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Abstract
Food resource availability varies along gradients of elevation where riparian vegetative cover exerts control on the relative
availability of allochthonous and autochthonous resources in streams. Still, little is known about how elevation gradients
can alter the availability and quality of resources and how stream food webs respond. We sampled habitat characteristics
and sampled stable isotope signatures (δ13C, δ15N, δ2Η) and carbon, nitrogen and phosphorus composition of basal food
resources and insects in 11 streams of similar size along an elevation gradient from 1260 to 4045 m on the northeastern
slope of the Ecuadorian Andean-Amazon region. Algal-based (autochthonous) food resources primarily supported insects
occurring at higher elevations, but at low elevations there was a shift to greater allochthony, corresponding with lower light
availability and reduced epilithon resource abundance. Additionally, percent phosphorus (%P) of both autochthonous and
allochthonous food resources and of body tissue for some abundant insect taxa (stonefly Anacroneuria and mayfly Andesiops) declined with increasing elevation, despite the greater autochthony at high elevation. Allochthonous food resources
were always a lower quality food resource, as indicated by higher C:N, N:P, and lower %P, across elevation in comparison
to autochthonous resources, but autochthonous resources had higher %P than allochthonous resources across all elevations
and comprised a greater portion of high-elevation insect resource assimilation. Aquatic insects may be able to compensate
for the lower quality of both resource types at high elevations through altered body stoichiometry, even though higher quality
autochthonous-based foods are in high abundance at high elevations.
Keywords Autochthony · Allochthony · Aquatic insects · Elevation · Stoichiometry · Stable isotopes · Tropical streams

