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4. Instream habitat features explained more variability in fish assemblages (15%-19%)
than riparian (2%-12%), catchment (4%-13%) or natural covariates (4%-11%).
Although grouping species into functional guilds allowed us to explain up to 31% of
their abundance (i.e. for nektonic herbivores), individual riparian - and catchment -
scale predictor variables that are commonly a focus of environmental legislation
explained very little of the observed variation (partial R? values mostly <5%).

5. Policy implications. Current rates of agricultural intensification and mechanization in
tropical landscapes are unprecedented, yet the existing legislative frameworks fo-
cusing on protecting riparian vegetation seem insufficient to conserve stream envi-
ronments and their fish assemblages. To safeguard the species-rich freshwater
biota of small Amazonian streams, conservation actions must shift towards manag-

ing whole basins and drainage networks, as well as agricultural practices in already-

cleared land.
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1 | INTRODUCTION

Agricultural expansion and its associated forest disturbances are major
threats to the biodiversity of the humid tropics (Barlow et al., 2016;
Laurance, Sayer, & Cassman, 2014). Environmental legislation and con-
servation programmes help countries to minimize these losses and to
meet their commitments to the Convention on Biological Diversity (CBD,
2010). However, the focus of legislative efforts has been largely based on
maintaining terrestrial forest extent and has paid little heed to the critical
features of hydrological systems such as the size and distribution of river
catchments (Castello & Macedo, 2016). As such, it remains unclear the
extent to which existing environmental regulations safeguard the ecolog-
ical integrity of stream systems, which accumulate human impacts from
many different terrestrial activities, and whose biodiversity may be more
imperilled than their terrestrial equivalents (Strayer & Dudgeon, 2010).
There are few places on Earth where the conservation of aquatic
diversity is more important than in the Amazon Basin, which has the
world’s most diverse freshwater fish fauna (Castello & Macedo, 2016;
Reis, Kullander, & Ferraris, 2003). One of the most poorly studied el-
ements of this fauna is the fish diversity of small, wadable streams
(Mojica, Castellanos, & Lobon-Cervia, 2009). Those streams are the
most extensive and widespread freshwater ecosystems in the basin
(Beighley & Gummadi, 2011), consisting of up to 90% of the total
channel length in some sub-basins (McClain & Elsenbeer, 2001).
Brazil contains 60% of the Amazon Basin, and its environmental
regulations seek to conserve freshwater ecosystems in three ways:
(1) establishing protected areas; (2) controlling forest cover on pri-
vate properties; and (3) regulating water resources that are considered
to be of high economic importance. Yet all of these approaches have
important limitations. Although protected areas comprise 54% of the

Brazilian Amazon, their distribution takes little account of connectivity

in and among watercourses, many of which extend across biomes and
jurisdictional boundaries (Castello et al., 2013). Effective protection of
transboundary river basins is particularly challenging because countries
have different levels of international cooperation, conservation priori-
ties and conservation budgets (Dolezsai, Saly, Takacs, Hermoso, & Erés,
2015). Environmental regulation on Brazilian private lands, which make
up about half of the country’s native vegetation (Ferreira et al., 2012;
Soares-Filho et al., 2014), is through the Forest Code (FC; Law 12.651;
Brasil, 2012). Although the FC stipulates minimum-width riparian for-
ests along streams and limits deforestation outside riparian zones, it
does not provide guidance for forest protection at catchment or basin
scales or for agricultural practices, both of which affect the freshwa-
ter biota (Leitdo et al., 2017; Roth, Allan, & Erickson, 1996). Lastly,
the two Brazilian legal instruments directly concerned with streams,
the Fisheries Code (Law 11.959; Brasil, 2009) and the Water Resources
Regulation (Law 9.433; Brasil, 1997), focus on aquaculture and fishing
activities and water for human consumption, respectively. As such, they
do not directly address the biodiversity values of freshwater ecosystems
(Castello et al., 2013). Moreover, all three of these areas of legislation to
conserve freshwater systems in the Brazilian Amazon suffer from being
poorly coordinated and weakly enforced (Castello & Macedo, 2016).
Given the potential shortcomings in existing legislation to conserve
stream biota, there is an urgent need to assess the effectiveness of
existing regulatory mechanisms for conserving the fish assemblages in
the Amazon Basin. Our current understanding of their effectiveness is
limited by three key knowledge gaps. First, there is a lack of data on the
responses of freshwater biota to human pressures across the biome.
The vast majority of research on the effects of habitat degradation in
the Amazon is on terrestrial biota. For example, a review of 62 studies
assessing faunal responses to land-use change in Amazonia (Peres et al.,
2010) included just one on fish (Dias, Magnusson, & Zuanon, 2010).
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Second, where fish responses to human impacts have been studied in
Amazonia, they have focused on large rivers, hydropower plants, and
commercially important species (Barthem, de Brito Ribeiro, & Petrere,
1991; Hurd et al., 2016; Tregidgo, Barlow, Pompeu, de Almeida Rocha,
& Parry, 2017). Very few studies have examined the consequences of
human impacts on the heterogeneous Amazonian fish assemblages in
small streams. As such, little is known about the responses of stream
fauna to deforestation, agricultural intensification and other sources of
forest degradation (Dias et al., 2010; Issues, 2002; Leitdo et al., 2017;
Prudente, Pompeu, Juen, & Montag, 2017).

