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Intermittent and perennial macroinvertebrate communities
had similar richness but differed in species trait composition
depending on flow duration
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Abstract While intermittent stream research has

increased dramatically in recent decades, it remains

difficult to predict traits that allow biota to persist in

response to reduced flows and prolonged intermittent

conditions. We quantified flow duration (FD) in ten

reaches of six streams previously categorized as

intermittent or perennial in north-central Arkansas.

Macroinvertebrates were sampled in six streams in

autumn and spring following a summer when six

reaches did not maintain connected flow and four that

maintained connected flow. Seasonal changes in

discharge altered wetted habitat availability in all

reaches and differences in FD influenced the magni-

tude of change in habitat availability. Richness

increased in all reaches in spring due to more taxa

that were poor dispersers, with traits such as low

crawling rate and weak female dispersal. Richness was

similar across reaches in both seasons but

macroinvertebrate communities differed depending

on FD. Perennial reaches were characterized by large

predators and rheophilic taxa, while reaches with

shorter FD were characterized by shredders and non-

insect taxa. This study can inform conservation and

restoration activities that aim to improve or maintain

connectivity between intermittent and perennial habi-

tats to increase local biodiversity.

Keywords Flow duration curve � Habitat template �
Density � Diversity � Biomass

Introduction

Intermittent streams make up over 50% of total stream

length in the United States and represent a similar

proportion of stream length worldwide (Arscott et al.,

2010; Datry et al., 2014b). Stream hydrology is

predicted to become more variable and intermittent

from increased water withdrawals, dam construction,

and global climate change (Stevenson & Sabater,

2010; Döll & Schmied, 2012; Steward et al., 2012).

Higher air temperatures and rates of evapotranspira-

tion are expected to increase the frequency of low-flow

and drought conditions (Larned et al., 2010).

Intermittent stream research increased dramatically

in the last 15 years, but it is still hard to predict traits

that allow biota to persist in response to reduced flows

and prolonged periods of drying (Robson et al., 2011;
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Leigh et al., 2015). The effect of increased intermit-

tency on macroinvertebrate community structure is

hard to predict due to variations across systems in

climate, geomorphology, and antecedent disturbance

regimes, as well as temporal variation in communities

within freshwater systems (Beche & Resh, 2007;

Robson et al., 2011; Leigh et al., 2016). In spite of

these challenges, intermittent streams are major com-

ponents of river networks worldwide, and it is

important to understand how altered intermittent flow

regimes will influence macroinvertebrate persistence

and consequently biodiversity at the local scale

(Zuellig & Schmidt, 2012; Dodds et al., 2015).

Stream drying is one of the one of the strongest

drivers of macroinvertebrate community composition

and structure (Poff & Ward, 1989; Arscott et al.,

2010). Flow duration (FD), the average number of

days per year a reach has surface water, is often used as

a metric to quantify macroinvertebrate community

response to the frequency and the extent of stream

drying (Poff &Ward, 1989; Arscott et al., 2010; Datry

et al., 2014a). When streams dry, available habitats for

macroinvertebrates disappear, decrease, or change in

water quality (Stanley et al., 1997; Lake, 2003; Bogan

et al., 2015). Riffle habitats disappear during water

drawdown and riparian and hyporheic habitats

decrease in extent. As flow reduces in the hyporheic

or pools become disconnected, water quality decreases

as dissolved oxygen concentrations decrease and

temperatures and conductivity increase (Lake, 2003;

Bogan et al., 2015). These changes in habitat size and

quality are expected to limit connectivity between

riparian, hyporheic, and benthic habitats and influence

macroinvertebrate community composition and struc-

ture (Poff, 1997; Larned et al., 2010).

The idea that variation in abiotic conditions and

habitat availability will influence ecological traits of

an organismwas first described by the habitat template

hypothesis, and following theories of ecological

filtering which purport spatiotemporal variation in

habitat is an evolutionary force that selects for traits

that maximize survival and recruitment (Southwood,

1977; Poff et al., 2006). FD is a major driver of

spatiotemporal habitat variation and streams with

shorter FD often have greater densities of macroin-

vertebrates with traits adapted for resistance and

resilience to stream drying (Stubbington & Datry,

2013; Datry et al., 2014a; Bogan et al., 2015).

Resistance refers to the ability of macroinvertebrate

communities to persist through a disturbance and

resilience is the capacity to recover to pre-disturbance

metrics of community structure (Stanley et al., 1994;

Datry et al., 2014a). Traits that confer resistance (e.g.,

desiccation resistance stages, plastron/spiracle respi-

ration, low rheophily), resilience (long adult lifespan,

high female dispersal, strong fliers, strong swimmers),

or a combination of both strategies have been found in

intermittent reaches after rewetting (Datry et al.,

2014a; Bogan et al., 2015). In addition, taxa with traits

adapted to isolated pool habitats (e.g., aerial respira-

tion, swim habit) and predator avoidance (e.g., high

crawling rate, armoring) have been observed in greater

abundances in intermittent and low-flow conditions

(Bonada et al., 2007; Walters, 2011). However, the

selection for traits associated with isolated pool

habitats depends on the persistence of pool habitat

throughout drying, which does not always occur or is

not reported.

Metrics that characterize macroinvertebrate com-

munity structure such as richness and diversity

generally decrease with decreased FD (Datry, 2012;

Datry et al., 2014a; Leigh et al., 2015) except in one

systemwith an extremely resilient community adapted

to multiple forms of disturbance such as floods and

droughts (Vander Vorste et al., 2016). The mechanism

that explains decreased richness with decreased FD

remains equivocal. One proposed mechanism is the

proximity of intermittent reaches to perennial reaches

(Fritz & Dodds, 2004; Robson et al., 2011). Macroin-

vertebrates recolonize intermittent reaches after

rewetting through drift from upstream perennial

habitat, aerial dispersal, redistribution from refuge

(e.g., hyporheic habitats, debris dams, pools), or

emergence from diapause (Robson et al., 2011; Bogan

et al., 2015). Therefore, intermittent reaches with

greater hydrologic connectivity or proximity to peren-

nial habitats often have macroinvertebrate communi-

ties similar to perennial reaches, and community

composition of intermittent streams is generally a

subset of perennial streams (Feminella, 1996; Price

et al., 2003; Bonada et al., 2007; Datry et al., 2014a).

