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Urbanization is a major driver of stream ecosystem impairment and is typically
associated with multiple stressors and species loss. A challenge is to understand how
those stressors alter the relationship between biodiversity and ecosystem functioning
(B-EF). Amongst the Andean streams of southern Ecuador, we assessed the response
of shredder diversity and organic matter breakdown (OMB) to urbanization and
identified the urban-associated stressors disrupting the B-EF relationship. A leaf-litter
bag experiment during stable flow conditions in 2016 was carried out to quantify
total OMB and shredder-mediated OMB, which was estimated to represent the
B-EF relationship. We calculated the taxonomic and functional diversity of shredder
invertebrates associated with leaf packs. Also, a suite of physicochemical and habitat
stressors was measured weekly during the field experiment. Along with the urbanization
gradient, both taxonomic and functional diversity of shredders declined while OMB
rates decreased. Shredders were absent and their contribution to OMB was null
at the most urbanized sites. The B-EF relationship was interrupted through nutrient
enrichment, physical habitat homogenization, riparian vegetation disturbance, and leaf-
litter availability as a consequence of urbanization. Our results demonstrate how
species loss spreads to and affects ecosystem functions in urbanized streams and
how environmental stressors alter the B-EF relationship. Better land-use practices are
crucial in Andean catchments to guarantee ecosystem services which are the result of
successful B-EF relationships.

Keywords: shredders diversity, leaf breakdown, tropical Andes, urbanized streams, biodiversity-ecosystem
function relationship

INTRODUCTION

Aquatic ecosystems contain high biodiversity, but at the same time, they exhibit faster species loss
than marine or terrestrial ecosystems (Collen et al., 2014; Sdnchez-Bayo and Wyckhuys, 2019).
Unfortunately, species loss also implies a reduction of ecosystem functions (Cardinale et al., 2006).
Species diversity is crucial for the dynamics and basic functioning of ecosystems, and for that
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reason, the relationship between biodiversity and ecosystem
functioning (B-EF) has been well established and is a central
research issue (Loreau et al, 2001; Tilman et al, 2014).
Also, the B-EF relationships can be altered by environmental
gradients, leading to complications in predicting the effects of
species loss within ecosystems subjected to environmental stress
(McKie et al., 2009). Therefore, it is imperative to understand
the mechanisms that interrupt this relationship by way of
environmental disturbance gradients such as urbanization.
Urbanization is a complex process involving permanent
changes to the landscape such as the transformation of land
use from rural (i.e., forest, agriculture) to urban (Antrop, 2004).
Also, urbanization is related to numerous stressors that interact
synergistically upon streams (Walsh et al., 2005), affecting the
hydrology, chemistry, and aquatic communities via multiple
pathways (Paul and Meyer, 2001; Walsh et al., 2005). Urbanized
streams often show a reduction in channel width and streambed
substrate size due to sediment inputs, as well as showing
channelization, impervious surfaces and flashy stream flows
(Allan, 2004; Walsh et al., 2005). Water quality is degraded
via an increase in nutrient concentrations and other pollutants
such as pathogens, metals, hydrocarbons, and microplastics from
sewage inputs and urban runoff (Guerrero-Latorre et al., 2018;
Vésquez et al., 2019; Donoso and Rios-Touma, 2020; Montalvo-
Cedillo et al., 2020). Also, the riparian margins of urbanized
streams typically suffer native vegetation loss with invasions of
exotic plants (Guida-Johnson et al., 2017). When these stream
characteristics are altered by urbanization there will be adverse
consequences for the macroinvertebrate communities (Roy et al.,
2003; de Jesus-Crespo and Ramirez, 2011; Hassett et al., 2018),
resulting in species loss (Chadwick et al,, 2006; Urban et al,
2006) that can lead to a disruption of the biodiversity-ecosystem
function relationship (Meyer et al., 2005; Tilman et al., 2014).
Therefore, the interruption of this interaction can turn into a
serious issue at the ecosystem level when keystone species are
removed or replaced from streams (Ifiguez-Armijos et al., 2016).
Macroinvertebrates can play important roles in stream
ecosystem functioning (Wallace and Webster, 1996). For
instance, organic matter breakdown (OMB) is mediated by
shredder invertebrates, as well as by leaching, microbial
conditioning, and physical abrasion (Gessner et al., 1999). Indeed,
shredder importance on OMB has been well documented in
different regions (Jonsson et al.,, 2001; Li and Dudgeon, 2009;
Dangles et al, 2011). Shredders fragment coarse particulate
organic matter (CPOM) into smaller particles to make organic
carbon available for other aquatic consumers or ecosystem
processes (Gessner et al., 1999; Ramirez and Gutiérrez-Fonseca,
2014). Most of the leaf-shredding invertebrates in Neotropical
streams belong to Trichoptera and Plecoptera, and a few taxa are
members of Coleoptera, Ephemeroptera, and Diptera (see Table 1
in Ramirez and Gutiérrez-Fonseca, 2014). Indeed, shredders
of these orders have been demonstrated to be essential for
the functioning of montane streams in the Neotropical region
(Encalada et al., 2010; Dangles et al., 2011; Iniguez-Armijos
et al., 2016, 2018b), despite being a species group showing a
low richness in the tropics as compared to temperate streams
(Boyero et al., 2011). Unfortunately, as an effect of urbanization,

