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ABSTRACT

This research was conducted in the high-Andeamhzdsihe Zhurucay River in southern Ecuador. Inrfou
river reaches 19 sampling campaigns were condpetectach spread over a period of 35 months. Tdie bi
samples were selected in the periods with grefitegistability. Parallel to each sampling, 37 eovimental
variables grouped into three factors (riparianidomn;, hydromorphology and water quality) were retaat.
The study aimed to analyse during periods of stide the influence of these environmental factonsthe
structure and density of the EPT community (Ephemtera, Plecoptera, Trichoptera) in a quasi-pestin
aquatic ecosystem. Multivariate statistical analysivealed that the Froude number (Fr), gravel, typd
width/depth ratio are the most relevant hydromotpioal variables explaining variations in EPT dgns
XiphocentronidaeContulma andHelicopsyche were observed to have a relationship with the roofighe
river, while Ochrotrichia, Nectopsyche andPhylloicus varied with the type of riparian vegetatiétylloicus,
Ochrotrichia andNectopsychewere common in lentic sites, while the proportibgmavel and the width/depth
ratio restricted the genitelicopsyche. The only relevant water quality factor was thaltphosphorus which
was related with two taxa. In conclusion, althouggcroinvertebrates are currently employed in wadetity
studies, riparian vegetation and hydromorpholodietiors are determinant for their communitiesristme
Andean rivers. Such factors are therefore cruoighé study of environmental flows and the assessofe

the ecological integrity.
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INTRODUCTION
One of the concerns in aquatic ecology is the ifieation of environmental factors (i.e., physidelbitat or
water quality) that restrict the spatial distriloui$ of aquatic communities (Allab al., 1997; Parsongt al.,
2003; Poff, 1997). Although the variations in maevertebrate communities across a wide range of
environmental conditions are studied in the temeeragions of the northern hemisphere, very fewlietu
have been performed in Andean rivers (Jacobsetaodlada, 1998; Mesa, 2010; Ribsumaet al., 2011).
For example, several studies documented that chatteyid use, besides affecting flow (Buytatei., 2006)
and sediment production (Restrepo and Restrepd)268n reduce the physical, chemical (Trimble,7)99
and biological quality of water (Miserendiebal., 2011). Land use adjacent to a river is a majterdgnant
of surface water quality and the state of aquatiorounities(Miserendincet al., 2011; Mesa, 2010hich
are generally associated with the trophic resoustése river banks (Mesa, 2010).

Similarly, other important components influence aggicommunities such as the geomorphology of
the riverbedWilcox et al., 2008; Smitst al., 2015) the hydraulic characteristi¢Statzneret al., 1988)and
the biological interaction@Holomuzkiet al., 2010) The influence of physical conditions on aquatm&ihas
been studied for several decades (Allen and VawfittQ; Mcintostet al., 2002; Gibbingt al., 2001;Danehy
etal., 1999; Statzner, 1981); specifically, recent ades have been made in understanding how the Hidrau
conditions interact with the substrate to affeaiaiy macroinvertebrate communities (Allen and \laug
2010; Gibbinst al., 2001). These studies include an analysis of ffieets of flow rate on flow velocity and
the composition of the substrate, home of diffefetiitats colonized by different benthic organigivard,
1992). For example, the Froude number (Fr) andthstrate are important interrelated charactesistiche
physical habitats of rivers. The first factor engasses water velocity and turbulence (Beschta acidsdn,
1979), and the second is defined by the size anditlersity of the bottom material (Boyero, 20083.stated
by Beiselet al. (2000) are the habitat conditions associated withick or heterogeneous substrate more
stable, even under conditions of high flow veloct®pnsequently, these habitats can shelter a highmaber

of taxa compared to those with fine substratesclvhre prone to being eroded (Beigedl., 2000; Erman



and Erman, 1984). In mountain areas rivers areeptara high degree of sediment transport, impadtieg
benthic communities (Statznetral., 1988).

While studies such as the above have been refatalmindant in temperate geographical zones, in
the high-altitude areas of the Andean region rebean hydraulics and aquatic macroinvertebratesbaa
scarce (Jacobsest al., 2013; CauwFrauniéet al., 2014a; CauwFrauniéet al., 2014b;; Jacobsest al.,
2014). These studies generally examine the infleesicthaw (flood waves) on aquatic communities in
association with the distance from a glacier lotaieer 4,000 m above sea level (m a.s.l.) withcobanting
for specific variables, such as the Fr, velocitgter depth, among others. One limitation of thégdiss is
that the altitudinal range of the target riverdriets the presence of some important benthic gpspch as
EPT (Ephemeroptera, Plecoptera and Trichopter&)tathe extreme conditions of these environmemds a
the low concentration of dissolved oxygen in théavélacobseet al., 2003; Jacobsest al., 1997). However,

a study by Rio§oumaet al. (2011) included waters at lower altitudes and tbtirat seasonality and flow
rate critically affected the composition of aquatiznmunities.

An approach to understand the environmental presefst control the structure and behaviour of
aquatic communities is through the analysis of gpastine ecosystems. At present, the increaseater
abstraction areas, plantations of exotic spedmshtirning of grasslands and the expansion of @grial
land use strongly reduces the existence of totatigtine ecosystems in many mountainous countries,
especially Ecuador (Spelat al., 2006). Headwater basins become more and moresedpim extreme
anthropogenic pressures (Jacobsen and Marin, 2008re susceptible to any type of disturbance éviaty
al., 2001). Indeed, these headwater basins are usedessnces or controls in studies of biologicatera
guality to assess the effect of changes in lancusathropogenic activities (Acosbal., 2009; Villamarin
etal., 2013). Given the vulnerability of mountain heatkva we focused our study on a headwater areahwhic
under natural conditions provide the habitats fgaaisms’ subject to extreme temperature, flowdatien,
and exotic species invasion (Mewtml., 2007). Specifically, aquatic macroinvertebratethe EPT orders,
given their abundance and diversity, have been imsedo-hydraulic (Gibbinst al., 2010; Mcintostet al.,

