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Abstract – Drought is a common disturbance in arid-land streams and rivers. The survival of aquatic
species depends on access to refuge habitats where water quality remains high. Over the past century,
modified flow regimes and altered watershed and instream characteristics have led to the extinction and
endangerment of numerous fish species endemic to the southwestern United States. We assessed the water
quality of potential drought refuges in theMiddle Rio Grande (MRG), with an emphasis on suitability for the
endangered Rio Grande Silvery Minnow (RGSM). We examined three types of potential drought refuges:
three agricultural return drain outfalls; three isolated pools that remained during streamflow intermittency;
and a reach with perennial flow below an agricultural diversion dam. All potential refuges are known to
contain RGSM and other fishes. Two out of three drain outfalls, one out of three isolated pools, and three out
of ten kilometers of perennially wetted stream below a dam met basic water quality criteria necessary to
support RGSM populations. These findings suggest that refuge habitability is context dependent, that
generalizations regarding the suitability of a specific refuge type should be avoided, and that careful
assessment is required to determine if a specific location will support fish assemblages. Although some areas
may contain water, they may represent ecological traps if fish are exposed to poor water quality conditions
compared to other potential refuge habitats.
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1 Introduction

Drought is a common disturbance in lotic ecosystems,
particularly in arid regions, that elicits a predictable cascade of
impacts to affected streams and rivers (Leigh et al., 2015;
Magoulick and Kobza, 2003; Rolls et al., 2012). Droughts
decrease water quantity (Rolls et al., 2012), connectivity with
other aquatic habitats (Perkin et al., 2015), and resource
subsidies from upstream reaches (Leigh et al., 2015). Flow
reduction also leads to changes in the quality of the remaining
water, with impacts to water temperature (greater variability,
more extreme highs and lows), dissolved oxygen (reductions
during warm periods), pH (decreases when respiration rates are
high), and nutrient availability (Leigh et al., 2015; Magoulick
and Kobza, 2003; Rolls et al., 2012).

When droughts lead to river drying, the resistance and
resilience of aquatic organisms depends on access to stream
segments where water is persistent and where water quality is
sufficient to support aquatic species. Drought refuges are
broadly defined as zones in which the stressors associated with
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disturbance are lower than those found in adjacent areas
(Lancaster and Belyea, 1997). Examples of natural refuges
include water holes that can persist for years in between
surface flow events (Costelloe and Russell, 2014; Hamilton
et al., 2005), alligator ponds (Parkos et al., 2011), saturated
benthic sediments (Davey et al., 2006), and upstream and
downstream perennial reaches (Davey and Kelly, 2007).
A variety of anthropogenic habitats also provide refuge for
aquatic organisms including drainage ditches (Colvin et al.,
2009), waste water and associated water bodies (Halliday
et al., 2015), and transport canals (Chester and Robson, 2013).
Key characteristics that impact the habitat suitability of aquatic
refuges include depth, riparian cover, and habitat complexity;
however, optimum values of each of these characteristics are
organism specific (Pires et al., 2010; Walters, 2016).

Aquatic refuges are particularly important in the south-
western United States where lotic habitats have been reduced
by anthropogenic activities and climate change. These impacts
are pronounced in the Rio Grande, the fifth longest river in the
United States that drains over 550,000 km2 in eight states in
two countries (Patiño-Gomez et al., 2007). Current flows from
the northern branch of the Rio Grande are an estimated 95%
lower than under natural flow regimes and flood amplitudes
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have been reduced by ∼60% (Blythe and Schmidt, 2018).
These alterations have shifted fish assemblages to more
tolerant species (Hoagstrom et al., 2010). The Middle Rio
Grande (MRG), the ∼300 km reach in New Mexico between
Cochiti and Elephant Butte reservoirs, historically supported
27 species of fish (Cowley, 2006). Today, only 14 native
species remain due to the extinction and extirpation of two and
eleven native species, respectively (Cowley, 2006; Hoagstrom
et al., 2010). One guild of native fish, the pelagic-broadcast-
spawning minnows, has been particularly impacted by these
changes, both in the MRG and across the entire Great Plains
region of the western United States (Worthington et al., 2018).
In the Rio Grande, only one of five historically occurring
species is currently extant, the endangered Rio Grande Silvery
Minnow (RGSM,Hybognathus amarus (Bestgen and Platania,
1990). Other species from this reproductive guild including
Notropis jemezanus, Notropis orca, Notropis simus, and
Macrhybopsis aestivalis have been extirpated from the MRG.