Third, we lack large-scale empirical studies evaluating the relative
importance of pressures affecting biotic change in streams at different
spatial scales, and how amenable such pressures are to changes in the
management regime (Hughes, Wang, & Seelbach, 2006). There is un-
certainty regarding whether catchment disturbances (Allan, Erickson,
& Fay, 1997; Marzin, Verdonschot, & Pont, 2013; Roth et al., 1996) or
local riparian disturbances (Macedo et al., 2014; Saly, Takacs, Kiss, Biro,
& Eros, 2011; Wang et al., 2003) are the most critical drivers of changes
in the biotic condition of streams. Similarly, it is unknown to what ex-
tent management practices at local, small scales are constrained by
ecological processes at catchment scales (Castello & Macedo, 2016;
Mantyka-Pringle et al., 2016; Palmer, Menninger, & Bernhardt, 2010).
Answers lie largely in the types and relative degrees of disturbance and
natural variability at these two scales and the biotic indicators of con-
dition (Terra, Hughes, & Aradjo, 2016; Wang, Seelbach, & Lyons, 2006).

We address these knowledge gaps using a large-scale assessment
of the fish fauna among 83 stream sites in the human-modified land-
scapes of the eastern Brazilian Amazon. First, we examine the impor-
tance of forest reserves on private lands for conserving fish diversity
by assessing patterns of species turnover among stream sites within
three river basins and among those basins. Second, we examine the
effectiveness of the FC for protecting Amazonian stream biota by in-
vestigating how fish assemblages are affected by human disturbances
assessed at three spatial scales: (1) the riparian scale, reflecting the
explicit focus of the FC in conserving aquatic systems; (2) the catch-
ment scale, accounting for the requirement of private landholders to
conserve 50%-80% of their forest cover outside the riparian zone, al-
though the FC does not explicitly regulate at the catchment scale; (3)
the instream habitat scale, characterizing conditions that are strongly
affected by riparian and catchment disturbances, and that have a direct
impact on fish assemblages, but for which there is virtually no legisla-
tive protection (Figure 1). We use our findings to discuss the challenges
involved in understanding the links between human disturbances and
fish assemblages in tropical streams, the effectiveness of the FC in pro-
tecting stream biota and the implications for large-scale conservation

planning in human-modified tropical forest landscapes more generally.

2 | MATERIALS AND METHODS

2.1 | Sampling design

We studied two regions in the eastern Brazilian Amazon state of Para.
Santarém (STM) covers 1 million ha at the confluence of the Amazonas

and Tapajés Rivers; Paragominas (PGM) covers 1.9 million ha in the far
eastern Amazon Basin. Both regions are characterized by a patchwork
of pasture (3.9% in STM and 21.1% in PGM, data from 2010), annual
crops (2.0% and 3.5%), including mechanized agriculture, and second-
ary forest (10.4% and 17.6%) and retain around two-thirds of their
native primary forest, albeit in varying stages of degradation from
fragmentation, logging, and fires (Almeida et al., 2016; Gardner et al.,
2013). Wadable stream sites (1st to 3rd Strahler order on a digital
1:100,000 scale map) were chosen to encompass a gradient in the ex-
tent of riparian and catchment forest cover, resulting in 33, 26 and 24
sites in the Curua-Una (STM), Capim (PGM) and Gurupi (PGM) River
Basins, respectively (Figure 1).

We sampled fish during the Amazonian dry season June-August
2010 (STM) and 2011 (PGM). Each 150-m-long site was subdivided
into 10 continuous sections by 11 cross-sectional transects (isolated
by block nets) (Figure 1). Three people sampled fish for 120 min
(12 min per section) with seines (6.0 x 1.5 m, 5 mm stretched mesh
size) and semi-circular hand nets (0.8 m in diameter, 2 mm stretched
mesh size) (Appendix S4). Specimens were euthanized in Eugenol
and then fixed in 10% formalin. In the laboratory, all sampled fishes
were transferred to 70% ethanol and identified to species. Voucher
specimens from all species are deposited at the fish collections of the
Instituto Nacional de Pesquisas da Amazénia (INPA) and the Museu
Paraense Emilio Goeldi (MPEG), Brazil.

