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ABSTRACT

Aim Little is known about factors affecting the elevational and longitudinal
zonation of tropical Andean stream communities. We investigated epilithon,
macroinvertebrate and fish assemblages along a 4100-m elevational-longitudi-
nal gradient in an Andean headwater of the Amazon Basin. We interpret our
results within the context of environmental factors, emphasizing temperature,
as well as ecological theory relating shifts in metazoan functional feeding
groups to shifts in basal resources along the fluvial continuum.

Location Arazi-Inambari-Madre de Dios watershed, south-eastern Peru.

Methods We sampled water physicochemistry, epilithon and macroinverte-
brate diversity and abundance, and fish diversity at 18 main-stem and 14 tribu-
tary sites from high puna grasslands (4300 m a.s.l.) to Amazon Basin lowlands
(200 m a.s.l.).

Results Water physicochemical parameters and the taxonomic and ecological
structure of invertebrate and fish assemblages displayed mostly nonlinear
responses to elevation: water temperature and percentage of macroinvertebrate
taxa identified as leaf shredders had U-shaped responses; dissolved oxygen and
percentage of macroinvertebrate taxa identified as grazers had hump-shaped
responses. Epilithon richness increased slightly with elevation whereas macroin-
vertebrate and fish richness decreased.

Main conclusions Elevational gradients in physicochemical parameters are
insufficient to explain abrupt and nonlinear shifts in community taxonomic
and functional structure. Rather, trophic interactions, including predation and
longitudinal turnover in basal food resources, seem to exert a stronger influ-
ence on the distributions of Andean aquatic organisms. A steep elevational
decline in relative taxonomic diversity of leaf-shredding (versus algae-grazing)
insects supports the hypothesis that temperature affects the functional compo-
sition of insect assemblages via its influence on microbial decomposition rates.
This relationship, and the distributions of several insect and fish species across
narrow elevational bands, suggests that Andean stream communities may be
sensitive to global warming. Placer mining and road building impacts have
already altered stream community structure, including the absence of many
benthic species from low-elevation habitats.

Keywords
Anthropogenic impacts, fluvial gradient, global warming, longitudinal connec-
tivity, mining, Neotropics, river continuum concept, sediment, shredders.
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INTRODUCTION

Andean watersheds comprise a minor portion of the Amazon
Basin’s total area, yet contribute a disproportionate amount
of the Amazon’s total discharge (c. 40%; Goulding et al.,
2003) and deliver major loads of inorganic sediment and
organic carbon to lowlands (Aufdenkampe et al, 2001;
Townsend-Small et al., 2008; Laraque et al., 2009). Despite
over a century of research (see Appendix S1 in Supporting
Information for a summary of previous studies), we still have
a poor understanding of the taxonomic and geographical
limits of many Andean stream species, and of the longitudi-
nal ecological processes that may affect species distributions
across the Andes-to-Amazon fluvial continuum. To address
this, and to assess anthropogenic threats to Andean streams,
we investigated physicochemical conditions and aquatic com-
munity structure in the Arazd-Inambari-Madre de Dios
watershed: a drainage basin that spans over 4000 vertical
metres and a major headwater of the Madeira River, itself
the largest tributary of the Amazon Basin. Andean rivers face
a number of threats, including climate change (Maldonado
et al., 2011), dam construction (Finer & Jenkins, 2012;
Castello et al., 2013), and sedimentation from agriculture,
mining and road construction (Hardin, 2006; Swenson et al.,
2011). Moreover, aggregate anthropogenic impacts appear to
be expanding more rapidly in Andean watersheds than in
any other area of the Amazon Basin (Anderson & Maldona-
do-Ocampo, 2011).

One of our goals was to evaluate the extent to which exist-
ing theory regarding longitudinal shifts in organic matter
processing and community trophic structure in streams may
be applicable to the Andes, and to use our data to refine
models applicable to tropical mountain rivers globally. As a
starting point, we examined the river continuum concept
(RCC; Vannote et al., 1980; Thorp et al., 2006; Freeman
et al., 2007; Tomanova et al., 2007), which postulates that
longitudinal shifts in the relative contributions of autochtho-
nous primary production (algae) versus allochthonous detri-
tus (leaf litter) drives turnover in macroinvertebrate
functional feeding group (FFG) dominance, from shredders
(consumers of coarse particulate organic matter, CPOM) in
forested headwater reaches, to epilithon scrapers further
downstream where streams are wide enough to allow sun-
light to penetrate and support algal growth (Vannote et al,
1980).

The RCC has proven useful for understanding longitudinal
turnover in stream taxa and functional groups, particularly
at temperate latitudes where the concept was originally
developed (Vannote et al., 1980; Gomi et al., 2002). Limited
research on tropical montane streams suggests that certain
RCC predictions require revision in order to explain patterns
at low latitudes. The abundance and taxonomic composition
of shredders, in particular, can be very different in tropical
versus temperate streams, with tropical streams having lower
overall abundance and diversity of specialized shredding
insects (Irons et al., 1994; Dobson et al., 2002; Wantzen &
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Wagner, 2006) and greater abundance and diversity of deca-
pods and fishes capable of consuming CPOM (Greathouse &
Pringle, 2006; Lujan et al., 2011). In addition to the potential
influence of competition and predation by decapods and
fishes (Rosemond et al., 2001; Hall et al, 2011), food limita-
tion could explain the scarcity of shredding insects in tropi-
cal streams (Irons et al., 1994; Dobson et al., 2002; Wantzen
& Wagner, 2006). Warmer year-round temperatures in the
tropics may stimulate faster rates of microbial decomposition
of CPOM, which in turn reduces food availability for detri-
tivorous insects (Boyero et al., 2011a). Tests of this hypothe-
sis could refine predictions of how global climate change will
influence fluvial ecosystems, and Dobson et al. (2002)
proposed a test in which diversities of shredding insect taxa
are examined along broad elevational-thermal gradients in
tropical rivers.