Introduction
The role played by living versus detrital material in fueling
food webs is a key research focus in ecology. Often, detrital materials cross ecosystem boundaries and are essential
subsidies that maintain food webs and promote ecosystem
resiliency (Cummins 1974; Hynes 1975; Jones and Lennon 2015; Polis et al. 1997). In riverine systems, the river
continuum concept (RCC; Vannote et al. 1980) suggests
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that allochthonous (out-of-stream) detritus dominates the
energy sources in shaded headwaters with autochthonous
(in-stream) materials becoming more dominant in wider,
downstream reaches. The controls on resource availability,
the relative availability, and consumer resource use has been
of particular interest in aquatic ecology because both autochthonous and allochthonous resources are essential but vary
in their contributions to maintaining food webs (Dudgeon
et al. 2010; Marcarelli et al. 2011). Previous research has
demonstrated the importance of allochthonous materials
originating from riparian habitats to stream food webs, especially in forested headwater streams where in-stream primary production is often limited by light (e.g., Hynes 1975;
Wallace et al. 1997; Webster et al. 1999). However, there is
substantial evidence that algae can support a large proportion of animal production in riverine food webs even when
production is low because it is of higher quality (Brito et al.
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2006; March and Pringle 2003; Mayer and Likens 1987;
Minshall 1978; Thorp and Delong 2002).
Studies that have assessed the contribution of allochthony to animal diets in streams often have been focused
on temperate streams with forested headwaters (Grubaugh
et al. 1996; Rosi-Marshall and Wallace 2002; Vannote
et al. 1980). Aquatic systems occurring at high elevations
can experience higher primary production than similar low
elevation systems due to a reduced riparian canopy cover
(Minshall et al. 1992; Rose et al. 2015). Under these conditions, allochthonous organic matter inputs to streams in
the headwaters may be very low, as has been observed in
high elevations (Minshall et al. 1992; McCutchan and Lewis
2002) and Antarctic lakes (McKnight et al. 2001; Rose et al.
2015). Because headwater streams contribute significantly to
the maintenance of biodiversity and stream network ecosystem resilience (Finn et al. 2011; Freeman et al. 2007; Meyer
et al. 2007), understanding the controls on these food webs
is a critical research need.
Stable isotopes have been used to assess the contribution
of autochthonous and allochthonous resources to food webs
with varying success (Hayden et al. 2016; Lau et al. 2009),
reflecting the fact that different types of organic matter often
have overlapping carbon isotope signatures (e.g., France
1996). The combination of carbon and hydrogen isotopes
allow for better quantification of resource origin to consumer
diets, whereas nitrogen stable isotopes are used to calculate trophic level (Berggren et al. 2014; Cole et al. 2011;
Collins et al. 2016; Deines et al. 2009). Hydrogen isotopes
have been a more recent addition to the methodological
arsenal to assess the degree of autochthony and allochthony
in aquatic ecosystems. The δ2H signature of resources and
stream organisms can be used as an indicator of relative
autochthony and allochthony because terrestrial vegetation
and aquatic producers differentially fractionate the heavy
hydrogen in H2O, leading to distinct δ2H signatures in their
tissues. Autochthonous resources are substantially depleted
in δ2H relative to allochthonous materials due to algal discrimination against δ2H during photosynthesis (Doucett
et al. 2007; Finlay et al. 2010; Smith and Ziegler 1990).
Given this, the use of δ2H as an indicator in mixed resources
and a three-member isotope approach can be useful tools in
discerning aquatic vs terrestrial sources.
Understanding the availability and quality of food
resource types and trophic linkages is essential for advancing
understanding of energy flow and nutrient cycling (Parkyn
et al. 2001; Vanni 2002; Zandona et al. 2011). The elemental composition of C, N and P in consumers and their foods
reflect the degree of nutrient constraints imposed upon consumers by their resources (Atkinson et al. 2017; Marcarelli
et al. 2011; Vanni 2002). Resource C-to-nutrient ratios are
indicators of food quality and can underlie consumer food
choices. In particular, foods with low C:N or C:P are often
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preferred by consumers (Boersma and Kreutzer 2002; Frost
and Elser 2002; Sterner and Elser 2002). Thus, the relative
degree of stoichiometric mismatch between resources and
consumer elemental composition can drive food preference
in consumers as opposed to availability (Marcarelli et al.
2011; Sitters et al. 2015).
Consumers may vary their diet choices in different
resource environments or with a changing resource base, as
resources can vary both spatially and temporally. Consumers
vary in their trophic plasticity (Atkinson et al. 2010; Whiles
et al. 2010) and changes in resource availability can lead to
local extinctions of specialist taxa (Dangles 2002). Thus,
to the degree that land use changes and projected increases
in air temperatures and modified precipitation regimes will
alter terrestrial vegetation cover and associated organic
matter inputs from the landscape (Goulden and Bales 2014;
Harsch et al. 2009) and the consequential availability and
quality of food resources to stream consumers is a research
need (Bellard et al. 2012; Woodward et al. 2010). AndeanAmazon streams are especially interesting to study in this
regard, as they occur across a broad elevation gradient and
are populated by insect species that have limited elevation
ranges due to physiological specialization for narrow thermal ranges (Shah et al. 2017) and limited dispersal among
streams (Gill et al. 2016). Thus, they provide useful systems to examine current elevation-based comparisons of
resource–consumer relations and explore vulnerability of
communities to warming temperatures and possible changes
in resource inputs.
In this study, we aimed to estimate the quantity and quality of autochthonous and allochthonous food resources
across a set of similar sized streams along a tropical elevation gradient (1260–4045 m) and how elevation and the
consequential resource availability and quality impacted
consumer resource assimilation. We asked: (1) how do light
and food resource availability and quality vary in streams
across a tropical montane elevation gradient? (2) How much
do the relative contributions of autochthony and allochthony
vary across the elevation gradient? (3) Is resource quantity
or quality (i.e., stoichiometry) a more important determinant
of diet assimilation? First, we estimated light transmission
(%) and food resource quantity (g m−2) and quality (%C,
%N, and %P) across the elevation gradient. Second, we
assessed the proportion of autochthonous resources available in the stream reaches using two indicators: (1) ΔH of
bulk benthic organic matter (BOM) (represents a mixture of
autochthonous and allochthonous resources), which is the
net isotopic discrimination between water and bulk BOM
of deuterium stable isotopes (δ2HBOM − δ2Hw). (2) We used
mixing models (incorporating δ13C, δ15N, and δH) to assess
the proportion of autochthonous and allochthonous materials in BOM based on the signatures of collected epilithon
and coarse particulate organic matter (CPOM). Third, we
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determined the quality and the assimilation of autochthonous- and allochthonous-based resources by aquatic insects
across the elevation gradient to understand the importance
of these resources to tropical stream food webs.

Methods
Study area
We sampled eleven small streams ranging in elevation from
1260 to 4045 m on the northeastern slope of the Ecuadorian Andes during January–February 2014 (Fig. 1, Table 1).
These streams are tributaries of the Papallacta, Oyacachi,
Antisana and Salado sub-basins, and are part of the Napo
drainage of the Amazon basin. We controlled for stream size
by sampling only small wadeable streams across the elevation gradient (Table 1). These streams span a gradient of
elevation from high-altitude tropical grasslands of the high
Andes (páramos > 3000 m) to tropical montane forests (1260
to ~ 3000 m).