Physical habitat data were collected along the thalweg and from
11 transects every 15 m (Figure 1; Appendix S1; Hughes & Peck,
2008). Between the transects, we quantified large wood volume in
the channel and measured thalweg depth and substrate size at 10
equidistant points. At each of the 11 transects, we measured bank-
full width and depth, and at five equidistant points along each tran-
sect, we measured water depth and assigned a surficial bed particle
diameter class. Cover for fish was assessed at each transect along
10-m-long plots inside the stream channel using semi-quantitative
estimates of the areal cover of leaf packs, roots, overhanging veg-
etation, wood, undercut banks, boulders, filamentous algae and
aquatic macrophytes. Forest canopy cover above the channel was
measured with a convex densiometer at the centre of each transect
(facing upstream, downstream, left and right margins), and the mean
values were used as a proxy for channel shading. We measured
conductivity and temperature with a portable digital meter placed
below the water surface in the centre of the site. From these mea-
surements, we calculated 11 metrics (Table 1; Kaufmann, Levine,
Robison, Seeliger, & Peck, 1999) representing complementary at-
tributes of instream conditions likely affected by land-use changes
(Leal et al., 2016) and influencing stream-fish assemblages (Leitdo
etal, 2017).

2.2 | Riparian- and catchment-scale measures

We mapped the drainage network using the hydrological model
ArcSWAT (Di Luzio, Srinivasan, & Arnold, 2004), allowing us to calcu-
late hydrological distance between each site and the main river down-
stream (4th order reaches). We determined catchment boundaries,
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TABLE 1 Environmental variables used to predict fish assemblage composition in Amazonian stream sites

Environmental predictor variables

Group Code Definition

Riparian NET_FOR
LOC_FOR
W1_HALL
CAT_FOR
CAT_MAG

DEN_RCS

Catchment

% riparian network forest

% local riparian forest

Proximity weighted tally of riparian/stream side disturbances (Kaufmann et al., 1999)
% catchment forest

% mechanized agriculture

Number of road crossings within a 5 km circular buffer upstream and downstream the

stream site divided by catchment area

Instream habitat Water quality

TEMP Water temperature (°C)

COND Electrical conductivity (uS/cm)

Substrate

FINE Streambed surficial fines <0.6 mm diameter—% areal cover

Cover and wood
AMCV
NTCV

In-channel algae and macrophytes—% areal cover

In-channel natural cover (wood, live trees and roots, leaf packs, overhanging vegeta-

tion, undercut banks, boulders)—% areal cover

WOOD
Channel morphology

Wood volume—m®/m? wetted channel area

DPTH Standard deviation of thalweg depth (cm)
BKWD Ratio: Bankfull width to bankfull thalweg depth—dimensionless
RP100 Mean residual depth at thalweg ([m?/m]/cm)
Other
LRBS Log, of relative bed stability estimated at bankfull flow conditions (Kaufmann,
Faustini, Larsen, & Shirazi, 2008; Kaufmann, Larsen & Faustini 2009)
SHAD Canopy density (shading) measured at mid-channel (%)
Natural CAT_ARE Catchment area (ha)
CAT_SLO Catchment slope
DST_RIV Distance to large river (24th Strahler order) (m)

mean elevation and slope through use of digital elevation models
(SRTM images, 90 m resolution).

We assessed site pressures at three spatial scales (Figure 1):
(1) whole catchment upstream from a site (catchment); (2) 100 m
buffer along the entire drainage network upstream from the site
(riparian network); and (3) 100 m riparian buffer along the site
(local riparian). Riparian buffer widths and the basis for their defi-
nition vary greatly among ecological studies and environmental
regulations world-wide (e.g. Lee, Smyth, & Boutin, 2004). The FC
establishes a minimum buffer width of riparian vegetation to be
protected (or restored in case of illegal deforestation) alongside wa-
tercourses inside private properties. However, this width is based
on several criteria (e.g. size of the property, stream width, when
deforestation occurred, etc.) and there is no set width that could be
applied across the landscape in the absence of data on land tenure

and deforestation history. Therefore, we selected 100 m buffers to

provide estimates of land use within the riparian zone consider-
ing the resolution of the land-use maps and the digital elevation
models (30 to 90 m), and what is considered in other studies (e.g.
Van Sickle et al., 2004), without linking these to the requirements
specified by Brazilian laws.

We calculated forest-cover proportion for 2010 using classi-
fied Landsat images with 30 m of resolution (Gardner et al., 2013).
Forest cover included primary forest (whether undisturbed or
disturbed from fire or logging), and secondary forest older than
10 years, which was considered sufficiently developed to provide
important hydrological services (e.g. soil stabilization, sediment
and nutrient filtration). The history of mechanized agriculture was
calculated from annual MODIS data from 2001 to 2010 (Gardner
et al., 2013).

