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EXECUTIVE SUMMARY  

Riverine ecosystems of the western United States are characterized by habitat conditions that 
limit fish growth and survival (e.g., extreme temperatures, flooding, drought, and ice formation). 
However, groundwater input buffers against seasonal fluctuations in water temperature and 
discharge, such that suitable fish habitat may persist year-round. How groundwater regulates the 
importance of different streams to fish populations at broad spatial scales has not been evaluated 
despite the critical role that groundwater-fed habitats are expected to play under future climate 
scenarios. 

Both within the upper Snake River watershed (USRW) and across the Greater Yellowstone Area, 
Yellowstone cutthroat trout (Oncorhynchus virginalis bouvieri; YCT) are an integral component 
of aquatic and terrestrial food webs and support economically and culturally valuable 
recreational fisheries. Habitat degradation and hybridization and competition with non-native 
species has led to widespread declines and anticipated climate warming further threatens many 
extant populations. However, YCT in the USRW display successful natural reproduction, 
negligible genetic introgression by non-natives, and stable or increasing trends in population 
abundance. These features, in combination with high habitat connectivity and life-history 
diversity, make the USRW a high priority for YCT conservation efforts. Groundwater is a key 
component of the hydrologic budget in the USRW, and many groundwater-dominated streams 
are considered to be important YCT habitat. However, the role of groundwater to YCT has not 
been systematically evaluated, particularly within the context of the much larger river network, 
for which streamflow is overwhelmingly dominated by snowmelt. 

Here, we report on findings from two studies that sought to understand the role of groundwater 
to YCT across the USRW. In Chapter 1, we combined machine learning and remote sensing 
techniques, mechanistic field studies, and Bayesian hierarchical models to describe how spatial 
variation in groundwater discharge to streams structures spatiotemporal variation in juvenile 
YCT growth and production. Our results demonstrate how groundwater, an important driver of 
aquatic ecosystem heterogeneity, structures key organismal and population-level processes for 
YCT across a riverscape. Chapter 1 has been submitted for consideration as a research article in 
Ecological Monographs with Jeffrey Baldock, Robert Al-Chokhachy, and Annika Walters as 
authors. In Chapter 2, we used genetic stock identification to understand the effect of tributaries 
on metapopulation structure for YCT occupying the mainstem Snake River. We found near 
complete reliance of the mainstem metapopulation on demographic support from tributaries, 
where distance between habitats, catchment area, and groundwater input acted in concert to 
determine tributary contribution to the mainstem metapopulation. We also found evidence for 
carry-over effects of tributaries on growth, where metapopulation size structure was a function of 
natal tributary characteristics and life stage. Chapter 2 is being prepared for submission to 
Ecology Letters with Jeffrey Baldock, William Rosenthal, Robert Al-Chokhachy, Matthew 
Campbell, Catherine Wagner, and Annika Walters as authors. In Chapter 3, we discuss how the 
results of our research can be used to guide the of conservation and management of YCT in the 
USRW. Specifically, our results can be used to prioritize the implementation of stream habitat 
protection and restoration projects at broad spatial scales. Our results also provide insight into 
how existing YCT population monitoring programs may be interpreted to understand the drivers 
of population change. 
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CHAPTER 1  
 

Groundwater  structures  fish  growth  and  production across  a riverscape  

Jeffrey R. Baldock1, Robert K. Al-Chokhachy2, and Annika Walters3 

1Wyoming Cooperative Fish and Wildlife Research Unit, Department of Zoology and Physiology and Program in 
Ecology and Evolution, University of Wyoming, Laramie, Wyoming, USA. 2Northern Rocky Mountain Science 
Center, U.S. Geological Survey, Bozeman, Montana, USA. 3U.S. Geological Survey, Wyoming Cooperative Fish 
and Wildlife Research Unit, Department of Zoology and Physiology and Program in Ecology and Evolution, 
University of Wyoming, Laramie, Wyoming, USA. 

This chapter is in review at Ecological Monographs. 

Landscapes are composed of habitat patches and conditions that vary across space and time. 
While habitat variability and complexity can support important ecological processes and 
ecosystem services, the dynamic nature of habitats can also constrain organismal and population 
processes as optimal conditions are fleeting. In riverine ecosystems, groundwater discharge to 
streams stabilizes water temperature and flow regimes, thus mediating how habitat complexity is 
expressed across space and time. Yet, how stable habitats structure ecological processes within 
the broader landscape matrix is not well understood. In this study, we combine machine learning 
and remote sensing techniques, mechanistic field studies, and Bayesian hierarchical models to 
describe how spatial variation in groundwater discharge to streams structures spatiotemporal 
variation in growth and production for juvenile Yellowstone Cutthroat Trout (Oncorhynchus 
virginalis bouvieri) across the upper Snake River watershed, Wyoming, USA. We found that 
geologic and topographic variables explained spatial heterogeneity in groundwater influence in 
streams, which was linked to spatial variation in water temperature regimes and conspecific 
density. Temperature and density, in turn, interacted to influence growth rates: growth increased 
strongly with temperature, but this effect was reduced when density was high. Accordingly, 
variation in groundwater influence among stream reaches was associated with diversity in both 
growth and production regimes. At the riverscape scale, asynchrony in growth reduced spatial 
variation in growth capacity, but – when combined with density – led to the formation of distinct 
hotspots of biomass production. Our results demonstrate how groundwater, an important driver 
of aquatic ecosystem heterogeneity, structures key organismal and population-level processes for 
fish across space and time. Importantly, rare, but stable groundwater-fed habitats 
disproportionately affect ecological processes and serve as important sources of population 
diversity across large river networks. The distribution of groundwater and links to fish growth 
and production can be used to identify and prioritize protection and conservation of critical 
recruitment habitat. Our study demonstrates how patterns at broad spatial extents arise from 
processes acting at fine spatial and temporal resolutions, highlighting the importance of 
integrated approaches to both ecological research and conservation planning, particularly under 
climate change. 
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Introduction  