Sampling
We sampled the quantity and quality of basal resources [epilithon, coarse particulate organic matter (CPOM), and benthic organic matter (BOM)] across all sites within a 125 m
stream reach. Each resource was sampled across five equally
spaced (25 m) transects across the reach. At each of the five
transects within each site, we also quantified stream canopy
cover by taking digital hemispherical canopy photos in the
middle of the stream using a Nikon Coolpix 4500 with a
fisheye lens, and characterized the amount of canopy cover
using Gap Light Analyzer software according to Frazer
et al. (1999). Epilithon standing stocks were quantified by
scrubbing biofilm from three submerged rocks at each transect and filtering subsamples on Whatman (0.7 μm) GFF
glass-fiber filters. The area of scrubbed of each rock was
estimated by taking a picture of all the rocks next to a ruler
and areas were determined using ImageJ software (Bethesda,
MD). Chlorophyll a filters were extracted in 15 mL of
90% ethanol for 20–24 h and chlorophyll a was measured
using an Aquafluor handheld fluorometer (Turner Designs,

Fig. 1  Map of the study area
with sample sites (N = 11)
labeled. The sample sites ranged
in elevation (1260–4045 m), but
were all within the Napo River
drainage
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Table 1  Location and physiochemical data for the eleven sample sites
Site name

Elevation (m)

Latitude (°)

Longitude (°)

Mean stream Discharge (L/s)
width (m)

Mean stream Mean dissolved
temp. (°C)
oxygen (mg/L)

% Canopy cover

1
2
3
4
5
6
7
8
9
10
11

1268
1843
1864
2003
2694
2826
2957
3415
3683
3850
4044

− 0.149
− 0.450
− 0.251
− 0.449
− 0.376
− 0.230
− 0.376
− 0.213
− 0.287
− 0.231
− 0.513

− 77.637
− 77.891
− 77.871
− 77.944
− 78.075
− 78.010
− 78.122
− 78.113
− 78.115
− 78.150
− 78.217

4.1
4.7
2.7
2.3
1.9
1.6
1.9
1.7
1.4
1.4
4.0

17.70
14.49
15.21
14.22
10.40
10.15
9.89
8.67
8.62
6.88
9.70

64.78
62.81
55.79
59.03
77.94
69.68
80.29
22.21
13.48
5.79
7.92

Sunnyvale, CA). The remaining algal slurry was collected
and dried for the determination of total epilithon biomass
and additional isotopic and chemical analyses. The quantity
of CPOM was determined at each transect by collecting all
the leaf and wood materials in a 29-cm-wide area across the
entire stream width at each transect. Wood and leaf materials were separated and dried at 50 °C, weighed, and then
homogenized for further analyses. Bulk BOM was sampled
by placing a bucket with the bottom cut out (area = 607 cm2)
on the bottom of the stream and disturbing the substrate.
Water samples of a known volume containing the substrate
were collected, filtered, and dried for the determination of
biomass and isotopic and nutrient analyses. We used D-nets
(mesh = 500 μm) to collect benthic insects at each site. All
live insects were identified to genus and kept in containers for a minimum of 4 h so they could evacuate their guts
before they were dried at 50 °C for analyses. Filtered stream
water was collected for stable hydrogen isotope analysis
of (δ2Hw) using 15-mL glass vials and filled completely to
eliminate all head space.
All resources (epilithon, CPOM and BOM) and insects
were analyzed for stable isotopes (δ13C, δ15N, and δ2H) and
nutrient content (%C, %N, %P). For solid isotopic analyses,
all dried samples were ground to a fine powder and 2–3 mg
was packed into tin capsules for δ13C and δ15N analyses and
~ 0.3 mg was packed into silver capsules for δ2H analyses.
We analyzed the samples for δ13C, δ15N, %C, and %N using
a Carlo Erba 2500 Elemental Analyzer (Italy) interfaced
to a Thermo Delta V (Thermo Fisher Scientific, Bremen,
Germany) isotope ratio mass spectrometer. A GasBench II
(Thermo Fisher Scientific, Bremen, Germany) was used to
analyze water for δ2H. A temperature conversion elemental
analyzer interfaced to a Thermo Delta V isotope ratio mass
spectrometer (both manufactured by Thermo Fisher Scientific, Bremen, Germany) was used to analyze the solid (basal
resources and insects) samples for δ2H. For %P, samples
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372.40
595.35
270.82
256.20
58.60
48.32
39.30
35.32
75.85
21.60
166.35

8.46
8.08
7.88
7.94
7.84
7.80
7.71
7.43
7.14
7.24
na

were weighed, combusted at 500 °C for 2 h, and analyzed
with HCl digestion followed by soluble reactive P analysis
(Solorzano and Sharp 1980).

