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Abstract 
1. Dams can be operated to mimic components of the natural flow regime to mini-

mise impacts on downstream ecosystems. However, infrastructure, societal 
needs, water management, and catchment runoff constrain which and when 
flow regime attributes can be mimicked. 

2. We compared fish assemblage responses, including native and non-native spe-
cies, over 2 decades of managed environmental flows to those in a river retain-
ing a relatively unaltered flow regime. Both of these arid-land rivers are within 
the overallocated Colorado River basin and have experienced declines in catch-
ment runoff over the past 20 years. We predicted that fish–flow relationships 
would be conserved across time and between managed and unmanaged rivers. 

3. Declines in flow in both rivers coincided with declines in some native fishes, 
and more native and non-native fish species exhibited declines in the managed 
river than in the unmanaged river. Our ability to detect previously documented 
native fish–flow relationships diminished in the managed river system because 

established environmental flow targets were not met due to water management, 
but we detected these fish–flow relationships in the unmanaged river. 

4. Our results suggest declining catchment runoff and increased consumptive 
water use could reduce the effectiveness of environmental flows that have 
lower priority in most years. 
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climate change, drought, flow–ecology, long-term data, native fish conservation, non-native 
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1  | INTRODUC TION  

Mitigating the impacts of altered flow regimes on riverine biota is a 
top conservation priority (Dudgeon, 2019; Reid et al., 2019; Tickner 
et al., 2020). In regulated river systems, dam operations that mimic 
important attributes of the natural flow regime can potentially 
achieve ecological goals or at least minimise negative impacts of 
flow regulation (Olden et al., 2014; Poff & Schmidt, 2016; Richter 
& Thomas, 2007). For example, implementing environmental flows 

(e-flows hereafter) led to increased dominance of native fishes in 
California (Kiernan et al., 2012), and fish and macroinvertebrate 
abundance increased substantially following e-flow restoration of 
a floodplain system along the Danube River (Pander et al., 2019). 
However, e-flows have also had weaker ecological responses than 
anticipated (Bradford et al., 2011; Growns, 2016), unintended con-
sequences (Korman et al., 2011), and are not consistently assessed 
(King et al., 2015; Lamouroux & Olivier, 2015; Ryan et al., 2021). 
Prioritising how flows should be released from dams to achieve posi-
tive ecological outcomes requires quantifying relationships between 

flow attributes and ecological responses (hereafter flow–ecology 

relationships) both before, during, and after e-flow implementation 

(Poff et al., 2010; Poff & Zimmerman, 2010). 
Because organisms adapt and evolve in response to hydrologic 

regimes (Lytle & Poff 2004), ecological responses to flow variation 
are expected to be quantifiable and predictable (Poff et al., 2010). 
However, quantifying flow–ecology relationships can be chal-
lenging (Arthington et al., 2006; Davies et al., 2014; Praskievicz & 
Luo, 2020). Flow requirements are often site- and species-specific 
(Gido et al., 2013; Kennard et al., 2010), so applying generalised flow 

recommendations across river systems can cause unintended eco-
logical harm (Arthington et al., 2006). Flow–ecology relationships 

also tend to be noisy (Poff & Zimmerman, 2010), making it difficult to 

separate effects of hydrology from other ecosystem drivers such as 
species invasions (e.g., Saunders III & Tyus, 1998) or habitat availabil-
ity (e.g., Bradford et al., 2011). Shifting baselines can complicate de-
velopment of flow recommendations because reference conditions 

change over time in response to climate change or other factors 
(Poff, 2018; Rosenfeld, 2017) so flow recommendations need to be 
adaptive and flexible (Thompson et al., 2018). Despite the challenges 
associated with quantifying flow–ecology relationships, long-term 

data collection has facilitated flow–ecology assessments, e-flow im-
plementation, and assessment of e-flow standards in some places. 

The San Juan River, a regulated tributary to the upper Colorado 
River in the western U.S.A., has a long history of e-flow implemen-
tation and flow–ecology assessment. Use of environmental flows in 
the San Juan River began in 1993 (31 years after the dam was built). 
These flow releases aimed to mimic the timing and magnitude of 
historical spring runoff events (Propst & Gido, 2004). Initial assess-
ment of the fish community after 9 years of flow mimicry (1993– 

2002) indicated that native fish densities were higher during years 
with increased spring discharge, and non-native species densities 
were higher in years with longer duration summer low-flow periods 
(Propst & Gido, 2004). Reassessment of long-term fish community 

data (1993 through 2010) supported these general conclusions 
(Gido & Propst, 2012). 