Water is the most critical component of refuge for aquatic
species. During streamflow intermittency, several habitats in
the MRG retain water and may act as refuge for fishes
including RGSM. First, a series of agricultural diversion dams
direct water from the mainstem of the river into an extensive
network of irrigation ditches. Excess irrigation water and
seepage is collected in drains that discharge into the river prior
to the next diversion dam, and these drain outfalls have been
proposed as potential refuges in water-limited river reaches
based on observations of RGSM and other fish species
(Archdeacon et al., 2013; Cowley et al., 2007). Second,
hundreds to thousands of isolated pools form seasonally in
localized geomorphic depressions during drying events
(Archdeacon and Reale, 2020). These areas provide refuge
in other river systems (Costelloe and Russell, 2014; Hamilton
et al., 2005; Marshall et al., 2016; Pires et al., 2014), where
they can persist and support fishes for weeks, or evenmonths to
years (Hamilton et al., 2005; Hopper et al., 2020). Although
nearly all isolated pools in the MRG persist only a few days
(Archdeacon and Reale, 2020), RGSM are commonly found in
these pools (Archdeacon, 2016). Finally, areas immediately
downstream of the agricultural diversion dams maintain
perennial flow due to contributions from leaking dam gates,
seepage from nearby return drains and ditches, and shallow
alluvial groundwater inputs, and are regularly inhabited by
RGSM (Dudley et al., 2020).

While each of these potential refuge areas maintain water
for at least some period following drying of portions of the
mainstem of the river, little is known about the water quality in
these habitats, how water quality varies spatially and
temporally, and how the water quality in these areas compares
to that in the portions of the mainstem of the river where flow is
perennial. Evaluating water quality in each of these areas is
important for understanding when and where aquatic refuge
habitat occurs, and because a lack of suitable refuge can result
in mortality of adults, hindering recovery efforts (Archdeacon
et al., 2020; Vadas et al., 2016). Additionally, assuming that all
wetted areas are equal could result in water management
strategies that create ecological traps, which are defined as
initially preferred habitats that undergo rapid environmental
changes that make them unsuitable to support aquatic species
(Vander Vorste et al., 2020). Municipal wastewater discharge
is an example of an ecological trap, as it attracts fish with
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warmer temperatures in winter, but subsequently exposes
individuals to pollutants (McCallum et al., 2019; Mehdi et al.,
2021). Thus, understanding both how species use potential
refuge habitats and critically examining the habitats them-
selves is important for advancing conservation of aquatic
species (Zuñiga-Palacios et al., 2021).

The goal of this study was to assess water persistence and
quality in these three potential refuge habitats in the MRG
using a combination of discrete and continuous data collection
to determine potential habitability for vulnerable fish species,
with a particular emphasis on limits for the RGSM. The
continuous data collection focused on temperature and
dissolved oxygen, as these are essential for determining
habitat suitability for fishes, and preliminary measures of
critical thermal and oxygen thresholds exist for RGSM. We
specifically tested if (1) values in the drain and pool refuge
habitats differed significantly from those in the mainstem of
the river and (2) if temperatures varied significantly along the
reach below the irrigation diversion dam. We also collected
discrete water chemistry data from isolated pools to determine
if groundwater recharge occurs and to assess biogeochemical
processes that may impact water quality in these potential
refuges. Determining the habitability of these refuges is
essential for developing management strategies for fish
communities in the Rio Grande, particularly during years
with minimal snowmelt runoff and extensive river drying.

2 Study sites and methods

2.1 The Middle Rio Grande

Agricultural diversion dams divide the Middle Rio Grande
into four reaches (Fig. 1). The upstream Cochiti and Angostura
reaches are perennial, however, sediment retention by Cochiti
Reservoir has caused downcutting and armoring of the river
bed and isolation from the flood plain, resulting in poor habitat
and rapid downstream transport of eggs for the broadcast
spawning RGSM (Dudley and Platania, 2007), with likely
extirpation in the Cochiti Reach and low abundances in the
Angostura Reach (Bestgen and Platania, 1991; Braun et al.,
2015). The downstream Isleta and San Acacia reaches have
sandy substrates, increased lateral connectivity, lower water
velocities, and thus increased RGSM populations (Braun et al.,
2015). However, these reaches are much more susceptible to
drying due to intensive water extraction for agricultural use,
with up to 80 km of drying occurring during some years
(Archdeacon, 2016), representing ∼30% of the critical habitat
for RGSM (federal register). The refuges assessed for
habitability were all located in the two downstream reaches
of the MRG.