Focal insects
We selected six taxa that occurred across our broad elevation gradient, which allowed us to determine the contribution of autochthonous vs allochthonous resources to insect
diet assimilation in Andean streams using stable isotopic
signatures. These focal taxa were Anacroneuria [Order:
Plecoptera; functional feeding group (FFG): predators
and shredders], Andesiops (Order: Ephemeroptera; FFG:
collector–gatherers), Baetodes (Order: Ephemeroptera;
FFG: scrapers/collector–gatherers), Leptohyphes (Order:
Ephemeroptera; FFG: collector–gatherers), Leptonema
(Order: Trichoptera; FFG: collector–filterers), and Thraulodes (Order: Ephemeroptera; FFG: collector–gatherers)
(Tomanova et al. 2006). All taxa were categorized as primary consumers except Anacroneuria which tends to function as both a shredder and predator depending on size class
(Landeira-Dabarca et al. pers. comm.).

Isotope analysis
To assess the relative availability of allochthonous resources
in the stream, we first estimated the net isotopic discrimination to account for the transfer of isotopes between water and
bulk BOM (food resource that tends to represent a mixture
of autochthonous and allochthonous resources) of deuterium
stable isotopes (Eq. 1) similar to Hondula et al. (2014) for
particulate organic matter in lakes:
)/ (
)
(
1 + 𝛿 2 Hwater ∕1000 .
ΔH = 𝛿 2 HBOM − 𝛿 2 Hwater
(1)
We also used a three-source mixing model with a correction for environmental water for deuterium (δ2Hwater;
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ranged from − 109 to − 43 across all the sites) using the
stable isotope analysis in R (SIAR 4.0) library in Rv3.1.2
to estimate the fraction of a resource that was comprised of
particulate organic matter vs epilithon in the BOM composition and the fraction of these resources that contributed to
what six focal aquatic insect taxa assimilated at each site.
SIAR is a Bayesian analysis and uses a Dirichlet prior probability distribution. Using multiple stable isotopes (in this
case, three) and taking the uncertainty of all parameters into
account, SIAR generated probable source contributions to
BOM and the focal taxa diets. The model was run using
the siarsolomcmcv4 command, which is for single organism
models with the default parameters (iterations = 500,000,
burnin = 50,000, thinby = 15).
We used the mean ± SD of the isotope signature of both
epilithon and coarse particulate organic matter (CPOM)
for each of the sites as sources in the models to represent
autochthonous and allochthonous food resource. The trophic
stable isotopic enrichment was set to 0 ± 0‰ for epilithon,
BOM, and CPOM. For aquatic insects, the δ13C enrichment was calculated based on an assumed per-trophic level
carbon isotope fractionation (ΔC ± standard deviation) of
0.4 ± 1.3‰ (Post 2002) multiplied by τ (i.e., number of
trophic levels between source and consumer; Eq. 2).
)/
(
𝜏 = 𝛿 15 NSAMP − 𝛿 15 NGRAZER ΔN + 1.
(2)
We used the mean δ15N of all grazing and collector
mayflies to estimate τ of all samples from their δ15N values in relation to the mean of assumed primary consumers
by applying a per-trophic-level stable isotope fractionation
(δN ± standard deviation) of 3.4 ± 1.0‰ according to Post
(2002).

Statistical analyses
We first assessed the degree and direction of difference
both light availability and the quantity of food resources
along the elevation gradient. We examined the relationships
between light availability (% light transmission through the
canopy) and elevation with a Pearson’s correlation. We used
least-squares linear regressions to examine the relationship
between elevation and, chlorophyll a biomass, CPOM biomass, and C:N, N:P, and %P of both epilithon and CPOM.
Additionally, we assessed variation in quality between the
two major resource types using a Mann–Whitney rank sum
test to determine if epilithon and CPOM varied in C:N and
C:P because the values did not meet the assumption of equal
variance. We used a t test to assess if %P and N:P varied
between epilithon and CPOM across all sites. Least-squares
linear regression was also used to examine relationships
between elevation and the δ2H of water. We examined the
contribution of autochthonous and allochthonous material
to BOM using a linear regression to examine relationships

between the net isotopic discrimination (ΔH between water
and bulk BOM) and elevation. BOM is a resource that
should indicate the relative availability of autochthonous
or allochthonous resources within the stream. Additionally,
we used linear regressions to examine the relative importance of epilithon in the composition of BOM based on our
SIAR mixing model results across the elevation gradient.
Furthermore, we assessed the relationship between elevation
and the percent contribution of autochthony (composition of
epilithon in diet) to the diet of all the taxa based on the SIAR
results using least-squares regression. A linear least-squares
regression was used to determine the relationship between
elevation and %P of the body tissue of the focal taxa.
We examined the explanatory variables that may be
responsible for patterns in diet assimilation in our insects
using an information theoretic approach (Akaike Information Criterion, AIC), which provides a measure for selecting among competing models of a given data set (Anderson
et al. 2000). AIC was used to determine if quantity (biomass
of both CPOM and epilithon) or the stoichiometry (C:N,
N:P) of food resources (epilithon vs CPOM) were better
predictors determining insect diet for each taxon. N:P and
C:P of the resources were highly correlated (r > 0.85), so we
chose N:P for our models. We used the average proportion
of autochthony at each site as the response variable. We
derived several multiple linear regression models based on
a priori predictions and compared them using AIC. Based
on maximum-likelihood estimates and the number of model
parameters, models having the lowest AIC identify the main
explanatory variables while providing the best compromise
between predictive power and model complexity (Johnson
and Omland 2004). We evaluated the relative strengths of
models with Akaike weights (wi), which indicate the strength
of evidence that a particular model is the best model, given
the data and the set of candidate models being compared.
Using this method, we examined whether quantity or quality
or a combination of the two were determining the relative
degree of autochthonous energy in insect diets. All statistical analyses and mixing models were conducted using the R
statistical environment (R Core Team 2014).