We recorded the human activities in the local riparian zone (e.g.
pipes, buildings and trash; Hughes & Peck, 2008) and calculated an
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index of proximity of human impact (W1_HALL; Kaufmann et al.,
1999). We used RapidEye images (2010 for STM and 2011 for PGM,
5 m resolution) to estimate riverscape fragmentation from upstream
and downstream road crossings within a 5 km circular buffer from
the stream site. All landscape analyses were conducted in ArcGIS
9.3© (Environmental Systems Research Institute, Redlands, CA,
USA).

2.3 | Linking environmental predictors with Brazilian
legislation

QOur direct (riparian and catchment) and indirect (instream habitat)
measures of human disturbance reflect different aspects of Brazilian
legislation regulating the protection of watercourses (Figure 1, Table
S1). The forest-cover variables and the index of proximity of human
impact represent the FC regulation on the protection of riparian veg-
etation and Legal Reserves elsewhere in the properties. Roads alter
both the streams they cross (Leal etal., 2016; Leitao etal., 2017;
Macedo et al., 2013) and the riparian forests adjacent to the crossing;
however, the FC regulates only the forests. The extent and type of
agricultural mechanization are not governed by the FC or any other
regulation in the country. Measures of instream habitat are very diffi-
cult to regulate because they reflect both natural characteristics of the
landscape and the outcomes of human disturbances. However, dis-
solved oxygen is used for water body classification by Law No 9.433
(Brasil, 1997).

2.4 | Data analyses

2.4.1 | Diversity partitioning

We used multiplicative diversity partitioning to analyse the spatial
distribution of fish diversity considering the following decomposi-

tiONS: ¥,egion = for PGM) and ;e pagin =

. X3 . .
river basin aner basin ( stream site

(for the Curua-Una, Capim, and Gurupi Basins). We com-
and B,

relative compositional dissimilarity (DS) following Arroyo-Rodriguez

x ﬁstream site

pared the magnitude of variation in p, using the

river basin stream site

et al. (2013). DS varies from O (identical assemblages) to 1 (completely
different assemblages). Next, we decomposed the components of
Btream site O iNvestigate whether variation in species composition
across sites in each river basin was a result of turnover (species re-
placement) or nestedness (species loss or gain) using Sgrensen (Bgqp)

and Simpson (fy,,,) indices (Baselga, 2010).

2.4.2 | Assemblage-environment modelling

We conducted variance-partitioning analysis (Borcard, Legendre,
& Drapeau, 1992) for each river basin separately, which allowed us
to estimate the amount of variation in taxonomic composition in as-
semblages explained by the four sets of environmental predictors.
We performed variance partitioning for functional guilds by com-
bining fish trophic and habitat-use characteristics for all river basins
together (Appendix S2). Species biological traits can help to uncover

responses to human disturbances (Mouillot, Graham, Villéger, Mason,
& Bellwood, 2013), especially in systems dominated by rare species.
Several species were singletons (e.g. 12 species in Capim) or occurred
at very few sites (e.g. 50% of the Curua-Una species occurred in three
or fewer sites) (Appendix S3), which hindered development of robust
species-specific models.

We used Rg values from adjusted redundancy analysis, which
account for the number of predictor variables in each group and the
number of observations in the response variables to produce unbiased
estimates (Peres-Neto, Legendre, Dray, & Borcard, 2006). Explained
variance was split into 16 fractions using partial ordination methods:
four individual components explained independently by each group of
predictor variables, 11 fractions for the explained variance shared by
two or more groups and a residual fraction of the unexplained variance
(Borcard et al., 1992).

2.4.3 | Relative effects of policy-relevant
environmental predictors

To examine the influence of variables that are frequently targeted
by environmental legislation, we used random forest models (RF;
from Breiman, 2001) to evaluate changes in functional guild abun-
dance for the combined river basins. We considered riparian and
catchment predictors and natural covariates in the models to in-
vestigate the effect of those governed by the FC (CAT_FOR, LOC_
FOR, NET_FOR, W1_HALL) and possibly governable (DNS_RDS,
CAT_MAG,) (see Table 1 for variable codes). RF incorporates inter-
actions among predictors and nonlinear response-predictor rela-
tionships. We calculated a pseudo-r? value as 1-MSE/Var(y), where
MSE is the mean squared error of the out-of-bag predictions (Ellis,
Smith, & Roland Pitcher, 2012). This value estimates the reliable
proportion of variation predicted by the ensemble model. All mod-
els were fitted with 10,000 trees, with one-third of variables ran-
domly sampled as candidates at each split (one variable selected if
total variables <3).

Next, we used RF to model the partial responses of functional
guilds to the six predictor variables listed above. Those partial
responses show the relative odds of detecting each guild along a pre-
dictor gradient while holding all other predictors constant (Barlow
etal., 2016). Last, we used latent trajectory analysis (LTA) to group
guild partial responses into homogeneous classes, which summarize
the main types of response to the predictors and the extent of spe-
cies turnover. We considered LTA models with up to five classes and
selected the model with the lowest Bayesian Information Criterion
score. We show the LOWESS smoothed response of each guild class
along the associated predictor variable with bandwidth set to the de-
fault value of 0.75.