Another proposed mechanism that controls richness is

the long- and short-term antecedent hydrologic con-

ditions within a watershed (Arscott et al., 2010; Leigh

et al., 2016). While the metrics used to describe

antecedent conditions vary across studies, measures of

FD and frequency of disturbance are usually included
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(Fritz & Dodds, 2005; Arscott et al., 2010; Rolls et al.,

2012; Leigh et al., 2016).

In addition to richness and diversity, macroinver-

tebrate density and biomass are generally lower in

streams with shorter FD (Grimm & Fisher, 1989;

Chadwick &Huyrn, 2007). Density is likely lower due

to loss of riffle habitat and low recruitment following

summer drying (Miller & Golladay, 1996; Muñoz,

2003; Fritz & Dodds, 2004). Biomass is expected to be

lower in streams with shorter FD as communities are

likely dominated by short-lived, small-bodied taxa

(Huryn & Wallace, 2000; Lytle, 2001), and large-

bodied macroinvertebrates have been shown to

decrease in abundance in streams with shorter FD

(Beche et al., 2006; Chadwick & Huyrn, 2007; Arscott

et al., 2010). Of the few studies that have measured

macroinvertebrate density and biomass in intermittent

streams, both metrics decreased with shorter FD, but

statistical differences between intermittent and peren-

nial macroinvertebrate biomass were rarely calculated

(Grimm & Fisher, 1989; Muñoz, 2003; Chadwick &

Huyrn, 2007). While density and biomass were

generally correlated, biomass could differ from den-

sity in intermittent versus perennial habitats. For

example, if recently rewetted reaches had more small-

bodied taxa due to colonization from small, resilient

taxa, then intermittent reaches would have greater

density and less biomass than perennial reaches after

rewetting.

To try and identify traits that link macroinverte-

brate resistance and resilience to stream drying, we

characterized a range of FDs and community structure

in six streams in two watersheds in north-central

Arkansas. The watersheds span the Arkansas River

valley and the Boston Mountains, a subregion of the

Ozark Highlands. Four streams were classified as

intermittent and twowere classified as perennial by the

United States Geological Survey (USGS) (Watershed

Boundary Dataset, http://datagateway.nrcs.usda.gov)

(Fig. 1). Our first objective was to quantify on a daily

scale FD in six reaches of five streams where we

observed extensive drying in summer (Low Cedar,

High Cedar, Sis Hollow, Dry Hollow, Point Remove,

and Powerline) and in four reaches of the South Fork

Little Red River (SFLRR) that typically did not dry.

Our goal was to characterize FD more precisely than

intermittent versus perennial and describe FD in a

conceptual diagram that explained how differences in

FD translated into differences in available habitat.

Our second objective had two parts: (1) quantify

macroinvertebrate density, biomass, richness, and

diversity in streams that differed by FD and (2)

quantify densities of macroinvertebrates with traits

adapted for resistance or resilience after stream drying.

In reaches with shorter FD, we expected lower

macroinvertebrate richness, diversity, density, and

biomass due to reduced habitat availability and time

for recruitment. We predicted that differences in FD

would alter wetted habitat availability and result in

greater densities of macroinvertebrates with traits that

reflect adaptations for the use of refuge during drying

and traits that reflect a capacity to disperse and

recolonize streams upon rewetting. We used biolog-

ical and ecological species traits as a framework to

assess differences in community structure that would

reflect responses to different habitat availability

depending on FD (sensu Poff et al., 2006). We

compared ten species traits hypothesized as advanta-

geous for colonization (female dispersal ability,

crawling rate, voltinism), persistence (desiccation

resistance, armoring, functional feeding group), and

ability to exploit refuge (mode of respiration,

rheophily, ability to swim or burrow, size) in streams

with shorter FD (Table 1).

Methods

Study area

The South Fork Little Red River (SFLRR) and Point

Remove drainages are located in north-central Arkan-

sas and span two ecoregions within the state, the

Arkansas River valley and the Boston Mountains.

Study reaches were all between 200- and 315-m

elevations within the 60 km2 Gulf Mountain Wildlife

Management Area which abuts the Ozark National

Forest and is dominated by deciduous hardwoods

(Quercus alba Linnaeus, Quercus rubra Linnaeus)

and pines (Pinus taeda Linnaeus, Pinus palustris

Linnaeus)(Birdsong, 2011). The wildlife management

area was established by the state in 1970 and

management practices since then have focused on

maintaining grass and open forest for hunting through

controlled burning. The remaining forested land is

managed for timber production of loblolly and short

leaf pine, and limited natural gas development started

in 2010 (Austin et al., 2015).
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Stream hydrology

Thirty-year average precipitation patterns in north-

central Arkansas reflect low precipitation in summer

(June–August, mean ± 1 SE: 86 ± 5 mm) and higher

precipitation in autumn (September–November: 111 ±

7 mm) and spring (March–May: 117 ± 2 mm) (http://

charts.srcc.lsu.edu/). Intermittent streams generally dry

at some point in summer and resume connected flow in

early autumn (Leasure et al., 2014). We sampled six

headwater reaches in five streams that were previously

observed to dry with varying duration in summer 2010.

Four of the streams where we observed drying in sum-

mer were categorized as intermittent, and one was cat-

egorized as perennial by the USGS (Watershed

Boundary Dataset, http://datagateway.nrcs.usda.gov).

Fig. 1 Streams represented as solids lines were classified as

perennial by the USGS Watershed Boundary Dataset and

streams with dashed lines were classified as intermittent. Site

symbols represent flow duration (FD) categories determined by

the average number of days with connected flow and the

presence or absence of isolated pools during stream drying.

Reaches classified as perennial were along a 12-km section of

the South Fork Little Red River (SFLRR), reaches with 7-month

FD included Point Remove, Powerline, and Dry Hollow, and

reaches with 9-month FD were low and high Cedar and Sis

Hollow. The top inset shows the location of the 5 gages where

low-flow and high-flow indices were calculated and their

location relative to the 10 study reaches which were located

within the black box
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We sampled four reaches on the SFLRR that were

characterized by the USGS as perennial (Fig. 1).