Results
Resource quantity and quality across elevation
Light availability to the stream varied along the elevation
gradient (Fig. 2a). The least amount of light transmission and
higher canopy cover occurred in mid–high-elevation streams
(2500–3100 m), and the greatest light transmission and least
amount of canopy cover occurred in the high-elevation
páramo streams (3200–4044 m; Fig. 2a; P = 0.01, r = 0.73).
As expected, our high-elevation streams with the greater
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Fig. 2  a Light transmission (mean ± standard error, N = 55) through
the canopy varied over the elevation gradient with higher light transmission in streams at higher elevations as indicated by a Pearson correlation. b Areal epilithon biomass (mean ± standard error, N = 55)

was greater with higher light transmission and c chlorophyll a biomass (mean ± standard error, N = 55) was greater at higher elevations.
d The biomass of CPOM (mean ± standard error, N = 55) did not vary
as a function of elevation

light availability had higher biomass of epilithon (Fig. 2b,
t2,11 = − 3.32, P < 0.01, r2 = 0.55). There was also variation
in resource types in quality and quantity with the elevation
gradient. The quantities of epilithon (Appendix 1) and chlorophyll a (autochthonous resources) were greater at high elevations (Fig. 2c; t2,11 = 2.28, P < 0.05, r2 = 0.36; t2,11 = 4.12,
P < 0.01, r2 = 0.65, respectively). However, we did not find a
relationship between CPOM biomass and elevation (Fig. 2d),
suggesting CPOM biomass is being controlled by other factors than simply vegetation shifts with elevation. The C:N
of epilithon and CPOM did not vary with elevation, but C:N
was significantly lower in epilithon (8.2–11.2) than CPOM

(range 16.5–67.4) across all sites (Fig. 3a; U = 0; P < 0.001).
C:P of epilithon increased with elevation (Fig. 3b open symbols; y = 0.07x − 5.0, r2 = 0.57, P = 0.01), but C:P of CPOM
did not vary as a function of elevation (r2 = 0.01, P = 0.81).
However, the C:P of epilithon was consistently lower (range
82–335) than the C:P of CPOM (range 367–1890) across
all sites (Fig. 3b; U = 0; P < 0.001). We found that the N:P
of epilithon was positively related to elevation (Fig. 3c
closed symbols; y = 0.004x + 0.36, r2 = 0.61, P < 0.005),
but N:P of CPOM was not predicted by elevation (Fig. 3c
open symbols; r2 = 0.17, P = 0.24). Average N:P was consistently lower in epilithon (range 5.6–15.8) than CPOM (range
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Fig. 3  Nutrient chemistry of the basal resources (mean ± standard
error, N = 55 for all) with significant relationships with elevation
shown with a regression line. a C:N of epilithon and CPOM across
elevation. b C:P of epilithon (y = 0.0075x + 9.8e−9, r2 = 0.62, P < 0.01)
and CPOM across elevation. c N:P of epilithon (y = 0.004x + 0.36,

r2 = 0.61, P < 0.005) and CPOM across elevation. d %P of epilithon
and CPOM across elevation (y = − 3.0e−5x + 0.20, r2= 0.44, P = 0.04;
y = − 2.2e−5x + 0.15, r2= 0.55, P = 0.01, respectively). All nutrient
ratios are molar

21.3–54.2) across all sites (Fig. 3c; t18 = − 5.81, P < 0.001).
The %P of both epilithon and CPOM was negatively related
to elevation (Fig. 3d; y = − 3.0e−5x + 0.20, r2= 0.44, P = 0.04;
y = − 2.2e−5x + 0.15, r2= 0.55, P = 0.01, respectively), but
the two resource types did not differ significantly in %P
(t18 = − 1.47, P = 0.16). These results indicate the quantity
of autochthonous resources tends to increase with elevation,
but the quality declines with elevation.

r2 = 0.32), signifying greater contribution of autochthonous
resources (epilithon) to BOM composition at higher elevations. Furthermore, our SIAR model output indicated that
the contribution of epilithon to BOM increased with elevation (Fig. 4b, t2,11 = − 3.10, P < 0.01, r2= 0.52).