2.2 Agricultural return drains

Water temperature and DO data were collected in
agricultural return drains to compare conditions to those in
the mainstem of the river and to determine if critical thresholds
for RGSM survival are exceeded in these potential refuges.
Sensors were deployed during summer months in three drains
that discharge to the MRG in the Isleta Reach; the Sabinal
(34°31037.38360N; 106°47029.1120W), Lower Peralta 2 (LP2,
34°35026.40480N; 106°44050.07480W), and Alejandro
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Fig. 1. Maps showing the Rio Grande and the study area in the Middle Rio Grande in central New Mexico. Panel (a) depicts the Rio Grande,
major cities, the Isleta and San Acaica Diversion dams, and Bosque del Apache National Wildlife Refuge in NewMexico, USA. Panel (b) shows
the Rio Grande, Bosque del Apache National Wildlife Refuge, USGS streamflow gage near San Antonio (No. 08355490), and isolated pools
where the water quality sondes were deployed and discrete water samples were collected. Panel (c) shows the location of the Rio Grande, San
Acacia Diversion Dam, locations of deployed temperature loggers, USGS streamflow gages below San Acacia (No. 08354900) and Escondida
(No.83555050). Panel (d) shows the Rio Grande, Isleta Diversion Dam, USGS streamflow gage (No. 08354900) and water quality sonde on the
Rio Grande at Central Bridge, a water quality sonde on the Rio Grande at Rio Bravo Bridge, and select drain outfalls where discharge was
measured and water quality sensors were deployed upstream of the confluence with the Rio Grande.
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(34°52045.73920N; 106°4304.9620W) drains (Fig. 1). We chose
these drains due to their proximity to perennial reaches of the
river and because they have been identified by local managers
as potential emergency refuges to be utilized during river
drying. The drains receive shallow groundwater and surface
water inputs from upstream diversions, adjacent flood
irrigation operations, and episodic pulses of stormwater
following monsoon events (McAda and Barroll, 2002). We
compared the water quality in these outfalls to water quality in
the mainstem of the river at 1 of 2 water quality
stations located upstream of the outfalls (Fig. 1; Central
35°050210N; 106°40050.50W, or Rio Bravo 35°1038.1360N;
106°40021.720W). Data were collected from 08 August 2013 to
08 September 2013 and from 25 July 2014 to 12 August 2014
in the Sabinal Drain, and from 25 July 2014 to 12 August 2014
and 04 June 2015 to 27 August 2015 in the LP2 and Alejandro
drains. Water temperature, dissolved oxygen (DO), pH,
turbidity, and specific conductance (SC) were recorded at
15-minute increments using a Yellow Springs Instrument
(YSI) EXO1 or EXO2 multi-parameter sonde at all sites
except for the Sabinal Drain. At this station, an Instrumenta-
tion Northwest (INW) Aquistar DO sensor and CT2X
SC-temperature sensor were deployed in 2013 and a HOBO
Pendant temperature sensor (Onset Computer Corporation)
was deployed in 2014. Site visits were made to all instruments
in both the drains and the mainstem of the river at two to four
week intervals to clean and calibrate the sensors following
USGS standard operating procedures (Wagner et al., 2006).
Water quality data were compiled and validated using
Aquarius Time-Series 3.10 (Aquatic Informatics, Vancouver,
British Columbia, Canada). Data were corrected for fouling
and calibration drift using data collected in the field.

The water temperature and DO time series data were
analyzed using the micompr package (Fachada et al., 2016)
implemented in R (R Core Team, 2017). Briefly, daily max and
min values were used in a principal component analysis to
transform the observations into linearly uncorrelated statistical
measures. Multivariate analysis of variance (MANOVA) and
adjusted t-tests were then used to test for differences between
sites (Fachada et al., 2016).
2.3 Isolated pools

Continuous and discrete water quality data were
collected in three isolated pools that formed in the San
Acacia reach during July 2016. Pools were chosen at or
near locations where pools persisted for extended periods
during previous years. The pools were located within
the Bosque del Apache National Wildlife Area (Fig. 1)
to ensure the security of the water quality sensors.
Pools 1, 2, and 3 were located at (33°44017.16720N;
106°540 10.9080W), (33°4603.7380N; 106°52032.8620W), and
(33°47040.9920N; 106°51059.37480W). Continuous data was
collected to determine if critical thresholds for RGSM
survival are exceeded in these potential refuges. A
YSI EXO2 or 6920 V2 sonde was deployed at the deepest
point of each pool and measurements of temperature,
conductivity, DO, pH, and turbidity were collected at
15-minute intervals until either pool drying (four days for
pools 2 and 3) or river reconnection occurred (21 days for
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Pool 1). The instruments were calibrated, and the data was
processed using the methods described above. Continuous
data were analyzed to determine the number of measure-
ments where DO or temperature exceeded critical thresh-
olds for RGSM survival.

Discrete water chemistry data were collected to determine
if pools were receiving shallow groundwater inputs that
replenish evaporative losses and to assess biogeochemical
processes that may impact water quality in these potential
refuges. Samples were collected in triplicate on seven, four,
and three collection dates for pools 1, 2, and 3, respectively,
with sampling points distributed over the duration of the pool
persistence. A peristaltic Geotech GeopumpTM was used to
filter water through a 0.45mm cellulose nitrate membrane filter
for anions, cations (acidified with nitric acid), and deuterium
and H2

18O (stored with no headspace). Anion samples were
analyzed using Ion Chromatography (Dionex ICS 1100).
Cation samples were analyzed using an Inductively Coupled
Plasma-Atomic Emission Spectrometer (PerkinElmer Optima
5300DV) with the instrument optimized using Hg alignment
for the optics and Mn view alignment for the wavelengths.
Deuterium (dD) and H2

18O (d18O) were analyzed using a
Picarro L1102-I Water Isotopic Analyzer for simultaneous
hydrogen and oxygen isotope analyses from liquid water.
Alkalinity was determined using titration with 0.02N H2SO4

and phenolphthalein and Bromocresol-green Methyl-red
indicators.