Many Andean rivers originate in montane (puna or
paramo) grasslands above the tree line where sunlight is
abundant and terrestrial CPOM inputs are scarce and of low
quality (Jacobsen, 2008a). In the absence of a closed tree
canopy and abundant headwater influxes of CPOM, one
would expect to see at least a partial reversal of RCC predic-
tions regarding the longitudinal distribution of macroinverte-
brate FFGs. Specifically, the relative abundance of scraping
macroinvertebrate taxa should show a U-shaped response to
elevation, with elevated richness in both the sunlit, high-
elevation grasslands and in lowland rivers large enough to
prevent riparian vegetation from covering the channel. In
contrast, shredder taxa should show a hump-shaped response
to elevation, peaking at middle elevations where forest cover
and CPOM inputs are greatest, but declining again at lower
elevations due to the positive effect of temperature on micro-
bial degradation of CPOM and the addition of many macro-
consumer competitors and predators (e.g. decapods and
fishes). We also predicted a longitudinal turnover in fish
functional feeding groups from insectivore dominance at the
highest elevations supporting fishes, typically around 2500 m
a.s.l. in the Andes (Appendix S1), to the inclusion at lower
elevations of algivores and detritivores capable of filling the
same ecological niche as macroinvertebrates, with this latter
group having reduced overall abundance due to the com-
bined effects of predation and resource competition.

To investigate the effects of human impacts on aquatic
communities along the main channel of the Araza-Inambari
River, including road construction and mining, we compared
main-channel sites with nearby tributary habitats that
showed little indication of human impact. We predicted that
mid- and low-elevation main-stem sites, where impacts were
most severe, would have greater turbidity and inorganic
nutrient concentrations compared with upstream main-stem
sites and tributary streams at the same elevation. Because
increased sedimentation frequently reduces algal production
by limiting light availability (Lloyd et al., 1987; Henley et al.,
2000), we also predicted that, in contrast to RCC predic-
tions, benthic and water-column chlorophyll a would be
lowest at the furthest downstream main-stem sites.
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Finally, we expected to see distinct elevational clines in the
taxonomic richness of epilithon, macroinvertebrate and fish
assemblages, but disruptions in the consistency of these pat-
terns at low elevations due to anthropogenic impacts. Taxo-
nomic richness displays a strong response to elevation in
rivers globally (Fu et al, 2004; Albert et al, 2011; Wang
et al., 2011). For most organisms, including diatoms (Orm-
erod et al., 1994; Wang et al, 2011), macroinvertebrates
(Jacobsen, 2004) and fishes (Albert et al, 2011; Appen-
dix S1), this relationship is a monotonic decrease in response
to increased elevation. Given the wide range of factors poten-
tially affecting elevational trends in aquatic species richness,
including temperature, oxygen availability, habitat diversity,
abiotic disturbance regime, species—area relationships, ultra-
violet radiation and dissolved organic carbon (Jacobsen,
2008b; Jaramillo-Villa et al, 2010; Albert et al, 2011;
Verberk et al., 2011; Wang et al., 2011), we predicted that
patterns in the Arazd-Inambari would be similar to those
observed in previous studies, but that relationships would be
more significant in tributary sites less subject to the aggregate
influence of human activity.

MATERIALS AND METHODS

Field methods

From 18 July to 8 August (dry season) 2010, we sampled
41 sites in the Arazd-Inambari watershed, a major headwater
of the Madre de Dios River in the south-western Amazon
Basin (Cusco and Madre de Dios departments, Peru; Fig. 1,
Table 1). Most sites were accessed via the Interoceanic
Highway, although several lowland Inambari River sites
were surveyed during a five-day boat trip between an
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uppermost site (S28) near Puerto Carlos and a lowermost
site (S32) near the mouth of the Inambari. At each site,
fishes were surveyed and photographs were used to docu-
ment the condition of riparian habitats, including evidence
of human impacts (Fig. 2). Subsets of sites (Table 1) were
sampled for physicochemical and biological parameters
[turbidity (FTU), temperature (°C), specific conductivity
(microsiemens cm™"), pH, salinity (parts per thousand)],
nutrient concentrations [ammonia, nitrate, nitrite, soluble
reactive phosphorus (mg L™')], chlorophyll a [benthic
(mg m™?), water column (mg m>)], and epilithic algae,
macroinvertebrate and fish diversity and assemblage struc-
ture. Most survey sites (n = 32) were in the Arazd-Inambari
watershed, and these included both main-stem (n = 18) and
tributary (n = 14) habitats distributed across 4100 m of ele-
vation (4304-200 m a.s.l; Table 1). Main-stem sites ranged
in stream order from first (highest elevation) to sixth (low-
est elevation; Fig. 1); tributary sites ranged from first to
fourth order, and tributary stream order had no systematic
relationship with elevation. Survey sites spanned five
Andean elevational vegetation zones: puna (4500-3500 m),
upper cloud forest (3500-2500 m), lower cloud forest
(25001000 m), piedmont (1000—400 m) and lowlands
(400-50 m; Young & Leon, 1999; Brack & Mendiola, 2000;
Table 1).

Water pH,
specific conductivity, salinity and dissolved oxygen) were

physicochemical parameters (temperature,
measured using a Hydrolab internally monitoring MiniSonde
(Hach Hydromet, Loveland, CO, USA), and turbidity was
measured using a Hanna microprocessor turbidity meter
(Hanna Instruments, Woonsocket, RI, USA). Triplicate tur-
bidity measurements were taken, and other measurements
were taken repeatedly at 5-min intervals over c. 1 h, with
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Figure 1 Map of the Arazd-Inambari
watershed in south-eastern Peru showing
the location, stream order, and elevational
zone of survey sites S1-S32. Sites S33-S41
were located in tributaries of the Madre de
Dios north of Puerto Maldonado (not
illustrated).
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Table 1 Geographical, biotic and physicochemical data gathered at each of 18 main-stem and 14 tributary sites in the Arazd-Inambari-Madre de Dios watershed, south-eastern Peru.