BOM composition

The SIAR output indicated high variability in the proportion of autochthony across both sites and taxa (Fig. 5). The
mayflies Andesiops and Baetodes tended to assimilate primarily autochthonous resources across all sites, while other

The ΔH in the isotopic composition of BOM declined significantly with elevation (Fig. 4a; t2,53 = − 4.85, P < 0.0001,

Autochthonous contributions in aquatic insects
and stoichiometry
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included) for Leptonema was the best model describing diet.
Some insect taxa had lower %P in their body tissue at higher
elevations, suggesting alleviation of strict homeostasis.
Both Anacroneuria (Fig. 6b; y = 1.42 − 0.00016x, r2= 0.22,
P = 0.004) and Andesiops (Fig. 6b; y = 1.31 − 0.000084x,
r2= 0.18, P = 0.04) had significantly lower %P with increasing elevation. This trend was noted in the other taxa, but
there was not a significant relationship with any other taxa.

Discussion

Fig. 4  a The discrimination between δ2H water and δ2H (N = 55) of
BOM (ΔH). b The average contribution of epilithon to the BOM signature as indicated by our SIAR mixing model results

taxa (e.g., the caddisfly Leptonema) were more variable and
tended to have a greater autochthonous contribution at high
elevations. When all the taxa were combined, our results
suggest a greater propensity for autochthony at higher elevations (Fig. 6a). When assessing whether the quantity or quality of food resources was driving insect diet assimilation, our
analyses showed that both were important (Table 2). However, the nature of the relationships between food resources
and assimilation varied for different insect taxa. For the
stonefly Anacroneuria, the biomass of epilithon and the
N:P of CPOM were both positive predictors in determining
the degree of autochthony in the diet (Table 2). In contrast,
CPOM biomass and C:N ratios were negative predictors for
autochthony in Andesiops. The CPOM C:N was a negative
predictor for autochthony in Baetodes. While average epilithon biomass was a positive predictor and CPOM C:N was
a negative predictor of autochthony in the mayfly Leptohyphes. In the mayfly Thraulodes, average epilithon biomass
was a significant predictor of the percent autochthonous
resources they assimilated. The null model (no predictors
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Our results for headwater streams in the Andean-Amazon
region provide evidence that the higher availability of highquality autochthonous resources with elevation leads to associated patterns in resource consumption and assimilation
by stream insects. This is consistent with work that tested
the RCC by tracking both the abundance of food resources
and abundance and production of functional feeding groups
(Greathouse and Pringle 2006; Grubaugh et al. 1997; Minshall et al. 1992). Additionally, the food webs studied here
showed that insects tended to assimilate higher proportions of the higher quality resource. As found previously
(Lau et al. 2008; Marcarelli et al. 2011; Pilati and Vanni
2007), our stoichiometric analysis indicates that autochthonous foods have lower C:N and N:P overall compared to
allochthonous resources and are thus more nutritional food
resources for consumers than allochthonous foods (Marcarelli et al. 2011; Sterner and Elser 2002). Autochthonous
resources were more abundant at high elevations where light
was more available, and these resources were of higher quality than allochthonous resources across all elevations. While
the availability of algal resources increases with elevation,
these resources tend to decline in nutritional quality with
elevation, which has important implications for stream food
webs in these regions (Tuchman et al. 2002). Determining
the cause of this decrease in resource quality (i.e., if it is
a result of temperature or another factor) with elevation
will be essential to ascertain in the future to enable predictions regarding production and food web structure in these
ecosystems.
The quantity of resources appeared to play a large role in
aquatic insect diets, but the resource quality also influenced
stream insect resource assimilation. Assimilation of food
resources by three insect taxa (Anacroneuria, Andesiops,
Leptohyphes) were determined by both quantity (availability
of CPOM or epilithon) and quality (C:N or N:P) of resources
as indicated by our AIC models, whereas the diet assimilation of Baetodes was most strongly regulated by quality. Our
results support the interactive role that resource availability
and potential food selection plays in resource assimilation
and shows that headwater stream resource base varies dramatically as a function of elevation in the tropics.
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Fig. 5  The probability distributions as indicated by our SIAR mixing
model shown as violin plots of the percent autochthonous-based diet
for our six focal taxa across sites varying in elevation. The white dot

in each plot depicts median, the black box indicates the interquartile
range distribution around the median, and the values falling outside
the black box represent the kernel probability density of the data