most of the sensitive aquatic insects (i.e., Trichoptera, Plecoptera,
and Ephemeroptera) are reaching alarming rates of species loss
worldwide (Sdnchez-Bayo and Wyckhuys, 2019) removing taxa
with key functional feeding habits (e.g., Trichoptera shredders),
and “breaking down” the linkages of these taxa with certain
crucial ecosystem functions such as OMB.

Ecosystem functioning refers to ecological processes
determined by the activity of biodiversity (Tilman et al,
2014). Nonetheless, this close relationship can be altered by
several environmental stressors. Taking into consideration the
Millennium Ecosystem Assessment (MEA, 2005), urbanization
has a large effect on the integrity of freshwater ecosystems and
its associated environmental stressors (e.g., nutrient enrichment)
are seriously affecting stream ecosystem functions such as OMB
(Meyer et al.,, 2005). Naturally, nutrients are important drivers of
OMB in the tropics (Tiegs et al., 2019), and nutrient enrichment
will disturb this ecosystem function as well as other stream
parameters. Several studies have reported that urbanization has
negatively affected both decomposer communities and OMB
through nutrient enrichment and hydrologic alteration (e.g.,
Chadwick et al., 2006; Martins et al., 2015; Ifiiguez-Armijos
et al., 2016). However, because biodiversity and ecosystem
functioning respond to stressors in different pathways (Sandin
and Solimini, 2009), the joint application of structural and
functional metrics to quantify the response of stream ecosystems
to a stressor such as urbanization is adequate (Clapcott et al.,
2012). Taxonomic metrics can indicate how the organization
of aquatic communities responds to environmental stress,
while functional biological traits can provide information on
multiple-stressor effects and insights into potential mechanisms
(Lange et al, 2014). Besides, if ecosystem processes such as
OMB rates are quantified, a more comprehensive response to
environmental stress gradients can be obtained (Riipinen et al.,
2009; Vofd et al., 2015), which is challenging when only structural
metrics are considered.

In this study, we used shredder diversity (taxonomic and
functional diversity) and OMB rates to quantify the effects
of urbanization on stream integrity in an Andean catchment
influenced by a rapid and unmanaged metropolitan expansion.
In particular, we examined (i) how shredder invertebrates
are affected by an urbanization gradient, (ii) whether OMB
rates are similarly affected by the urbanization gradient, and
(iii) which environmental variables altered by urbanization are
disturbing the biodiversity—ecosystem function relationship (i.e.,
shredder-mediated OMB rates). We hypothesized that the loss
of shredder diversity due to urbanization also spreads to and
affects ecosystem functioning in Andean streams by decreasing
organic C processing.

MATERIALS AND METHODS
Study Area and Sampling Sites

This study was conducted in the city of Loja and its surroundings,
the southern Ecuadorian Andes between 2,000 and 2,350 m a.s.l.
(Figure 1). The study area is a densely populated headwater
catchment (& 200,000 inhabitants) of the Zamora River basin
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FIGURE 1 | Location of the study area and sampling sites around the city of Loja in the southern Ecuadorian Andes. Colors indicate the land-use gradient studied
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with 276 km? mainly covered by native vegetation and pasture,
as well as urbanization (Ifiguez-Armijos et al., 2014). The native
vegetation is composed of evergreen mountain forests, humid
and dry shrubs, cloud forest, and paramo (a type of tropical alpine
grasslands). Historically, native vegetation has been disturbed by
human activities and has been restricted to the upper section of
the catchment (Ochoa-Cueva et al., 2015; Tapia-Armijos et al.,
2015). Pasture land is located in the surroundings of the city and
extends to the native vegetation. Pastures are mainly dedicated
to livestock and a few small plots for farming while small pine
plantations can be also found (Ifniguez-Armijos et al., 2016).
The urban area of the city is highly developed, presenting a
mixture of residential and commercial land. The city is located
along the valley and has grown toward the outskirts. This
urban sprawl has transformed land cover around the city from

forest to pasture and then to urban over decades, leaving an
urbanization gradient within the catchment. Sewage is not treated
and agricultural and urban runoff is not managed. Also, the city
evidences heavy metal accumulation and solid waste pollution
within the environment and river waters (Benitez et al., 2019;
Vésquez et al., 2019).