Spatial and temporal variation in habitat conditions across landscapes (e.g., Stanford et al. 2005) 
can promote species, food web, genetic, and life-history diversity that stabilize ecological 
processes and ecosystem services (Oliver et al. 2010, Schindler et al. 2010, 2015, Scholl et al. 
2023). But habitat variability can also impose constraints on organisms as optimal conditions and 
resources are fleeting (Davidson and Andrewartha 1948, MacArthur 1958). Therefore, landscape 
features that create patches of stability may constitute hotspots of biological activity as 
environmental constraints on organisms are relaxed (Scholl et al. 2023). While stable habitats are 
often rare relative to other habitat types, they may be disproportionately important to ecological 
processes at broader spatial and temporal scales given their resistance to change (e.g., climate 
refugia; sensu Keppel et al. 2012). The role of stable habitats represents a critical knowledge gap 
in our understanding of landscape complexity and heterogeneity. 

In riverine ecosystems, spatiotemporal variation in water temperature and flow result from 
complex interactions among the physical and biological habitat template, prevailing climate, and 
water source (e.g., rain, snow, or groundwater; Brown 1969, Poff et al. 1997, Webb et al. 2008). 
Critically, groundwater discharge to streams stabilizes water temperature and flow regimes: 
attenuating high flows, increasing water availability during dry periods, and buffering against 
high temperatures during summer and low temperatures overwinter (Ward 1985, Poff et al. 1997, 
Constantz 1998, Caissie 2006). However, the location of groundwater discharge to streams is 
unevenly distributed across stream networks (Winter 2001, Dugdale et al. 2015), resulting in 
discontinuities in water temperature, flow, and biological activity (Fullerton et al. 2015, Briggs 
and Hare 2018). Therefore, groundwater mediates how habitat heterogeneity is expressed across 
space and time by creating patches of stability nested within otherwise dynamic riverscapes. 

Variation in habitat conditions associated with groundwater has implications for the growth and 
production of riverine taxa, such as salmonid fishes. Understanding how growth is expressed 
across riverscapes is important as body size is associated with life-history expression (Hutchings 
1993), competitive ability (Cutts et al. 1999), fecundity (Meyer et al. 2003), survival (Quinn and 
Peterson 1996), and dispersal (Comte and Olden 2018). Growth is driven by density-independent 
factors such as water temperature (Brett 1971, Elliott 1976) and density dependence, which 
modifies the effect of density-independent factors by affecting competition for limited trophic 
resources (Imre et al. 2005, Myrvold and Kennedy 2015). Growth ultimately sums across 
individuals within a patch to determine production (O’Gorman et al. 2016, Kaylor et al. 2021). 
Highly productive patches subsidize connected habitats through density-dependent dispersal 
(Tsuboi et al. 2022), which can stabilize total recruitment via portfolio effects and allow for 
demographic rescue (Hanski 1998, Harrison et al. 2020). Previous work indicates that the effects 
of groundwater on salmonid growth may be highly context dependent (Mejia et al. 2016, 
Gallagher and Fraser 2023). However, our understanding of how density dependence moderates 
the importance of groundwater is limited, particularly when considering growth and production 
across large spatial extents. 

The drivers of fish growth and production are often explored at relatively fine spatial resolutions 
(O’Gorman et al. 2016, Letcher et al. 2022), but these efforts are difficult to apply over the 
spatial extents at which fish complete their life-history and populations interact (i.e., across 
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riverscapes; Fausch et al. 2002). While researchers have begun to consider how these processes 
vary at broad spatial extents (Falke et al. 2019, Armstrong et al. 2021), this often comes at a cost 
to spatial and/or temporal resolution. Kaylor et al. (2021) demonstrated how site-specific studies 
can be used to understand seasonality in riverscape patterns by generating season-specific 
predictions of growth and production from spatially continuous habitat data. But the drivers of 
growth may also change within seasons (Rossi et al. 2022). For example, groundwater regulates 
habitat conditions at very fine spatial and temporal resolutions (Roy et al. 2011) and may affect 
when and where individuals accrue growth and how productivity is distributed across riverscapes 
(sensu Brennan et al. 2019), but this is not well understood. 