2002; Mérigouxet al., 2009) and water quality studies (Bonatlal., 2002; Lépez-Lépez and Sedefio-Diaz,



2015; Miserendinet al., 2011). We concentrated our study on EPT fordllewing reasons: i) the adequate
taxonomic knowledge of these invertebrates ane#ise of sampling; ii) their sedentary nature (coeghto
fish), which provides a reliable spatial signattwdir status in each sampled habitat (Johmsah, 2003); iii)
the rapid changes in the trophic structure, contipmsand abundance of the benthic community inaasp
to various types of natural and anthropogenic distaces (Ricet al., 2001); and iv) the lack of other native
aquatic taxa that can serve as bio-indicator (Ady.oblepus; Vimos-Lojanounpublished) at these altitudes.
Other taxa, such as those of the onfdgtera, that are usually dominant in Andean rivers (Solleeit al.,
2014) were not used as they are opportunists theklg adapt to fluctuating conditions (Laddeal., 1985)
and are therefore inappropriate for the purposdlisstudy.

The main objective of this study was to analyseinfieence of three environmental factors (riparian
corridor, hydromorphology, water quality) on theusture and density of aquatic macroinvertebrate
communities, specifically EPT taxa, in a high-Andequasi-pristine aquatic ecosystem during perifds
stable flow discarding short-term effects of higaf events, corresponding basically to base flonditions.

In summary, the study aimed to answer the followgngstions: i) which environmental variables priityar
determine the structure of the EPT community dubage-flow in a quasi-pristine mountain river sgste

and, ii) how do the EPT communities respond toaters/ironmental variables?

MATERIALS AND METHODS

Study area

This study was performed in the Andean micro-wéienisof the Zhurucay River (with an area of 7.5%)km
located in southern Ecuador (between coordinaté23m®) N, 9658750 S, 694630 W and 698010 E, PSAD56
- UTM Zone 17S), releasing its water into the Rir&iver which drains a basin area of 826.16 kmd
discharges on its turn into the Pacific Oceanhglubones River (Fig. 1). The study area is cheriaed by

an unaltered geological condition and quasi-zetbrapogenic intervention (Hampet al., 2010), covered

by herbaceous vegetation (scrubland) encompassfew gpatches of quinoa trees (elgalylepis incana



Kunth andPolylepis reticulata Kunth) and native shrubs. The only human activigt in the study area could
affect the ecosystem is the sporadic burning ofttissock vegetation in preparation of the extensibn
grassland, a typical action in the high Andeanaegi(Matson and Bart, 2013). Four river reachegni@nts

of 50 m in length) were selected throughout thérb@pproximately 3,600 m a.s.l.). The vegetationezage

of the riversides in the reaches at the samplinigtp@encompassddssock grass (TG1 and TG2) and quinoa
forests (QF1 and QF2) (Fig. 1). Annual averagefalifiuctuates around 1,289 + 142.3 mm and average

daily temperature between 4.8 and 5.9°C (Padrdi8)20

Data collection
In each of the four reaches, five cross-sectionsdmpling were established in the most represeatand
abundant aquatic mesohabitats (pool, riffle and.lBiotic and abiotic samples were collected dugight19

field campaigns stretched between December 201 Databer 2013.

Sampling of bictic variables

Macroinvertebrate samples were collected usingrbeBunet (area of 625 &250um net mesh, 30 seconds
of sampling effort) at the centre of each crosdigecThe substrate within the sampling area wawored to

a depth of 6 cm and washed by hand so that afirdenisms were dragged into the net. The matesikdated

in the field was preserved in individual bottlestaning water and a proportion of 4% formalin.tire
laboratory, the samples were washed with tap veater a 25Qum mesh to remove excess formaldehyde, silt
and sand. Individuals were identified, using spexgd taxonomic keys and a stereo microscope (Olgmp
SZ-6145TR, Japan), to the most detailed taxonomi@ll (usually genus) except for those from the
Xiphocentronidae family as the larvae are indistingable at the genus level (Domingeeal., 2009). In
addition, the ash free dry mass (AFDM) contenthia tiverbed sediment was determined to estimate the

organic matter content in accordance with the paltestablished by Steinmahal. (2007).



Sampling of abiotic variables

A total of 37 environmental variables were measimetthis study (Table 1) including the type of vide
cover along the riparian corridor. The riversiddéhs QF1 reach is characterized by quinoa foredsanubs
with a coverage area of 300 m in length with ldtsti@ps of 30 m on average. Similarly, the QFZisgralso
features quinoa forest and shrubs over a leng266fm along the riverside with lateral strips off@7on
average on both sides of the tributary. In the BGd TG2 reaches, the vegetation type along thenetsn
was tussock grass with some small shrubs. The ordehefriver was identified using Strahler's (1975)
classification and ArcGis 10.1 software (versionll&SRI Inc., Redlands, CA, USA).

The hydromorphological characteristics of the rigasss-section in each of the four river reaches
were monitored at the sites where the biologicalfdas were collected. The depth (m) and width efitlater
surface (m) were expressed in cm, and the averdgeity (m s') measured at 60% of the water depth £géy
et al., 2012) using a propeller flow meter (Hydromate C3MGydney, Australia). The composition of the
substrate in each habitat was visually estimateer(ihe coverage area of the Surber net, i.e.n2% 25 cm)
based on the proportion of each type of substnapdymg the simplified classification method of B&mi
(2009): silt (<0.006 mm), sand (between 0.006 ar&drm), gravel (between 0.2 and 20 mm), pebble
(between 20 and 60 mm), cobble (between 60 andri2zBPand boulder (>250 mm).