Taxon
Richness Chlor. a:  Chlor. a:

Elevation Latitude  Longitude _ Turb.  Temp. SpCond Sal. DO DO DIN SRP water benthic

Site (masl) (DD) (DD) M/T/O E MI F MI# (FTU) (°C) pH (uScem™) (ppt) (% sat) (mgmL™') (mgL™') (mgL™') (mgm™) (mgm?)
Puna S1 4304 —13.6293 —71.0705 M 48 6 0 540 2.7 11.9 6.6 87.4 0.03 46.0 5.0 0.34 0.18 0.89 1.59
S2 3958 —13.6047 —71.0517 M 52 11 0 886 0.0 11.8 7.5 104.5 0.04 61.9 6.7 0.66 0.17 1.16 3.77
S3 3516 —13.5748 —71.0264 M 36 9 0 3030 0.2 9.9 7.5 98.7 0.04 64.3 7.3 0.39 0.07 1.34 4.15
Upper cloud S4 3051 —~13.5830 —70.9871 M 4 11 0 525 22 81 75 00 0.03 669 7.9 0.24 0.10 0.62 8.67
forest S5 2630 —13.5914 —70.9565 M 40 8 0 495 25.8 12.2 7.8 1784 0.08 73.6 7.9 0.44 3.04 1.07 14.30
S6 2630 —13.5911 —70.9570 T 43 9 2 375 79 146 77 1355 0.06  80.2 8.2 1.05 0.37 0.62 10.40
S7 2630 —13.5914 —70.9559 T 37 13 0 1395 - 9.8 81 1260 0.05 77.3 8.8 - - - -
Lower cloud S8 2218 —13.5572 —70.8996 M 31 8 2 960 33.6 13.7 7.7 2204 0.10 82.6 8.6 0.65 3.12 0.71 23.39
forest S9 1966 —13.5281 —70.8967 T - - 1 593 - 13.0 81 109.8 0.04 832 8.8 - - - -
S10 1721 —13.5051 —70.8998 T 42 16 2 593 0.0 14.9 7.6 84.9 0.03 87.7 8.9 0.37 0.98 0.53 38.51
S11 1587 —13.4813 —70.8887 M - 12 1 178 84.0 16.4 8.1 164.3 0.07 91.4 9.0 0.61 0.19 1.78 1.73
S12 1334 —13.4411 -70.9024 T 26 12 4 315 0.3 15.0 7.6 83.6 0.03 90.1 9.1 0.09 0.66 0.53 0.09
S13 1253 —13.4271 —70.9043 M 46 12 3 1232 33.8 15.1 8.0 149.7 0.06 86.3 8.7 1.06 0.22 2.14 7.04
S14 1118 —13.3964 —70.9000 T - - 4 — - 16.9 7.8 57.5 0.02 87.6 8.5 — — — -
Piedmont S15 842 —13.3247 —70.8428 M 48 14 7 712 28.1 19.5 7.8 93.3 0.03 88.2 8.1 0.06 1.82 2.37 11.49
S16 767 —13.2957 —70.7933 T 50 16 9 194 07 188 7.6 291 0.00 854 8.0 0.51 0.17 1.07 13.49
S17 700 —13.2634 —70.7801 M 44 17 13 741 98.0 22.5 7.6 85.4 0.03 84.4 7.3 0.66 0.33 0.59 7.49
S18 666 —13.2244 -70.7601 T - 21 17 225 - - - - - - - - — — —
S19 604 —13.2182 —-70.7212 M 32 14 17 488 118.0 22.1 7.9 91.2 0.03 88.8 7.8 0.83 1.20 2.97 88.00
S20 482 —13.1857 —70.6266 T 39 12 10 164 13.0 24.9 7.6 65.3 0.02 71.9 6.0 0.25 0.15 0.09 3.13
S21 478 —~13.1860 —70.6187 T 37 18 10 90 79 227 83 676 0.02 914 7.9 0.80 0.90 1.36 6.13
S22 472 —13.1915 —70.5543 T — 19 4 297 — — — - - - - — — — —
$23 429 —13.2090 —70.5449 T 41 21 16 208 24 - - - - - - 0.07 0.20 35.39 37.83
S24 419 —13.2090 —70.5445 M 36 19 11 387 646 244 7.8 956 0.04  80.8 6.8 1.05 1.76 - 122.74
Lowland S25 397 —13.1755 —70.4945 T 9 20 8 433 0.2 - - - - — - 0.57 5.56 0.00 7.40
(Inambari) $26 358 —~13.1736 —70.3829 T 18 14 12 193 1687 212 50 7.7 0.00 189 1.7 - - 0.00 0.82
S27 348 —13.1934 —-70.3900 M - - 11 - - 25.6 8.0  340.0 0.17 78.7 6.4 - — — —
$28 279 —12.8904 —70.3395 M - 7 28 30 1780 - - - - - - 0.13 5.46 4.45 0.45
S29 231 —12.7867 —70.0536 M - - 2 - 313.0 23.1 7.1 49.4 0.01 62.0 5.3 0.16 6.94 0.00 3.59
S30 221 —12.7689 —70.0000 M - - 18 - - - - - - - - - — — —
S31 220 —12.7851 —70.0099 M - = 13 - - - - - - - - - — - -
S$32 200 —12.7608 —69.8476 M - 8 19 15 4793 22.6 6.7 47.9 0.01 70.0 6.0 0.66 2.06 34.27 0.00

Je 32 uelnq "N
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S41
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DD, decimal degrees; DIN, dissolved inorganic nitrogen; DO, dissolved oxygen; E, epilithon; F, fish; M, main stem of the Arazd-Inambari; MdD, Madre de Dios; MI, macroinvertebrate; MI#, number of

macroinvertebrate individuals per 1000 cm? m a.s.l, metres above sea level; O, outside of Arazé-Inambari watershed; Sal., salinity; SpCond, specific conductivity; SRP, soluble reactive phosphorous; T,

tributary of the Arazd-Inambari river; Temp., temperature; Turb., turbidity.