Understanding patterns of growth and production at fine spatial and temporal resolutions is 
particularly important for early life stages (i.e., young-of-year, YOY), which have limited 
swimming ability and are highly susceptible to local environmental conditions (Einum et al. 
2006). Growth conditions early in life have also been shown to strongly influence lifetime body 
size trajectories (Vincenzi et al. 2008), which can ultimately determine key life-history 
characteristics such as age-at-maturity and lifetime reproductive success (Hutchings 1993, 
Vincenzi et al. 2010). Therefore, the effect of groundwater on YOY growth and production at 
fine spatial and temporal resolutions and across broad spatial extents may underlie the generation 
and maintenance of life-history diversity across riverscapes. Life-history diversity associated 
with YOY growth and production may promote population stability in the face of environmental 
stochasticity and may play an important role in maximizing adaptive capacity in the face of 
climate change (Bellmore et al. 2022, Campana et al. 2023). 

How groundwater structures YOY growth and production across riverscapes is critically 
important given global climate change. Groundwater-fed stream ecosystems are expected to be 
more resistant to climate warming as groundwater input buffers against physiologically stressful 
water temperatures and hydrologic variability that can limit YOY recruitment (Power et al. 1999, 
Burns et al. 2017, Sweka and Wagner 2022). Groundwater-fed habitats are thus expected to 
serve as refugia for salmonids under future climate scenarios (Larsen and Woelfle-Erskine 2018, 
Sullivan et al. 2021). Accordingly, calls for identification and protection of groundwater-based 
climate refugia (Cartwright et al. 2020, Casas-Mulet et al. 2020) require data products that map 
groundwater influence at spatial scales relevant to habitat and fisheries management: fine 
resolutions and broad extents (i.e., riverscapes; Fausch et al. 2002, Mejia et al. 2023). Remote 
sensing and associated techniques provide a robust approach to generate such data products 
(sensu Carbonneau et al. 2012). Gerlach et al. (2022) illustrated how remote sensing and 
machine learning can be used to locate groundwater discharge to streams across riverscapes. 
Integrating this information with an understanding of how groundwater affects fish growth and 
production will aid fisheries management and conservation under global climate change. 

In this study, we assessed the drivers of growth and production for YOY (i.e., age-0) 
Yellowstone cutthroat trout (Oncorhynchus virginalis bouvieri) among streams spanning a 
gradient of groundwater influence and describe how spatial variation in groundwater yields 
distinct growth and production regimes across a riverscape. Specifically, we (1) generated 
spatially continuous indices of groundwater influence across a river network, (2) explored how 
groundwater mediates temporal variation in water temperature and conspecific density, (3) 
quantified the effects temperature and density on YOY growth, (4) quantified the temporal 
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dynamics of growth and production as mediated by groundwater, and (5) generated spatially and 
temporally continuous projections of growth and production across the riverscape and 
throughout the early life period. Our results provide insight into the mechanisms underlying 
variation in fish growth and production, highlight how groundwater generates diversity in growth 
and production regimes among habitats, and can be used to identify priority areas for habitat 
restoration and protection. Ultimately, our study demonstrates the importance of habitat diversity 
and stability as climate change threatens to destabilize ecosystems. 

Methods  

Study System and Species 

We conducted our study within the upper Snake River watershed (USRW) in northwest 
Wyoming, USA, an 8943 km2 region situated between 1708 and 4194 meters elevation (Figure 
1). The USRW comprises the core of the Greater Yellowstone Area and is characteristic of many 
other gravel-bed river systems (Ward et al. 1999, Hauer et al. 2016). Precipitation in the USRW 
falls primarily as snow (Hostetler et al. 2021). Spring snowmelt results in widespread flooding in 
streams and rivers, typical of snowmelt-dominated hydrographs of the Rocky Mountain region. 
A portion of that snowmelt also percolates into surface sediments, recharging the Snake River 
alluvial aquifer (Nolan and Miller 1995). The USRW has undergone two major Pleistocene 
glaciations, each of which deposited considerable amounts of glacial outwash in what is now 
known as Jackson Hole (Pierce et al. 2018). The unconsolidated alluvial and colluvial deposits 
that fill Jackson Hole and surrounding valleys collectively constitute a large, unconfined alluvial 
aquifer (Wright 2013). Glacial deposits thin towards their southern (i.e., downstream) extent 
(Nolan et al. 1998), which likely drives upwelling from the aquifer, forming dense drainage 
networks in which groundwater appears to comprise the majority of streamflow. 

Both within the USRW and across the Greater Yellowstone Area, Yellowstone cutthroat trout 
(YCT) are an integral component of aquatic and terrestrial food webs (Koel et al. 2019) and 
support economically and culturally valuable recreational fisheries. Habitat degradation and 
hybridization and competition with non-native species has led to widespread declines (Gresswell 
2011) and anticipated climate warming further threatens extant populations (Wenger et al. 2011). 
However, YCT in the USRW display successful natural reproduction (Baldock et al. 2023), 
negligible genetic introgression by non-natives (Kovach et al. 2018), and stable or increasing 
trends in abundance (Wyoming Game and Fish Department 2019). These features, in 
combination with high habitat connectivity and life-history diversity, make the USRW a high 
priority for YCT conservation efforts (Al-Chokhachy et al. 2018). Spawning typically occurs 
over a 10-week period between May and July with YOY emerging from redds (i.e., nests 
constructed in gravel substrate) between late July and early September (Kiefling 1997, Baldock 
et al. 2023). 