The physicochemical variables in each river werasueed using a portable multi-sensor (Horiba U-
52, USA, 2010) and included water temperature (38),oxidation-reduction potential (ORP; mV), elézl
conductivity 1S cm?), turbidity (NTU), dissolved oxygen (md)l and total dissolved solids (TDS; § |
(Table 1). Additionally, water samples were cokettin amber glass (100 émand plastic (500 cf
containers for laboratory analysis with the watealiy sets using a colorimeter (HACH, DR / 890,A)S
2011). The following parameters were measureditestr(mg ), total organic carbon (TOC, md))
ammonium (mg), total phosphorus (mg), total chlorine (mg#), total hardness (mg CaG®), alkalinity
(mg CaCQ|I™) and iron (mg1). The extensive array of physicochemical watetityeariables measured in
the study area, is quite an exception with resfietiie water quality variables that are usuallyemtéd in

classical multi-metric studies in the Andes rivab®ve 3,000 m a.s.l. (Acosthal., 2009; Villamariret al.,



2013).

Data pre-processing

To determine the effects of various environmerdatdrs on EPT taxa, it is essential to eliminaterhise
(and interactions) produced by other factors noeastudy (hydrological variations; Poff, 1997; Ret al.,
2012). For the prevention of the effect of noiseuseal by hydrological events that influence the
presence/absence of certain flood-sensitive tagkmdical samples were only collected in periodtwgitable
flow rate for a period at least of 30 days prios#anpling. The environmental conditions duringrienths

of September, October, and November 2012 and Ahy;, August, September, and October 2013 had the
highest stability in this study (Fig. 2) with anea&ge monthly rainfall of 67.1+28.9 mm. In totak&@npling
campaigns were carried out in the mentioned peribae condition of stable flow rates was identifiesing
gauging stations, equipped with DI1501 Mini-DivedaBaro-Diver DIS00 measuring sensors (Schlumberger
Water Services), next to each sampling site. Thasomement interval was 5 min, and the daily averdge
the collected data were analysed. For much of #mr,ythe Andes mountain area above 3,000 m is
characterized by constant low-flow levels interatpby high hydrological pulses of varying magnitinle
response to heterogeneous rainfall events (Mosgeted., 2015). We believed that the absence of
hydrological disturbances (pulses) over a rangewfweeks is needed to allow the communities tover
(Flecker and Feifarek, 1994; Suren and Jowett, RQ0astable flows over longer periods (> four weetan
cause significant decreases in the number of iddalimacroinvertebrates due to the drag force efltw
(Flecker and Feifarek, 1994; Ridsumaet al., 2011).

With respect to the habitat information, three nieditat types were classified using the Froude
number (Jowett, 1993); respectively Fr <0.18 foolpp0.18<Fr<0.41 for runs and Fr>0.41 for rifflehe
number of mesohabitats was used to calculate thpopion of mesohabitats at a river reach.

To guarantee the robustness of the analysis, samples were discarded based on the following
criteria: a) those with richness in only a singbedan, b) those with an abundance of less thanihalividuals,

and c) those whose abundance was outside the 9bfitlerce interval. In addition, data corresponding



rare taxa (<1% of the total abundance of EPT) vediminated as determined by a Grubb test (p <0.05)
performed with Statgraphics Centurion XVI softwapeersion 16.1.17; StatPoint Technologies Inc.,
Warrenton, Virginia) via the revision of the meamahe standard deviation.

Finally, direct measurements were used to calcuteehydraulic variables whose importance to
aquatic communities was demonstrated in previoudiest: Froude number (Fr) (Jowett, 1993), Reynolds
number (Re) (Rempet al., 2000), velocity times water depth (v-d), widthpdreratio (WDR) (Weigeét al.,
2003), relative roughness,JKLamourouxet al., 2004; Statznest al., 1988), and shear stress (SS) (Almeida
et al., 2013; CauwfFrauniéet al., 2014a). The Shannon-Wiener substrate diversithiexn(SuD) was
calculated according Demagsal. (2012) with the proportions found in the field, ialn were subsequently
transformed (arcsine). The transformation log(x#43$ used for the hydraulic and physicochemicabideis,

except for ordinal values and pH.

Data analyses

The 37 environmental variables were grouped inteeghenvironmental factors: riparian corridor,
hydromorphology and water quality (Table 1). Tarasgities were log(x+1) transformed and standardized
dividing them by their average. For each environtaeiactor prior to analysis, we independently disied
variables that correlated to each other to avaldmdancy (Spearmans>0.8); this was also applied for the
community metrics. Time was considered a controbide for the temporal variation in the resulted{pal
number of the sampling campaign), as specificaltijdated for each statistical test.

In a first step, we assessed which of the environwahevariables are the main drivers of the EPT
community structure, using the partial Canonicair€spondence Analysis (pCCA, Borcastdal., 1992),
available in the CANOCO software (version 5.02;Bédric, Plant Research International, The Nethedan
and P. Smilauer, Czech Republic) (Ter Braak, 19865 type of analysis quantifies the relative citmttion
of each environmental factor group to the totalatam in the structure of the macroinvertebratengwnity
(Smilauer and Leps, 2014). For the pCCA, the véemlwhose influence was of direct interest were

established as covariates (concomitant variabkem).example, if the variables grouped under tharidm



corridor factor were of interest, they were setcagariates of the hydromorphological factors andewa
quality variables; this was also performed for egcbup of variables under the remaining two factors
Furthermore, to prevent an artificial increasehia éxplained variation, significant environmentatiables

(p <0.05) were selected with an automatic forwaelbction and a Bonferroni correction to avoid false
positives in each group of variables. Finally, lobse the global variation obtained from the pCCétgadsum

of all canonical eigenvalues), a partition variatianalysis of each group or factor was conductdis T
procedure allowed distinctions to be made betwésgukar effects, i.e., the variance explained tsirayle
set of variables, and joint effects, i.e., the aacke jointly explained by three factors (Borcetrdl., 1992).