Despite e-flow standards for the San Juan River (Holden, 1999), 
prolonged regional drought of the past 2 decades (e.g., Salehabadi 
et al., 2020), release limitations due to dam infrastructure 
(BOR, 2006), and increased consumptive water use (Table S1) have 
limited the ability to meet all flow targets. For example, there was 
only 1 year (2008) when all four e-flow targets were achieved be-
tween 2006 and 2020 (Table S2, USFWS, 2021). During this time, 
native fish densities, including previously common species such 
as flannelmouth sucker (Catostomus latipinnis), bluehead sucker 

(Catostomus discobolus), and speckled dace (Rhinichthys osculus) have 
declined (this study). The reasons for these declines are unknown, 
but could be linked to flow and non-flow stressors, including, habi-
tat simplification associated with encroachment of riparian vegeta-
tion (Katz & Shafroth, 2003; Scott et al., 2018; Vorster et al., 2018), 
potential impacts of non-native fish (Franssen et al., 2014; Hedden 
et al., 2020; Mueller, 2005), declines in water quality (Hamilton & 
Buhl, 1997), declining catchment runoff (Milly & Dunne, 2020; Udall 
& Overpeck, 2017), reductions in large floods and overbank flows 

(Grams et al., 2020; Lytle & Merritt, 2004), and potential interactions 
among these variables. The observed declines in native fishes in the 
San Juan River coinciding with a failure to achieve e-flow standards 
necessitate an assessment of the implementation and prioritisation 

of e-flow standards in the face of multiple stressors associated with 

river regulation and climate change. 
In contrast to the San Juan River, the White River, another upper 

Colorado River basin (CRB) tributary, has a relatively unaltered flow 

regime (Pennock et al., 2022). The White River is also dammed, 
but with a run of river structure (i.e., pour-over) instead of a large, 
hypolimnetic-release dam. As such, large floods are not dampened by 
dam operations, as reservoir inflow generally equals outflow minus 
evaporative losses (Anderson et al., 2019; Chart & Bergersen, 1992). 
Also, similar to the San Juan River, researchers have sampled fish 
assemblages in the White River since 2008. Moreover, 73% of all 
juvenile and adult fishes captured during raft electrofishing surveys 
in the White River in 2019 were native species, mainly bluehead 
sucker and flannelmouth sucker (Detlor & Breen, 2020). This addi-
tional long-term dataset provides the opportunity to compare fish 
assemblage responses in a river with a managed flow regime (San 
Juan River) to one with a relatively unaltered flow regime (White 
River), while both are experiencing drought. 

Our broad goal was to assess the effect of e-flows on fish as-
semblages in the San Juan River. Our approach included using an 
additional decade of data to determine if previously documented 

relationships describe current trends in fish assemblage dynamics. 
We also compared observations of fish–flow relationships from the 
San Juan River to those observed in the White River to compare the 
strength of flow–ecology relationships in a heavily managed versus a 
less-impacted river. Our specific objectives were to: (1) assess long-
term trends of discharge and native and non-native fish densities 
in the San Juan and White rivers; (2) compare current relationships 
between fish densities and attributes of the flow regime in the San 
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Juan River to those observed in earlier studies and those observed 
in the White River; and (3) quantify relationships between native 
and non-native fish densities because of the hypothesised impact of 
non-native fishes on native fishes and the known relationships be-
tween changes in hydrology in regulated rivers and non-native fishes 
(e.g., Gido & Propst, 2012; Tyus & Saunders III, 2000). We predicted 
that previously identified flow–ecology relationships in the San Juan 
River would persist over time, sustained by managed e-flows, and 
that flow–ecology relationships in the White River would be similar 
to those observed in the San Juan River because of its relatively un-
altered flow regime and similar fish assemblages (Table S3). 