To highlight and identify long-term trends in

seasonal changes in flow, a 90-day moving average

was calculated for the gage with the longest record

(1961–2012) in the SFLRR watershed, the most

downstream USGS gage on the SFLRR in Clinton,

Arkansas. FD curves (FDCs) and flow indices were

calculated to characterize and compare antecedent

conditions in the SFLRR and Point Remove drainages

to calculate variation in flow frequency and magnitude

within the study area. Mean daily discharge values

were used to create FDCs, which result in cumulative

frequency curves that represent the percent of time a

given discharge was equaled or exceeded, and can be

used to characterize the magnitude and frequency of

average daily discharge over the historical period of

record (Vogel & Fennessey, 1995).

A high-flow index of Q10 represented less fre-

quently observed high flows and corresponded to

discharges met or exceeded 10% of the year; low-flow

indices of Q75 and Q90 identify discharges that met or

exceeded 75 and 90% of the year, respectively

(Smakhtin, 2001; Pastor et al., 2013). FDCs and flow

indices were calculated for the most upstream SFLRR

study reach (SFLRR Site1), the most downstream

SFLRR reach (SFLRR Site4), and the most down-

stream gage on the SFLRR in Clinton, Arkansas

(SFLRR Clinton). FDCs were also calculated for West

Fork Point Remove, a perennial river, and Cypress

Creek, an intermittent stream, to provide a context to

compare discharge variability of the SFLRR to other

USGS-categorized intermittent and perennial systems

in the study region (Example Perennial, Example

Intermittent). The percent of days discharge was above

or below flow indices was used to characterize

antecedent flow conditions 446 days prior to sam-

pling. Antecedent flow conditions were characterized

for the water year prior to sampling (Oct 1, 2009–Sep

30, 2010), plus the days prior to autumn sampling (Sep

30, 2010 to Dec 21, 2010), except for at Site4 where

discharge measurements were not recorded until Oct

Table 1 Macroinvertebrate trait states predicted to be more prevalent in intermittent reaches in response to stream drying

Trait Trait state in greater proportion

in intermittent reaches

Rational

Voltinism Multivoltine Taxa with multiple generations per year are the first colonizers following

disturbance and have shorter life cycles allowing avoidance of stream drying

Desiccation

resistance

Taxa with ability to survive

desiccation

Taxa will survive stream drying as desiccant-resistant eggs of larvae

Female

dispersal

Strong dispersers ([ 1 km flight

before laying eggs)

Strong dispersers will be more capable of recolonizing disconnected

intermittent reaches

Maximum

crawling rate

Strong crawling rate ([ 100 cm/

h)

Strong crawlers will have greater access to refuge

Armoring Good armoring (e.g., cases or

sclerotization)

Well-armored taxa will be better able to avoid strong predation pressure and

desiccation

Respiration Aerial respiration (e.g., plastron,

spiracle)

Taxa that use a plastron or spiracle to respire could survive in low-dissolved

oxygen habitats such as isolated pools

Size at

maturity

Small (\ 9 mm) Small-bodied taxa will exploit hyporheic habitats for refuge

Rheophily Depositional Taxa adapted to depositional conditions will survive in isolated pools

Habit Burrowers, swimmers Burrowers and swimmers will exploit refuge such as the hyporheic and isolated

pools

Functional

feeding

group

Predators Predators will dominate isolated pools in intermittent reaches

Hypothesis table adapted from Boulton & Lake (2008) and Walters (2011)
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2, 2010. These 446 days encompassed the wet and the

dry season prior to sampling.

To characterize FD in intermittent reaches, we used

camera-monitored gages located at each intermittent

reach. The number of days that reaches maintained

connected flow from October 2010 to October 2011

was recorded using cameras installed March 2011.

Connected flow was defined as the connection of flow

between riffles and pools within a reach, and thus we

considered connectivity strictly as a hydrologic

attribute and did not consider ecological aspects of

connectivity which include the flow of energy and

materials (sensu Pringle, 2003). FD for a reach was

then defined as the number of days with connected

flow for the 2010 water year. Statistical differences in

FD among reaches were tested with a type III one-way

analysis of variance (ANOVA) followed by a Tukey’s

honestly significant difference test. Type III ANOVAs

were used to help account for an unbalanced statistical

design (five intermittent and four perennial reaches in

autumn, six intermittent and four perennial reaches in

spring) (Herr, 1986). The models tested for a differ-

ence in the total number of days with connected flow

and included stream reach as a random effect.

ANOVAs were conducted using the R language and

environment for statistical computing (v. 3.3.1; R Core

Team, 2009).

We observed the presence of isolated pools in

intermittent streams in the absence of connected flow

in summer of August 2012, and recorded the presence

or absence of isolated pools within 300 m of inter-

mittent reaches. The point transect method was used to

quantify benthic habitat in each stream reach during

the summer of 2010 and summer of 2011 following the

methods of Gordon et al. (2004). Wetted width

transects were established perpendicular to flow every

ten meters within a reach. At each transect, substrate

size class was recorded every 0.5 m (Wentworth,

1922). The proportion of each substrate was calculated

for each stream reach, and differences among reaches

were tested with a type III one-way ANOVAs. We

quantified stream discharge at least once in autumn

and once in spring for all reaches using the velocity–

area method as described by Gordon et al. (2004). We

delineated and quantified stream catchment area using

a 30-m resolution National Elevation Dataset (NED)

and Arc Hydro Tools for ArcGIS 9.

Macroinvertebrate sampling

All reaches were sampled in December 2010 and

March 2011, excluding one intermittent reach in

December 2010 because the stream had not yet

resumed connected flow. Autumn sampling did not

begin until December 2010 since streams dried in

summer and continuous flow did not resume in

intermittent reaches until the last week of November

2010. Senesced leaf litter was observed in intermittent

reaches through late November in dry streambeds and

through December. Therefore, we describe December

sampling as representative of ‘‘autumn’’ macroinver-

tebrate communities. We sampled macroinvertebrates

with a 32-cm-diameter Hess sampler with 250-lm
mesh. We took ten samples in intermittent reaches that

were 200 m long, and five samples in perennial

reaches that were 100 m long. Perennial reaches were

shorter and had fewer samples because there was less

accessible sample habitat due to dangerously high

discharge in perennial versus intermittent reaches.