In the second phase of the analysis, several ERImemity metrics were calculated for each cross-
section and sampling date; richness (S), totalitlenfindividuals (ind. rif), Pielou’s evenness (J), Shannon-
Wiener diversity index (H'), and density of indiuals in each of the Ephemeroptera, Plecoptera and
Trichoptera orders. To ensure the temporal indegecel of the data, each community metric was arnglyse
using the autocorrelation function (ACF) in Stétist software (version 8.0, StatSoft Inc., USA). The
responses of the metrics to the environmental blesawere explored by canonical correlation analysi
(CCorA) using all the samples. The sampling seqaiémtime was considered as a variable (ordinalberm
of the sampling campaign; Table 1). This type ddlgsis allows two sets of composite variables to be
analysed (canonical random variable) and maxintizesorrelations between all possible pairs of carab
random variables (Quinn and Keough, 2002). The yaislincluded the environmental variables that
maximize the explained variance to the greatestntih the Principal Component Analysis (PCA) (Gees
etal., 1983), for a proper performance in the CCorA gsial All analyses were made with PRIMER statistica

software (version 6; PRIMER-E, Ivybridge, UK) and XTAT (version 03313; Addinsoft, NY, USA).

RESULTS

The abiotic characteristics of the 133 analysedpdesntaken in the subsequent river cross sectioms a

summarized in Table 1. The average flow rate ithefsame order in the TG1 and QF1 river reachah, wi
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QF1 possessing on average a 12.7% larger disclidrg@verage flow rate in the TG2 and QF2 studiises
is 4 to 5 times smaller. There is a certain siritifan the flow of pairs of sections, for examplle sections
with greater size and flow, TG1 (order 3) and Q&ttér 4), and the other pair, TG2 and QF2. Howether,
highest values of flow per unit area were recoriglethe QF1 section, which also exhibited the maximu
average water velocity value. The depth was veajl®h in all sections, 18 cm for both TG1 and QFtl a
~10 cm for TG2 and QF2, and the average width ofathter surface of the cross-sections of the stestch
varied between 0.60 m and 1.2 m. The amount of ARDMe river substrate was small and varied betwee
22 and 42 g A Regarding the composition of the substrate, sinitoportions of thick¢50%) and small
(~50%) substrates were found in the quinoa forestsa{@F1 and QF2), while the proportions differethim
sections with a bank dfissock grass. In terms of the hydraulic varialites highest Fr and SS values were
obtained in the TG2 stretch. Regarding water qyatlite four micro-watersheds had similar averagees
of water temperature (8.9°C), pH (6.0), turbidi®y5 NTU), dissolved oxygen (9.0 mg)] total dissolved
solids (0.035 g¥), total organic carbon (TOC, 3.5 mit),Jammonium (0.019 mg'"), total chlorine (0.022 mg
I1), hardness (15.9 mg Cag®") and iron (0.274 mg?). Finally, with respect to temporal variation, all
statistical tests indicated that time was not $ofai the results; the results of the autocoriehafunction of
the community metrics indicated temporal independen

A total of 3,820 individual EPT aquatic macroinamtates belonging to 14 genera and 12 families
were collected, and the average density was 48@dhls per square meter (ind3mThe dominance genera
were Metrichia and Contulma in the mesohabitat pool, followed Ibielicopsyche and Ecuaphlebia in the
mesohabitat run (Table 2). In contrast, a poor ramdf individuals were obtained iAndesiops and
Mortionella, generally located in areas with arboreal vegeta(QF, Table 2). In the first phase of the
analysis, the riparian corridor factor explaine@d®b8f the variance on the first axis and 36% onsdeond
(Fig. 3a, b), which agreed with the results of pIECA test. Due to the low number of significantishtes
(Strahler and TG), additional variables (Time arfeDM) were manually included in the pCCA to improve
the interpretability of the results. The variableriwer order (Strahler) was chosen by forward b,

although its explanatory power was low (6%, F: $:9).01), and a certain relationship was found betwe
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both the Xiphocentronidae family and ti@®ntulma genus and the higher-order study sites, while the
Helicopsyche genus Trichoptera) was associated with lower-order sites. Tisock grass (TG) vegetation
explained 6.8% of the variation (F: 7(5,0.01) and was associated with @ehrotrichia genus, whereas the
abundances of thidectopsyche andPhylloicus genera were negatively related with this type edatation.
These genera were usually found in the presen@ofegetation, a variable that was previously dised
due to its collinearity (Fig. 3a).

The hydromorphological variables explained 55%hef variance on the first axis and 15% on the
second axis (Fig. 3c, d). Among the relevant vdemlthe Fr was found to contribute little to ttaiation in
the community (4.8%, F: 5.p; 0.03), but it was related to several taxa. Phglloicus, Ochrotrichia and
Nectopsyche genera were associated with the pool mesohabitat(.18), and the Xiphocentronidae family
was associated with the riffle mesohabitat (Fr $.Zhe gravel variables (Gra) and the width/deptio
(WDR) contributed 2.3% (F: 2.7 0.03) and 2.2% (F: 2.7: 0.05) of the variation in the community,
respectively, and the only genus that was positieskociated with these two variables ke copsyche.
The pCCA included additional variables (Depth,afd Silt) to improve visualization.

For water quality, despite finding an explanatié®4% of the variance on the first axis and 26% on
the second axis, the only important variable ing@€A was the total phosphorus (TotalP). We obskave
clear negative relationship between Bfg/lloicus and Xiphocentronidae taxa and this variable. Addél
variables (ORP Turb and TOC) were included to imprthe quality and the interpretability of the figu
(Fig. 3e, ). The partition analysis of the vaatiin the aquatic macroinvertebrate communitieg. (&)
yielded low explanatory values for each environrakféctor, which were expressed as the sum of the
canonical eigenvalues: 18.9% for the riparian domi 17.0% for hydromorphology and 10.5% for water
quality. The percentage of the variation that watsexplained was 20.1%.

Finally, in the second phase of the analysis, dtipesanonical correlation was observed between
the average velocity of the current and the deritiPlecoptera individuals, but velocity was neggliy
related to Pielou’s evenness (Fig. 5). A positelationship was also found between the densitydifiduals

and the cobble substrate. The Shannon-Wiener diyargd richness metrics were negatively relateddter

12



velocity and temperature, and the density of Epleptera individuals was similarly negative relateevater
temperature. At the temporal scale (Annex 1a, b3ignificant influence of the environmental varieblon
the community metrics was found, although the tegignerally followed the same response pattetincse

obtained at the global scale.