Therefore, we selected 12 independent streams along such an
urbanization gradient, having three replicated streams at urban
(Ur), pasture (Pa), forest mixed with pasture (FP), and forest
(Fo) sites, respectively (Figure 1). Also, this urbanization gradient
has been demonstrated to be environmentally contrasting among
sites and has negatively affected biota (Chuquimarca et al,
2019). All studied streams are similar in size (2nd order) and
geology. Fo sites are located in a secondary mature forest, and
for that reason they were considered as reference sites. The
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riparian vegetation is mostly dominated by trees and shrubs
of native species. These streams are healthy ecosystems and
are used for the water supply of the city of Loja. FP sites are
characterized by the presence of native vegetation mixed with
cropped grasses of Pennisetum clandestinum, and planted trees
of Alnus acuminata, and Eucalyptus globulus along the riparian
margins. Cattle ranching is occasional at these sites, and some
areas show a narrow minor road parallel to the streams and
very few houses in proximity. Pa sites are characterized by
several open-canopy reaches dominated by cropped grasses of
P. clandestinum with isolated planted trees of A. acuminata,
E. globulus, and Salix pyramidalis. The grassland is frequently
fertilized with animal manure and is entirely dedicated to cattle
ranching. There is no livestock exclusion along the riparian
margins, thus cattle normally use these streams as a water
source. There are minor settlements and people have small crops
for daily subsistence. Pa streams show bank erosion, channel
narrowing, water abstraction, and agricultural drainages. In Ur
sites, riparian margins are restricted to a thin (2-10 m width)
section with planted trees (e.g., A. acuminata, E. globulus, and
S. pyramidalis) and exotic ornamental vegetation bordered by
impervious surfaces or buildings. Ur streams show concrete
channelization, untreated sewage loads, stormwater discharges,
and garbage accumulation. At each stream, we placed a sampling
site consisting of a 30 m reach located downstream of the
target land cover.

Environmental Variables

In the dry season of 2016 (September), during the period of
stable flow conditions, a total of 16 environmental variables
were measured (Table 1). Water temperature, conductivity,
pH, and dissolved oxygen were measured using a YSI 556
multi-probe meter (Yellow Springs, OH, United States);
whereas the concentration of dissolved inorganic nitrogen
(DIN = nitrate + nitrite + ammonium), dissolved reactive
phosphorus (DRP), and turbidity were determined in the
laboratory using standard methods (APHA, 2017). Channel
width and depth, and current velocity were determined at
four to six points along each sampling site using a flowmeter
FP311 (Global Water, Rancho Cordova, CA, United States).
These variables were measured four times in 7-days intervals
throughout the OMB experiment (see below). Substrate
size was estimated visually by four randomly placed plots
(I x 1 m) at each sampling site. The percent of silt, sand,
gravel, pebble, cobble, boulder, and bedrock was determined
according to the Wentworth scale to calculate a substrate index
(Harding et al., 2009).

We quantified the percentage of land covered by native
forest, pasture, crops, plantations, and urbanization within each
catchment of the 12 selected streams. Land cover was obtained
upstream of the sampling sites using an open-access GIS and
a land-use map for 2016 obtained from another study. Also,
we quantified riparian canopy cover (%) at four equidistant
points from hemispherical photographs taken at 1.3 m above the
water surface. Photographs were acquired with a digital camera
equipped with a fish-eye lens and then processed in Gap Light
Analyzer Version 2.0.

Ecosystem Functioning

Leaf-litter breakdown was used as a measure of stream ecosystem
functioning. We applied the leaf bag technique (Barlocher, 2005;
Benfield et al., 2017) using freshly fallen leaves of Andean alder
(Alnus acuminata Kunth), croton (Croton rimbachii Croizat),
and eucalyptus (Eucalyptus globulus Labill.). These species are
common in the riparian zone of the studied streams, where
croton is the only native species while alder and eucalyptus are
introduced species. By using different litter types, we considered
potential variation in shredder colonization and breakdown rates.
We enclosed 4 & 0.05 g of air-dried leaves in 15 x 15 cm coarse
mesh bags (10 mm) to allow access by shredders. Moreover, fine
mesh bags (0.5 mm) were also used to exclude shredders and to
estimate microbial breakdown. This step allowed us to quantify
the contribution of shredders to total breakdown (McKie et al.,
2009), as explained below.