Approach 

We used a multi-faceted approach to explore the degree to which groundwater structures 
spatiotemporal patterns of YOY growth and production across the USRW. First, we combined 
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field observations with machine learning techniques and remote sensing data to understand 
spatial variation in groundwater discharge to streams throughout the USRW. Second, we 
evaluated the effect of groundwater on water temperature regimes in 32 streams and YOY 
density estimates from 13 focal streams to understand how groundwater affects growing 
conditions. Third, between August and November of 2021 and 2022, we monitored changes in 
YOY body size in the same 13 focal streams to quantify the effects of temperature and density 
on growth. Fourth, we used statistical models fit to empirical data to evaluate the ultimate role of 
groundwater in shaping trends in YOY growth and production. Fifth, and finally, we projected 
growth and production at a daily time step across the entire stream network to understand how 
spatial variation in groundwater activity generates spatiotemporal variation in growth and 
production at the riverscape scale. 

Stream Network Delineation 

To model groundwater influence in streams and subsequently project growth and production 
continuously across the riverscape, we required a stream network spatial object that accurately 
represented flowlines in the USRW, particularly in areas where groundwater upwelling creates 
dense drainage networks. We used the WhiteboxTools library implemented in R (Lindsay 2016, 
Wu and Brown 2022) to delineate a stream network from a 1/3 arc-second (ca. 10 m) bare-earth 
digital elevation model (DEM; accessed 15 November 2023, 
https://apps.nationalmap.gov/downloader/). We used a threshold flow accumulation value of 
25,000 cells (2.5 km2) as this yielded a network in which headwater flowlines typically initiated 
at the onset of surface flow, as determined from visual analysis of satellite imagery (Google 
Earth Pro 7.3.6. 2023). This approach, however, tended to omit flowlines for streams originating 
from high-volume groundwater springs and seeps, as catchments for groundwater-fed streams 
are often very small and poorly defined (Whiting and Moog 2001). To account for this, we used 
our knowledge of the study area, discussions with local experts, and extensive visual inspection 
of satellite imagery to locate streams that were not mapped using the automated process but are 
otherwise high-volume and likely or known to be fish-bearing. We delineated flowlines for these 
streams by hand and merged these features to the stream network using ArcMap ver. 10.8 (ESRI, 
Redlands, CA). This approach proved necessary to generate a stream network that accurately 
represents the complex hydrology of groundwater-dominated riverscapes. 

Modeling Groundwater Influence in Streams 

Field observations suggested that the location of groundwater discharge to streams (i.e., springs) 
could be predicted based on geology and topography alone (Pourtaghi and Pourghasemi 2014, 
Leach et al. 2017). We therefore used MaxEnt version 3.4.4 (Phillips and Dudík 2008, Elith et al. 
2011; https://biodiversityinformatics.amnh.org/open_source/maxent/, accessed on 17 July 2023), 
a presence-only machine learning technique, to predict the prevalence of springs throughout the 
USRW (Gerlach et al. 2022). Between 2019 and 2023, we opportunistically collected 105 GPS 
locations of springs. We identified springs as either (1) areas where water actively upwelled from 
surface substratum within riparian and floodplain areas or (2) locations where water flowed 
laterally out of a hillside, typically at valley-bottom toeslopes (floodplain and upland hillslope 
springs, respectively, sensu Stevens et al. 2021). We combined field observations with 77 
additional locations downloaded from the Groundwater Atlas of Wyoming 
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(https://portal.wsgs.wyo.gov/arcgis/apps/webappviewer/index.html?id=181c32a872a346bfae357 
9a62230a65a, accessed on 15 July 2023), filtered to remove hot springs as geothermal activity 
likely exerts different controls on stream ecosystems than “cold” groundwater inputs that were 
the focus of this study. Spring locations downloaded from the Groundwater Atlas of Wyoming 
were previously digitized from U.S. Geological Survey 1:100,000 scale topographic maps 
covering the state of Wyoming. 

Following Gerlach et al. (2022), we modeled the prevalence of groundwater springs across the 
USRW using the 182 spring locations as presence points and 11 geologic and topographic layers 
as predictors. Geologic layers included bedrock and surficial geology (Love and Christiansen 
1985), which are known to control both deep and shallow groundwater storage capacity (Tague 
et al. 2007, O’Sullivan et al. 2020, Dralle et al. 2023), and distance to geologic lineaments (i.e., 
bedrock fractures), which are known to affect groundwater flow paths (Mallast et al. 2011). 
Underlying geology interacts with topographic features to determine locations of groundwater 
discharge to streams. We used the DEM to extract elevation, slope, profile curvature, profile 
curvature range, planform curvature, planform curvature range, and terrain ruggedness index for 
the USRW (Gerlach et al. 2022). Steep slopes may represent steep hydraulic gradients driving 
shallow groundwater flow (Haitjema and Mitchell-Bruker 2005). Profile curvature measures 
surface curvature parallel to the slope, while planform curvature measures surface curvature 
perpendicular to the slope. We calculated the range of profile and planform curvature and terrain 
ruggedness index within a 3 x 3 cell (ca. 30 x 30 m) window to measure variation in curvature 
over short distances and topographic heterogeneity, respectively. Curvature, curvature range, and 
terrain ruggedness index may indicate slope failures induced by groundwater discharge (Reid 
and Iverson 1992), stream headwaters formed by groundwater discharge (Jaeger et al. 2007), and 
abrupt changes in slope where the water table may be close to the ground surface (Winter 2001, 
Detty and McGuire 2010). We used the curvature and tri functions in the R package spatialEco 
(Evans and Murphy 2023) to calculate curvature and terrain ruggedness and the focal function in 
the R package terra (Hijmans 2023) to calculate curvature range. Finally, we calculated distance 
to flowlines using the gDistance function in the R package rgeos (Bivand and Rundel 2023). 
Flowlines represent areas where the water table is near or above the ground surface (Winter 
1999) and the upstream extent of flowlines is associated with stream headwaters formed by 
groundwater discharge (Jaeger et al. 2007). Geologic layers and the DEM used to prepare 
topographic layers were accessed from the Wyoming Geospatial Hub on 17 July 2023 
(https://data.geospatialhub.org/). 