There was not a simple relationship within taxa or across
taxa between riparian canopy cover and resource use. The
shift in resource availability, however, highlights the large
degree of flexibility in the diets of these aquatic insects,
as has been found in previous studies (Collins et al. 2016;
Mihuc 1997). This flexibility likely confers a fitness advantage in habitats with suboptimal food quality (Jeyasingh
et al. 2009). Some collector taxa (Andesiops and Baetodes)
and a predator taxon (Anacroneuria) derived almost all their
elements from an autochthonous resource base across sites
regardless of elevation, canopy cover, or autochthonous
resource quantity or quality. One site was an exception (at
2000 m in the Papallacta watershed) in relation to autochthonous resource base quality relative to the allochthonous
resource quality; this site had relatively low epilithon biomass and had the second highest availability and highest
quality CPOM (as indicated by the low N:P) of all our study
streams. These factors likely constrained insects to feed predominantly on allochthonous resources at high rates to maintain homeostasis (Atkinson et al. 2017; Jeyasingh et al. 2009;
Marcarelli et al. 2011).

Our study examined resource availability and assimilation in small tributary streams across elevation. This is in
contrast to other montane gradient studies that have focused
on longitudinal or main stem models (Finn and Poff 2005;
Harrington et al. 2016; Maiolini and Bruno 2007). Our study
indicates that streams above tree line were dominated by
autochthonous resources in both quantity and use (Minshall et al. 1992; Rose et al. 2015), whereas allochthonous
materials became more abundant and contributed more to
consumer diet at lower elevations as has been observed in
western temperate streams (McCutchan and Lewis 2002;
Minshall 1978). Our study showed that stream insect diet
selection and assimilation were reliant on both quantity
and the quality of resources, but depended on elevation.
Resource quantity and quality interact in headwater streams
to influence insect diet across elevation gradient in response
to riparian controls on detrital inputs and in-stream algal
production. This, coupled with insect diet preferences and
flexibility, leads to complexity in production and food web
structure of riverine networks (Finn et al. 2011; Meyer et al.
2007).
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Fig. 6  a Average proportion of autochthony across all of
the focal taxa per site is positively associated with elevation
(y = 0.0001x + 0.32, r2 = 0.16, P < 0.002). b The %P of Anacroneuria
(solid line y = 1.31 − 0.000084x, r2= 0.18, P < 0.05, N = 35) and Andesiops (dashed line y = 1.42 − 0.00016x, r2 = 0.22, P = 0.004, N = 30)
along the elevation gradient

Our results on insect diets are consistent with previous
studies showing that high-elevation, open canopy mountain streams are typically dominated by collector–gatherer
invertebrates that feed primarily on fine detrital particulates
(Greathouse and Pringle 2006). The abundance of specific
functional feeding groups (i.e., collector–gatherers) in previous studies and the preferred assimilation of mixed resources
suggest that a mixture of algae and detritus in coarse and fine
resources is important in mountainous streams (Chará-Serna
et al. 2012; Huryn and Wallace 1987). Further, our data
show that autochthonous-based resources become increasingly important with elevation. Many of the insects studied
here feed on a mix of epilithon and detrital material (also see
Tomanova et al. 2006), but they may still selectively consume or assimilate the higher quality resource (i.e., epilithon
based). Tomanova et al. (2006) presented similar gut content
results showing that Andesiops, Baetodes, Leptohyphes, and
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Thraulodes fed on a mix of fine particulate organic matter and algal material, whereas Baetodes fed more preferentially on algal material. Our data indicate stream insects
are selectively assimilating the higher quality autochthonous
resources. Similar to our findings, Tomanova et al. (2006)
also reported that Leptonema demonstrated little preference
for algal or CPOM material and had a generalist diet. Leptonema functions as a non-selective filter feeder (i.e., feeds
on materials that is captured by its net) and is likely to incorporate all consumable particles into their isotopic signature
regardless of resource quality.
The use of deuterium in conjunction with carbon isotopes
was useful in our mixing model analysis and in discerning
the proportion of autochthonous and allochthonous contribution to BOM. Yet, our use of deuterium in conjunction with
carbon and nitrogen isotopes lowered our model uncertainty
and allowed us to determine source contributions. The deuterium data indicated that the proportion of autochthonous
resources (as indicated by ΔH and mixing models) increased
with higher elevation and that insects tended to rely more on
high-quality autochthonous resources. The high variation in
our mixing model results reflects the variation in isotope signatures across the food resources. Yet, our use of deuterium
in conjunction with carbon and nitrogen lowered uncertainty.
In the Andes, abiotic drivers change along elevation and
influence food quantity and quality. Light availability at high
elevation enhances autochthonous production, but there is
considerable variation in resource availability due to variation in solar radiation within and across sites similar to
findings in other systems (Julian et al. 2011). Disturbance
likely plays an essential role determining food availability
in these Andean streams. Disturbance in this region also
varies with elevation, with mid-elevations tending to be the
most disturbed (Atkinson, pers. obs.). For example, flooding
disturbance alters riparian vegetation and can result in a food
web shift to greater availability and reliance on in-stream
production and altered food chain lengths (Sabo et al. 2010;
Woodward et al. 2016). Further work examining the interactive effects of elevation and disturbance in these streams
will be paramount to determining the controls on food web
structure.
Future alterations to basal food resources in streams may
result from changes in climate, land use, and disturbance
events (e.g., landslides). In tropical mountain systems such
as these, climate-driven changes in both vegetation structure and community composition are anticipated (Gottfried
et al. 2012; Pyne and Poff 2017), which would lead to reductions in autochthonous-based resources and a concomitant
increase in lower quality allochthonous resources. While
several studies have investigated stream food webs through
measuring basal resource quality and changes in functional
feeding groups as a function of network location (March and
Pringle 2003; Minshall 1978; Rosi-Marshall and Wallace
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Table 2  AIC model selection results showing the parameters that predict the degree of autochthony of each taxon
Taxa