All analyses were performed in R (R Core Team, 2013) and are
outlined in Appendix S2. Diversity partitioning (beta.multi function)
and variance partitioning (varpart function) were performed using the
vegan library (Oksanen et al., 2013). Random forest models and the
relative importance (RI) of individual predictor variables were calcu-
lated using the conditional permutation method in the randomForest
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function of the extendedForest library (Smith, Ellis, & Pitcher, 2011).
Latent trajectory analysis used the lcmm library (Proust-Lima, Philipps,
Amadou, & Liquet, 2016).

3 | RESULTS

3.1 | Diversity partitioning to assess landscape
patterns of stream-fish diversity

We collected 24,420 individual fish from 134 species, with 60 species
(5,846 specimens) in Curua-Una, 83 in Capim (7,421 specimens) and
83 in Gurupi (11,153 specimens) (Table S2, Appendix S4). The relative
compositional dissimilarity for the PGM basins was DS = 0.46. Among
stream sites, DS = 0.82 for PGM, 0.74 for Gurupi, 0.78 for Capim
and 0.83 for Curua-Una, indicating that river basins and stream sites
within river basins are distinct from each other (Figure 2a), showing
the high level of environmental heterogeneity in Amazonian streams.
The contribution of turnover to the B, .. . COMponent was much
higher than nestedness in all river basins: 81.8% (Curua-Una), 78.6%
(Capim) and 77.8% (Gurupi) (Figure 2b). All values were significantly
different from those expected by chance obtained from 1,000 permu-
tations (p < .001).

3.2 | Assemblage-environment relationships to
assess the effectiveness of current legislation to
protect stream-fish diversity

Despite the diverse set of environmental predictor variables included
in our analysis, together they explained only 0.9%-19.5% of the vari-
ation in taxonomic and 19.8% in functional guild assemblage composi-
tion (Figure 3). Instream habitat was the most important predictor in
the Curua-Una Basin (22.3%) and for all stream sites (8.8%) (Figure 3).
In the Capim and Gurupi basins, the effect of instream habitat was
through its interactions with other predictor variables. Riparian and
catchment predictors explained smaller proportions of assemblage
variation for both species and guild abundance, and mostly through

(@
cu

CA

Among
stream
sites

GU

PGM

-[PGM

Among
river
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interactions with other predictor variables. Natural characteristics of
stream sites were mainly important in the Capim River Basin (3.8%).
Assessing the effects of each group of predictor variables inde-
pendently showed a similar pattern of responses (Figure 4). Instream
habitat had the greatest contribution in explaining the observed vari-
ability in fish assemblages from the Curua-Una (19.2%), Capim (19.2%)
and Gurupi (7.3%) basins, and in the functional guild composition for
all stream sites combined (15.7%). The contribution of riparian pres-
sures differed greatly accounting for 16.5% in the Capim Basin, 5.8%
in the Gurupi Basin and 6.8% in all river basins together, but effectively
none of the variability in the Curua-Una Basin. Overall, catchment dis-
turbance was associated with smaller proportions of the variability in
assemblage composition than riparian pressures, except for the Curua-
Una Basin. Natural characteristics were only important in the Capim
Basin (13.2%); however, they accounted for variability in the other
assemblages through interactions with other predictor variables.

3.3 | Functional guild responses to policy-relevant
measures of human impact

Random forest models explained up to 31% (for the nektonic herbi-
vore guild) of the observed variation in guild abundance (Table S3).
Four of the 31 guilds had no variation explained, and another ten
could not be modelled because they occurred at too few sites or were
represented by too few individuals. Single riparian- and catchment-
scale predictor variables explained very little of the observed variation
(partial R? values mostly <5%) in most functional guilds (Figure 5). This
result reflects the low level of assemblage turnover relative to most
of our measures of human disturbance, which was shown by the LTA
on guild partial responses (Figure 6, Table S4). Guild responses mainly
were to forest-cover variables. Most guilds responded negatively to
network forest cover (Figure 6b), and some showed a positive increase
at ca 70%. Few guilds responded to local forest cover, and those
mainly decreased in more forested streams (Figure 6a). Catchment
forest accounted for sharp increases of guilds at ca 60%. However,
most responses also related to guilds decreasing in abundance along
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FIGURE 2 Multiplicative diversity partitioning for Amazonian stream sites and river basins: Curua-Una (CU), Capim (CA) and Gurupi (GU).
(a) Relative compositional dissimilarity among stream sites and river basins; DS varies from O (identical assemblages) to 1 (completely different

assemblages). (b) Percentage contribution of turnover to f, .. .

with standard deviation bars



LEAL ET AL.