Stream ecology from Andes to Amazon

minimize diel variation in solar insolation, most measure-
ments were taken between 12:00 and 16:00 h. Dissolved
nutrient concentrations were measured by collecting water
samples in polyethylene bottles that had been repeatedly
rinsed with stream water, filtering the water through What-
man GF/F filters (Whatman Inc., Piscataway, NJ, USA), and
then using Hach colorimetric test kits and a Hach DR 2800
mass spectrophotometer (Hach Co., Loveland, CO, USA) to
obtain estimates. Water-column and benthic chlorophyll a
were measured following the methods of Wetzel & Likens
(1991). Briefly, triplicate water samples were collected in
polyethylene bottles that had been rinsed with stream water
and filtered through Whatman GF/C filters. Triplicate sedi-
ment samples were taken using a small plastic Petri dish
(5 cm diameter x 1.3 cm height) and a spatula. For extrac-
tion, filters were immediately placed into individual dark
vials with 90% ethanol for 24 h. Chlorophyll a concentration
was measured spectrophotometrically and corrected for phe-
ophytin by subtracting absorbances after addition of 0.1 N
HCL

Epilithon assemblages were sampled qualitatively by using
a toothbrush to dislodge detritus and attached algae from
the surface of a rock arbitrarily selected from flowing water,
then rinsing the loosened epilithon into a jar with 10% for-
malin. Macroinvertebrates were sampled quantitatively using
a Surber sampler (200 cm?, 0.200 mm mesh, five replicates
per site for a total of 1000 cm?), and qualitatively using a
dipnet and targeted searches of all obvious habitat types: the
samples were then preserved in 70% ethanol. Fishes were
sampled using combinations of electrofishing, seines, dipnets,
gillnets and hook-and-line. Fish sampling effort was similar
across sites (i.e. 1-2 h of electrofishing at all sites with fish,
combined with similar periods of gill-netting at lowland
sites) but was not standardized, with the exception of sites
S28-S32 where these methods were supplemented by 58
person-hours of fishing with hook and line. Specimens were
euthanized by immersion in a 1% solution of tricaine
methanesulfonate (MS-222), preserved in 10% formalin, and
later transferred to 70% ethanol and catalogued at museums
affiliated with universities in Peru (Museo de Historia Natu-
ral, Universidad Nacional Mayor de San Marcos) and the
USA (Auburn University Museum). Specimens were counted
and identified using microscopes and a variety of keys and
checKklists.

Data analysis

We used regression analysis to examine how physicochemical
parameters changed with elevation for main-channel (par-
tially affected) and tributary (relatively unaffected) sites.
Effects of both elevation and stream type (tributary versus
main channel) on species richness of epilithic algae, macroin-
vertebrates and fishes were examined using analysis of
covariance (ANCOVA). We also compared assemblage struc-
ture between tributary and main-channel sites using non-
metric multidimensional scaling (NMDS) analysis of either

1719
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Figure 2 Examples of representative habitats (a—c) and anthropogenic impacts (d, e) in the Arazd-Inambari watershed, south-eastern
Peru: (a) source of the Araza River (site S1, 4304 m a.s.l.); (b) the upper Arazd main stem (site S4, 3051 m a.s.l.); (c) the lower
Inambari River (site S34, 200 m a.s.l.); (d) construction of the Interoceanic Highway along the Arazd main stem (site S11, 1587 m
a.s.l.); (e) placer mine targeting gold along the banks of the Inambari River (near site S33, 220 m a.s.L.).

absolute (macroinvertebrates and fish) or relative (algae)
abundance data with Serensen (Bray—Curtis) distance mea-
sures. All data were logjo(n + 1)-transformed in order to
approximate a normal distribution. Analysis of similarity
(ANOSIM) was used to test for significant differences in
epilithon assemblage structure between sites without (S1-57)
and with (S8-S26) fish; macroinvertebrate assemblage struc-
ture between sites without (S1-S7) and with (S8-S32) fish;
and macroinvertebrate and fish assemblage structure (sepa-
rately) between sites upstream (S1-S26) and downstream
(S27-S32) of the onset of intense placer mining. For sites
where both assemblage and environmental data were col-
lected, canonical correspondence analysis (CCA) was used to
explore relationships between epilithon, macroinvertebrate
and fish assemblage structure and physicochemical data.
Multivariate analyses were conducted using the programs
PC-ORD 5.21 and PRIMER-E 6.

Predictions made by the RCC regarding distributional
responses of macroinvertebrate functional feeding groups
(FFGs) to availability of alternate food sources (i.e. coarse al-
lochthonous detritus versus autochthonous benthic algae)
were tested by comparing the taxonomic richness of shred-
ders versus scrapers as a percentage of total macroinverte-
brate richness.