2  | METHODS  

2.1 | Study area 

We used complementary datasets from the San Juan and White 
rivers to assess fish–flow relationships. The San Juan River is one 
of three headwater branches of the Colorado River and is indepen-
dently connected to Lake Powell. The San Juan River runs through 
portions of Colorado, New Mexico, and Utah, drains approximately 
64,000 km2 , and has a 21st century mean annual flow of 37.7 m3/s 

(Figure 1). Navajo Reservoir (capacity: 2.11 km3), used primarily 
for water storage and delivery, is located approximately 120 river 
km (rkm) upstream from our study reach and now regulates ap-
proximately 50% of the San Juan River discharge. The unregulated 
Animas River, a major tributary to the San Juan River, contributes 
nearly half of 21st century mean annual flow in the San Juan River 
downstream of their confluence. For more detailed descriptions of 
the San Juan River study area, see Propst and Gido (2004) and Gido 
and Propst (2012). 

The White River is one of several tributaries of the Green River 

and begins in western Colorado before meeting the Green River in 

eastern Utah. The catchment area of the White River is approxi-
mately 13,000 km2 , and with a 21st century mean annual flow of 
16.2 m3/s, is less than half the size of the San Juan River. Taylor 

F I G U R E  1  (a) Shaded study reaches 
on the San Juan and White rivers in the 
upper Colorado River basin. Location 
of Taylor Draw Dam (White River) 
and Navajo Dam (San Juan River) are 
represented by the points of white 
triangles. (b) Historical (1929–1949; grey) 
and 21st century (2001–2021; colour) 
flow regimes from the San Juan River 
(bottom; U.S. Geological Survey gaging 
station: 09379500) and White River (top; 
U.S. Geological Survey gaging station: 
09306500). Bold lines represent median 
daily flow and shaded regions span the 
5th and 95th percentiles 

Draw Dam (capacity: 0.13 km3) is located approximately 52 rkm 

upstream from our study reach and is licensed as a run-of-the-river 
structure, meaning that the amount of water entering the reser-
voir must equal the amount of water leaving the reservoir, with 

minor alterations allowed for hydroelectric power generation and 

evaporative loss. Because of this requirement, the flow regime of 
the White River is relatively unaltered compared to the San Juan 

River (Figure 1). While there are withdrawals for irrigation, munic-
ipal, and extractive industrial purposes, the daily operation of the 

dam does not substantially alter downstream flow patterns, and the 

timing, duration, and magnitude of the spring flood are largely in-
tact relative to some other tributaries to the Green River (Pennock 

et al., 2022). 

2.2  | Flow data 

We used discharge data from the U.S. Geological Survey gage at 
Shiprock, New Mexico (station 09368000) for the San Juan River 
and the U.S. Geological Survey gage near Watson, Utah (station 
09306500) for the White River (USGS, 2022). Whereas the gage 
near Bluff, Utah on the San Juan River is used by the Bureau of 
Reclamation and other stakeholders for broader water management 
(described in Wheeler et al., 2019), we used the Shiprock gage to 
match flow data used in previous studies of the San Juan River (i.e., 
Gido & Propst, 2012; Propst & Gido, 2004). Moreover, mean annual 
flows measured at the Shiprock and Bluff gages are highly corre-
lated (Pearson's r = 0.99). We focused on three flow attributes previ-
ously identified as predictors of fish densities in the San Juan River 
(i.e., Gido & Propst, 2012; Propst & Gido, 2004; Stewart-Koster 
et al., 2014): (1) mean daily spring discharge; (2) mean daily summer 
discharge; and (3) the number of summer low flow days (Table S4). 
Summer low flows for the San Juan River were described as mean 
daily flows <14 m3/s (Gido & Propst, 2012). This value corresponds 
approximately with the 8th percentile of daily summer flows from 
1993 to 2018, so we calculated the 8th percentile for both the San 
Juan and White rivers. 
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2.3  | Fish collections 

Researchers sampled small-bodied (all age classes; species with 
adults <100 mm) and juveniles (mostly age-0 and some age-1) of 
large-bodied fishes (species with adults >100 mm), on both the San 
Juan and White rivers using seines. Sampling efforts in the San Juan 
River are described thoroughly by Propst and Gido (2004) and Gido 
and Propst (2012) and briefly here. We seined in a downstream di-
rection and sampled mesohabitats (e.g., pool, undercut bank, shoal, 
run, riffle) present in rough proportion to its availability. Following 
previous studies, we used data from autumn (late September to early 
October) seining of secondary channels across three geomorphically 
distinct reaches between rkm 127 and rkm 274 of the San Juan River 
from 1993 to 2018. Autumn seining of the White River was com-
pleted between 2008 and 2018 in low-velocity habitats between 
rkm 24 and rkm 68 (Figure 1; Breen & Hedrick, 2010). For both the 
San Juan and White rivers, we measured the area of each seine haul 
and calculated fish density as the total number of fishes collected per 
total area sampled in each year. We averaged data from the San Juan 
River across the three geomorphic reaches (Gido & Propst, 2012). 