DISCUSSION

Going beyond previous studies, in high-Andean sythis piece of research analysed the ecologyuditic
macroinvertebrates and their relationship with tiparian corridor, hydromorphology and water quyalit
Based on the first exploratory analysis, the mafithe data had a high variability of macroinvertde
abundance corresponding to high and low flow periddhis study covers the analyses of stable camditi
with moderate hydrological variability (averageviloSD: 8.5+7.3 mm, average peak flow: 36.5 mm),
characterized by smaller and regular precipitatidthe intense rain periods were discarded. Heree, t
community is representative of all the taxa foumthiese rivers (Vimos-Lojano, unpublished). Fos tieiason,
the sample design represents the entire commuiititpw the ecological filtering on some taxa exeny
high flows. In addition, the pre-selection of nartacorrelated data and the statistical analysibledahe
detection of the influence of abiotic factors oe ttomposition and structure of communities of theers
Ephemeroptera, Plecoptera and Trichoptera. Thgsiaalonfirmed that the data were not autocorrélatel
that time was not a relevant factor in the commnithich supports the robustness of the results. [@bk
of a temporal effect is related to disturbance Ibpds, which reconfigures the communities (Flecked

Feifarek, 1994; Suren and Jowett, 2006).

Relevance of the riparian corridor
Headwater ecosystems usually feature riparian aéigat that shades much of the channel, which is
characterized by low allochthones primary produgtiVannoteet al., 1980). The leaf holding capacity of

the riverbed depends on the hydraulic and geomdwgloal characteristics of the river and, to aéesxtent
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to the intrinsic characteristics of the leaveshsag their size, texture and shape (Canhoto ancbG1898).
All allochthones material in the river is importaior several aquatic organisms (Bastignal., 2008),
explaining the positive response of the densitghwedders to the arboreal riparian vegetationpgortant
source of energy for these trophic groups (Li andidg®on, 2008).

In this studyOchrotrichia was the only taxon linked to TG vegetation. Thirhe related to the low
percentage of shading of the channel by these berlia plants, causing the TG sections to havepigtary
productivity. The effect is detected mainly whea tlegetation has been removeamn the riparian corridors
by human activity as it happens in the areas ofiamealtitude (Scarsbrook and Halliday, 1999, Miseliro
etal., 2010Q. Specifically, this level of productivity positiveffects the periphyton, the main food source of
Ochrotrichia (Tomanovéet al., 2006). In the stretches of the riparian corriiih quinoa forest, which is the
only native tree found at these altitudes (abo@®®@m a.s.l.) (Cazares-Martinetzal., 2010), the results
indicated that the allochthones contributions tleathes the river are relevalitshould be emphasized that
the arboreal vegetation cover in the high-Andesorediffers from the mountains at other latitudesjch
are dominated by pine and spruce foreStafsbrook and Halliday, 1999 herefore, the QF vegetation was
related to the presence of the genNeatopsyche and Phylloicus, organisms that are almost exclusively
characteristic of sites with forest vegetation ¢q@F) because they use the accumulated mateoial fihe
riverbed (Bispcet al., 2006). Although the TG2 site contained the douflthe AFDM of the other study
locations, this variable did not prove to be refeyauggesting that the provision of a canopy dkerriver
by the vegetation favoured the presence of grospscéated with this resource, as opposed to theiaihod
organic matter (Encaladg#ial., 2010; Graga, 2001; Albarifio and Balseiro, 2002).

Additionally, taxonomic changes were observed spomse to the size of the river; a variation in
community expected under the river continuum coh{épnnoteet al., 1980). This result contrasted with
the study by Haggertst al. (2002) in Appalachian and Cascade mountain he@dsyavhere abundance and
richness of the community did not differ with rivender, likely due to the low number of individuaisthat
area (<134 ind. /) in comparison with our research. Additionallypir study the small spatial scale allowed

us to observe taxa substitution as the order ofritrex increased. Specifically, thdelicopsyche genus
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occurred at lower order sites, its convex hemisphkeshape results in a low resistance to high matocity
(Vaughn, 1985). This species was replace@€tmtulma in larger channels, the latter being a commonnaxo
in high velocity headwater streams (Holzenthal Rims-Touma, 2012). Therefore, we hypothesize tiat t
relatively large size dfontulma in relation to the other taxa directly influendedir resilience and presence
in larger as well as higher-order rivers. It is bibess that the complexity of these environmenes, the
diverse trophic resources and physical conditiohthe habitats of headwater rivers, explains tlessult

(Allan, 2004).

Relevance of Hydromorphology

Another important environmental factor in the splatdistribution of aquatic communities is the
hydromorphological conditions of the river, whickary according the flow rate (hydrology) and the
geomorphology of the channel (Wilcetal., 2008). During baseflow periods, the flow of highdean rivers
varies moderately, which contributes to the maiabtee of habitat quality through the constant wasloih
accumulated silt and periphyton resulting in a d@ant coarse sediment as occurs at other latituglgs (
Biggset al., 2008). In this research, we found the Fr andgtheel substrate are the variables that determine
the composition of the aquatic EPT communities.