2.4 Reaches below diversion dams

Continuous water temperature data was collected in a
perennial reach of river downstream of a diversion dam to
determine if critical thresholds for RGSM survival are
exceeded in this reach. Eight submersible silicone iButton
sensors (iBWetLand-22L, Alpha Mach Inc.) were deployed at
∼1 km intervals in a ∼9 km reach below the dam (Fig. 1),
beginning on 31May 2018 and ending on 09 August 2018. The
iButton sensors were deployed at ∼60% stream depth in white
PVC flow-through tubes that shaded the sensors from solar
radiation. Sensors were deployed in areas with high velocity
flow, maximum depth and near the west bank of the river.
Sensors were cleaned and downloaded at ∼3-week intervals.
During one site visit, temperature profiles were collected along
a transect perpendicular to flow at four sites (1, 2, 3, and 5) to
determine if temperatures at the sensor locations were
representative of conditions at a given cross section.
Additionally, a YSI EXO2 sonde was deployed at the upstream
most site (immediately downstream of the diversion dam). The
sonde was calibrated, and the data was processed using the
methods described above. Continuous data from the tempera-
ture sensors were analyzed to determine the number of
measurements where temperature exceeded critical thresholds
for fish survival. Additionally, between station variation in
continuous data was assessed using the micompr package
described above (Fachada et al., 2016).

3 Results

3.1 Agricultural return drains

Water temperature in all drain outfalls during all years was
consistently lower than the temperature in the mainstem of the
f 13



Fig. 2. Histograms of the distribution of water temperatures for the
mainstem of the Rio Grande (red) and the agricultural return drains
(gray) during the same period. The RGSM no acute lethal level
(NALL) is designated by the vertical blue dashed line.
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river (Fig. 2, Tab. 1). In particular, maximum water tempe-
ratures were approximately 3, 5, and 6 °C lower than the
mainstem in the Alejandro, Sabinal, and LP2 drains,
respectively. Between year differences for temperature
distributions were minimal in the drains (Fig. 2), while
between site differences were apparent with the LP2 Drain
Outfall being the coolest (mean and maximum temperatures of
∼23 and 26.7 °C, respectively, Tab. 1) and the Alejandro Drain
outfall being the warmest (mean and maximum temperatures
of ∼22.5 and 30.9 °C, respectively, Tab. 1). Additionally, we
observed temperatures exceeding the no acute lethal level
(NALL) for the Rio Grande Silver Minnow (29.9 °C, Buhl,
2020) for only 0.4% of the temperature observation during a
single year in a single drain outfall (Alejandro Drain, 2015). In
contrast, during each year of data collection, temperatures in
the mainstem of the river exceeded the NALL, with the
percentage of exceedances ranging from 2.5 to 7.8% of the
total number of observations in 2015 and 2013, respectively
(Fig. 2, Tab. 1). Results from the micompr analysis suggest that
all mainstem versus drain outfall temperature comparisons
were significantly different (Adjusted t-test, P< 0.01) with the
exception of the Alejandro Drain in 2014.

Concentrations of DO in the return drains were more
variable than water temperature, with some sites having higher,
and other sites lower values than the mainstem. DO values in
the Alejandro Drain Outfall were low (across year average
mean and minimum values of 4.89 and 0.48mgL�1,
respectively), while mean and minimum values in the LP2
and Sabinal drain outfalls were ∼6.5mgL�1or higher (Fig. 3,
Tab. 1). In comparison, DO minimum and mean values in the
mainstem averaged 5.37 and 7.45mgL�1, respectively (Fig. 3,
Tab. 1). The Alejandro Drain Outfall was the only drain outfall
or mainstem site that was consistently below the no acute lethal
concentration (NALC) for the Rio Grande Silver Minnow
(4.4mgL�1, personal communication from K Buhl, U.S.
Geological Survey) for 11.7 and 46.4% of the total
observations in 2014 and 2015, respectively (Fig. 3,
Tab. 1). No DO values were below the NALC in either the
Sabinal or the LP2 drains, and only 0.2% of the total
observations in the mainstem of the river were below the
NALC. DO and temperature were inversely related in the
Sabinal and LP2 drains and in the mainstem of the MRG,
however, these variables co-varied in the Alejandro Drain
Outfall. Results from the micompr analysis suggest that all
mainstem versus drain outfall DO comparisons were
significantly different (Adjusted t-test, P < 0.01).
3.2 Isolated pools

Of the three pools in which we assessed water quality, two
dried within four days (pools 2 and 3) while the third pool
(Pool 1) persisted for 21 days, albeit with dramatically reduced
surface area (∼0.6m2) prior to reconnection with the river
when a storm event resulted in a flow pulse (Fig. 4). The water
quality between pools varied considerably during the four days
when all three pools remained wetted (Fig. 4, Tab. 2). Water
temperature in Pool 1 was low and relatively constant
throughout this period (mean, maximum, and standard
f 13



Table 1. Summary data for water quality in the drain outfalls.