Densities of potentially predatory channel catfish in the San Juan 
River were estimated by researchers using raft-mounted electrofish-
ing to annually monitor large-bodied sub-adult and adult fishes in 
September or October (Franssen et al., 2016). During these efforts, 
two electrofishing rafts sampled the shoreline of the river in tandem 
and the number of captured fish were combined from the two rafts. 

2.4  | Data analysis 

We tested for changes in flow over time in both rivers using least-
squares regression of flow quantiles. We calculated the 10th, 50th, 
75th, and 95th quantiles for each year using daily flow data from 
1993 to 2018 and used these values as response variables in regres-
sion models with year as a predictor variable. Following Gido and 
Propst (2012), we used least-squares regression to evaluate changes 
in fish densities in response to time, flow variables, and non-native 
fish densities. To improve normality of the data and lessen the in-
fluence of large values, we log10-transformed fish densities for all 
analyses. We added a small constant (0.001) to all observations prior 
to transformation to deal with occasional values of zero following 
Gido and Propst (2012). 

We tested for changes (α = 0.05) in fish densities over time for 
each species in each river using the lm function in Program R ver-
sion 4.0.2 (R Core Team, 2020). We assessed fish–flow relation-
ships by replicating the analyses of Gido and Propst (2012) with a 
few modifications. We used likelihood ratio tests of nested models 
(see below), while Gido and Propst (2012) ranked non-nested mod-
els using Akaike's information criterion for small sample sizes. We 
built a series of nested models starting with an intercept-only model 
and sequentially added additional terms one at a time. Additional 
terms included flow attributes described above, as well as densities 
of potential competitors (both rivers) and predators (San Juan only). 

Because flow attributes were highly correlated in the White River 
(see Results), we only used mean spring discharge in its analyses. 
Densities of potential competitors were calculated as the total annual 
density of small-bodied non-native fish in the San Juan and White 
rivers, respectively (Table S3). Following Gido and Propst (2012), we 
calculated densities of potential predators in the San Juan River from 
long-term sub-adult and adult monitoring data as the catch-per-unit-
effort of channel catfish (Ictalurus punctatus) >300 mm total length. 
Although channel catfish and other fish predators (e.g., smallmouth 
bass Micropterus dolomieu) are abundant in the White River, dedi-
cated efforts to quantify their abundance are recent and there were 
insufficient data for our analysis (see Discussion). Following con-
struction of model sets for each species by river, we used likelihood 

ratio tests to test the significance of independent variables using the 
lrtest function in the lmtest package (Zeileis & Hothorn, 2002). We 
tested for serial autocorrelation in fish–flow time series using both 
Durbin–Watson tests and examination of plots of autocorrelation 
functions using the car and stats packages (Fox & Weisberg, 2019; R 
Core Team, 2020). If there was strong evidence of autocorrelation, 
we used generalised least-squares regression with an autoregressive 
moving average correlation structure to model densities using the gls 
function in the nlme package (Pinheiro et al., 2020). 

3  | RESULTS  

High flows declined dramatically in the San Juan from 1993 to 2018, 
and less so in the White River (Figure 2; Table 1). For instance, the 
95th, 75th, and 50th quantiles of daily flow declined 88%, 89%, and 
56%, respectively between 1993 and 2018, although only regression 
coefficients for the latter two quantiles over time were statistically 
significant (Table 1). The 10th quantile of daily flow declined 37% 
over this same time period in the San Juan River. While none of the 
regression coefficients of daily flow quantiles were statistically sig-
nificant in the White River (Table 1), the 95th, 75th, 50th, and 10th 
quantiles declined 69%, 54%, 36%, and 57%, respectively. There 
were also differences between the San Juan and White rivers in the 
strength of correlations of flow attributes (Table 2). For instance, 
mean spring daily discharge and mean summer daily discharge were 

not correlated in the San Juan River (p = 0.070; Table 2), but were 
highly correlated in the White River (p < 0.001; Table 2). Although 
mean spring daily discharge and number of summer low-flow days 
were quite variable over both time series (Figure 3), mean summer 
daily discharge was remarkably consistent and generally low from 
2000 to 2018 in both rivers. 