The Fr is a standardized numerical index (Shoffmer Royall, 2008). Individuals with hydrodynamic
(flattened) bodies or structures attach themselvéise riverbed (anal or tarsal claws and suckges3ist in
places with high Fr value (Statzner and Beche, 20bfhanova and Usseglio-Polatera, 2007). For exampl
theNectopsyche andPhylloicus genera were most represented in slow flow hakjpatsls), which have a low
Fr, as these organisms use tubular structures czadpof stones and leaves and are not well resigiant
current (Tomanovat al., 2008). These organisms create these structutbstive material accumulated on
the riverbed in these habitats (Hough#ebral., 2011). In contrast, the Xiphocentronidae famitgwarred at
greater density in habitats with a high Fr, andrtiest likely reason is that the structures they leynfo
adhere to the riverbed (cases, anal and tarsastjaovide greater flow resistance (Thirion, 20d@npared

to other taxa.
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One of the negative associations was found betitesietrichia genus and both the gravel substrate
and high width/depth ratio. In addition, a positisationship was found between this taxon andelarg
substrates (Spearmam’s0.247, p <0.01), i.e., those that provide halsitability (Erman and Erman, 1984).
The opposite result was found for tHelicopsyche genus, because this taxon is associated withrészpce
of gravel substrate in high-mountain lentic aréashould be noted that individuals of this genasld be the
Helicopsyche cotopaxi (subgenerd-eropsyche), the only species recorded over 3,000 m a.sthémorth of
Ecuador (Rios-Touma et al., 2017, Johanson, 2@i®jout presenting information on its biology ootagy.

In previous studies, the presenceeficopsyche cotopaxi was associated with the presence of fine substrate
which provides the base material for the constonctif the helical structures they manufacture (Vewig
1985). However, it is possible that the steep shmkirregular flow of the high-Andean rivers irghce the
low proportions of fine material (sand) by constamtashing it from lentic areas. Therefore, in scegree
our results foHelicopsyche refute the suggestion by Schwendedl. (2011), who considered this genus to
be a good indicator of stable substrates in Newatelsstreams.

Our results confirm that the Fr is a valid and gpoedictor of aquatic assemblages (Giblgnal.,
2016), since the response of the macroinvertebmatenunity can be considered like that in tempeiagrs
(Wyzgaet al., 2012; Lamourouxt al., 2004; Almeidaet al., 2013). The positive effect of the gravel substrate
on the composition of the aquatic community is agalis to other rivers, despite the instabilityro$ type

of substrate against hydrological disturbancesgRial., 2007).

Relevance of water quality

One of the factors determining the physicochenmgellity of the water and the aquatic communities of
river is the dominant type of land use or land cafehe riparian corridor (Bust al., 2010; Miserendinet

al., 2011). Our study is one of the few studies imkbigndean Rivers above 3,000 m a.s.l. linking weteality
variables with aquatic macroinvertebrate commusiitigpart from a summarized multi-metric analysis
(Acostaet al., 2009; Villamarinet al., 2013). In this research, the only decisive plyaiemical variable

explaining the spatial distribution of some taxapfocentronidae anihylloicus) was the total phosphorus
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concentration, which ranged between 0 and 0.880"niBhe total phosphorus seems to be a good indicator
of possible anthropogenic influences that can ali@diversity (Niyogiet al., 2003; Villamariret al., 2013),
although in some cases this variable did not déffgnificantly among land uses (e.g., pasture, pimknative
forest, urban, etc.; Miserendino and Masi, 2010hofig the few studies at these altitudes, Villamerid.
(2013) related phosphorus levels with contaminareds but observed no taxonomic response. In ody st
are the natural concentrations of phosphorus détedrby the high organic matter content and, in,ttie
nutrients in these soils (Andisols) (Quichiméal., 2012). Therefore, this study provides new infaioma

on the influence of water quality variables in dyasstine rivers above 3,000 m a.s.l.

Analysing the three environmental factors togethqlained a high percentageg0%) of the spatial
variation in the aquatic communities. However, otlaiables (hydrological) that were not considerethis
study can have an important influence on the teaijpprof some organisms (Flecker and Feifarek, 1994
Gibbinset al., 2001; Hannahet al., 2007). The influence of those variables on higidéan communities
deserves to be studied.

Finally, as for the physical and hydrological cleéesistics of these environments, these low-order o
headwater rivers are characterized by very highiapmomplexity (Allan, 2004; Meyeet al., 2007), which
includes variations in the depth, the width of tieter surface, the Fr, SS and AFDM between sectods
sites. At the same time, the channels have homogesrsibstrates and variable flow, which in turnliakesd
with high abundance of aquatic macroinvertebraternanities in the Andean regions (Princgeal., 2007);
however, the diversity of these communities istigniat higher altitudes (Jacobsen and Marin, 200&)er
the conditions of spatial and temporal variability these rivers (Mosqueret al., 2015),the aquatic
communities mostly seek stable environments thatchiaracterized by a thick, heterogeneous substrate
(Beiselet al., 2000; Duaret al., 2008). Given its stability, the cobble substi@®@-250 mm) was positively
related with the density of individuals in the EB@ers, a result that has been found in studiedumtad in
Asian mountain rivers where the Ephemeroptera asddgominant (Duast al., 2008). On the other hand, the
diversity and richness of EPT taxa diminished lzyaasing flow velocity, and this decrease was cherized

by a decline in the most representative groups,Tirchoptera order, whose biological featuresfeofow
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resistance to high-velocity flows (Tomanadal., 2008). Additionally, a low number of individuadad taxa
from other groups (Ephemeroptera and Plecoptereg oleserved in general. By contrast, Plecopterahes
only order associated with high velocity conditioaad their presence was favoured by their large and
strength, which enabled them to adhere to the badrunder more turbulent conditions (Peters, 1986;
Tomanova and Tedesco, 2007).

In this context, the low number of Ephemeropteraatin high-Andean rivers is due to altitude
(Jacobsen, 2003; Jacobsen and Marin, 2008; Jacebstn 1997). The preference of some species of
mayflies for low temperature conditions has beawshin studies in the Patagonian Andes (Miserendirt
Pizzolan, 2001). To explore this potential relasioip, the density of individuals of the order Eplecoptera,
represented by thEcuaphlebia genus (98% relative abundance), was graphed dgemperature. This
graph, concerningMeridialaris chiloeensis and Metamonius sp., indicated maximum abundances in a
temperature range between 7.5 and 9.5°C, but ao@berelation was observed (Spearman r: -0.448,05;
Miserendino and Pizzolan, 2001). Notwithstandifge &nalysis suggested that temperatures higher than
9.5°C may cause a drastic decrease in the densitibese groups (Vimos-Lojano, unpublished), lountfis
to be confirmed, a detailed database of temperadnc flow would be necessary to understand the
phenological, behavioural and environmental effeat®ong others (Dallas and Ross-Gillespie, 2015).
Although Jacobsen (2008) found a negative influexicemperature on diversity, in a short-term maniitg
study (two days with time interval of 15 min) in Attiplano river, that study did not show which tewere

affected or which is the influence during the bieerperiods.

