2018). We observed a reduction in
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Fig. 6 Redundancy analysis (RDA) showing which environ-
mental variables most contribute to EPT community composi-
tion in the nine streams across three riparian forest categories.

EPT abundance, richness, and diversity in cropland
streams with no riparian forest, and more diverse
macroinvertebrate communities in cropland streams
with riparian forest. Forest streams had almost twice as
many individuals as cropland streams, regardless of
riparian buffer status, and five genera that were unique

Macroinvertebrate communities were classified according to
taxonomic composition (A) and functional feeding group
composition (B)

to streams with intact buffers. Riparian forest buffers
in tropical systems reduce the effects of deforestation
on aquatic biodiversity (Siegloch et al., 2016; de
Castro et al., 2018; Dala-Corte et al., 2020) and water
quality (Souza et al., 2013). Our results support those
findings and are consistent with studies in other

@ Springer



3514

Hydrobiologia (2021) 848:3503-3520

tropical systems, which have shown decreases in
aquatic insect richness associated with the removal of
riparian forests (Nessimian et al., 2008; Siegloch et al.,
2014; Farias et al., 2018). Riparian forest protection
helps mitigate some of the negative effects of water-
shed clearing on macroinvertebrate communities (i.e.
by maintaining community composition), but other
watershed-scale environmental factors are also impor-
tant. In addition, these results show that the removal of
riparian forests resulted in species loss rather than
community change, at least whitin the time since
deforestation at Tanguro Ranch. This underscores the
importance of retaining forested watersheds in agri-
cultural landscapes that can provide source popula-
tions to degraded or restored streams.

Although species richness in our sampled streams is
low compared with other streams in the Amazon and
Cerrado (e.g., Luiza-Andrade et al., 2017; de Castro
et al., 2018), our sampling was sufficient, and our
samples represented the full range of FFG variability
(see “sampling coverage test”). Future work could
help resolve whether the lower number of species is
attributable to the study site’s location in the Cerrado-
Amazon transition or simply a reflection of inter-
annual variability. In addition, the number of species
does not fully characterize important aspects of
biodiversity. Fundamental ecosystem processes, such
as degradation of organic matter and productivity, can
be threatened by the loss of functional groups and not
necessarily by the number of genera (Mouillot et al.,
2013).

Functional community composition

Understanding changes in functional community
composition in response to disturbance can often
provide more insight into potential shifts in ecosystem
function and future trajectories than metrics of species
composition alone (Petchey and Gaston, 2002, Poff,
1997). As a result, the analysis of functional traits has
been widely used to understand the response of
macroinvertebrate communities to environmental
change (Poff et al., 2006). We hypothesized that both
taxonomic and functional composition would shift in
response to watershed deforestation and the removal
of riparian forests but only found significant shifts in
taxonomic composition and the shredder functional
group. Although differences in total functional com-
position were not significant, our RDA analysis
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showed that forest communities were distinct from
all cropland stream communities (i.e., with and
without riparian forest cover; Fig. 6B). This may have
resulted from the relatively small sample size of our
study or from the exclusion of non-EPT species in our
analyses. Additional sampling effort, including more
streams and sampling throughout the year, may clarify
this apparent difference. In addition, FFG are not
necessarily static traits and can vary spatially or
seasonally in some taxa (Tierno de Figueroa et al.,
2019). If species are omnivorous or more plastic in
their feeding responses, for example, we might not
capture subtle differences in their response to envi-
ronmental conditions. On the other hand, this result
may indicate that these communities have either
retained some functional resilience to these large-
scale changes or that macroinvertebrate communities
in cropland streams are still adjusting (in terms of their
functional response) to land-use change effects on
food resources.

We found differences in which functional groups
were associated with watershed types and environ-
mental variables. The degradation or absence of
riparian forests often affects the availability of food
resources for macroinvertebrates (Naiman et al, 2005)
and can alter aquatic trophic structure (e.g., increasing
the abundance of periphyton consumers; Kiffney
et al.,, 2003). Our results show a predominance of
collector-filterers in cropland streams with no riparian
forest buffer; scrapers in cropland sites with riparian
forest buffers; and shredders in forested sites. Shred-
ders play an important role in litter breakdown in
temperate streams (Cuffney et al., 1990; Hieber and
Gessner, 2002), but in tropical streams their role and
importance vary from region to region (e.g., Chara-
Serna et al., 2012; Ferreira et al., 2015). Shredders are
generally abundant in streams with high riparian
vegetation density (Oliveira et al., 1999; Cummins
et al., 2005). Because shredders feed on leaves, they
can reduce their size and make them available for
other taxa (e.g., collector-filterers) in the form of fine
particulate organic matter (FPOM; Boyero et al.,
2011) At our study site, leaves represent about 90% of
litterfall biomass in sites with riparian forests.
Although annual litterfall inputs are similar between
forest and cropland streams, the biomass of benthic
organic material is lower in cropland streams (K.J.
Jankowski, U.S. Geological Survey, written comm.,
2021). The interaction between shredders and organic
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material in forest streams highlights the important role
that this group likely plays in the dynamics of organic
material in tropical streams, and merits further study.