At each sampling site, four coarse and four fine mesh bags
of each litter type were tied to the substrate with iron bars and
incubated for 30 days before retrieval. The timing was selected
to achieve 50% of mass loss based on a previous study (Ifiguez-
Armijos et al., 2016), which minimizes variation between leaf bags
as a result of extended incubation periods (Tiegs et al., 2009).
After retrieval, leaf bags were transported individually in zip-lock
bags to the laboratory, and leaf material was carefully rinsed to
remove sediments and to recover invertebrates. Then, we dried
(48 h/50°C), weighed, combusted (4 h/500°C), and reweighed
leaf material to obtain ash-free dry mass (AFDM) (Birlocher,
2005). An extra set of 5 leaf bags of each litter type was similarly
treated to correct for mass loss of the final AFDM caused by
handling (Barlocher, 2005).

Over the 30 days, at each sampling site, we recorded water
temperature in 1 h intervals using HOBO pendant data loggers
(Onset, MA, United States) placed within the mesh bags and
secured to the iron bars. This data was used to calculate the
sum of degree days (dd~!) during the incubation period to
standardize the breakdown rate (k) by temperature, and to reduce
differences between stream types. Then, breakdown rates were
estimated using an exponential decay model per degree days

(k dd—1), as follows:
k=—In (ﬁ) /t
Wo

where Wy, is initial air-dried mass, W, is final AFDM at time ¢, and
tis incubation time in degree-days. Total breakdown rates (k;yz1),
which is the breakdown in coarse mesh bags, were corrected for
microbial breakdown (kcoarse — kﬁne) to calculate the contribution
of shredders invertebrates (kg edgers) to this ecosystem process
(McKie et al., 2009; Table 1).

Shredder Diversity

All invertebrates recovered from the coarse mesh bags were
counted and identified to the lowest taxonomic level (usually
genus) using available literature for South America (Dominguez
and Fernandez, 2009). Then, we assigned the invertebrates to a
functional feeding group (Ramirez and Gutiérrez-Fonseca, 2014).
For this study, we only selected shredder invertebrates from
the macroinvertebrate community to be directly associated with
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TABLE 1 | Range values (min — max) of the set of environmental variables, shredder diversity, and breakdown rates measured in Andean streams (n = 12) along an

urbanization gradient in southern Ecuador.

Units Fo FP Pa Ur PC1 PC2
Water chemistry
Temperature °C 13.9-14.8 15.0-17.3 16.6-17.7 14.1-16.6
Conductivity nS-cm~1 10-30 27-128 52-253 110-374
pH 7.1-8.6 7.7-8.5 8.0-8.5 7.4-8.0 t
DO mg-L~" 6.6-8.3 71-7.9 7.2-7.9 2.2-57 t
DIN mg-L~! 0.93-2.30 0.29-5.74 1.23-4.05 6.20-19.17 t
DRP mg-L~" 0.06-0.33 0.07-0.47 0.06-0.37 0.36-2.62 t
Turbidity NTU 0.59-1.90 1.32-38.57 11.80-320.00 37.90-212.00 t
Hydraulic
Channel width m 2.56-6.37 1.69-3.05 1.57-2.94 1.04-2. 87
Channel depth cm 15.25-43.5 7.33-22.67 8.60-19.46 5.80-13.25 t
Current velocity cm-s™! 0.45-1.15 0.34-0.83 0.40-0.52 0.22-0.50 t
Substrate size
Silt % 0-3 1-15 0-10 35-75
Sand % 4-17 8-19 5-33 0-13
Gravel % 10-35 15-38 8-55 0-25
Pebble % 18-39 9-45 8-68 5-25
Cobble % 3-33 5-45 2-38 0-25
Boulder % 0-40 0-35 0-30 0-35
Bedrock % 0-0 0-0 0-0 0-0
Substrate index 9.7-23.0 13.4-36.9 13.0-37.9 45.6-87.7 t
Land cover
Canopy cover % 67.2-82.6 20.9-72.9 16.6-64.9 23.7-71.8 t
Forest % 98.2-99.2 45.8-63.1 11.8-36.1 14.1-23.1
Pasture % 0.8-1.8 33.4-51.4 63.3-75.3 52.2-58.3
Urban % 0.0-0.0 0.0-0.0 0.0-0.0 23.5-30.4 t
Shredder invertebrates
Richness taxa/bag " 0-5 0-6 0-5 0-0
Abundance ind./bag™’ 0-17 0-21 0-13 0-0
Breakdown rates
Kcoarse dd~! 0.0020-0.0043 0.0017-0.0042 0.0012-0.0023 0.0004-0.0012
Kfine dd—* 0.0014-0.0036 0.0012-0.0022 0.0009-0.0017 0.0008-0.0011
Kshredders dd~’ 0.0003-0.0010 0.0002-0.0025 0.0001-0.0007 —0.0005-0.0002

The symbol t indicates the variable significantly loaded to an axis of the sparse Principal Components Analysis.

leaf litter breakdown. We are aware that macroinvertebrates can
exhibit a dietary shift under polluted conditions, but shedders
will not change their food source and are prone to be eliminated
when severe pollution is present (Yule et al., 2010). We classified
all shredder invertebrates according to three biological traits
(size, life cycle duration, respiration) and 14 different modalities
based on the literature available (Tachet, 2000). Traits such as
food, dietary preference, or reproduction were excluded for being
similar among shredders in this study.