Drain Outfall River.13 River.14 River.15 Alej.14 Alej.15 LP2.14 LP2.15 Sab.13 Sab.14

Total Temp Readings 3055 1824 7502 1824 8158 1920 8159 1439 672

Total Temp Readings Over NALL 238 48 190 0 32 0 0 0 0
Pct. of Total Temp 7.79 2.63 2.53 0.00 0.39 0.00 0.00 0.00 0.00
Temp Min 16.65 18.44 17.76 17.38 17.46 18.28 19.05 17.63 20.23
Temp Max 33.13 32.54 31.97 29.47 32.36 26.78 26.69 28.49 28.26
Temp Mean 24.13 24.03 24.26 23.08 22.18 23.07 23.06 22.86 23.47
Temp Std 3.73 2.81 2.73 2.38 1.87 1.65 1.63 2.34 1.94
Total DO Readings 2568 1773 7430 1824 8099 1920 8158 1439 NA
Total DO Readings Under NALC 0 4 0 213 3755 0 0 0 NA
Pct. of Total DO 0.00 0.23 0.00 11.68 46.36 0.00 0.00 0.00 NA
DO Min 5.90 4.33 5.91 0.96 0.00 6.47 6.52 7.88 NA
DO Max 10.58 7.35 8.19 8.12 8.88 7.39 8.73 9.69 NA
DO Mean 8.54 6.35 7.46 5.49 4.28 6.90 7.15 8.76 NA
DO Std 0.76 0.49 0.52 1.11 1.76 0.21 0.25 0.39 NA
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deviation of 21.6, 22.9, 0.46 °C, respectively), with no
observations exceeding the NALL. Maximum water tempe-
ratures in pools 2 and 3 reached 29.7 and 34 °C, respectively,
with∼22% of the observations for Pool 3 exceeding the NALL
for the RGSM (Fig. 4, Tab. 2). DO levels in Pool 1 were
consistent and all values were above the NALC for the RGSM
(mean of 7.11mgL�1, standard deviation of 0.06mgL�1). In
contrast, DO concentrations in pools 2 and 3 were low (mean
values of 1.9 and 0.43mgL�1, respectively) and 89.4
and 100% of the observations, respectively, were below the
RGSM NALC. During the remaining 17 days that Pool 1
persisted, temperatures remained low and DO never declined
below 5mgL�1 (Fig. 5).

Discrete samples from Pool 1 during the 21-day period
prior to reconnection revealed an overall increase in dD values
during the sampling period, with a rapid initial rise followed by
a gradual increase during the final seven days of sampling
(Fig. 6). While Cl values remained relatively stable during this
period, concentrations of SO4

2� declined by 40 fold, leading to
a sharp decline in the SO4:Cl ratio (Fig. 6). In pools 2 and 3,
similar increases in dD and decreases in SO4:Cl ratios were
observed, however, Cl values also increased rapidly during
drying (Fig. 6).
3.3 Reaches below diversion dams

Water temperatures downstream of the diversion dam
changed predictably and dramatically with downstream
distance. While the mean values were consistent between
sites, the diurnal variability increased with distance from the
dam (average daily amplitude of ∼5 °C at Site 1 and ∼15 °C at
Site 8, Fig. 7, Tab. 3). Thus, ∼0.2% of the total observations at
Site 1 but ∼21% of the observations at sites 7 and 8 exceeded
the NALL for the RGSM as did most of the daily maximum
values for sites 3 through 8 (Fig. 7). At the downstream sites,
the total degree days for maximum and minimum water
temperature were very similar to those for air temperature
(Fig. 7). Temperature transects at four sensor locations confirm
that temperatures were relatively consistent for each cross
section. Results from the micompr analysis suggest that water
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temperatures from sites 1, 3 and 8 were all significantly
different (adjusted P-value for t-test < 0.01), however,
downstream sites including 5, 7, and 8 were not significantly
different from one another (adjusted P-value for t-test> 0.05).
Other water quality parameters immediately downstream of
the diversion dam suggest relatively high water quality in this
reach: only 12 hours of DO values below the RGSMNALC for
DO were recorded during the 40 days of data collection and no
water temperatures were recorded outside of the NALL during
this period.