CONCLUSIONS

Our results indicate that the habitats of the sidiigh-Andean aquatic headwater ecosystems shamya
high natural heterogeneity, which plays an impdrtare in shelter availability and the maintenamde
macroinvertebrates biodiversity. By analysing vasidactors operating at different scales (ripadamidor,

hydromorphology, water quality), this study demeeaistd that macroinvertebrates belonging to the EPT
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orders showed strong associations with the typeatifiral vegetation surrounding the aquatic ecosyste
Furthermore, a few variables (average velocitybb®bubstrate and water temperature) played aalrible

in the patterns of aquatic EPT communities, spaallfi concerning the density, richness, divergtyenness,
and density of Ephemeroptera. The lentic zones aleaeacterized by substrates of sand, gravel anldié&s
of varying size, which make the habitats more lgteneous than the lentic areas of lower altitude.
Consequently, such heterogeneity facilitates tlesgnce and availability of shelters, which favaduced
mortality from disturbances (Lancaster and Bely€®7) related with the highly fluctuating flow reggs in
this region. In terms of community structure, thidevs that prevailed were those that have beermthjire
correlated with the availability of a given troph&source, or groups with biological traits tha adapted to
certain physical habitat conditions. As expectéd, till largely unknown and complex interactiomgr@-
and interspecific competition, the effect of intuoed species, the variety of habitat preferencekffefrent
larval stages, hydrological variability, etc.) ohdean aquatic ecosystems hinders the understaofithgir
ecological processes, which should be further aealyn order to be able to assess the relativeatate of

aquatic organisms to hydrological disturbancesmngical variables.
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Table 1.Average valuesX) and standard deviations (+ SD) of the abiotidaldes of the four study sections
(TG, TG2, QF1, and QF2, where TG represents tksgass and QF represents quinoa forest) in therupp
micro-watershed of the Zhurucay River. The acronfonthe variables are indicated by bracket§Yariable
not included in the analysi§.The six analysed substrate categories summarizedttinee groups. The
environmental factors (Env-Factors) indicate thgr8ups of factors considered: (1) riparian corridad

large-scale variables, (2) hydromorphological Jaga, and (3) physicochemical variables.

Variable (Units) TG1 QF1 TG2 QF2 Fggt\:)rs
Number of samples [N] 36 34 25 38

Flow rate (I £)2[q] 32.8 (¥41.1) 36.96 (+31.1) 8.36 (19.7) 7.31 36 -
Riparian vegetation TG QF TG QF 1
Watershed area (Kin 1.40 3.28 0.38 1.65 1
Strahler order 3 4 2 2 1
Ordinal number of the

sampling campaign (range) 1-8 1-8 1-8 1-8 1
(equivalent to Time) [Time]

Water temperature [TPC) 8.4 (x1.5) 8.7 (x1.5) 89 (x1.4) 9.5 (x1.5) 1
Ash Free Dry Mass [AFDM] 25.6 (+ 63.2) 28.8 (+ 38.3) 42 (£ 46.1) 22.4 (£ 30.1)

(g m?) 1

Velocity times water depth  0.049 (£ 0.05) 0.075(£0.09) 0.034 (x0.05) 0.¢t®.01) 2
[v-d] (m? s?)

Mean velocity (m 8) 0.186 (£ 0.19) 0.337(x0.27) 0.128(+x0.31) @@t0.05) 2
Water depth (m) 0.18 (+0.08) 0.18 (x0.07) 0.10 ¢5). 0.11 (+0.06)
Water width (m) 1.11 (+0.28) 0.95 (£0.33) 0.58 @9) 1.18 (+0.22)
Coarse substrate (%) 71.8 (+37.3) 47.2 (+44.4) 19.0 (¥32.2) 50.1(¥37.2 -
Medium substrate (%) 27.4 (£37.5) 52.1 (+45.0) 79.4 (£31.6) 49.3 (x37.0 -
Fine substrate (%) 0.83 (+2.54) 0.74 (+¥2.5) 1.6 (24.7) 0.53 (¥2.3) -
Substrate Shannon - Wiener 0.37 (+ 0.356) 0.385 (+ 0.326) 0.555 (+ 0.263) 0.481 (+ 0.335)
diversity [SuD] 2
Froude number [Fr] 0.20 (+0.11)  0.27 (+0.14) 038.31)  0.15 (+0.15) 2
Relative roughness [k(cm) 4.58 (£ 0.88) 4.67 (£ 0.86) 4.89 (£0.42) 69(+£0.59) 2
Ratio Width / Depth [RWD] 7.8 (x5.4) 5.8 (£2.2) 96(+ 4.1) 12.8 (+ 5.6) 2
Shear stress [SS] (m)s 45.1 (£66.2) 98.9(+138.6) 174.8(+293.2833.7 (+66.9) 2
Reynolds number [Re] 24450.0 38101.8 24169.5 9551.4

(+24321.8)  (+41076.2)  (+28935.6) (+ 9406.4) 2
pH 5.8 (+0.8) 6.1 (+0.9) 6.1 (+0.7) 6 (+0.5) 3
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Oxidation-Reduction
Potential [ORP] (mV)
Electrical conductivity

(uS cmt)

Turbidity (NTU)

Dissolved oxygen (mg?)
Total dissolved solids [TDS]
(g9

Nitrites (mg 1)

Total Organic Carbon [TOC]
(mg 1)

Ammonium (mg 1)

Total Phosphorus (mg')
Total Chlorine (mg)