In the laboratory, we separated macroinvertebrates

into 1-mm and 250-lm size classes using nested

sieves. Macroinvertebrates larger than 1 mm were

sorted by eye and those less than 1 mm using a sample

splitter, with subsamples having at least 100 individ-

uals (Waters, 1969). Macroinvertebrates were counted

and measured to the nearest millimeter and identified

to the genus or the lowest practical taxonomic

resolution (Stewart & Stark, 1988; Wiggins, 1996;

Merritt et al., 2008). Species traits were assigned at the

genera or family level depending on the lowest

taxonomic level of taxa trait information in Poff

et al. (2006), Merritt et al. (2008), and Pennak (1989).

Trait density, the number of individuals with a given

trait per square meter of stream bottom, was calculated

by summing the densities of all taxa with a given trait

in each benthic core. We then calculated average trait

density of all benthic cores within a reach. We

calculated taxon-specific biomass using length–mass

regression relationships provided in Benke et al.

(1999).

Macroinvertebrate data analysis

Linear mixed effects regressions were used to analyze

the relationship among FD, season, and response

variables (macroinvertebrate density, biomass, rich-

ness, diversity, and trait densities). We evaluated a
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nested mixed effect model with four models. The null

model only included the random effect of stream

reach. All other models included stream reach as a

random effect and included season, FD plus season, or

the interaction between FD and season. Normality was

tested with the Kolmogorov–Smirnov test, and we

assessed the distribution of residuals with residual

plots. We did not control for family-wise error with a

Bonferroni adjustment for multiple comparisons

because it is overly conservative when controlling

for type I error (Benjamini & Hochberg, 1995;

Verhoeven et al., 2005). Models were ranked using

Akaike Information Criterion corrected for small

sample size (AICc; Burnham & Anderson, 2002).

Models were chosen if the change in AICC was greater

than two compared to all other models. All regressions

were done in the R language and environment for

statistical computing (v. 3.3.1; R Core Team, 2009)

using the nlme package (Pinheiro et al., 2016).

We used non-metric multidimensional scaling

(NMS) in PC-ORD (version 6.0; MjM Software,

Gleneden Beach, Oregon) to analyze differences in

macroinvertebrate community structure between

reaches with different FDs. We relativized taxa

density and biomass as a percentage of total macroin-

vertebrate density and biomass to compare the

proportion of each taxon within a reach to the

proportion of taxa in all other reaches. Taxon density

and biomass were considered significantly correlated

with NMS axes if the Kendall’s tau coefficient

coefficient (tau value) was less than -0.45 or greater

than 0.45 (Rohlf & Sokal, 1994).

We used Multi-Response Permutation Procedure

(MRPP) to test for differences in taxonomic commu-

nities based on FD. We used Indicator Species

Analysis (ISA) to identify taxa that were exclusive

to reaches grouped by hydrology and that occurred at

all sites within a group (McCune & Grace, 2002). ISA

produced an indicator value (IV) that was the product

of the relative abundance and relative frequency of

taxa within a group. The resulting IV ranged from 0 to

100 with 100 representing taxa that were both

exclusive and fidelis to a group (McCune & Grace,

2002). We tested the significance of a taxon identified

by ISA using Monte Carlo randomization with 1000

runs and taxa were considered indicative of each

predetermined group at a = 0.05.

Results

Hydrology and reach characteristics

While categorized as a perennial river, the SFLRR had

a minimum discharge of 0 cm in 31 out of 46 years of

records (Fig. 2A). Average daily discharge for the

SFLRR was progressively lower with distance

upstream (Fig. 2B). For example, Site1, the most

upstream gage on the SFLRR, had the lowest average

daily discharge; the most downstream site (SFLRR

Clinton) had the highest average discharge on the

SFLRR. In addition, the magnitude and frequency of

discharges at SFLRR Site1 were more similar to those

at the example intermittent reach, and discharges at

SFLRR Site4 were more similar to those at the

example perennial reach (Fig. 2B). Thus, the SFLRR

had flow regime characteristics intermediate between

known intermittent and known perennial reaches in

the study region (Fig. 2B).

Antecedent flow conditions characterized by high-

flow and low-flow indices reveal that all streams

experienced average magnitude and frequencies of

daily discharges prior to sampling (Appendix 1—

Supplementary material). In the 464 days prior to

sampling, reaches exceeded low-flow indices, Q75

and Q90 on average 20% and 5% of the time (± 4.3

and ± 3.8 SD), and exceeded the high-flow index,

Q10 on average 12% of the time (± 7.4 SD)

(Appendix 1—Supplementary material). While peren-

nial reaches maintained connected flow throughout the

year, low flows (below Q75) were observed from July

through November prior to sampling (SFLRR Site1

Fig. 2C), the same period intermittent reaches were

dry. During this low-flow period, Site1 and Site4 had

many riffles that contracted to very narrow, shallow

channels between pools, resulting in shrinkage of riffle

habitat.

Streams were classified into three FD groups based

on the average days of connected flow per year and the

presence of pools during stream drying. We observed

three out of six intermittent reaches that did not

maintain pools once connected flow ceased in sum-

mer, and had connected flow for 191, 218, and

249 days of the year between October 2010 and

2011 (Table 2). The remaining three intermittent

reaches maintained pools during summer drying and

had connected flow for 254, 295, and 307 days a year.

All perennial reaches had connected flow for 365 days
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a year except for the uppermost reach which had

connected flow for 350 days of the year. Reaches with

219-day average FD that did not retain pools

throughout drying were categorized in the 7-month

FD group. Those reaches with an average of 285-day

FD and those that maintained isolated pools during

summer were categorized in the 9-month FD group;

reaches with 364-day average FD were classified as

perennial. Reaches had statistically different days of

FD based on these classifications (ANOVA

F2,7 = 54.8, P\ 0.01, Tukey’s HSD, P\ 0.01).

Catchment area was significantly larger between

perennial reaches and reaches with 7- and 9-month

FDs (hereafter intermittent reaches), but there was no

difference in catchment area between intermittent

reaches (ANOVA F2,7 = 57.4, P\ 0.01, Tukey’s

HSD, P\ 0.01) (Table 2). Similar to catchment area,

discharge was significantly lower in intermittent than

perennial reaches, but not different between intermit-

tent reaches (ANOVA F2,7 = 85.9, P\ 0.01, Tukey’s

HSD, P\ 0.01).