Journal of Applied Ecology | 1319

Riparian Catchment

Curua-Una
Capim |

Gurupi

All river basins t

Residuals

]
]

Instream Natural

1
i
I I

-02000204060810 -02000204060810 -02000204060810 -02000204060810 -020002 0:4 0608 1.0

FIGURE 3 Partitioning of the variation in occupancy of stream fish assemblages in Curua-Una, Capim and Gurupi River Basins (species
abundance), and all river basins together (functional guilds abundance) showing the variance explained by each group of predictor variables
(dark grey) when partitioning out the effects of the other groups through redundancy analysis (partitions [a], [b], [c] and [d] according to variance
partition analysis) and the fractions shared between the groups (light grey). Unexplained variance is represented in white. Negative values of
indicate that the predictor variables explain less variation than random normal variables, and should be interpreted as zeros (Legendre, 2008)

30

Curua-Una

25
20
15

10

30

Gurupi
25

Explained variance (%)
o

20

15

10

FIGURE 4 Individual and joint effects of
instream habitat (1), riparian (R), catchment
(C), and natural (N) predictor variable groups 0
on taxonomic (Curua-Una, Capim, and

Gurupi River Basins) and functional guild (all

river basins together) composition

o

1+R
1+C
I+N

Riparian
Natural

Instream
Catchment

the gradient of human impact (Figure 6d). We did not find consistent
changes in guild abundance in response to the index of proximity of
human impact, road density or the proportion of mechanized agricul-
ture in catchments (Figure 6c,e,f).

4 | DISCUSSION

Our large-scale assessment of Amazonian stream fishes provides four
sets of insights relevant to the research and management of aquatic
diversity in human-dominated landscapes. First, we observed very

high levels of species turnover, even within the same river basin,
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highlighting the importance of conservation measures beyond pro-
tected areas. Second, we found that changes in fish abundance were
more strongly associated with instream habitat pressures than with
the variables more frequently addressed by Brazilian environmen-
tal legislation, such as those related to riparian and landscape-scale
measurements of forest cover. Third, despite our extensive sam-
pling of environmental features generally thought to affect fish as-
semblages, our understanding of the relative importance of different
impacts was diluted by the amount of unexplained variance, region-
specific relationships and the complex interdependent associations
among predictor variables. Such challenges are to be expected

in biodiversity-rich regions with a diverse mosaic of land uses and
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natural characteristics and pose particular difficulties for assessments
of the most disturbance-sensitive fish species. Lastly, our results un-
derscore a number of priorities for future research on human impacts
on tropical stream-fish assemblages, including the assessment of
a wide range of impacts at multiple scales, the importance of pre-
disturbance information and the relevance of different species traits
in determining species’ tolerance to disturbance impacts. We examine

these four issues in more detail below.

4.1 | Conservation of stream fauna beyond
protected areas

While high levels of species turnover are typical of many tropical land-
scapes (Solar et al., 2015), ours is the first study to report such a find-
ing for stream systems in Amazonian agricultural-forest landscapes.
This very high level of species turnover in fish assemblages among
streams and river basins (Figure 2) lends strong support for legislation,
such as the Brazilian FC, which targets the maintenance and reha-
bilitation of forest cover in private properties throughout agricultural
landscapes. However, our results demonstrate that planning needs to
consider the scale of entire landscapes and river basins, and cannot be
focused on individual private properties or on municipalities, where

most environmental legislation (including the FC) is enacted (Viana

forest models showing the percentage of
functional guild variation explained by the
environmental predictors

et al., 2016). Therefore, our results have two important implications
for the spatial implementation of FC legislation to conserve aquatic
biodiversity.

First, our results provide guidance on forest restoration. The FC
offers two alternative mechanisms for landowners to address previous
illegal deforestation (the so-called legal reserve deficit; Soares-Filho
et al., 2014; Nunes et al., 2016) and come into compliance with the
law—landowners can either undertake on-farm rehabilitation or in-
vest in compensation by renting or purchasing forest in other regions.
However, the FC does not specify which action should occur, and any
compensation only needs to occur within the same biome, that is in
the entire Brazilian Amazon (Nunes et al., 2016). By demonstrating
the high turnover in species composition, our results provide strong
empirical support for the recommendations of Nunes et al. (2016) to
encourage compliance efforts to take place locally, either by focusing
on rehabilitation in landscapes that are heavily deforested or by under-
taking off-farm compensation within the same river basin.