1720

RESULTS

Physicochemical gradients

Water temperature had a left-skewed U-shaped response to
elevation (R*=0.93 for main-channel sites), decreasing
slightly from 12 °C at 4300 m a.s.l, and then increasing to
around 25 °C at 200 m (Fig. 3a). Dissolved oxygen (DO)
showed a strongly centre-weighted hump-shaped response to
elevation (R*> = 0.89 for main-channel sites), increasing from
5.0 mg L' at 4300 m asl to c. 9.0 mg L™! between 2700
and 1200 m, then decreasing again to 200 m (Fig. 3b).
Across all sites, pH ranged from 4.9 to 8.3 (Table 1), and
dissolved inorganic nitrogen (DIN, the sum of ammonium,
nitrate and nitrite) concentrations ranged from 0.05 to
1.06 mg L' (Fig. 3g). Neither pH nor DIN appeared to be
related to either elevation or stream type. Water-column
chlorophyll a (range: 0.0-35.4 mg m™>) also showed no
strong relationship, although higher values generally were
recorded at lower-elevation sites (Fig. 3j). Maximum benthic
chlorophyll a concentrations (range: 0.0-122.7 mg m ?)
were also measured at lower elevations (Fig. 3k).

Regression analyses indicated that turbidity increased with
declining elevation among Inambari main-stem sites

Journal of Biogeography 40, 1715-1728
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Figure 3 Physicochemical and biological trends along a 4100-m elevational range in the Arazd-Inambari watershed, south-eastern Peru.
In plots (a—k), open symbols represent tributaries (t) and closed symbols represent main-channel sites (m). Subsets of sites were
sampled for physicochemical and biological parameters: (a) temperature (°C); (b) dissolved oxygen (DO) (mg L"), (c) epilithon
species richness; (d) turbidity (FTU); (e) specific conductivity (uS cm ™), (f) macroinvertebrate taxon richness; (g) dissolved inorganic
nitrogen (mg L™"); (h) soluble reactive phosphorous (mg L™"); (i) fish species richness, vertical dashed lines represent (1) the upper
elevational limit of piscivorous fishes, (2) the upper elevational limit of herbivorous-detritivorous fishes, and (3) the upper elevational
limit of fishes (Fig. 5); (j) water column chlorophyll a (mg m™); (k) benthic chlorophyll a (mg m™2); and (1) percentage total richness
of macroinvertebrates identified as scrapers (open symbols) and shredders (closed symbols). In (1) model for scrapers:

y = —0.000004x> + 0.017x + 24.47; shredders: y = 0.000005x*—0.016x + 16.91. Regression equations and R values for temperature

and dissolved oxygen calculated for main-stem data only (model for temperature: y = 0.000001x°—0.0095x + 26.85;

DO: y = —0.0000007x> + 0.003x + 5.77).
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(R* = 41.6, P < 0.05) but not among tributaries (R?* = 8.1,
P = 0.26), indicating that anthropogenic impacts within the
main channel were likely to be the primary source of sus-
pended sediment. Anthropogenic activities associated with
sediment fluxes shifted from road construction (Fig. 2d) at
intermediate elevations (c. 2600-400 m) to placer mining
(Fig. 2e) at lower elevations (c. 400-200 m) where turbidity
reached 479 FTU (Fig. 3d). Erosion also appeared to have
altered specific conductivity, which was markedly higher in
main-channel sites than in tributary sites (Fig. 3e), and solu-
ble reactive phosphorus concentrations, which were highest
at lower-elevation sites where river sediments were being
mined (Fig. 3h).

Taxonomic diversity gradients

The species richness of epilithic algae (228 total species; Dryad
data repository: http://datadryad.org, doi:10.5061/dryad.
28mbl1) showed a slightly positive overall relationship with
elevation (R* = 0.15, P = 0.08), but this pattern was not
observed in main-stem or tributary sites when viewed sepa-
rately (Fig. 3c). Macroinvertebrate taxon richness (79 total
taxa; Dryad data repository, doi:10.5061/dryad.28mbl)
decreased (R*> = 0.38, P < 0.0001) and abundance increased
with elevation (R2 = 0.37, P < 0.0001) across both habitat
types (Fig. 3f; Dryad data repository, doi:10.5061/dryad.
28mb1). Mean macroinvertebrate abundance at the highest six
sites (1145 individuals 1000 cmfz), all of which lacked fish,
was more than twice that of the next highest six sites having
fish (502 individuals 1000 cm~?). Although elevational pat-
terns in macroinvertebrate richness and abundance spanned
both habitat types, relationships were not as significant or as
consistent in the main channel (richness: R* = 0.22, P = 0.09;
abundance: R> = 0.29, P = 0.05) when compared with tribu-
taries (richness: R* = 0.41, P = 0.03; abundance: R? = 0.57,
P < 0.05). Macroinvertebrate abundances at main-stem sites
where anthropogenic impacts were most obvious (e.g. S28,
S32) were extremely low (15-30 individuals 1000 cm 2,
Table 1), and macroinvertebrate assemblages at main-stem
sites generally had significantly fewer taxa (mean = 11) than
tributaries (mean = 16 taxa; Student’s t-test: ¢ = 3.12,
P = 0.005). Moreover, after accounting for variance in species
richness caused by elevation (ANCOVA, F = 8.06, P < 0.01),
stream type (tributary versus main-stem) significantly affected
macroinvertebrate species richness (F = 5.92, P < 0.05).