4 Discussion

The extensive extinction and extirpation (7 and 40% of the
endemic species) of native fish species in the MRG suggests
that over the past century, the altered flow regime, declines in
water availability, disconnection from the floodplain, and river
fragmentation are cumulatively creating conditions that exert
substantial stress on endemic fish populations. Climate change
impacts are predicted to further decrease water supply in
the southwestern United States, reducing water availability
while simultaneously increasing anthropogenic demand. Thus,
while there is a need for refuge habitat in the MRG and other
drought prone rivers to sustain fish populations in the face of
increasing stressors, little is known about water quality within
potential refuges. In this study, we document widely varying
water quality conditions both within and among three types of
potential refuges,with significant implications for the suitability
of potential refuges to support fish populations.

4.1 Refuge characteristics that support habitability

When considered across habitats, the three specific
characteristics that appear to be most influential in providing
suitable water quality to sustain fish populations within a given
location are: cool seepage inputs, low surface-area-to-volume
or width-to-depth ratios, and riparian shading. These charac-
teristics were present in a subset of the replicates (drain outfalls,
isolated pools), or in a longitudinal portion (river reach below
diversion dam), of each of the refuge types studied here.
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Fig. 4. Hydrologic and water quality monitoring in three isolated
pools in the MRG that formed following river intermittency (16 July
2016 to 20 July 2016). Pool depth (m) was measured at the location of
the sonde, with labeled points representing the number of days after
intermittency. Air temperature (°C) was measured at approximately
30-minute increments from the Socorro municipal airport. Water
temperature (°C), dissolved oxygen (DO; mg L�1), and turbidity
(NTU) were measured at 15-minute increments following pool
formation until drying prevented sample collection. The RGSM no
acute lethal concentration (NALC) for DO and no acute lethal level
(NALL) for water temperature are designated by horizontal black
dashed lines.

Fig. 3. Histograms of the distribution of dissolved oxygen for the
mainstem of the Rio Grande (red) and the agricultural return drains
(gray) during the same period. The RGSM no acute lethal
concentration (NALC) is designated by the vertical blue dashed line.
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In the agricultural return drain outfalls, temperatures were
lower than in the mainstem of river and values exceeding the
NALC for the RGSM were very rare, likely due to shallow
groundwater seepage from irrigation supply ditches and
infiltration from flood irrigation (Fernald and Guldan, 2006;
Gutiérrez-Jurado et al., 2017; Ochoa et al., 2012). Both
processes create hydrologic gradients that facilitate the
movement of cool groundwater into drainage ditches (Caissie,
2006; Helmus et al., 2009). Additionally, the irrigation ditches
are narrow, have low width to depth ratios, and are frequently
Page 7 o
lined with riparian vegetation, all of which promote reduced
water temperatures (Caissie, 2006). Further, in two of the
outfalls (Sabinal and LP2; SI 11) these low temperatures
appear to have contributed to high DO values due to physical
controls of the solubility of oxygen in water (Wetzel, 2001).
f 13



Table 2. Summary data for water quality in the isolated pools.

Isolated Pool Pool 1 Pool 2 Pool 3

Total Temp Readings 384 384 384

Total Temp Readings Over NALL 0 0 84
Pct. of Total Temp Over NALL 0.00 0.00 21.88
Temp Min 20.86 18.93 19.45
Temp Max 22.87 29.68 34.12
Temp Mean 21.62 22.97 25.54
Temp Std 0.46 2.54 4.25
Total DO Readings 384 376 384
Total DO Readings Under NALC 0 336 384
Pct. of Total DO Under NALC 0.00 89.36 100.00
DO Min 6.96 0.49 0.11
DO Max 7.20 10.84 4.01
DO Mean 7.11 1.90 0.43
DO Std 0.06 2.08 0.61

Fig. 5. Hydrologic, atmospheric, and water quality monitoring in the
Rio Grande prior to (01 July 2016 to 11 July 2016) and following river
intermittency and the formation of Pool 1 (13 July 2016 to 01 August
2016). River discharge (m3 s�1) was measured approximately 23 km
upstream (USGS No. 08355490). Pool depth (m) was measured at the
location of the sonde, with labeled points representing the number of
days after intermittency (vertical black dashed line). Air temperature
(°C) was measured approximately 31 km from the deployed sonde at
the Socorro Municipal Airport. Turbidity (NTU), dissolved oxygen
(DO; mg L�1), and water temperature (°C) were measured in
proximity (less than three km) to Pool 1 prior to intermittency and
within Pool 1 after intermittency. The RGSM no acute lethal
concentration (NALC) for DO and no acute lethal level (NALL) for
water temperature are designated by horizontal black dashed lines.

Fig. 6. Discrete data for Cl�, dD and the SO4
2�:Cl ratio for pools 1, 2,

and 3. Data points for discrete data were horizontally offset (i.e.,
dD�1 day and SO4

2�:Clþ 1 day) to reduce overlap and facilitate
viewing.
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Thus, as in other regions (Colvin et al., 2009; Herzon and
Helenius, 2008), the agricultural irrigation system in the MRG
may sustain native fish populations during periods of low flow
and drought. These findings support previous observations and
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studies in the MRG which have documented the presence of
native fish in portions of the irrigation system (Lang and
Altenbach, 1994) and have identified a drain outfall as a
potential source community for recolonization of the mainstem
of the river following drying (Cowley et al., 2007). However,
as discussed below, caveats and exceptions exist when
considering these features as refuges for fish populations.