Along with declines in flow, densities of all three native fishes de-
clined significantly (F1,24 = 7.22–16.98, all p ≤ 0.013) in the San Juan 
River (Table 3), yet only flannelmouth sucker declined (F1,8 = 6.79, 
p = 0.031) over time in the White River (Table 3; Figure 4). Densities 
of the other three native species in the White River were variable 
over time (Figure S1), but none demonstrated strong patterns of 
change (F1,8 = 0.49–2.71, all p ≥ 0.138; Table 3). Many non-native 
fishes also exhibited clear declines over time in the San Juan 

https://0.49�2.71
https://7.22�16.98
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F I G U R E  2  Boxplots of daily flows from 
1993–2018 in the San Juan River (blue) 
and White River (orange). Flows since 
2000 are shown in colour to highlight the 
recent Millennium Drought (Salehabadi et 
al., 2020). Regression results of the 95th, 
75th, 50th, and 10th percentiles over time 
are presented in Table 1. Box dimensions 
represent the 25th and 75th percentile 
ranges, the bold horizontal line represents 
the 50th percentile, and the whiskers 
extend from the box edges to the smallest 
and largest value no further than 1.5× the 
interquartile range. y-axes scales differ 
among panels and are on a log10-scale 

TA B L E  1  Model output from least-squares regressions of annual 
daily flow quantiles versus time on the San Juan River and White 
River from 1993–2018. Significant (p ≤ 0.05) coefficients are in bold 

Coefficient 
River Quantile (SE) F r2 p 

San Juan 95th −3.51 (1.72) 4.16 0.15 0.053 

75th −2.15 (0.79) 7.38 0.24 0.012 

50th −0.46 (0.16) 8.29 0.26 0.008 

10th −0.11 (0.10) 1.18 0.05 0.288 

White 95th −0.86 (0.66) 1.72 0.07 0.203 

75th −0.22 (0.15) 2.25 0.09 0.147 

50th −0.12 (0.07) 2.49 0.09 0.127 

10th −0.09 (0.07) 2.00 0.08 0.171 

River, such as fathead minnow (Pimephales promelas; F1,24 = 48.62, 
p < 0.001) and red shiner (Cyprinella lutrensis; F1,24 = 46.06, p < 0.001; 
Table 3), but not in the White River (Table 3; Figure S1). In fact, fat-
head minnow increased significantly (F1,8 = 10.69, p = 0.011) over 
time in the White River (Table 3; Figure S1). Of the non-native spe-
cies undergoing an active adult mechanical removal programme in 
the San Juan River, juvenile common carp (Cyprinus carpio) declined 

= 7.94, p < 0.010) while juvenile channel catfish showed no (F1,24 

indication (F1,24 = 0.14, p = 0.713) of decline over time (Table 3; 
Figure S1). 

Lower magnitude values for all flow metrics during the past 
10 years limited our ability to detect previously identified native 
fish–flow relationships in the San Juan River, but we did detect rel-
atively strong patterns in the White River (Figure 5). In the San Juan 
River, speckled dace was the only native species that demonstrated 
a significant response to any flow attribute and increased in density 

2(Likelihood ratio test: ̃  = 7.578, p = 0.006; Table S5) with increasing 
1 

mean spring daily discharge (Figure 5; Table S5). In contrast, densi-
ties of all native fishes in the White River were higher when mean 
spring daily discharge was higher (all p ≤ 0.029; Table S5), and the 
strength of these relationships was relatively high based on r2 values 

(Figure 5). 
No native or non-native species had a significant relationship 

with mean summer discharge (all p ≥ 0.110; Table S5). Common carp, 
fathead minnow, red shiner, and western mosquitofish (Gambusia 
affinis) density increased as the number of summer low-flow days 
increased (Figure 6; all p ≤ 0.004; Table S5). Non-native channel cat-
fish did not display any strong response to flow attributes. Although 
there were statistically significant fish–flow relationships in the 

San Juan River, all significant relationships were relatively weak 

(r2 ≤ 0.28). In the White River, non-native common carp density, simi-
lar to native fishes, increased with mean spring daily discharge, while 
red shiner decreased (Figure 6). 