We modeled the prevalence of groundwater springs using a logistic model with the default 
parameters, except for a default prevalence value of 0.1, as we expected springs to be uncommon 
at the landscape scale. Of the 182 spring locations, 70% (n = 128) were used for model training 
and 30% (n = 54) were used for model testing. We did not test for or exclude predictor variables 
that were correlated as our primary goal was to build a model with high predictive accuracy, 
rather than to make inference on the effect of any single variable. We assessed model 
performance by calculating the area under the receiver operating curve (AUC): the probability 
that a randomly chosen presence point will be ranked above a randomly chosen background 
location (Phillips and Dudík 2008). 
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While accounting for spatial bias in search effort can help increase the accuracy of MaxEnt 
modeling (Kramer-Schadt et al. 2013), we did not consider this necessary for three reasons. First, 
fieldwork over five years brought us to most areas within the USRW and we therefore did not 
think search effort was systematically biased towards certain locations. Second, combining field 
observations with the Groundwater Atlas of Wyoming increased our sample size of spring 
locations in high elevation, headwater areas that were difficult to access on foot. Third, the 
model output describing spring prevalence aligned well with our a priori understanding of 
groundwater activity in the region (see Study System and Species). Therefore, we considered the 
spatial clustering of spring locations to be a real pattern (sensu Winter 2001), rather than an 
artifact of unequal search effort. 

From the MaxEnt model output (a raster of spring prevalence, where the value for each ca. 10 x 
10 m cell represents the probability of the cell containing a groundwater spring), we derived a 
metric describing groundwater influence on stream conditions. We buffered (100 m radius) the 
prevalence raster to the stream network as we assumed only groundwater discharging from 
springs adjacent to flowlines exert influence on stream conditions, such as temperature. We then 
used WhiteboxTools to delineate catchments for 13,083 locations spaced every 300 m (the 
distance between study reaches) across the stream network (hereafter, network locations), 32 
stream temperature monitoring locations, and 52 study reaches (the downstream extent of four 
reaches within each of the 13 focal streams). Deriving a metric of groundwater influence across 
the entire stream network was necessary to allow for projections of growth and production at this 
scale. We restricted network locations to those with catchments <500 km2 as we assumed 
groundwater effects on ecosystem processes likely differ between large rivers and smaller 
tributary streams that were the focus of our study. For each watershed corresponding to either a 
network, temperature, or study location, we calculated a distance-weighted mean prevalence 
from the buffered spring prevalence raster. Our weighting scheme used inverse exponential 
weights with an e-folding distance (the distance at which the weight is 1/e) of 5 km (Isaak et al. 
2010). This approach assumes that springs located immediately upstream of a given point exert 
the greatest influence on local stream conditions, while springs located further upstream are 
exponentially less likely to affect conditions at the location of interest. To aid interpretation, we 
normalized the metric of groundwater influence to 0-1 based on the minimum and maximum 
values calculated for the 13,083 network locations. We used the normalized, distance-weighted 
mean spring prevalence within the contributing catchment to describe relative groundwater 
influence at each network, temperature, or study location (hereafter, groundwater index or GWI). 

Association Between Groundwater and Temperature 

We used Hobo temperature sensors (Onset Corp.) to monitor stream temperature because 
groundwater inflow is known to affect temperature regimes (Caissie 2006) and temperature is a 
proximate driver of growth rates in fish (Brett 1971, Letcher et al. 2022). We placed temperature 
sensors within PVC housing to limit the effects of solar radiation on sensor readings and attached 
these to pieces of rebar anchored to the stream bed to ensure sensors would not be lost during 
high flow events (Heck et al. 2018). Within streams selected for fish sampling, we deployed two 
sensors (at the downstream and upstream extents of fish sampling, thus spanning 1.05 stream 
kms) to account for longitudinal lapse in stream temperature. Inspection of time series data 
indicated little to no difference in stream temperature at this scale. We therefore used data from 
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the downstream site to characterize thermal conditions within each of the four sections, for each 
focal stream, summarized as daily means. Stream temperature monitoring within the 13 focal 
streams supplemented longer-term monitoring efforts at an additional 19 sites. None of the 32 
stream temperature monitoring locations had overlapping catchments (i.e., data were entirely 
non-nested). 