No fishes were collected between 4304 and 2630 m a.s.l.
(Table 1), but below this elevation we collected 140 species
(5589 individuals; Dryad data repository, doi:10.5061/dryad.
28mbl), approximately half of the 287 species known for the
Madre de Dios Basin (Ortega et al., 2011), including one non-
native species (rainbow trout, Oncorhynchus mykiss) collected
only at 2630 and 2218 m. Fish species richness increased with
decreasing elevation in both main-stem (R* = 0.52, P < 0.05)
and tributary (R? = 0.72, P < 0.0001) habitats. Although this
relationship was stronger in tributaries than in the main
channel, ANCOVA indicated that fish species richness was not
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significantly affected by site type (F = 0.01, P = 0.93) after
removing the variance caused by elevation (F = 19.22,
P < 0.001). Few fishes were collected from main-stem sites of
the lower Inambari River where placer mining was most
intense (sites S28 and S31-S34). Fifty-eight person-hours of
hook-and-line effort by experienced fishermen yielded only
three specimens at these sites: two catfish (Ageneiosus inermis
and Cetopsis coecutiens) and a freshwater stingray (Potamotry-
gon motoro). Moreover, intensive electrofishing of these sites
over a period of 5 days yielded a total of only six specimens of
the suckermouth armoured catfish Chaetostoma lineopuncta-
tum, a species that was otherwise common in the region. For
example, 73 specimens of C. lineopunctatum were collected in
<1 h of electrofishing at a relatively unaffected tributary site
(S26) with a similar elevation and physical habitat to those
main-stem sites yielding only six specimens in 5 days of
sampling (Dryad data repository, doi:10.5061/dryad.28mb1).

Assemblage composition

All non-metric multidimensional scaling (NMDS) analyses
yielded three-dimensional solutions (Fig. 4). NMDS axes
using data collected at all sites explained 89.2% of variation
in epilithon assemblages (axis 1 = 36.1%, axis 2 = 27.9%, axis
3 = 25.2%), 81.3% of variation in macroinvertebrate assem-
blages (axis 1 = 30.6%, axis 2 = 29.5%, axis 3 = 21.2%), and
72.9% of variation in fish assemblages (axis 1 = 25.8%, axis
2 = 25.6%, axis 3 = 21.5%). The final stress level of the best
solution was 9.7 for epilithon assemblages indicating a ‘good’
ordination (stress range 5-10; McCune & Mefford, 1999),
13.7 for macroinvertebrate assemblages, and 15.0 for fish
assemblages, with the latter two indicating a ‘fair’ ordination
(stress range 10-20). Multivariate analyses of epilithic algae
and macroinvertebrate assemblages displayed a close cluster-
ing of high elevation sites where fishes were mostly absent
(S1-S7; only two fish species were found at S6 and they were
present in low numbers), and a strong divergence from this
cluster in association with the presence of fish at lower eleva-
tions (Fig. 4). ANOSIM indicated significant differences in
epilithon and macroinvertebrate assemblage structure between
sites where fish were absent and sites where fish were present
(epilithon: R = 0.43, P < 0.05; macroinvertebrate: R = 0.23,
P < 0.05). Although placer mining (S27-S32) did not appear
to be associated with distinctive clustering of assemblages in
multivariate space, ANOSIM detected significant differences
in macroinvertebrate and fish assemblage structure between
sites upstream and downstream of placer mining (macroin-
vertebrate: R = 0.85, P = 0.01; fish: R = 0.18, P < 0.05).

Physicochemical influences on assemblage
composition

Canonical correspondence analysis resulted in three canoni-
cal axes that explained a total of 26.5% of variation in epili-
thon assemblage structure (axis 1 = 11.2%, axis 2 = 8.6%,
axis 3 = 6.7%), 31.1% of variation in macroinvertebrate
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assemblage structure (axis 1= 15.3%, axis 2 = 8.5%, axis
3 =7.3%), and 45.8% of variation in fish assemblage struc-
ture (axis 1 = 19.0%, axis 2 = 17.3%, axis 3 = 9.5%). Eleva-
tion, turbidity, temperature and specific conductivity were
associated with distributions of all three assemblages. For
epilithon assemblages, axis 1 contrasted high-elevation,
main-channel sites having low turbidity and temperature
with low-elevation sites having high turbidity and tempera-
ture. Axis 2 contrasted sites having high turbidity with sites
having high DO concentrations (S6, S10, S12, S16). For
macroinvertebrate assemblages, canonical axis 1 contrasted
high-elevation sites having high conductivity with low-eleva-
tion sites having higher temperatures and turbidity. Axis 2
contrasted sites with high pH versus sites with high DO. For
fish assemblages, axis 1 contrasted high-elevation sites with
high conductivity and DO versus sites with high temperature
and high turbidity. Axis 2 contrasted sites with high turbidity
versus sites with high pH.

Functional feeding groups

In contrast to our hypothesis that assumed poor quality and
quantity of allochthonous detritus in puna grasslands near
the source of the Arazd-Inambari, macroinvertebrate func-
tional feeding groups in headwater reaches matched RCC
predictions. Shredders dominated at higher elevations
(c. 4300-3500 m a.s.l.) but rapidly declined at middle eleva-
tions where scrapers dominated (c. 3500-2000 m; Fig. 31).
These trends began to reverse at lower elevations (i.e. below
2000 m; Fig. 31). The highest reaches occupied by fishes were
dominated by the invertivorous catfish genera Astroblepus
(2630-358 m) and Trichomycterus (1721-348 m; Fig. 5). A
nektonic invertivore (Hemibrycon, 1253-200 m) was the
third fish taxon to occur, followed by benthic (Ancistrus,
1118-206 m) and nektonic (Parodon, 842-348 m) herbivore—
detritivores (Fig. 5). Below 842 m, fish diversity increased
rapidly, with two piscivorous species (Crenicichla sp. and
Hoplias malabaricus) appearing at 666 m (Fig. 5), and the
wood-eating catfish (Hypostomus pyrineusi) and several
electrogenic invertivores (Gymnotiformes) appearing at
279 m (Dryad data repository, doi:10.5061/dryad.28mb1).