Second, our results show that the FC focus on land use in the ri-
parian zone to protect streams should not undermine the necessity to
maintain and restore forest cover elsewhere in the catchment. In some
cases, catchment-scale pressures were of comparable importance to
riparian-scale pressures in shaping fish assemblages (Figures 3 and 4),
which supports other studies that show how management practices
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in the riparian zone are insufficient for restoring biodiversity unless
incorporated with improved catchment and channel network manage-
ment (Fausch, Torgersen, Baxter, & Li, 2002; Mantyka-Pringle et al.,
2016). Within the Brazilian Amazon, this is particularly important in
areas that have been designated as “consolidated zones” for agricul-
ture as part of ecological-economic zoning plans, where properties
that have cleared more than 50% of their forest cover only have to
restore (or compensate) back to 50%. However, our results show that
even 50% forest cover in catchments risks altering the abundance and
composition of fish functional guilds (Figure 6). More work is needed
to identify thresholds in the abundance of species of the highest con-
servation concern (e.g. de Oliveira-Junior et al., 2015; Leitdo et al.,
2016).

4.2 | Theimportance of local stream condition

Our findings show that fish assemblages are influenced by changes
in local stream condition, which includes a suite of factors that are
not currently addressed by any environmental legislation. This is im-

portant because it implies that disregarding changes in local stream

condition can lead to an underestimation of the effects of human dis-
turbances at the catchment and riparian scales, given that many such
impacts are only observable through changes in instream habitat con-
dition (Leal et al., 2016). The question remains as to whether manage-
ment can address such impacts.

First, it is important to examine to what extent these changes in
instream condition are an outcome of indirect interactions with
broader-scale human pressures, such as forest cover, that are already
being addressed by existing legislation. For example, while our results
were statistically independent of our catchment and riparian-scale
variables, linkages between landscape change and instream condition
can be complex and diverse (Leal et al., 2016), and it is unlikely that
they were fully represented by our explanatory variables. It is highly
probable that the human alterations at riparian and catchment scales
play indirect roles in influencing fish assemblages by, say, regulating
channel morphology, bed substrate composition, wood and leaf lit-
ter inputs, shade and water quality (Kaufmann & Hughes, 2006; Leal
et al., 2016; Leitdo et al., 2017). These linkages between human dis-
turbances and instream habitat conditions are further complicated by

interactions with factors such as the degree of basin disturbance (Saly
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etal., 2011; Wang et al., 2006), type of disturbance (USEPA, 2016),
biotic group (Marzin et al., 2012) and the intrinsic geomorphologi-
cal characteristics of the systems (Kaufmann & Hughes, 2006); all of
these factors may have contributed to low levels of explained variation
in our models. Given these complexities, there is a genuine risk that
monitoring and assessment programmes that focus only on instream
habitat or riparian zones are likely to underestimate the effects of cu-
mulative human disturbances on streams (e.g. Schinegger, Trautwein,
Melcher, & Schmutz, 2012; USEPA, 2016).

A second argument against legislating for instream condition re-
lates to evidence from other systems. Although management practices
in temperate and tropical nations are often restricted to reach or ripar-
ian scales (Bernhardt & Palmer, 2011; Giling, Mac Nally, & Thompson,
2015), there is growing recognition of the importance of implementing
catchment- or basin-scale management (Abell, Allan, & Lehner, 2007).
Moreover, there is a lack of evidence supporting the effectiveness of
reach-scale interventions (e.g. channel re-configuration or the addition
of boulders and logs) or point-source pollution treatment for restoring
aquatic biodiversity in Europe and the United States (Hughes et al.,
2014; Palmer et al., 2010). Most aspects of instream habitat are diffi-
cult and costly to manage directly, and it would be nearly impossible to
monitor effectively across very large spatial scales such as the Amazon
Basin (Castello et al., 2013).

Although there are many challenges to developing management
strategies that focus on changes in instream condition in complex
tropical landscapes, our results do nevertheless highlight the impor-
tance of these changes for stream-fish assemblages. Perhaps a more
effective approach would be to develop a better understanding of the
linkages between landscape-scale changes and instream condition,
through assessing key indicators (e.g. volume of wood, water tempera-
ture, discharge, measures of sedimentation) as part of a wider approach
to monitor and improve the effectiveness of riparian and catchment-
scale interventions. Such monitoring programmes have been estab-
lished in developed countries, and incorporate multiple biotic and
abiotic indicators, catchment and riparian conditions, and relative risk
assessments for linking instream conditions with multiple pressures.
The results of such assessments have been effective in providing the
scientific evidence for mitigating or preventing further reductions in
instream biotic condition in a cost-effective manner (Davies, Harris,
Hillman, & Walker, 2010; Hughes & Peck, 2008; USEPA, 2016).

Developing these assessments in the Amazon would be challeng-
ing, particularly given the current changes in environmental laws in
Brazil (e.g. Azevedo-Santos et al., 2017; Fearnside, 2016; Ferreira et al.,
2014). One option would be to use demonstration studies at ecore-
gion (McCormick et al., 2001) or basin (Jiménez-Valencia, Kaufmann,
Sattamini, Mugnai, & Baptista, 2014) scales to develop these schemes—
effective protocols could then be rolled out to other regions.