There was no evidence that putative biotic interactions were an 
important influence on native fish densities in either river system. 
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TA B L E  2  Correlation coefficients between annual flow (Q) attributes measured between 1993 and 2018 in the San Juan and White 
rivers. Pearson's r-values in bold italics are significant (p < 0.05). The 8th percentile of daily summer flows from 1993–2018 corresponds 
approximately to mean daily flows <14 m3/s. See methods for details 

Duration (d) 
River Flow attribute Mean spring Q Mean summer Q Q < 8th percentile 

San Juan River Mean spring Q 1.00 — 

Mean summer Q 0.36 1.00 

Duration (d) Q < 8th percentile −0.48 −0.51 1.00 

White River Mean spring Q 1.00 

Mean summer Q 0.91 1.00 

Duration (d) Q < 8th percentile −0.82 −0.65 1.00 

Although we assessed effects of potential non-native competitor 
density on native fishes in both the San Juan and White rivers, we 
observed no significant relationships for any of the native species 
in either river (Table S5). The only significant relationship was be-
tween juvenile channel catfish and potentially predatory adult chan-
nel catfish; juvenile channel catfish densities significantly declined 

2(˜ = 6.134, p = 0.013; Table S5) as adult catfish catch-per-unit-
1 

effort increased (Figure S2). 

F I G U R E  3  Annual variation of flow 
(m3/s) regime attributes that correspond 
with fish datasets from the San Juan 
(blue) and White (orange) rivers; flow data 
are from U.S. Geological Survey gaging 
stations 09368000 at Shiprock, New 
Mexico and 09306500 near Watson, 
Utah. The y-axes of the top two panels 
are on a log10-scale. CV is the coefficient 
of variation. The 8th percentile of 
daily summer flows from 1993–2018 
corresponds approximately to mean daily 
flows <14 m3/s. See Methods for details 

4  | DISCUSSION  

Densities of relatively common native fishes declined over 

time despite decades of e-flow implementation in the San Juan 

River and a relatively unaltered flow regime in the White River. 
Previous analyses of long-term sub-adult and adult monitoring 

data suggested bluehead sucker and flannelmouth sucker were 

relatively stable from 1994–2012 in the San Juan River (Franssen 
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TA B L E  3  Model output from least-
squares regressions of fish density over 
time in the San Juan River (26 years) and 
White River (10 years). Densities were 
log10 + 0.001-transformed before running 
models. Species with significant (α = 0.05) 
coefficients are in bold 

River 

San Juan 

Species 

Bluehead sucker 

Flannelmouth sucker 

Speckled dace 

Channel catfish 

Status 

Native 

Native 

Native 

Non-native 

Coefficient (SE) 

−0.037 (0.01) 

−0.02 (0.01) 

−0.03 (0.01) 

−0.004 (0.01) 

F 

10.54 

7.22 

16.98 

0.14 

2r

0.31 

0.23 

0.41 

0.01 

p 

0.003 

0.013 

<0.001 

0.713 

Common carp Non-native −0.040 (0.01) 7.94 0.25 0.010 

Fathead minnow Non-native −0.119 (0.02) 48.62 0.67 <0.001 

Red shiner Non-native −0.106 (0.02) 46.06 0.66 <0.001 

Western 

mosquitofish 

Non-native −0.038 (0.02) 3.84 0.14 0.062 

White Bluehead sucker Native −0.051 (0.04) 1.66 0.19 0.238 

Flannelmouth sucker Native −0.103 (0.04) 6.79 0.46 0.031 

Roundtail chub Native −0.057 (0.03) 2.71 0.25 0.138 

Speckled dace Native −0.049 (0.07) 0.49 0.06 0.508 

Channel catfish Non-native 0.077 (0.04) 3.40 0.53 0.162 

Common carp Non-native −0.074 (0.04) 2.75 0.26 0.136 

Fathead minnow Non-native 0.116 (0.04) 10.69 0.57 0.011 

Red shiner Non-native 0.036 (0.05) 0.61 0.07 0.457 

Sand shiner Non-native 0.019 (0.04) 0.21 0.03 0.660 

et al., 2016), but more recent data suggest declines over the period 

1999 to 2017 (Schleicher, 2018). These patterns are concerning 

because flannelmouth sucker and bluehead sucker are extirpated 

from more than 50% of their range (Bezzerides & Bestgen, 2002; 
Budy et al., 2015), and suggest that the mechanism of decline in 

abundance is occurring at a broad scale, such as regional-scale re-
ductions in catchment runoff and flow associated with land and 

water management practices. Since 2000, the CRB has continued 

to experience substantial aridification (Salehabadi et al., 2020; 
Williams et al., 2022), and climate change effects on snow pack and 

air temperatures are leading to declines in river discharge (Milly & 

Dunne, 2020; Overpeck & Udall, 2020; Udall & Overpeck, 2017). 
We identified declines in flows in the San Juan River from 1993– 