Benthic substrate in all streams was composed

primarily of gravel (avg. 22%), cobble (avg. 24%), and

boulder (19%). Benthic substrate was not significantly

different among reaches that differed by FD except for

23% more cobble substrate in reaches with 9-month

FD compared to perennial reaches (ANOVA, F2,7,

P = 0.03, Tukey’s HSD, P = 0.03). There was no

difference in cobble between intermittent reaches.

Macroinvertebrate community structure

A total of 93 taxa were identified. Five taxa were only

collected in reaches with 7-month FD (Chrysops,

Collembola, Hexagenia, Molophilus, and Rhya-

cophila); two taxa were collected exclusively in

reaches with 9-month FD (Caloparyphus and Heli-

chus). Ten taxa were collected exclusively in peren-

nial reaches (Chauloides, Hagenius, Hansonoperla,

Haploperla, Isonychia, Neoperla, Ordobrevia, Psy-

chomyia, Sphaeriidae, Tabanus). There were 25 taxa

collected in either classification of intermittent

reaches. Taxa that were exclusive to reaches grouped

by FD were not present at all reaches within a group,

except Collembola which was present in all reaches

with 7-month FD. Six taxa were present only in

autumn and seven taxa were present only in spring.

Fourteen taxa were non-insect, of which five were

found exclusively in intermittent reaches (Collembola,

Lirceus, Hyallela, Ostracoda, Caecidotea). One non-

insect taxon, Sphaeriidae, was exclusive to perennial

reaches. In autumn, non-insect taxa were 14% of total

Fig. 2 Ninety-day moving average of mean daily discharge in

cubic meters per second (CMS) at the lowest gaging station on

the South Fork Little Red River (SFLRR Clinton) from 1961 to

2013 (A). Flow duration curves (FDC) for a known perennial

(Example Perennial) and a known intermittent stream (Example

Intermittent) in the study region, and for SFLRR Site1, SFLRR

Site4, and SFLRR Clinton (B). Mean average daily discharge

464 days prior to sampling at SFLRR Site 1, and gray lines

represent low-flow indices (Q90 = 0.01 CMS, Q75 = 0.06

CMS) and high-flow index (Q10 = 5.6 CMS)(C). Discharge

exceedance probability represents the percent of time a given

discharge is predicted to be met or exceeded over the period of

record
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richness in reaches with 7- and 9-month FDs, respec-

tively, and 10% of total richness in perennial reaches.

In spring, non-insect taxa were 19% and 13% of total

richness in reaches with 7- and 9-month FDs, respec-

tively, and 8% of total richness in perennial reaches.

Macroinvertebrate richness increased in all reaches

in spring, but density, biomass, and diversity did not

differ significantly between seasons or among FDs

(Fig. 3A–D, Table 3, Appendix 2—Supplementary

material). Richness increased in spring by as much as

five taxa in reaches with 7-month FD, and as little and

two taxa in perennial reaches (Fig. 3C). A small

change in AICc for the biomass and diversity mixed

model from the null to season model suggested a trend

in seasonal differences in biomass and diversity

(Appendix 2—Supplementary material).

Of the ten species traits examined, eight modalities

were explained by either season, FD, or by both factors

(Table 3). Five modalities were different depending

on season. Weak female dispersers, taxa with low

crawling rate, taxa that prefer erosional habitat (i.e.,

rheophiles), swimmers, and collector-filterers

increased in all reaches in spring (Table 3, Fig. 3E,

G–I, K). The density of scrapers in each reach

depended on season and FD, with greater densities

of scrapers in intermittent reaches in both seasons and

increased scraper density in all reaches in spring

(Table 3, Fig. 3J). The densities of two trait modal-

ities, taxa with sclerotization and shredders, differed

depending on FD (Table 3, Fig. 3F, L). Taxa with

sclerotization were greater in reaches with 7-month

FD both seasons. In reaches with 7-month FD,

Hydroptila, Lirceus, and Caecidotea made up 50%

of sclerotized taxa density in autumn, while Caeci-

dotea made up 50% of sclerotized taxa density in

spring. Shredders had higher densities in intermittent

reaches in both seasons (Fig. 3L). Non-insect taxa

were 30% of shredder density, with the remainder

composed of primarily stoneflies (Allocapnia, Am-

phinemura, Leuctra,Nemoura, and Zealeuctra). Aver-

age richness of each functional feeding group as a

percentage of total richness for reaches grouped by FD

was calculated to identify why richness did not differ

depending on FD even though there were differences

in community composition depending on FD. There

tended to be more collector-filterers in perennial

reaches versus more shredders in intermittent reaches

in both seasons (Fig. 3K, L, Appendix 3—Supple-

mentary material).

Table 2 Flow duration (FD) quantified as the number of days of connected flow from October 2010 to October 2011

FD (days) FD classification Pools present

all yeara
Average discharge

(CMS ± SD)b
Number of discharge

measurements

Catchment

Area (km2)

Intermittent

Point remove 191 7 months No 0.05 ± 0.00 11 3.4

Dry 218 7 months No 0.03 ± 0.00 12 2.9

Powerline 249 7 months No 0.06 ± 0.00 14 5.8

Sis hollow 295 9 months Yes 0.41 ± 0.09 12 2.5

High cedar 254 9 months Yes 0.23 ± 0.02 15 18.5

Low cedar 307 9 months Yes 0.25 ± 0.00 13 27.2

Perennial

Site1 350 Perennial Yes 2.2 ± 1.2 4 127.9

Site2 365 Perennial Yes 1.5 ± 0.98 4 139.6

Site3 365 Perennial Yes 1.8 ± 0.68 4 140.6

Site4 365 Perennial Yes 2.0 ± 0.04 4 193.4

Discharge was taken twice a year or more at intermittent reaches since December 2009 and twice a year at perennial sites from