We used a hierarchical stream temperature model (sensu Letcher et al. 2016) to assess the 
influence of basin characteristics, including GWI, on temperature sensitivity: stream temperature 
response to modeled mean daily air temperature (Daymet; Thornton et al. 2021). Note that we 
use the prime symbol ′ to distinguish similar parameters in different models. We modeled daily 
mean stream water temperature �!%,#,$ (°C) at site s, on day d, and in year y, as a normally 
distributed random variable �!,#,$ with standard deviation �: 

% &�!,#,$ ~ �(�!,#,$ , �&) (1) 

& & *�!,#,$ = ��& + �(&�$ + ��,��!,#,$ (2) 

Where, ��& is a vector of site-specific intercepts, �(& is the year effect and �$ is a binary variable 
denoting year (0 for 2021 and 1 or 2022), and ��& ,� is a vector of slopes describing site-level 
sensitivity to air temperature �!*,#,$. Site-level temperature sensitivity ��& ,� was then modeled as a 
normally distributed random variable �! with standard deviation �: 

��& ,� ~ �(�!, �) (3) 

�! = � + ����& (4) 

Where, � is an intercept, � is a vector of coefficients, and ��& is a matrix of centered and scaled 
basin characteristics. We fit a single model to describe the effects of basin characteristics on 
temperature sensitivity. Covariates included GWI, mean basin slope, basin area (logged), lake 
area (logged), percent riparian forest cover, and two-way interactions between groundwater 
index and each of the four other basin characteristics (Appendix S1: Table S1; Lisi et al. 2015, 
Beaufort et al. 2020). Basin slope and area were calculated from the DEM. Lake area was 
calculated by intersecting site-specific catchments with a polygon layer of lentic waterbodies 
(accessed from the Wyoming Geospatial Hub on 17 July 2023). Percent riparian forest cover was 
calculated by first buffering the LANDFIRE Percent Canopy Cover dataset (accessed on 15 Dec 
2023 via the rlandfire package in R; Buckner 2023) to the stream network (100 m buffer radius) 
and then calculating the mean canopy cover value for each catchment. We restricted analyses to 
our study period (1 August – 5 November) as this was the temporal scale of interest for YOY 
growth and given hysteresis and non-linearities in stream-air temperature relationships during 
other times of year (Mohseni et al. 1998). Because our goal was to assess the effect of basin 
characteristics on temperature sensitivity rather than predict stream temperature itself, we 
considered a highly parameterized model unnecessary (e.g., one accounting for spatial and 
temporal autocorrelation; sensu Letcher et al. 2016). 

Fish Sampling and Association Between Groundwater and Fish Density 
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Our investigation of the effect of groundwater on YOY growth and production was based on data 
collected from 13 focal streams, which we selected to span a gradient of GWI, inferred a priori 
based on the presence of groundwater springs and stream channel geomorphology. Within each 
focal stream, we conducted fish sampling across four 150 m reaches, each separated by 150 m, to 
capture local variation in GWI, water temperature, and fish density (n = 52 study reaches). We 
placed sampling reaches within stream sections in which we found both redds and newly 
emerged YOY during stream surveys conducted in previous years. Through field observations 
and discussions with local biologists, we considered the selected study reaches to be 
representative of the spawning and YOY rearing habitat within each focal stream. 

We used single-pass backpack electrofishing (pulsed DC current) to monitor the density and 
body size distribution of YOY within each reach. We sampled fish once every three weeks, on 
average, for a total of five sampling events per reach per year. Electrofishing of this frequency 
has no known effects on salmonid growth (Clancy et al. 2022). Single-pass electrofishing has 
been shown to as effective as multi-pass sampling for monitoring spatial and temporal patterns of 
fish density (Bateman et al. 2005, Hanks et al. 2018). Given our protocol, we were able to 
sample two streams (8 reaches) per day; thus, we typically sampled all 13 focal streams within 
one week. We enumerated, measured (total body length), and then released all captured fish 
unharmed back into the middle of each reach. 

We summarized YOY density per sampling event as the number of fish captured per meter of 
stream. This measure was found to be highly correlated and linearly related (on log-log scales) to 
other metrics of density, such as catch-per-unit-effort (number captured per minute of sampling, 
Pearson’s r = 0.97) and effective density (sum of squared body lengths, sensu Post et al. 1999; 
Pearson’s r = 0.91), but was more interpretable and explained more of the variation in growth 
rates than these other metrics (in this study and others; e.g., Imre et al. 2005). Preliminary data 
exploration suggested a non-linear relationship between GWI and YOY density that was poorly 
described by polynomial regression. Accordingly, and because quantifying the groundwater-
density relationship was not a primary goal of this study, we used locally estimated scatterplot 
smoothing (LOESS) to explore the relationship between GWI and peak YOY densities (logged 
to account for heteroscedasticity). We used annual maximum density per reach to avoid pseudo-
replication (multiple sampling events per reach). 