Model parameters

K

Log-likelihood

Adjusted R2

AICc

ΔAICc

Akaike
weight
(wi)

Anacroneuria

Average Epi biomass (+), CPOM N:P (+)
CPOM C:N (−)
Null
CPOM N:P (+)
CPOM C:N (−)
Average CPOM biomass (−)
Null
Average Epi biomass (+), CPOM C:N (−)
Null
CPOM C:N (−)
Average CPOM biomass (−)
CPOM N:P (+)
Average Epi biomass (+), CPOM C:N (−)
Average Epi biomass (+)
Average Epi biomass (+), CPOM N:P (+)
Null
CPOM C:N (−)
Average Epi biomass (+)
Average CPOM biomass (−)
Average Epi biomass (+)
CPOM C:N (−)

4.00
3.00
2.00
3.00
3.00
3.00
2.00
4.00
2.00
3.00
3.00
3.00
4.00
3.00
4.00
2.00
3.00
3.00
3.00
3.00
3.00

11.90
3.98
− 1.67
0.85
2.26
1.86
− 1.22
3.23
− 0.53
1.60
0.66
0.54
12.57
7.46
10.15
− 0.46
1.60
3.33
0.07
5.55
2.21

0.98
0.80
0.00
0.51
0.47
0.43
0.00
0.55
0.00
0.41
0.26
0.23
0.93
0.77
0.88
0.00
0.41
0.40
0.14
0.76
0.26

4.20
6.00
10.30
12.30
4.90
5.70
7.90
8.20
7.50
8.80
10.70
10.90
− 3.80
− 2.90
1.00
7.90
11.00
11.40
13.90
6.90
13.60

0.00
1.83
6.14
8.10
0.00
0.79
3.02
3.30
0.00
1.34
3.22
3.46
0.00
0.88
4.83
0.00
3.07
3.42
5.93
0.00
6.70

0.72
0.29
0.03
0.01
0.32
0.24
0.08
0.07
0.48
0.25
0.10
0.10
0.55
0.35
0.05
0.65
0.14
0.12
0.03
0.42
0.01

Andesiops

Baetodes

Leptohyphes

Leptonema

Thraulodes

Models are shown in order of their ability to predict the proportion of autochthony of each taxon and models in boldface represent models in
which P < 0.05. K is the number of variables in the model. The ΔAICc is the difference between the AIC of the best fitting model and that of
model i. The wm is the normalized relative likelihood values known as the model weights

Parameters included in the model are: average epilithon biomass, CPOM biomass, N:P of both epilithon and CPOM, and C:N of both epilithon
and CPOM

2002), few have examined the interaction with food quality across gradients. We found not only clear differences
between food resource type (autochthonous vs. allochthonous) resource qualities, but also strong differences in quality as a function of elevation. Our results provide detailed
insight into how resource quality and quantity change along
an elevation gradient in tropical mountain streams, but more
work is needed to understand the repercussions of these differences in food quantity and quality to better understand
and predict ecological responses such as changing resource
availability and food web structure in response to climate
change (Sala et al. 2000; Walther 2010; Woodward et al.
2010). Changes in the occurrence of extreme rain events
(i.e., disturbance) have the potential to disrupt trophic relationships across ecosystems (Pires et al. 2016; Poff et al.
2018). These potential alterations in food quality and quantity could have strong impacts on community structure and
ecosystem function. Further work needs to assess the role of
various food resources to supporting aquatic organisms and
how projected changes may lead to alterations in community
structure, stream food webs and ecosystem function.
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