December 2010 until October 2011. FD classification was determined from the average number of days with connected flow and the

presence or absence of isolated pool habitat during stream drying
aIn July, pools within 300 m upstream of reach
bDischarge calculated as the average of all discharge measurements taken at each stream reach, which was measured in cubic meters

per second (CMS)
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Non-metric multidimensional scaling ordinations

resulted in stable solutions for macroinvertebrate

community density and biomass. MRPP analysis

indicated significant differences among macroinverte-

brate density and biomass grouped by FD (density,

A = 0.085, P\ 0.001, biomass, A = 0.095,

P\ 0.001). TheNMSof density and biomass separated

reaches along two axes, but biomass separated reaches

by FD more distinctly than taxa density, so only taxa

biomass is presented (Fig. 4) (Appendix 4—Supple-

mentary material). This NMS of taxa biomass resulted

in a significant 2-axis solution. Axes 1 and 2 explained

21 and 49% of variation, respectively, in macroinver-

tebrate community composition. Macroinvertebrate

communities were separated into 3 groups. Axis 2

separated intermittent from perennial reaches, while

axis 1 separated reaches with 7-month FD from all other

reaches. Reaches with 7-month FD had greater varia-

tion among sites especially in autumn (Fig. 4).

The results of Kendall’s tau coefficient associated

taxa on the positive side of axis 2 and the negative side

of axis 1 with 7-month FD reaches and were repre-

sented by sclerotized shredders and scrapers (ordered

by strength of association, Lirceus, Hyalella, Agapetus,

Amphinemura, Collembola, Hydroporus) (Table 4).

Taxa on the negative side of axis 2 were associated

with perennial reaches and were represented by large-

bodied predators, rheophiles, and collector-filterers

(Stylogomphus, Argia, Neoperla, Sphaeriidae, Stenel-

mis, Cheumatopsyche) (Table 4). Stenonema and

Caenis were clustered together in the center of the plot

and were found at reaches with 9-month and perennial

FD. Ectopria was also located in the center of the plot

but was only found at perennial sites and was an

indicator taxon of perennial sites.

Indicator species analysis

Twelve taxa were indicative of reaches with 7-month

FD, seven taxa were indicative of reaches with

9-month FD, and ten taxa were indicative of perennial

bFig. 3 Box plots of macroinvertebrate density (A), biomass

(B), richness (C), diversity (D), and tested trait densities (E–L).
Gray bars represent Hess samples taken in autumn (December

2010) and white bars represent samples taken in spring (March

2011).Asterisks represent significant differences between

autumn and spring samples (P = 0.05)
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reaches. Indicator taxa in reaches with 7-month FD

were non-insect taxa tolerant of low dissolved oxygen

(e.g., Lirceus, Collembola, Ostracoda) and are known

to reside in the hyporheic zone (Stubbington, 2012)

(Table 5). From the ISA of taxa density, three large-

bodied, semivoltine taxa were indicative of reaches

that flowed 9-months (Gomphus, Psephenus, Tipula)

and one small-bodied shredder (Allocapnia)

(Table 5). Three additional predators (Nigronia, Cer-

atopogonidae, Tanypodinae) were identified as indi-

cator taxa by biomass that were not identified by taxa

density (Table 5). Taxa indicative of perennial reaches

tended to be large-bodied, univoltine, collector-filter-

ers and predators (e.g., Argia, Stylogomphus, Neop-

erla, Cheumatopsyche, Sphaeriidae). The only taxa

with an IV score of 100 was Collembola because it was

the only taxa exclusive to a hydrologic group and

present at all sites in that group.

Fig. 4 Non-metric multidimensional scaling (NMS) ordination

of macroinvertebrate community biomass for reaches in autumn

2010 and spring 2011. Symbols with ‘‘A’’ represent reaches

sampled in autumn and symbols with ‘‘S’’ represent spring

samples. The proportion of variance explained by macroinver-

tebrate biomass for axes 1 and 2 was 21 and 49%, respectively

(stress = 15.3)

Table 3 Regression

coefficients and standard

error of regression

coefficients (B1; SE B1) for

significant linear regression

models which included

season and flow duration as

fixed effects and stream

reach as a random effect

See electronic

supplementary material 2

for Akaike values. All

response variables except

richness were analyzed

using macroinvertebrate

densities (ind. m-2)

Response variable Model Predictor variable df B1 SE B1 P value

Richness Season Autumn 9 14.85 0.8 \0.001

Spring 8 3.38 0.96 0.008

Weak female dispersal Season Autumn 9 2319 566 0.003

Spring 8 1635 568 0.021

Low crawling rate Season Autumn 9 1108 479 0.046

Spring 8 1593 457 0.008

Rheophiles Season Autumn 9 290 148 0.082

Spring 8 857 202 0.003

Swimmer Season Autumn 9 125 71 0.002

Spring 8 230 51 0.002

Collector-filterer Season Autumn 9 130 126 0.329

Spring 8 357 104 0.009

Sclerotized FD 7-months 9 1115 160 \0.001

9-months 7 -794 219 0.009

Perennial 7 -665 206 0.015

Scraper FD Autumn 8 320 91 0.008

? Season Spring 8 180 114 0.373

7-months 8 320 107 0.008

9-months 7 -108 91 0.373

Perennial 7 -319 61 0.018

Shredder FD 7-months 9 750 95 \0.001

9-months 7 -226 129 0.124

Perennial 7 -656 121 0.001
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Discussion

As expected, differences in FD influenced the magni-

tude of change in habitat availability which shaped

differences in species traits and taxonomic community

composition. From observations and analyses, we

outlined a conceptual diagram that summarizes

changes in habitat availability depending on FD as

discharge decreased in summer and increased in

autumn (Fig. 5). Similar to the stream ecosystem

expansion and contraction model (Stanley et al.,

1997), changes in discharge from spring through

summer and into autumn altered habitat availability.

We identified transition periods in habitat availability

according to the probability of drying for that period

and habitat type (i.e., riffle, pool, hyporheic) (Fig. 5).