For each litter type, we calculated taxonomic richness (taxa
per bag_l) and abundance (individuals per bag_l) of shredders
in the R environment (R Development Core Team, 2020) using
the “vegan” and “BiodiversityR” packages (see Table 1). Also,
we estimated functional richness and Rao’s quadratic entropy
(RaoQ) based on Gower’s distances of our biological traits
using the “FD” package (Laliberté et al.,, 2014). In particular,
we used these metrics for being adequate for testing ecological
impairment across environmental gradients. Functional richness

measures the amount of multidimensional functional space
occupied by the community in multi-trait studies; whereas RaoQ
measures the differences among functional entities within a
community (Villéger et al., 2008; Laliberté and Legendre, 2010).
Since no shredder species were recorded in the most urbanized
streams, for practical and representational purposes we added
zero values for functional diversity at these sites.

Urbanization Gradient

We produced an urbanization gradient using the environmental
variables indicated in Table 1 in a sparse Principal Components
Analysis (sPCA) (Zou et al., 2006; Croux et al., 2013) because
it facilitates interpretation by reducing the number of variables
loading in a principal component. We ran the sPCA using
the “pcaPP” package (Filzmoser et al., 2018), and following
an open access routine for R available at https://github.com/
rbslandau/Function_div, which has been used to obtain a
similar environmental stress gradient (Vof3 and Schifer, 2017).
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Before sPCA, the 16 environmental variables were inspected for
normality using the Shapiro-Wilk test (“stats” package) and were
log or square root-transformed as needed. Logit transformation
was used for percentages such as canopy cover. To address
collinearity, we applied the Variation Inflation Factor (VIF)
using the “usdm” package (Naimi, 2015) and considering a VIF
threshold of >7 to exclude variance-inflated variables (Zuur et al.,
2007). We used this method because non-linear relationships can
also be detected in contrast to correlation analysis (Feld et al,
2016). Consequently, a set of 11 variables was analyzed in the
sPCA, obtaining a first principal component (PC1) explaining
53% of total variance between streams and loading 10 out of
11 environmental variables (see Table 1). The scores of the
PCI increased from forested to urbanized streams facilitating
environmental interpretation, i.e., increasing scores are related to
increased stress. Therefore, we refer to PC1 as the urbanization
gradient hereafter.

Response to Urbanization Gradient
Zero-inflated models (ZIM) were applied to determine how
taxonomic and functional diversity of shredder invertebrates are
affected by the urbanization gradient. Using the “glmmTMB”
package (Brooks et al, 2017), ZIMs were built based on
Poisson and Negative binomial distributions for taxonomic and
functional metrics, respectively. Otherwise, generalized additive
models (GAMs) with a gaussian distribution were applied to
determine if total (k) and shredders-mediated (Kguredders)
breakdown rates were similarly affected by the urbanization
gradient. We used GAMs because they can fit variation in data
structures that have a complex non-linear relationship with
response variables (Zuur et al., 2007). Model residuals were tested
for normality and homoscedasticity assumptions.

Finally, we applied GAMs to identify which environmental
variables associated with the urbanization gradient significantly
alter the B-EF relationship. Therefore, we did a variable selection
from the environmental variables associated with PC1 following
a procedure described in Feld et al. (2016). This step allowed
us to select the least statistically redundant predictors and the
most ecologically meaningful ones per each group of variables. To
represent the B-EF relationship, we used kgpedders @s an indicator
of such interaction considering that this rate reveals the role of
shredder invertebrates on OMB during the incubation period.
Variables were log or square root-transformed before analysis if
needed. We started with a full model including all predictors until
obtaining a simplified model selected with Akaike’s information
criterion (AIC) (Zuur et al., 2007; Wood, 2017). GAM models
were built using the “mgcv” package (Wood, 2017).

RESULTS

Shredder Diversity and Urbanization

A total of 291 shedder invertebrates belonging to nine genera
of eight families and four orders were collected across all
sites (Supplementary Table S1). No shredders were found at
urban sites, whereas the lowest shredder richness was observed
at pasture sites with seven taxa and the highest at mixed

forest-pasture and forest sites with eight taxa each. Moreover,
mixed forest-pasture and forest sites had a greater number of
shredder invertebrate individuals than other sites. ZIM models
(Table 2), indicated that the effect of the urbanization gradient
was negative on both taxonomic richness and the abundance of
shredders (Figures 2A,B). Urbanization also negatively affected
the functional richness and RaoQ of shredder invertebrates, but
the response of functional diversity was a gradual decrease along
the urbanization gradient (Figures 2C,D).