2018 that corresponded with native fish declines, and although 

statistical relationships of flow quantiles over time in the White 

River were not significant, all slope coefficients were negative and 

flow quantiles from both rivers declined and generally tracked 

each other over time. 
Previously documented flow–ecology relationships for most na-

tive fishes appeared to weaken with a longer time-series. Previous 

studies documented significant increases in densities of speck-
led dace, bluehead sucker, and flannelmouth sucker in years with 

higher spring flows, while densities of several non-native fishes 

consistently increased with an increase in the duration of summer 
low flows (Gido & Propst, 2012; Propst & Gido, 2004). Despite not 

detecting significant relationships between native fishes and spring 

floods, native fishes probably do respond positively to higher dis-
charge spring floods, but 75% of mean spring daily discharges be-
tween 2011 and 2018 were less than the median value over the 

entire time series (1993–2018) in the San Juan River. The appar-
ent weakening of previous flow–ecology relationships probably 

resulted from the combination of these lower magnitude flows 

during recent periods and more variable fish densities observed 

during this low flow period. We hypothesise that the variability in 

fish densities observed during the recent lower flow period may 

be driven by interactions between lower flows and other non-flow 

stressors, such as habitat loss resulting from reductions in total an-
nual discharge and concomitant channel narrowing and homogeni-
sation of in-stream habitat (Franssen et al., 2014; Scott et al., 2018). 
Encroachment of riparian vegetation following reductions in flow 

can contribute to channel narrowing and decreased channel avul-
sion (Scott et al., 2018; Walker et al., 2020), such as has occurred on 

the San Juan River (Franssen et al., 2014). 
In contrast to patterns observed in the managed San Juan 

River, all four native species exhibited higher densities in years 

with higher spring discharge in the White River. Large floods pro-
vide access to important complex habitats for multiple life stages 

of fish (Bestgen et al., 2011; Humphries et al., 2020) and might 
disrupt spawning of some non-native fishes in the CRB (e.g., small-
mouth bass; Bestgen, 2018); both processes could benefit native 

species. We were unable to assess relationships between fish 

densities and other flow attributes in the White River because all 
attributes were highly correlated, which is not surprising given its 

relatively unaltered flow regime. While native fishes appear to be 

responding positively to the flow regime in the White River, it is 

unclear how populations will cope with continued years of lower 

catchment runoff predicted for the CRB (Milly & Dunne, 2020; 
Overpeck & Udall, 2020) and potential habitat degradation from 

encroaching riparian vegetation (e.g., Scott et al., 2018). For in-
stance, non-native riparian vegetation, particularly invasive 

Russian olive (Elaeagnus angustifolia) is now established and ex-
panding in the White River (Urbancyzk et al., 2020). 
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Although non-native species are hypothesised to negatively 

impact native fishes (Tyus & Saunders III, 2000), it can be difficult 

to quantify their impacts because of the presence of multiple, po-
tentially interacting stressors on native fishes. For example, small-
mouth bass are expanding in the White River since being detected 

in 2008 (Smith et al., 2020), and while efforts that quantify their 

abundance began in 2012, the timing of their arrival also corre-
sponds directly with declines in flow. Conversely, smallmouth 

bass are not established in the San Juan River, and channel catfish 

are the primary predatory threat (Hedden et al., 2020; Hedden 

et al., 2022). We observed no correlation between potential non-
native competitors or non-native predators (San Juan only) and 

native fishes. This observation is in contrast to previous studies on 

the San Juan River identifying correlations between these same 

groups of species (e.g., Gido & Propst, 2012), although Gido and 

F I G U R E  4  Densities of fish species 
that changed significantly (p < 0.05) over 
time in the San Juan River (circles) and 
White River (triangles; Table 3). y-axes 
scales vary among panels and are on a 
log10-scale. Length of sampling period 
(x-axes) differs among rivers 