Ca Hardness (mg CaCG®D?)
Alkalinity (mg CaCG I
Iron [Fe] (mg 1)

305.2 (+ 64.2) 264.9 (+76.6) 243.3 (+95.0) 302.3 (+48.5)

52.3 (+31.9) 53.0(+30.6) 78.8(+53.4)

4.5 (+10.4) 1.0 (1.2) 2.7 (3.0
9.4 (+1.4) 8.9 (+ 1.6) 9.8 (+ 1.5)
0.03 (+0.02) 0.03 (+0.02) 0.05 (+0.03)

50.0 (+ 26.9)

1.8 (+ 2.4)
7.9 (+0.6)
0.03 (+ 0.02)

0.003 ( 0.003) 0.001 (+ 0.001) 0.005 (+ 0.005) 0.003 (+ 0.002)

4.1 (+2.6) 3.5 (+2.2) 3.2 (+ 2.6)

0.034 ( 0.068) 0.013 (+ 0.014) 0.01 (+ 0.008)

3.1 (+1.8)

0.017 ( 0.018)

0.265 (+ 0.258) 0.221 (+ 0.145) 0.236 (+ 0.267) 0.105 (+ 0.085)
0.025 (+0.03) 0.016 (+0.01) 0.028 (+ 0.020)018 (+ 0.009)

15.5 (+ 7.3) 17.3 (+ 7.0) 18.7 (+ 3.6)
13.2 (+7.1) 16.6 (+9.5)  21.9 (+7.5)
0.214 (+ 0.093) 0.289 (+ 0.091) 0.272 (+ 0.08)

12.1 (5.
15.7 (+4)1
0.319 (+ 0.112)

3

3

3

3
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Table 2.Average valuesX) and standard error (£ SD) of the absolutes alretataxa in four study

sections (TG1, TG2, QF1, and QF2, where TG reptegessock grass and QF represents quinoa

forest) in the upper micro-watershed of the ZhuyuRever. N = sample number include in this study.

Poo Rur Riffle

Taxe TG1 TG2 QF1 QFz: TG1 TGZ2 QF1 QFz TG1 TG2 QF1 QFz
N 17 8 10 22 16 10 17 10 1 11 8 3
Andesiops X 0 0 0 44 0 0 2.8 105 0 29 0 0
+ SE 0 0 0 22 0 0 28 6.2 0 2 0 0
Ecuaphlebia X 140.2 46 27.2 85.1 158.3 301.2 32.9 193.7 16 107.8 9.1 128
+SE 35.2 28.€ 12.¢ 25 38.7 226.f 10.2 62.1 0 53.: 7.1 60.c
Claudioperla x 141 0 32 O 7 0273 32 16 15 111 53
+SE 4.¢% 0 21 0 3.€ 027 21 0 1t 7.7 5%
Anacroneuria X 0 28 0 51 0 40 0 121 0 27 0 0
+ SE 0 141 0 1.c¢ 0 15.1 0 6.¢ 0 9.¢ 0 0
Contulma X 86.6 2409 29 258 14579.1 3.2 832 328 231 53
+SE 21. 2 97 1% 71¢ 111 225 3.z 0 15% 131 5.:&
Phylloicus X 19 2 16 218 0 0 09 572 0 0 0 16
+SE 1.:c 2 14 6.2 0 0 0.¢ 38t 0 0 0 16
Mortoniella X 0 0 0 95 0 0 09 144 0 0 0 32
+ SE 0 0 0 4¢ 0 0 0¢ 5¢€ 0 0 0 16
Helicopsyche X 2359 128 8 92.4 227.6 2224 4.7 205 32 685 2 101.3
+SE 531 42¢ 27 164 51 73t 23 76.C 0 24.: 2 45
Atopsyche X 09 0 32 36 1 226188 105 16 15 22 16
+SE 0.€ 0 21 1¢ 1 22€ 5¢F 7 0 1t 10 9.z
Smicridea X 0 O 0 O 0 1406 O 0 0 1355 0 0

+ SE 0 O 0 O 0 1352 O 0 0 54 0
Metrichia X 137 12 25.6 13.8/453.6 55.5 62.6 11.2 2240 370.8 202.4 26.7
+SE 28 5¢ 9 3.4 145.¢ 284 18t 54 0 2445 90.c 2
Ochrotrichia X 47.1 0 64 95 541 0 47 16 32 0 16.1 0
+SE 10.¢ 0 2€ 51 13 0 23 1€ 0 0 14 0
Atanatolica X 0 0O O 0 25100.1 6.6 0 96 183.6 0
+ SE 0 0 0 0 19.¢ 89.t 6.€ 0 0 102.1 0 0
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Nectopsyche

Xiphocentronidae

+ SE
X
+ SE

0
0
8.5
3.4

0 33.6 90.9
0 26.7 19.¢
0 96 O
0 4:c 0

1 16241 892
1 1l¢ 6 44
18 0 30.2 1.6
4.€ 0 9¢€ 1€

15 131
1t 7.t
0 66.5
0 32¢

80
27
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Annexes

Annex la Temporal variation results of the canonical datien analysis of community metrics

against environmental variables. Letters a), bang) d) indicate four different sampling campaigns.

Vel _med: mean velocity, Boul: boulder, Cobb: coblkebb: pebble, Gra: gravel,yKrelative

roughness, WDR: width/depth ratio, Alkal: alkalinitTOC: total organic carbon, TDS: total

dissolved solutes, and Shannon: Shannon-Wienersitiye

Annex 1b. Temporal variation results of the canonical catieh analysis of community metrics
against environmental variables. Letters f), g)am) i) indicate four different sampling campaigns.
Vel_med: mean velocity, Boul: boulder, Cobb: cobliebb: pebble, Gra: gravelyKrelative
roughness, WDR: width/depth ratio, v-d: velocityes water depth, Alkal: alkalinity, TOC: total
organic carbon, TDS: total dissolved solutes, @galved oxygen, and Shannon: Shannon-Wiener

diversity.
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