Breakdown Rates and Urbanization

On average, ki was 0.0019 dd~! and the contribution of
shredders to OMB was much lower than microorganisms
(Table 1 and Supplementary Table S2); indeed, Kkgyedders
represented around 21% of total breakdown. GAM models
(Table 3), indicated that OMB responded negatively along the
urbanization gradient, being faster in forest sites and diminishing
toward urbanized sites (Figure 3A). However, the response of
OMB mediated by shredders showed a drastic decrease at urban
sites (Figure 3B).

Urbanization and the Biodiversity and
Ecosystem Function Relationship

After the selection process for environmental variables associated
with the urban gradient (i.e., PC1) for GAM modeling, DRP, pH,
turbidity, and substrate size were retained. DIN and dissolved
oxygen were highly correlated with DRP; whereas channel
width and depth, and current velocity were highly correlated
with substrate size. We excluded urban land cover for being a
variance-inflated variable. GAM modeling indicated that DRP
and substrate size were the most meaningful variables and
had a strong negative effect on kg edgers> 1-€., B-EF relationship
(Figure 4), each explaining 39 and 41% of the deviance explained,
respectively (Table 3).

DISCUSSION

Although the relationship of B-EF has been extensively studied
in temperate ecosystems (Tilman et al., 2014), it is still necessary
to understand how environmental disturbance gradients can
alter this relationship in neotropical streams. In this study, we
assessed the response of taxonomic and functional diversity
of shredder invertebrates as well as OMB rates along an
urbanization gradient in Andean streams. We detected that the
diversity of shredder invertebrates decreases from natural to
more urbanized sites and that shredders are absent in urban
streams. We also found that OMB rates are negatively affected
along the urbanization gradient, slowing down this ecosystem
process toward urban sites and that urban-associated variables
representing water chemistry (e.g., DRP) and physical habitat
(e.g., substrate size) of the streams are altering the relationship
between shredders and OMB.

DRP is produced by phosphate inputs to stream ecosystems
from wastewater coming from sewage systems of the urban
areas (Paul and Meyer, 2001). In our study, DRP concentrations
were low at forest sites but increased considerably toward
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TABLE 2 | Summary of the zero-inflated models (ZIM) showing the response of the taxonomic and functional diversity of shredder invertebrates along an urbanization

gradient in Andean streams of southern Ecuador.

Predictor Estimate SE z p
Taxonomic diversity
Richness Urbanization gradient —0.39 0.119 —3.260 0.001
Abundance Urbanization gradient —0.50 0.143 —3.526 <0.001
Functional diversity
FRic Urbanization gradient —0.01 0.005 —2.288 0.022
RaoQ Urbanization gradient —0.02 0.005 —3.260 0.001

SE, standard error, z-values, and p-values are shown (significant difference at p < 0.05 level is indicated in bold).

FIGURE 2 | Response of the taxonomic richness (A), abundance (B), functional richness (C), and Rao’s quadratic entropy (D) of shredder invertebrates to an
urbanization gradient in Andean streams. Gray line represents the ZIM model fitting and the shadows show the 95% confidence interval. Colored circles represent
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urban sites (up to 25-fold greater). At the same time, we
observed a decrease in the taxonomic and functional diversity
of shredder invertebrates and a slowdown in OMB along the
urbanization gradient. Although a moderate increase in the
concentration of nutrients such as P can stimulate OMB by
shredders in temperate streams (Woodward et al., 2012), in

montane Andean streams the increasing of P has been shown to
slow down this OMB (Ifiguez-Armijos et al., 2016). Other stream
parameters such as dissolved oxygen and DIN were negative
and positively associated with DRP, respectively. This correlation
can be explained by the same land-use intensification along
the urbanization gradient, which facilitates the incorporation of
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TABLE 3 | Summary of the generalized additive models (GAMs) showing (A) the response of the total and shedder-mediated breakdown rates along an urbanization
gradient in Andean streams of southern Ecuador; and (B) the response of the biodiversity-ecosystem function (B-EF) relationship, represented by kspredgers, to the
environmental stressors associated with urbanization that were identified as the best predictors.