Two characteristics, surface-to-volume ratio and shading
were also important in the persistence of the single isolated
pool from this study that lasted for more than a few days. These
attributes also likely contributed to the low water temperature
and high DO observed in this pool, with values that never
exceeded critical thresholds for RGSM. This finding could be
interpreted as evidence that a subset of isolated pools in the
MRG provide suitable refuge during low flow periods, as is
common in other river systems (Parkos et al., 2011; Pires et al.,
2010; Rayner et al., 2009). However, the absence of
groundwater inputs (see discussion below), the very limited
f 13



Fig. 7. Daily (0000–2330 hours) mean, maximum, and amplitude of air temperature and water temperature measured at ∼1 km intervals in a
∼9 km reach of the Rio Grande below San Acacia Diversion Dam (Fig. 1), beginning on 31 May 18 and ending on 09 August 18. Cumulative
total degree days (TDD) for daily mean (solid lines) maximum (dashed lines) for air along with the upstream (One) and downstreammost (Eight)
water temperature stations. Water temperature measured at 30-minute increments at the upstream and downstream most station beginning on 03
June 18 and ending on 27 July 18.Water temperature station name represents the approximate distance (km) below the dam. Air temperature (°C)
was measured at approximately 30-minute increments from the Socorro municipal airport. The RGSM no acute lethal concentration (NALC) is
designated by the horizontal blue dashed line.

Page 9 of 13

D.J. Van Horn et al.: Knowl. Manag. Aquat. Ecosyst. 2022, 423, 7



Table 3. Summary data for water temperature below the San Acacia Diversion Dam.

Temperature logger Air One Two Three Four Five Six Seven Eight

Total temp readings over NALL 931 5 230 354 530 525 495 594 568

Pct. of total 34 0 8 12.94 19.37 19.19 18.09 21.71 20.76
Temp min 13.28 19.88 18.82 16 15.44 15.73 15.81 15.42 13.89
Temp max 39.08 30.13 33.19 36.74 36.62 35.98 36.06 36.73 36.76
Temp mean 26.98 24.45 24.59 25.11 25.3 25.23 25.16 25.46 24.97
Temp Std 5.75 1.94 3.30 3.99 4.65 4.56 4.51 4.98 5.27
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areal extent of the pools that do persist, shallow depth, and the
highly transient nature of the vast majority of pools in the
MRG (Archdeacon and Reale, 2020) all suggest that this
refuge type is likely to be of limited utility in maintaining
populations of at risk fishes.

Previous studies have documented the importance of river
segments that maintain flow during periods of drought as
refuge for aquatic organisms (Rolls et al., 2012). The river
reach immediately downstream of the San Acacia Diversion
Dam is deeply incised, and even when the dam gates are fully
closed, as they were during this study, leakage from around the
gates and groundwater seepage from associated irrigation
canals and drains (S.S. Papadopulos & Associates, 2001)
provide sustained flows of ∼0.135 m3 sec�1 in the main
channel (USGS 08354900, Rio Grande Floodway at San
Acacia, NM). Both sources of flow provide low temperature
water to this reach, creating a thermal refuge, as occurs below
other dams with hypolimnetic release structures (Olden and
Naiman, 2010) and in areas receiving shallow groundwater
inputs associated with irrigation drains (Caissie, 2006; Helmus
et al., 2009). Thus, cool seepage water is the crucial
characteristic that creates habitability immediately down-
stream of the dam. However, as discussed below, due to an
absence of the other two characteristics, low width-to-depth
ratios and shading, this refuge is limited in spatial extent.

4.2 Contexts in which refuge habitability was reduced
and ecological traps may occur

For each of the three types of refuge habitats investigated in
this study, a subset of the potential locations had water quality
that was not suitable to support imperiled fishes during river
drying. These locations either had a reduced incident of the key
characteristics described above, or additional factors that
negatively impacted suitability. Understanding these excep-
tions to habitability is important, both for making management
decisions and in understanding how some locations may
function as ecological traps for individuals seeking refuge.

In the Alejandro Drain outfall, while temperatures were
low and conducive to fish habitability, prohibitively low DO
values that occurred ∼12 and 46% of the two summers in
which measurements were made, clearly inhibit the viability of
this potential refuge and other drain outfalls with similar
conditions. Low DO has been linked to high nutrient
concentrations in other aquatic ecosystems (Bricker et al.,
2008; Camargo and Alonso, 2006) including agricultural
drains (Collins et al., 2019), and thus, sampling should be
undertaken in the drains in the MRG to determine what
characteristics create the observed variability in suitability as
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potential refuge for fishes. Additionally, it should be noted that
for all three drains, other contaminants not measured in this
study may preclude these areas as potential refuge habitat. For
example, pesticides and potentially toxic trace elements have
been documented in the MRG irrigation network (Healy, 1996;
Levings et al., 1998), and in sediment samples at mainstem
sites, some of which were downstream of irrigation return
flows (Marcus et al., 2010). This is notable, as the cooler water
temperatures we observed during summer months may attract
fishes from the main channel, but become ecological traps due
to subsequent exposure to toxins. For example, in another
system dwarf galaxias (Galaxiella pusilla) were unable to
distinguish between stormwater and non-stormwater wetlands,
leading to lower survival and slower maturation in stormwater
wetlands (Hale et al., 2018).