We used changes in mean body size and density to calculate YOY growth and production 
between each pair of consecutive sampling events (Kaylor et al. 2021). As YOY captured during 
our study were smaller than the recommended minimum size for tagging (69 mm; Vollset et al. 
2020), we had to assume that the individuals sampled within each reach were similar among 
sampling events. This is reasonable given that the distance between reaches (300 m) 
approximated median YOY dispersal distance (Einum et al. 2011, Eisenhauer et al. 2021). 
Kaylor et al. (2021) found a strong positive relationship between growth rates calculated from 
changes in mean body size (as we do in this study) and growth rates assessed from individually 
tagged juvenile salmonids, supporting the assumption above and our approach generally. 

Modeling the Drivers of Growth 
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We used a Bayesian hierarchical model within a model-selection framework to understand the 
effects of temperature and density on growth. Following Letcher et al. (2022), we modeled 
observed mean body size �+,$,!,, (total length in mm) at sampling event t, in year y, stream s, and 
reach r, as a normally distributed random variable �+&&,$,!,,, which itself was defined as the 

&&previously observed mean length �+-(,$,!,, plus the daily growth rate �+,$,!,, (mm day-1) 
multiplied by the number of days between sampling events �+,$,!,,: 

&& &&�+,$,!,, ~ �:�+,$,!,, , �+,$,!,, ∗ �+,$,!,,< (5) 

&& &&�+,$,!,, = �+-(,$,!,, + �+,$,!,, ∗ �+,$,!,, (6) 

Where, �+&&,$,!,, is the standard deviation of estimated length, which we multiplied by �+,$,!,, to 
account for unequal intervals among sampling events. We modeled the standard deviation of 
estimated length �+&&,$,!,, as a linear function of GWI �!,, to evaluate the effect of groundwater on 
variation in the response of body size to density-dependent and density-independent variables: 

&&ln(�+,$,!,,) = �&& + �&&�!,, (7) 

Where, �&& is an intercept and �&& is the coefficient for �!,,. We modeled daily growth rate as a 
function of covariates and random effects: 

&& && + �!&& + �!! 
&&�+,$,!,, = �&& + �$ 

&& + ��&&��,�,�,� (8) 

Where, �&& is the global intercept, �$&& is the year-specific offset to �&& , �!&& is the stream-specific
&&offset to �&& , �!&&! 

is the reach-specific offset to �&& , �&& is a vector of coefficients, and ��,�,�,� is a 
matrix of centered and scaled covariate data. The parameters �$&& and �!&& were drawn from 
normal distributions with a mean of 0 (i.e., crossed random effects), whereas �!&&! 

was drawn from 
a normal distribution with a mean of �!&& as specific reaches were nested within streams (i.e., 
nested random effects). Candidate models (Appendix S1: Table S2) included both individual and 
interactive effects of temperature (mean temperature between sampling events, °C) and density 
(density at the time of sampling, fish per meter, logged given the log-linear relationship between 
growth and density; Imre et al. 2005). We included a squared temperature term to allow for non-
linearities in the growth-temperature relationship (Brett 1971). All candidate models included 
prior mean total length (�+-(,$,!,,) as a covariate to account for metabolic scaling (Elliott 1976). 
Although we were primarily interested in growth rates (e.g., specific growth), we did not model 
growth rate directly as prior length would then appear on both sides of the equation and this is 
known to induce spurious correlations between response and predictor variables (Kenney 1982, 
sensu Kanno et al. 2022). Prior to model fitting, we removed all sampling events during which 
we caught <5 individuals to avoid misrepresenting mean body size. A sensitivity analysis 
indicated that removing sampling events during which we caught <10 and <15 individuals 
produced similar results. 

Modeling Temporal Trends in Growth and Production 
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Given the hypothesized role of groundwater in structuring spatiotemporal patterns of temperature 
and density and the associated effects of temperature and density on growth, we considered it 
reasonable that spatial variation in the temporal dynamics of growth could be explained by 
groundwater alone. We therefore used a model like that described above (eqs. 5-8) to understand 
how groundwater mediates temporal trends in growth (Bacon et al. 2005): 

&&& &&&�+,$,!,, ~ �:�+,$,!,, , �+,$,!,, ∗ �+,$,!,,< (9) 

&&& &&&�+,$,!,, = �+-(,$,!,, + �+,$,!,, ∗ �+,$,!,, (10) 

ln(�+&&&,$,!,,) = �&&& + �&&&�!,, (11) 

�!&&&,#,$,% = �&&& + �#&&& + �$&&& + �$&&&! 
+ �'&&&�!,#,$,% + �(&&&�!(,#,$,% + �)&&&�$,% + �*&&&�!,#,$,%�$,% + �+&&&�!(,#,$,%�$,% (12) 

Where, �+,$,!,, is the Julian date (numeric day of year) of sampling, and all other terms are 
defined as above. The �+,$,!,, and �+1,$,!,, terms allow for linear and non-linear trends in growth 
rates (Bacon et al. 2005), respectively, while interactions with �!,, allow trends to vary according 
to GWI. We did not include higher order �+,$,!,, terms as we did not expect growth rates to peak 
more than once during the study period (Rossi et al. 2022). We did not include prior body size 
(�+-(,$,!,,) in this model (compare to eq. 8) as day of year and prior body size were strongly 
correlated (Pearson’s r = 0.81). We therefore assumed that metabolic scaling would be accounted 
for by including day of year, the primary variable of interest. This assumption was supported by 
preliminary analysis which revealed that body size trajectories (see below) derived from models 
with and without prior body size were virtually identical. Ultimately, day of year is a surrogate 
for a suite of unmeasured covariates (e.g., temperature, discharge, and food availability in 
addition to prior body size; sensu Bacon et al. 2005) and interactions between day of year and 
GWI represent how groundwater mediates seasonality in growing conditions. 