DISCUSSION

We observed strong elevational trends in physicochemical
parameters, taxonomic richness and trophic diversity of
macroinvertebrates and fishes, although some relationships
were weaker at low-elevation sites where human impacts
were more prevalent. Water temperature and dissolved oxy-
gen displayed nonlinear, U-shaped and hump-shaped rela-
tionships with elevation. High water temperatures in the
puna grasslands (> 4000 m a.s.l.) were probably caused by
intense solar radiation given the high elevation and the lack
of shrubs or trees to provide shade, whereas shade from
montane forest below the tree line probably contributed to
decreased temperatures at middle elevations, and increased
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Figure 5 Elevational ranges and trophic specializations of fish species occurring at elevations > 400 m a.s.l.

in tributary and main-

channel sites within the Arazd-Inambari-Madre de Dios watershed, south-eastern Peru.

ambient temperatures probably drove a steady increase in
water temperature at lower elevations. Oxygen concentra-
tions should be negatively correlated with water temperature,
but we recorded highest dissolved oxygen values at sites
¢. 1000 m below the elevation where the lowest water tem-
peratures were recorded (Fig. 3a,b): a pattern most likely
caused by low partial pressures of atmospheric O, at high
elevations (Jacobsen, 2000).

Macroinvertebrate and fish assemblages followed a general
pattern of lower taxonomic richness at higher elevations,
consistent with previous research in Andean streams (Jacob-
sen, 2004; Albert et al., 2011; Appendix S1). Both assem-
blages contained taxa with ranges restricted to relatively
narrow elevational zones, and these taxa are candidates for
range shifts in response to global warming. Within macroin-
vertebrate assemblages, these restricted-range taxa were dis-
tributed across several orders (Dryad data repository, doi:10.
5061/dryad.28mb1), but among native fishes, only the lori-
carioid catfish genera Ancistrus, Astroblepus and Trichomycte-
rus held species with distributions entirely limited to
elevations greater than 400 m, including some limited to ele-
vational bands varying as little as 3.4 °C (Table 1, Fig. 5).
Moreover, phylogeographical studies of these same genera
describe high levels of drainage-specific genetic structure
(Vélez-Espino, 2006; Unmack et al., 2009; Schaefer et al.,
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2011) consistent with recent experimental and theoretical
research showing that headwaters are crucial to the mainte-
nance of regional biodiversity (Carrara et al., 2012). Therefore,
despite low o-diversity in high-elevation aquatic communities,
regional biodiversity across Andean streams is likely to be
quite high, highlighting the overall threat that regional impacts
like climate change pose to aquatic biodiversity.

NMDS ordinations of epilithon and macroinvertebrate
assemblage structure resulted in clustering of high-elevation
sites where fishes were absent (Fig. 4). Predation is the most
likely cause of this compositional shift, given that high-
elevation fish assemblages consisted exclusively of benthic in-
vertivores and the first six main-channel sites with fishes had
less than half as many benthic macroinvertebrates as the six
sites immediately upstream that lacked fish (mean = 502
individuals 1000 cm ™2 versus 1145). Macroinvertebrates were
the sole primary consumers in streams from the source of
the Arazd-Inambari to ¢. 1100 m a.s.l., where the first herbiv-
orous-detritivorous fishes appeared. Between c¢. 1100 and
700 m, taxonomic diversity of fish primary consumers
increased and the relative dominance of macroinvertebrate
grazers decreased (Figs 3i,] & 5), but no other fish trophic
levels were added. Piscivores became a regular component of
local fish assemblages at ¢. 700 m, but most other distinctive
elements of the diverse Amazonian fish fauna (e.g. electro-
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genic knifefishes, wood-eating and parasitic catfishes) were
restricted to elevations below 400 m.

Across these elevational zones (i.e. 43042500, 2500-1100,
1100-700, 700-400, and 400-200 m a.s.l.) no differences
were observed in abundances of either planktonic or attached
algae (F-test for water-column chlorophyll a: P = 0.23, and
benthic chlorophyll a: P = 0.49). However, epilithic algae
taxonomic richness displayed a weak positive trend with ele-
vation (Fig. 3¢), and several orders of diatoms and green and
blue-green algae included taxa with ranges restricted to high
elevations (Dryad data repository, doi:10.5061/dryad.28mb1).
Our observation of greater taxonomic richness at higher ele-
vations contrasts with two previous studies of algal diversity
in the subtropical Himalayas that revealed the opposite pat-
tern (Ormerod et al, 1994; Wang et al., 2011). More
research is needed to determine (1) if elevational trends in
epilithon diversity are widespread, (2) the underlying factors
that drive these trends, and (3) whether or not such factors
differ across continents or latitudes.

In contrast to the patterns of low variance in algae diver-
sity and invariance in algal abundance with increasing eleva-
tion, patterns of variation in the quality of particulate
organic matter (Townsend-Small et al., 2007) and variation
in the relative diversity of detritivores suggest that longitudi-
nal processing of detritus might play a more important role
in driving elevational-longitudinal shifts in Andean aquatic
community structure. We had predicted that the importance
of allochthonous material would be relatively low for food
webs of streams draining grasslands at high elevations in the
Andes, but this prediction was not supported. Rather, macro-
invertebrate assemblages of high-elevation grassland streams
were dominated by leaf-shredders, as predicted by the river
continuum concept, indicating that allochthonous CPOM
remained an important food resource in headwaters. Taxo-
nomic dominance shifted to biofilm scrapers at ¢. 3800 m
and, for reasons that are not immediately apparent, this
trend began to reverse below 2000 m (Fig. 31). The inferred
importance of CPOM as a food resource for aquatic macro-
invertebrates at high elevations in the Andes, as well as the
linkage between biodiversity and organic matter processing,
was supported by Dangles et al. (2011), who found that
at least eight species of macroinvertebrate shredders contrib-
uted to decomposition of the dominant terrestrial grass
Calamagrostis intermedia in high-elevation (3200-3900 m)
Ecuadorian grassland streams, and that both shredder
diversity and abundance significantly affected decomposition
rates.