4.3 | The challenge of unexplained variance and
region-specific relationships

Among river basins, fish assemblages often showed different re-
sponses to the partial effects of the predictors (Figure 4), further

illustrating the heterogeneity of Amazonian streams. For example, we
found no substantial effects of riparian-scale pressures on Curua-Una
fish assemblages (Figure 4a), but these were as important as instream
habitat variables in structuring Capim fish assemblages (Figure 4b).
Although road crossings and the extent of mechanized agriculture
were unrelated to the composition of fish functional guilds (Figure 6)
and had limited effects on fish assemblages (Figure 5), both are known
to affect instream habitat and fish functional structure of Amazonian
streams in agricultural landscapes (Leal et al., 2016; Leitdo et al., 2017;
Macedo et al., 2013)—and have impacts on stream condition that are
both cumulative and potentially multiplicative. Without clear empiri-
cal evidence, it is even harder to translate these findings into guidance
for decision-makers, and current legislation may miss some of the key
impacts by focusing on a limited number of management variables
(e.g. the FC focuses only on forest cover).

Despite including detailed trophic and habitat-use information
that is considered to be ecologically relevant to Amazonian stream-
fish assemblages, we found few clear associations between fish and
gradients of human pressures or specific impacts. Up to 22.5% of the
variation in insectivorous fish was explained by riparian and catchment
pressures (Table S3), yet partial effects from single predictor variables
were mostly small (partial R? values <5%). However, the best explained
guild, nektonic herbivores, increased with decreased forest cover at all
three spatial scales (Table S3, Figure S1). Deforestation increases inso-
lation and aquatic vegetation, which favours herbivores. However, the
lack of expected guild associations with forest cover, road crossings,
mechanized agriculture and the index of proximity of human impact
highlights the complex nature of linking multiple human disturbances
to aspects of aquatic condition. This seems to be a nearly ubiquitous
problem because researchers developing multimetric indices of fish
assemblage condition in Europe, the USA and Brazil have had to reject
the majority of candidate metrics because of low range, insensitivity to
disturbance or poor reproducibility (de Carvalho et al., 2017; Esselman
et al., 2013; Pont et al., 2006).

4.4 | Implications for understanding fish
distributions in tropical streams

Results from this study provide the basis for four recommendations
for future applied research on fish-environment relationships. First,
the importance of regional context suggests we need more multiscale
studies in other river basins to understand the factors that underpin
this context specificity. This would allow us to scale up these results
to the rest of the Amazon and to other tropical systems and would
assist with regional conservation planning. Future work should also
address the specific design parameters of existing environmental leg-
islation and current management and conservation strategies from
other Amazonian countries to identify and help address potential
inadequacies.

Second, we recommend that studies account for the full range of
potential human disturbances. Both of our study regions have rela-
tively high levels of catchment forest cover (60%-69%) and a recent
history of intensified agricultural land use (i.e. mechanized agriculture
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was established in the early 2000s), so that we did not sample the
most heavily disturbed catchments affected by mining, oil and gas
drilling or urbanization. Allan (2004) noted that temperate streams
may show little change in biota until reaching 30%-50% of agricul-
ture extension in the catchment, although Fitzpatrick, Scudder, Lenz,
and Sullivan (2001) reported thresholds at 10%-20% agriculture in
the riparian zone. We did not account for degradation of the riparian
forest (e.g. fire or logging), which can affect functioning in agricultural
landscapes (Ferraz et al., 2014). Similarly, the recent spread of mecha-
nized agriculture in Amazonia means it is important to investigate the
effects of pesticides and fertilizers that result in high levels of contam-
ination in surface and groundwater supplies, soil and biota (Schiesari
& Grillitsch, 2011).

Third, we encourage more monitoring to investigate how time lags
and shifting baselines in undisturbed forests influence stream con-
dition responses to human disturbances. Our study was a temporal
snapshot, which has two shortcomings. First, we have no information
on pre-disturbance conditions, which is important because there is ev-
idence that space-for-time approaches may lack the statistical power
to detect changes identified by before-and-after studies (Franca et al.,
2016; Larsen, Kaufmann, Kincaid, & Urquhart, 2004). Second, lag ef-
fects mean the full effects of disturbance may only become evident
over longer times (Harding, Benfield, Bolstad, Helfman, & Jones, 1998;
Hylander & Ehrlén, 2013).

Last, further studies are needed to relate fish ecophysiology (e.g.
tolerance to pollutants and hypoxia), life-history traits (e.g. reproduc-
tion strategy, dispersal ability) and finer-tuned information on ener-
getic sources (e.g. isotopic analysis revealing the real interdependence
between terrestrial and aquatic food webs) to predict their toler-
ance to human impacts (de Carvalho, de Castro, Callisto, Moreira, &
Pompeu, 2017; Leitdo et al., 2017). Such information is scarce for the
majority of Amazonian stream-fish species and would be of great value
for improving our understanding of fish responses to human distur-

bances and the FC effectiveness.
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