Propst (2012) identified positive correlations between potential 
non-native competitors and native fishes. The only evidence of 
biotic interaction in this study was a negative correlation between 

densities of juvenile and adult channel catfish in the San Juan 

River. This result could represent density-dependent population 

regulation, in part via cannibalism (e.g., Lobón-Cerviá, 2014). For 

instance, 50% of the fish prey identified in diets of adult chan-
nel catfish from the San Juan River were other channel catfish 

(Hedden et al., 2020). This result could also reflect a compensa-
tory recruitment response to removal of adult channel catfish 

on the San Juan River, whereby removal of adults reduces pre-
dation pressure or frees up resources for juvenile fish (Pennock 

et al., 2018). Substantial effort and funding go towards non-native 

fish removal programmes in the CRB (e.g., Franssen et al., 2014; 
Mueller, 2005), but the effects of non-native species on native 
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F I G U R E  5  Density of native fishes 
versus mean spring discharge in the San 
Juan River (left) and White River (right). 
Grey trendlines for the San Juan River 
panels represent significant relationships 
documented by Gido and Propst (2012), 
while coloured trend lines represent 
significant relationships using the whole 
time-series. Coloured points represent 
data added since 2011. The p-values 
from likelihood ratio tests are reported in 
Table S5 and r2 values are from least-
square regressions. y-axes scales vary 
among panels and are on a log10-scale 

fish population dynamics relative to other confounding factors 

(e.g., reductions in flow) are not clear, at least in the San Juan or 

White River (Gido & Propst, 2012; Franssen et al., 2014; Hedden 

et al., 2022; this study). 
Increased aridity and concomitant reductions in catchment 

runoff due to climate change will make it more difficult to meet 
e-flow standards unless they are given higher priority in the fu-
ture. The evidence of declining catchment runoff and increasing 

aridity in the CRB is unequivocal (Milly & Dunne, 2020; Overpeck 

& Udall, 2020; Udall & Overpeck, 2017). In regulated rivers of the 

western U.S.A., there are many obstacles to delivering adequate 

e-flows. These include drought and aridification, human water use, 
political will and water management legislation, and infrastructure 

operating restrictions. Even in the San Juan River where e-flow 

targets have been adopted, these obstacles have contributed to a 

failure to fully implement e-flows, probably resulting in declines of 
native fishes. Despite predicted water shortages in the CRB (Udall 
& Overpeck, 2017), upper basin states continue to aspire to use 

more water, as reflected in the projections of future depletions 

released by the Upper Colorado River Commission (UCRC, 2016; 
Wheeler et al., 2021). 

Declines in native fish densities were identified in a river with a 

relatively unaltered flow regime and in a river with established e-flow 

recommendations aimed to mimic important aspects of the historical 
natural flow regime. Determining if and how fish responses to im-
portant features of the flow regime change over time can help man-
agers assess if e-flows are achieving ecological objectives and may 

identify other stressors that require active management. Our results 

suggest that factors acting over broad temporal and spatial scales, 
such as basin-wide flow reductions, could be contributing to de-
clines in native fish densities, even among relatively common species. 
Although the theoretical foundation behind flow–ecology relation-
ships and e-flows is well established, our study clearly demonstrates 

the ability to manage flows for the benefit of native fishes is likely to 

be contingent on having enough or prioritising water to meet flow 

recommendations in terms of magnitude, duration, timing, frequency, 
and rate of change (sensu Poff et al., 1997; Chen et al., 2020). Thus, 
the ability to positively impact native species with e-flows might di-
minish over time; particularly in systems where human use and cli-
mate change limit the amount of water available to implement e-flows 

(Bruckerhoff et al., 2022; Horne et al., 2019; Wineland et al., 2021). 
Few empirical tests of e-flow implementations exist because of a lack 
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of long-term biological and hydrological data (Davies et al., 2014; Ryan 
et al., 2021), and it is possible that attempting to mimic or protect 
natural flow regimes will not completely compensate for the effects 

of other stressors on riverine ecosystems (e.g., non-native species, 
water quality, habitat changes; Propst et al., 2008; McManamay 
et al., 2013; Thompson et al., 2018), especially if flow reductions from 

consumptive water use and climate change continue. Long-term data 

on flow and biotic responses are critical for evaluating the effective-
ness of e-flows, and we demonstrate that failing to prioritise e-flows 

has clear implications for native fishes. 
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