Relatively little is known about allochthonous detrital
sources, sinks and cycling in Andean rivers, although the
available data suggest that detrital quality declines along the
longitudinal continuum. In a study of isotopic variation in
particulate and dissolved organic carbon across a 1700-m
(2040-360 m) vertical-longitudinal gradient within a tribu-
tary of the Pachitea River in central Peru, Townsend-Small
et al. (2007) found that POM in high-elevation Andean
headwater streams is qualitatively distinct and more hetero-

Journal of Biogeography 40, 1715-1728
© 2013 John Wiley & Sons Ltd

Stream ecology from Andes to Amazon

geneous than POM in lower-elevation main-channel sites,
and POM along the fluvial continuum probably has various
components subject to different decomposition rates. Rela-
tively low nutritional quality of POM in lower-elevation
Andean rivers is suggested by Lujan et al. (2011), who used
isotopes to examine trophic partitioning among detritivorous
loricarioid fishes at a 200-m site in the Maranon River of
northern Peru. They found that POM (seston) was underuti-
lized as a food resource, whereas cellulosic carbon from
coarse woody debris was preferentially assimilated.

Tropical streams generally have lower diversity and abun-
dance of shredding macroinvertebrates than streams at
higher latitudes (Boyero et al., 2011a). Irons et al. (1994)
and Dobson et al. (2002) proposed that this could be due
to higher temperatures in tropical streams that increase
microbial metabolism and leaf-litter decomposition rates
(Webster & Benfield, 1986; Boyero et al., 2011b), which in
turn would limit the availability of particulate organic mat-
ter for metazoan consumers. According to this microbial
metabolism hypothesis, Dobson et al. (2002) predicted that
macroinvertebrate shredders should be more common at
higher elevations in tropical streams. Results from our
study are consistent with the idea that elevational and
latitudinal differences in temperature regimes influence both
the quality and quantity of detrital resources in streams
and the diversity and distribution patterns of metazoan
shredders.

A second hypothesis is that the shredder niche in tropical
streams is occupied by shrimps, crabs and fishes, and that
these larger, more mobile consumers, which are not typically
collected by macroinvertebrate Surber samplers, compete
with and prey upon macroinvertebrate shredders (Dobson
et al., 2002; Hall et al., 2011). Our observations of a sharp
decline in macroinvertebrate abundance at the first occur-
rence of fishes, and a longitudinal increase in the diversity of
detritivorous fishes, support this second hypothesis. How-
ever, these hypotheses are not mutually exclusive, and it
should be noted that the longitudinal decline in shredder
dominance began well upstream of the first occurrence of
either fishes (Fig. 3i,1) or decapods. The strong patterns that
we observed highlight the likely importance of trophic inter-
actions in shaping longitudinal distributions of organisms
along fluvial continua throughout the Andes. To achieve a
synthetic model of aquatic community structure in the
region, however, research on more Andean drainage basins
that takes into account additional factors influencing the lon-
gitudinal distributions of species and functional groups is
needed.

Anthropogenic impacts

Strong patterns of longitudinal zonation and restricted eleva-
tional distributions among both invertebrate and vertebrate
taxa imply that Andean stream communities may respond to
global warming via changes in species’ elevational distribu-
tions in a manner similar to that already documented for
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certain terrestrial organisms (Forero-Medina et al., 2011;
Larson et al., 2011). Warmer temperatures in the Andes
could also result in a faster microbial processing of particu-
late organic matter in streams (Boyero et al., 2011b) that
may lead to decreased diversity of leaf-shredding insects. In
temperate North American and subtropical Asian streams,
aquatic insect emergence times (Harper & Peckarsky, 2006),
diversity and abundance (Li et al., 2012) have already shifted
in response to recent warming trends. Impacts of climate
change on aquatic communities of tropical montane streams
should be even greater than in temperate and polar regions
where organisms are evolutionarily adapted to inherently
highly variable thermal regimes (Sheldon et al., 2011).

Of immediate concern, however, are the acute impacts of
mining and road construction. Soluble reactive phosphorus
concentrations near affected areas were more than ten times
higher than at similar elevations in the neighbouring Tambo-
pata River, where mining is uncommon (K.A. Roach, unpub-
lished data). Turbidity and specific conductivity, both of
which increase in streams with high suspended sediment
loads (Bjerklie & LaPerriere, 1985; Gray, 1996), were highest
at main-channel sites immediately downstream of affected
areas. At the most affected low-elevation sites, benthic macr-
oinvertebrates and fishes were largely absent and species
assemblage structure was significantly different from that
recorded at less affected sites upstream. Economically impor-
tant fishes present in the Madre de Dios main channel were
apparently absent from the Inambari River (e.g. large species
of the catfish family Pimelodidae and characiform family
Serrasalmidae; Chang, 1998). Similar impacts of mining on
fish stocks have been observed in other regions of the Andes
and elsewhere in the Neotropics (Fossati et al., 2001; Mol &
Ouboter, 2004; Van Damme et al., 2008; Couceiro et al.,
2011).

Trends that we observed in the Arazd-Inambari River
imply that longitudinal fluvial connectivity is important not
only for regional biodiversity (Carrara et al., 2012), but also
to ecosystem function. Unfortunately, challenges to the
maintenance of aquatic biodiversity and fluvial connectivity
within the Amazon Basin are increasing due to the rapid
expansion of roads, dams and other human impacts
throughout the region (Finer & Jenkins, 2012; Castello et al,
2013). During this period of rapid and expansive develop-
ment, scientists should prioritize baseline research document-
ing the biodiversity and ecological structure and function of
fluvial ecosystems that unite the Andes and Amazon Basin.
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