To infer habitat availability, we were limited to field

observations, discharge data collected prior to sam-

pling, low-flow indices, and FD categories determined

from our statistical analysis. We cannot know the

exact dates and duration of time over which reaches

lost longitudinal and lateral connectivity, or riffle,

benthic, and hyporheic habitat decreased. We knew

intermittent reaches that resumed connected flow in

late autumn because we were not able to sample

reaches until December 2010 due to lack of connected

flow, and one intermittent reach was completely dry

until February 2011. Based on the presence of isolated

pools in some reaches and the persistence of connected

flow between riffles and pools in perennial reaches, we

assumed that reaches with 9-month FD had greater

area and duration of suitable benthic habitat in summer

than reaches with 7-month FD, and less suitable ben-

thic habitat throughout the study period compared to

perennial reaches (Fig. 5). Reaches with 9-month FD

lost riffle habitat during summer, but perennial reaches

did not, so we inferred that perennial reaches main-

tained riffle habitat for longer than intermittent reaches

(Fig. 5). Reduced available benthic habitat influenced

macroinvertebrate community structure by limiting

recruitment of poor dispersers in all reaches from late

summer through autumn. In addition, the persistence

of riffle habitat in perennial reaches resulted in

indicator taxa that were large-bodied rheophiles.

Lastly, there were more non-insect taxa such as

isopods and amphipods in reaches with 7-month FD

because they likely could persist in disconnected flow

habitats or use the hyporheic as refuge during drying.

Contrary to what was expected, richness did not

differ depending on FD and increased in all reaches in

spring due to more rheophiles and poor dispersers that

were likely limited by available colonization habitat

during summer. For example, the density of taxa that

were poor dispersers, with traits such as low crawling

rate and weak female dispersal, increased from

autumn to spring in all reaches. There is evidence

that most stream taxa are limited to very short

dispersal distances (\ 1 km), and there is little

difference in dispersal ability between intermittent

and perennial streams (Chester et al., 2015). While

perennial reaches did not experience complete drying,

low mean daily discharges prior to sampling, as

indicated by gages at Site1 and Site4, likely reduced

riffle habitat (Stanley et al., 1997; Lake, 2003; Walters

& Post, 2011). Additionally, weak dispersers are more

likely affected by local differences in connected flow

habitat than strong dispersers (Phillipsen & Lytle,

2013; Cañedo-Argüelles et al., 2015). Increased

richness of rheophiles in spring is consistent with

Table 4 Kendall’s tau coefficient of macroinvertebrate taxa

biomass with NMS axes

NMS biomass Taxon s value

Axis 1 (21%) Stenonema 0.58

Amphinemura -0.48

Collembola -0.47

Hydroporus -0.45

Axis 2 (49%) Lirceus 0.80

Hyallela 0.66

Agapetus 0.57

Agabus 0.50

Acentrella 0.45

Ectopria -0.62

Stylogomphus -0.61

Argia -0.60

Caenis -0.59

Neoperla -0.56

Sphaeriidae -0.53

Stenelmis -0.52

Stenonema -0.47

Cheumatopsyche -0.47

Bolded taxa correlated with the axis represented by intermittent

sites in the NMS plot of macroinvertebrate biomass (Fig. 4).

The proportion of variation contained by each axis is in

parenthesis
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other studies that found rheophilic taxa increased just

before dry periods in intermittent streams (Leigh,

2013) and loss of sensitive rheophiles during low flows

(Boulton, 2003; Dewson et al., 2007a; Brooks et al.,

2011; Walters & Post, 2011).

In general, macroinvertebrate richness is decreased

with shorter FD (Arscott et al., 2010; Datry et al.,

2014a). However, similar to this study, others have

found instances of equal richness in streams that

differed in FD, which was attributed to similar flood

frequencies in both intermittent and perennial habitats

(Fritz &Dodds, 2004; Leigh, 2013; Leigh et al., 2016).

In this study, all reaches likely experienced a loss in

richness or ‘‘reset’’ after large floods in spring, but

differences in local habitat availability throughout

summer and into autumn resulted in differences in

community structure depending on FD. Taxon char-

acteristics of perennial reaches were large predators

(e.g., Argia, Stylogomphus, Sialis) and large collector-

filterers (e.g., Isonychia, Cheumatopsyche, Sphaeri-

idae) due to the persistence of riffle habitat throughout

summer. Intermittent reaches with 7-month FD were

Table 5 Indicator species values (IV) of macroinvertebrate density (ind. m-2) and biomass (mg AFDM m-2) for both seasons

combined and grouped by flow duration

Days of flow Taxa density IV for density P value Taxa biomass IV for biomass P value

\ 7-months Collembola 100 0.01 Lirceus 89 \ 0.01

Lirceus 91 \ 0.01 Collembola 80 \ 0.01

Amphinemura 76 \ 0.01 Amphinemura 80 \ 0.01

Agapetus 69 0.03 Agapetus 70 0.02

Chrysops 60 0.01 Chrysops 60 0.01

Hyallela 60 0.01

Ostracoda 59 0.03 Ostracoda 59 0.02

Caecidotea 59 0.01 Caecidotea 60 0.01

Hexatoma 59 0.05

Hydropsyche 51 0.03

Libellula 49 0.05 Libellula 60 0.01

Hydroporus 59 0.01

\ 9-months Allocapnia 91 \0.01 Allocapnia 97 \ 0.01

Gomphus 87 \0.01 Gomphus 90 \ 0.01

Psephenus 80 0.01 Psephenus 82 \ 0.01

Tipula 67 0.01 Tipula 81 \ 0.01

Nigronia 70 0.01

Ceratopogonidae 66 0.01

Tanypodinae 53 0.04

Perennial Argia 99 \0.01 Argia 95 \ 0.01

Stylogomphus 94 \ 0.01

Neoperla 88 \0.01 Neoperla 88 \ 0.01

Sphaeriidae 75 \0.01 Sphaeriidae 75 0.01

Cheumatopsyche 75 \0.01 Cheumatopsyche 75 \ 0.01

Ectopria 68 0.01

Sialis 66 0.04

Baetisca 63 0.02 Baetisca 63 0.02

Isonychia 63 0.02

Isoperla 63 0.02

Caenis 62 0.04
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represented by sclerotized, non-insect taxa at all times

of year such as Hyallela, Lirceus, and Caecidotea.