Scrapers typically feed on periphyton and are
relatively tolerant to pollution and disturbance (Cum-
mins and Klug, 1979). Periphyton growth can increase
when light and temperature are higher, as often occurs
in the absence of riparian vegetation (Bleich et al.,
2015). Riparian forests in cropland watersheds at
Tanguro Ranch have lower leaf area index (LAI) than
forested sites (Nagy et al., 2015, Maracahipes-Santos
et al., 2020), indicating that more light may reach
streams and increase periphyton growth. Because
higher primary productivity favors species with gen-
eralist feeding habitats, it is likely that the trophic
relationships and energy flows in this altered ecosys-
tem may be changing. Deforestation in the Upper
Xingu River Basin has already changed fish assem-
blages, with fish abundance nearly 2.1 times higher in
deforested streams (Ilha et al., 2019) than reference
streams in primary forests, primarily due to the
increase in fish with small adult body size. Thus, the
higher abundance of scrapers in cropland areas likely
reflects ecosystem-level shifts related to changes in
riparian forests such as light and temperature dynam-
ics, and perhaps the aquatic trophic structure.

Other functional traits can respond to changes in
catchment land use, local physical habitat, and water
quality. For example, macroinvertebrates in fully
(upland and riparian) forested streams may have
larger body sizes and < 1 reproductive cycle per year
(de Castro et al., 2018). In this study we did not
consider other functional traits such as those related to
behavior, morphology, and physiology which may
have displayed differing trends in response to riparian
forest cover.

In addition, the functional feeding groups consid-
ered here are relatively coarse, and the life history and
feeding strategies of diverse aquatic insect communi-
ties are not well understood in the Amazon-Cerrado
region, compared with temperate regions. It is possible
that we missed subtler functional shifts by using these
general categories. Future studies could investigate a
broader array of traits that may respond to different
aspects of habitat change, including shifts in the
thermal environment (Macedo et al., 2013) that has
been found to influence fish body size in these streams
(Ilha et al., 2018).

Environmental drivers

Small streams in cropland watersheds have higher and
more variable water temperature (Macedo et al., 2013)
and discharge rates (Hayhoe et al., 2011) compared
with forested watersheds. On average, cropland
streams are ~ 1.5°C warmer and have higher diel
variability, with maximum daily temperatures ~ 3°C
higher than in forested streams (Macedo et al., 2013).
Likewise, discharge is 2 - 4 times higher than forested
streams (Riskin et al., 2017). Both stream flow and
temperature were linked to changes in taxonomic and
functional composition observed in this study (Fig. 5).
Water temperature has a significant effect on macroin-
vertebrate growth, fecundity, and survival (Sweeney,
1993) and some taxa may be especially sensitive to
high water temperature (Lorion and Kennedy, 2009).
While thermal traits of macroinvertebrates in this
region are not well known, tropical organisms are
generally adapted to low thermal variability (Tewks-
bury et al., 2008, Dillon et al., 2010), which could
partially explain why richness was lower in the more
environmentally variable cropland streams with no
riparian forest. In addition, organic matter breakdown
is typically more temperature sensitive than primary
production (Allen et al., 2005), which could alter the
relative availability of allochthonous and autochtho-
nous organic matter (Richardson and Béraud, 2014),
favoring taxa that preferentially feed on periphyton
(i.e., scrapers). Water velocity can also act as a
selective pressure for the distribution of stream
organisms (Bispo et al., 2006). For example, high
flows can favor the colonization of periphyton on
rocks (Cattaneo et al., 1997) and other hard substrates
such as wood, which attracts scrapers organisms and
their predators (Feltmate et al., 1986). In contrast, it
may limit successful colonization by either periphyton
or macroinvertebrates if substrates are unstable (e.g.,
sand).

Taxonomic composition reflected the dominant
environmental conditions across sites. Composition
was driven by organic material in Forest streams and
by periphyton and temperature in cropland streams,
both with and without riparian forest buffers. The
decrease in organic matter inputs with riparian forest
removal reduces the diversity of available food
sources. It can also increase sedimentation, and alter
the availability of suitable habitat by changing light,
temperature, or nutrient regimes (Vannote et al., 1980;
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Davies et al., 2005). A separate study conducted in the
same streams demonstrated a reduction in the biomass
of terrestrial organic matter in cropland relative to
forested streams (KK.J. Jankowski, U.S. Geological
Survey, written comm., 2021), which supports our
finding that high organic material was associated with
high insect abundance in forested sites.

Conclusions

Riparian forest removal resulted in changes in EPT
taxonomic community, but had a less pronounced
effect on functional composition among streams.
Taxonomic and functional biodiversity are comple-
mentary approaches that can reveal different
responses to disturbance from species to ecosystem
processes. Taxonomic richness in cropland streams
with riparian forest buffers was intermediate between
forest and cropland stream without riparian buffers,
emphasizing the importance of the riparian forest
buffers in mitigating aquatic species losses and,
consequently, preserving the potentially diverse
ecosystem functions provided by these species. Tax-
onomic community composition shifted in streams
surrounded by crops, but broad groups in functional
feeding composition did not change, indicating some
functional redundancy in feeding habits in these
communities with only subtle shifts in the dominance
of certain functional feeding groups. Future work
could investigate whether other functional traits (e.g.,
body size and body form) follow the same pattern in
response to watershed deforestation and riparian forest
preservation.

This study is among the few to evaluate stream
taxonomic and functional macroinvertebrate commu-
nity response to watershed deforestation and the
effects of riparian conservation in the Amazon-
Cerrado transition region of rapid land-use change.
This region harbors high freshwater biodiversity
(Abell et al., 2008), and the protection of riparian
forests has been the subject of high-profile scientific
and political debates (Azevedo et al., 2017). The
conservation of riparian forests in areas with intense
land-use change such as the southeastern Ama-
zon helps to ensure the maintenance of aquatic
communities, functional diversity, and important
ecosystem processes. Using taxonomic and functional
diversity in tandem may provide a better

@ Springer

understanding of the relationship between land-use
change and its effects on stream biodiversity in this
rapidly changing tropical region than either metric
alone.
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