The gradual enrichment of dD we observed in all three
pools is indicative of evaporative losses without groundwater
recharge (Hamilton et al., 2005). Additionally, while one pool
persisted, the other two pools dried within four days of
formation, and, during the period in which water was present in
these pools, the quality was insufficient to support fish
communities. Isolated pools in the MRG appear to be
dissimilar from those in other river systems where ground-
water inputs (Costelloe and Russell, 2014; Labbe and Fausch,
2000) or clay lenses (Hamilton et al., 2005) prevent drying.
This is likely due to the highly permeable sand substate found
in the southern MRG. Also, the Low Flow Conveyance
Channel, which runs parallel to the mainstem of the river and
was designed to reduce water loss and increase sediment
transport throughout this reach, resulted in the river becoming
perched above the conveyance channel (Gorbach, 1999). This
modification likely increases drying rates of pools in the river
due to seepage into the conveyance channel. Finally, the pools
that dried rapidly were shallow and in unshaded portions of the
river, providing minimal buffering from solar and thermal
inputs. Thus, in contrast to isolated pool formation in other
river systems, the majority of pools in the MRG are highly
transient, with most pools drying within 4 days of formation
(Archdeacon and Reale, 2020). Further, during the drying
period water quality quickly become unsuitable for sustaining
fish populations, and thus, as reported in some other rivers
(Vander Vorste et al., 2020), these pools may become
ecological traps that result in complete mortality of fishes
seeking refuge.

Finally, our findings suggest that while the basic water
quality in the several kilometers of the main channel of the
MRG immediately downstream of the San Acacia Diversion is
sufficient to support RGSM, as the water moves downstream,
water temperature rises quickly due to elevated air temperatures,
of 13
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solar input, limited riparian shading, and shallow depths.
From approximately three kilometers below the dam to the
upstream extent of drying, water temperatures exceed critical
limits for the RGSM on a daily basis. This suggests that while
ten kilometers of the main channel below the San Acacia
Diversion Dam may be perennial, only a subset of this reach
is suitable as a refuge. It should also be noted that
modifications to the current operation of the San Acacia
Diversion Dam could negatively impact this refugium. For
example, construction of a fish passage is being planned for
this structure in the near future (U.S. Fish and Wildlife
Service, 2016), and if this passage delivers warm water from
the surface of the impoundment to the downstream reach, the
thermal refugium may be compromised. As fishes in this
reach can move freely upstream to cooler areas, this potential
refuge is unlikely to become an ecological trap.

5 Conclusions

Among the habitats examined in this study, isolated pools
that persisted through drying were rare and of insufficient size
to provide significant refuge for fishes. The irrigation drain
returns generally had acceptable water quality for fishes;
however long-term effects on growth and reproduction of
RGSM should be considered, as well as movements into and
out of refuges. Cool water plumes from drains should be large
enough to attract and support enough RGSM to be meaningful:
the species is short-lived (Horwitz et al., 2018); subject to
population crashes and quick recovery (Archdeacon et al.,
2020); and likely historically resilient to drought through high
demographic resilience. Areas of perennial flow below
diversion dams represent the best refuge habitat we examined.
Although the entire section of perennial flow did not have
favorable temperatures, a large section did have cooler water
capable of supporting more fish than either of the other habitat
types. This habitat is also in the main river channel and so any
RGSM… that use this refuge remain a part of the reproducing
population.

These findings suggest that refuge habitability is context
dependent, that generalizations regarding the suitability of a
specific refuge type should be avoided, and that careful
assessment is required to determine if a specific location will
support fish assemblages. In the MRG, and in other drought
prone rivers, potential refuges that have cool seepage inputs
from groundwater or hypolimnetic sources, riparian shading,
and low surface-area-to-volume or width-to-depth ratios,
should be identified and preserved, or created, to provide
habitat during river drying. Careful examination of the
potential refuges should be made to ensure they do not
function as ecological traps and occur on a scale that matches
the behavior and life-history of the species. Finally, the subset
of refuges currently habitable may not be suitable in the future
due to climate change impacts. As air temperatures rise and
anthropogenic water demands accelerate, rates of drying due to
evapotranspirative demand will increase, isolated pools will
dry more quickly, and groundwater temperatures will rise,
impacting refuge in the areas below diversion dams and
agricultural return flows.
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