Non-insect taxa such as isopods, copepods, ostracods,

and mites are known residents of the hyporheic and

possess traits such as a tolerance for low dissolved

oxygen and the ability to burrow (Stubbington, 2012;

Strachan et al., 2015). In reaches with 7-month FD,

sclerotized taxa with the ability to persist in poorly

oxygenated hyporheic conditions may have remained

in the hyporheic throughout summer drying and

migrated into benthic habitats in autumn, followed

by increased recruitment throughout winter and spring

(sensu Stubbington et al., 2016). Traits possessed by

non-insect taxa allowed for their persistence in

hyporheic habitats in reaches with 7-month FD, as

described in other studies (Gibert et al., 1994; del

Rosario & Resh, 2000; Vander Vorste et al., 2016).

Differences in community structure between

reaches with 7- vs. 9-month flow duration were likely

due to the presence or absence of isolated pools during

stream drying. Non-insect taxa were more prevalent in

reaches with 7- vs. 9-month FD, perhaps because

insect shredders and/or predators persisted in isolated

pools in reaches with 9-month FD, which displaced

weak dispersers such as isopods, amphipods, mites,

copepods, and ostracods. Descriptive evidence that

disconnected pools serve as refuge for macroinverte-

brates and may temporarily increase the density or

richness of predators within temporary pool habitat

was shown decades ago (Wiggins et al., 1980;

Schneider & Frost, 1996). Evidence specific to

disconnected pool habitat has also shown an increase

in the richness of lentic taxa (Boulton & Lake, 1992;

Bonada et al., 2006), but there is little evidence that

taxa adapted to pool habitat influence community

composition upon rewetting (Chester & Robson,

2011). Since we did not sample pool-specific habitat

or disconnected pools, we cannot directly attribute the

community composition of reaches with 9-month FD

to isolated pools, but we conclude longer FD main-

tained more refuge habitat for a longer time period,

which allowed for the persistence of predacious,

indicator taxa such as Nigronia, Ceratopogonidae,

and Tanypodinae.

More organic matter retention in summer and early

autumn likely resulted in high densities of shredders

throughout the year in intermittent reaches. While we

did not measure particulate organic matter retention,

increased intermittency was previously correlated

with increased coarse particulate organic matter

retention (Dewson et al., 2007b) and reduced leaf

litter breakdown (Datry et al., 2011 and references

within). Our results contrast with other studies that

assessed shredder density in relation to flow perma-

nence. Lower shredder density with decreased FD has

been attributed to sensitivity of shredders to low

dissolved oxygen concentrations and other stressful

abiotic conditions associated with stream drying

Fig. 5 Conceptual diagram of changes in habitat due to

reduced flow or no flow in all reaches from July to December.

Black represents full lateral and longitudinal connectivity, gray

represents loss of lateral connectivity, vertical stripes represent a

reduction in riffle and pool habitat, and dots represent when

streams with 9-month FD were dry except for the presence of

isolated pools. White represents when streams with 7-month FD

were completely dry. The length of all bars from June to

November is meant to convey the sequence over which habitat

contraction or expansion occurred in one reach relative to

another (After Bogan et al., 2015 and Stanley et al., 1997)
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(Datry et al., 2011; Mariluan et al., 2015; Mora-

Gómez et al., 2015). Shredder density has also been

equal in perennial and intermittent reaches (Bogan

et al., 2013). Our study system had relatively short

periods of drying (3–5 months) compared to other

studies (ca. 9-months), and sensitive shredders were

likely not excluded due to harsh abiotic conditions in

these intermittent reaches. As a result of relatively

short periods of drying, many shredders could likely

complete their lifecycle during the connected flow

phase. Confounding factors such as position in the

watershed, for example low-order versus high-order

reaches, must also be considered since headwater

streams generally have more shredders than high-

order streams (Vannote et al., 1980). We believe that

shorter FD was a major factor influencing shredder

density because 30% of shredders in all intermittent

reaches were sclerotized, non-insect taxa tolerant to

low dissolved oxygen concentrations. Future studies

are needed to untangle the effects of network position,

flow duration, and organic matter retention on shred-

der density and diversity.

It is important to note macroinvertebrate biomass

differentiated communities depending on FD to a

greater degree than density. This could have been due

to smaller average individual size of taxa in intermit-

tent reaches because of short recruitment periods or

due to more large-bodied taxa in perennial reaches.

The latter is likely a factor considering taxa indicative

of perennial reaches by biomass included large-bodied

predators such as Argia, Stylogomphus, and Neoperla.

Differences in density and biomass ISA reveal those

taxa that were abundant in communities versus those

that played greater roles in resource consumption and

storage. Biomass versus density measurements can

help elucidate differences in resource use since

biomass measures macroinvertebrate mass per area,

thus indicating how potential energy is stored at the

community scale for a point in time (Grubaugh et al.,

1996; O’Gorman et al., 2008). Secondary production

was not measured so we cannot infer differences in the

total energy flow among reaches, but we can identify

taxa that maintained large standing stocks of biomass

within communities that differed by FD. Nigronia,

Ceratopogonidae, and Tanypodinae were indicative

of reaches with 9-month FD by biomass but not

density, suggesting there were enough resources or

habitat to support these predators in reaches with

9-month flow duration, but not 7-month FD.

This study can inform conservation and restoration

activities that aim to improve or maintain connectivity

across intermittent and perennial aquatic habitats to

increase local biodiversity. Twenty years ago, interest

and research in restoring hydrologic and ecological

habitat connectivity increased dramatically (Meren-

lender & Matella, 2013). Restorations that attempt to

improve biodiversity by altering local habitat can

sometimes improve richness, but not biotic diversity

(Parkyn & Smith, 2011). Failure to increase diversity

is generally attributed to restorations at inappropri-

ately small spatial scales, and restorations that focus

primarily on increasing flow without consideration of

the timing and spatial distribution needed to provide

refuge at critical time periods (Lake et al., 2007). In

addition, restoration of connected flow when streams

would normally be dry can be counterproductive if

native species are specifically adapted to fragmented

habitat during low-flow conditions (Merenlender &

Matella, 2013). If more streams become intermittent in

the future, there may be a loss in flow regime diversity

at the regional scale, which could compromise

regional biodiversity. While this was a short study

and long-term patterns were hard to infer, we found

taxa unique to intermittent reaches and associated with

hyporheic habitat, suggesting that the loss of hypor-

heic habitat and more intense stream drying will result

in local loss of taxa.
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