Predictor eDF F p Deviance explained (%)

A
Breakdown rates
Ktotal Urbanization gradient 3.491 41.02 <0.001 80.4
Kshredders Urbanization gradient 3.151 10.19 <0.001 48.9
B
B-EF relationship
Kshredders DRP 3.005 7.28 <0.001 39.6

Substrate size 1.922 12.69 <0.001 41.4

eDF, estimated degrees of freedom, F-statistic, and p-values are shown (significant difference at p < 0.05 level is indicated in bold).

A o B
° °
0.004 .
0.00107 L ]
°
e .
—~ °
s D003 T
i S
§ =, 0-00051
3 3
S 0.002 4
x £ °
=< 0.0000; -
®
0.0014 5 Q.
O
.~
1w ® 000050y o P ®
4 2 0 2 4 4 2 0 2 4
Urbanization gradient Urbanization gradient

FIGURE 3 | Response of the organic matter breakdown to an urbanization gradient in Andean streams. kit (A) is breakdown estimated from coarse mesh bags,
whereas Kspregaers (B) is the difference of the breakdown estimated between coarse and fine mesh bags. Gray line represents the GAM model fitting and the shadows
show the 95% confidence interval. Colored circles represent the forest (dark green), forest-pasture (light green), pasture (salmon), and urban (gray) sites, respectively.
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FIGURE 4 | Response of the biodiversity-ecosystem function (B-EF) relationship against two environmental variables associated with the urbanization gradient. The
B-EF relationship is represented by kshreqders, While dissolved reactive phosphorus (DRP) (A) and substrate size (B) were selected as the most meaningful variables.
Gray line represents the GAM model fitting and the shadows show the 95% confidence interval. Colored circles represent the forest (dark green), forest-pasture (light
green), pasture (salmon), and urban (gray) sites, respectively.
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organic and inorganic pollutants that interact synergistically and
reduce the stream ecosystem integrity (Paul and Meyer, 2001).
The increase in N and P concentrations from sewage (e.g., human
waste and detergents) and higher water temperatures caused
by light penetration can decrease the dissolved oxygen (Allan,
2004). Nutrient enrichment and warmer temperatures favor
microbial activity which increases respiration rates and decreases
the availability of oxygen in the streams (Walsh et al., 2005).
High nutrient concentrations and water temperature, along with
reduced dissolved oxygen, combined, can interact reducing or
eliminating altogether shredder invertebrates (Couceiro et al,
2006; Iniguez-Armijos et al,, 2016). This pattern is supported
by our findings, but we also observed that the reduction in
OMB by shredders can be attributed to an abrupt loss of their
taxonomic and functional diversity toward more urbanized sites
as an effect of nutrient enrichment, water temperature and low
availability of dissolved oxygen. Our evidence makes it clear that
the aforementioned water chemistry variables have a negative
effect on this B-EF relationship, but we believe that other urban-
associated stressors are also disruptive.

Concerning substrate size, riparian land-use change, and
bank erosion, all produce streambed sedimentation in urbanized
streams, reducing substrate size and its heterogeneity affecting
negatively upon macroinvertebrate diversity (Couceiro et al,
2010). After the loss of macroinvertebrate taxa such as shredders
due to the alteration of substrate size and type, their ecological
role will be also affected. In our study, we found that the more the
urbanization gradient increases, the less the substrate size which
is largely dominated by sand, silt, and mud. This consequence
can explain the strong negative effect of substrate size on OMB
mediated by shredders and their loss of taxonomic and functional
diversity. Size and type of the substrate determine the presence
of several members of the macroinvertebrate community in
Andean stream ecosystems since the substrate provides habitat,
refuge, and food (Miserendino and Pizzolon, 2004). Therefore,
as the heterogeneity and size of the substrate decrease, there
would be a loss of taxonomic and functional diversity of leaf-
shredding invertebrates, thus affecting their contribution to OMB
at the ecosystem level. Other hydraulic parameters such as
channel width and depth, and current velocity were negatively
correlated to substrate size. In the Andes, streams in natural
areas are wide and deep and show high current velocity and
turbulent flow, while the streambed presents differing substrate
sizes and contains several shredder invertebrate taxa (Ifiiguez-
Armijos et al., 2018a; Vimos-Lojano et al., 2020). On the contrary,
the studied streams at urban sites presented a laminar flow
and the slowest current velocity as a consequence of sediment
deposition in the streambed dominated by small particle sizes
such as silt and mud. However, during rainy events, we could
observe flashy storm flows in these urban sites, which is a
classical hydrologic pattern exhibited in urban streams (Walsh
et al,, 2005). Also, these streams were more narrow due to
channelization/streambed erosion, and have been documented
as lacking shredder invertebrates (Ifiguez-Armijos et al., 2016).
All these aspects have been observed in other tropical streams
resulting as well in the elimination of shredders and their food
source at the most urbanized streams (Yule et al., 2010, 2015).

The alteration of these hydraulic variables, as we have described
here, has negatively affected the OMB in tropical streams (e.g.,
Martins et al., 2015); and in our case, we believe that it has
resulted in the loss of the taxonomic and functional diversity of
shredder invertebrates, their availability, as well as their capacity
for organic matter processing in Andean stream ecosystems.
Although we did not measure litter inputs and litter quality,
we believe that shredders were also affected by the availability and
quality of allochthonous organic matter along the urbanization
gradient. Leaf litter inputs and retention of leaf packs in the
streams are dependent on riparian land use and in-stream
conditions such as substrate and current velocity (Hagen et al,,
2010). The homogenization of streambed substrate and flashy
stream flows may be preventing the accumulation of leaf packs
toward the most urbanized sites which also contributes to
shredder loss. Leaf packs are crucial for shredders as they provide
habitat and food (Richardson, 1992). On the other hand, urban
streams are typically poorly shaded and warmer, and particularly
when they are channelized, a shift in basal food sources can
occur whereby primary consumers such as shredders are replaced
by scrapers. The energy supply of food webs in these kinds of
urban streams is extensively supported by autochthonous sources
(e.g., by algal growth) contrasting with the forested streams
supplied by allochthonous organic matter (Yule et al, 2010,
2015). Conversely, our urban streams showed a canopy cover
similar to forest-pasture streams, but riparian vegetation was
dominated by invasive eucalypt trees (E. globulus), which in
turn suggests that these urban streams are not poorly shaded
but are of poor-quality litter canopy instead. From a shredders’
perspective, leaves of E. globulus are poor-quality (tough and
high in tannins) and low-quantity litter which even affect the
shredder fitness (Canhoto and Graca, 1999; Correa-Araneda
et al, 2015), and along eucalypt-canopied streams their role on
OMB can be diminished due to lower colonization (Ferreira et al.,
2015). Therefore, depending on identity/quality of litter and the
decomposer community, invasive trees may not provide leaf litter
that similarly supports the functioning of stream ecosystems as do
native trees (Kuglerova et al., 2017). It is also possible that there is
lower retention of organic matter due to flashy flows and lack of
cobbles and boulders to trap leaf litter. Further research should
consider all these aspects related to riparian vegetation loss to
have more evidence of the lack of shredders at these urban sites.
Decades of research were needed to understand the leading
role of biodiversity in the dynamics and functioning of
ecosystems, and to quantify the positive effect of species diversity
on ecosystem processes (Tilman et al., 2014). Macroinvertebrates
play important roles in the functioning of stream ecosystems,
among others, as shredder invertebrates contribute to the
C cycle by feeding on CPOM (Ramirez and Gutiérrez-
Fonseca, 2014). However, anthropogenic environmental stress
has negatively affected the taxonomic and functional diversity
of macroinvertebrates, reflecting negatively on the ecosystem
functioning of temperate streams (Vof3 and Schifer, 2017). In
our study on Andean stream ecosystems, we observed that
the urbanization gradient notably reduced both taxonomic and
functional diversity of shredders which also influenced OMB
rates mediated by this FFG. Indeed, at the most urbanized sites,
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we did not find shredders indicating a null contribution of
macroinvertebrates on organic matter processing in these urban
streams in the Andes.

The importance of shredders in stream ecosystems is also
given as they are key organisms for energy transfer at the
low levels of food webs (Ramirez and Gutiérrez-Fonseca, 2014;
Merritt et al., 2017). In montane streams the relevance of
shredders can be even greater due to leaf litter forming the
major energy source (Wipfli et al., 2007). When shredders
reduce the size of CPOM, they allow other organisms to have
nutrients downstream as well as for the accomplishment of
other ecosystem processes (Woodward, 2009; Vaughn, 2010;
Benfield et al., 2017). Our findings suggest that there could be an
alteration in the transfer of organic C in urban Andean streams.
Nevertheless, more evidence is needed to understand the effect
of shedder loss on organic C fluxes in these tropical mountain
stream ecosystems.

We demonstrate that urbanization affected the B-EF
relationships in Andean streams via nutrient enrichment and
substrate homogenization causing the loss of taxonomic and
functional diversity in shredders and OMB decline. The loss
of keystone species mostly results in a reduction of ecosystem
functions (Cardinale et al., 2006; Vaughn, 2010). Also, species loss
is associated with the loss of functional biological traits related to
ecosystem functioning (Flynn et al., 2009). However, it remains
to be understood how the biological traits of shredders important
for OMB are affected by stressors associated with urbanization
in Andean streams. Finally, by losing ecosystem functions,
several ecosystem services are also compromised. It is crucial
to implement better land-use practices in Andean catchments to
guarantee environmental services at lower altitudes.
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