We used the fitted model to understand the effect of GWI on growth capacity: total growth 
accrued between emergence and the onset of winter (i.e., end of season body size; Sloat et al. 
2005). Because emergence timing differed among streams and final sampling events were 
conducted over a 10-day period across all streams, we could not simply regress observed end of 
season body size against GWI. Instead, we used the fitted model to project mean body size over 
the course of the study period (sensu Letcher et al. 2022), starting from a common date (20 
August, the earliest measured growth rate) and initial size (35 mm, the mean body size in late 
August). From these starting conditions, we calculated body size at daily time-steps through 5 
November (the final sampling date across all sampling events). We generated body size 
trajectories for 100 values of GWI ranging from 0 to 1. 

While modeling average body size provides insight into the constraints on and dynamics of 
individual growth, it does not provide information on total biomass production. We therefore 
used a similar approach to understand the role of groundwater in structuring spatiotemporal 
patterns of production (Kaylor et al. 2021). We estimated production between each consecutive 
pair of sampling events using the increment summation method (Hayes et al. 2007) and divided 
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by the number of days between sampling events (�+$!,) to yield daily productivity rate (�+$!,; 
mm m-1 day-1): 

23",$,%,!-3"&',$,%,!4∗6",$,%,!�+,$,!,, = (13)
7",$,%,! 

Where, �+,$,!,, is YOY density (fish m-1) during sampling event t in year y, stream s, and reach r; 
and all other variables are defined as above. We acknowledge that length-based estimates of 
production are less common than estimates based on mass; however, given well-established 
power relationships between length and mass for fish (Pope and Kruse 2007), we posit that 
length-based production can be interpreted similarly. We modeled �+,$,!,, as a log-normally 
distributed random variable (to satisfy assumptions of homoscedasticity): 

&&&& &&&&ln(�+,$,!,,) ~ �:�+,$,!,, , �+,$,!,, ∗ �+,$,!,,< (14) 

&&&& ) = �&&&& + �&&&&�!,,ln(�+,$,!,, (15) 

&&&& = �&&&& + �#&&&& + �$&&&& + �$&&&&! 
+ +�'&&&&�!,#,$,% + �(&&&&�!(,#,$,% 

&&&&�$,% + �*&&&&�!,#,$,%�$,% + �+&&&&�!(,#,$,%�!,#,$,% + �) �$,% (16) 

Prior to model fitting, we removed four outliers (�+,$,!,, < -0.013) as these data points violated 
multiple assumptions of linear regression (removing outliers had no effect on the model output). 
As with body size, we used the fitted model to understand the effect of groundwater on biomass 
accrual through time. Beginning on 20 August, we projected daily production (P, mm m-1 day-1) 
on a daily time-strep through 5 November and then calculated cumulative production (mm m-1) 
for each day by summing P across all prior days. We generated time series of cumulative 
production for 100 values of GWI ranging from 0 to 1. This approach allowed us to reconcile 
similarities in growth capacity among streams despite differences in density (see Results). 

Riverscape Patterns of Growth and Production 

To understand how groundwater structures spatiotemporal patterns of growth and production 
across the riverscape, we mapped projected body size and cumulative production to the entire 
stream network based on network wide GWI. Riverscape projections provide insight into how 
the relative importance of reaches changes through time as groundwater affects the timing and 
pace of growth and production. This allowed us to identify stream reaches that likely make 
disproportionate contributions to growth and production and explore how “hotspots” growth and 
production shift across space and time. We restricted projections to stream reaches with gradients 
<10% given known geomorphic limitations on YCT distribution (Kruse et al. 1997). We present 
network-scale projections of growth capacity and cumulative production for three points in time 
spanning the range of the early rearing period: 1 September, 1 October, and 1 November. 

Model Fitting, Selection, and Evaluation 

All models were analyzed in a Bayesian framework in the Just Another Gibbs Sampler MCMC 
sampling environment (JAGS; Plummer 2003), implemented through R (R Core Team 
2023) using the R2jags (Su and Yajima 2021), tidyverse (Wickham et al. 2019), HDInterval 

18 



  

 
 

  

  

 
 

 

 
 

 

  
 

 
 

 
 

 
 

 
 

 
 

  
 

 

 

 

 
   

 
 

 
 

 

(Meredith and Kruschke 2022), and MCMCvis (Youngflesh 2018) packages. We ran models 
with three MCMC chains, each with 50,000 burn-in and 150,000 evaluation iterations. Chains 
were thinned to retain every 20th iteration. We assessed model convergence based on large 
effective sample sizes, Gelman-Rubin diagnostic values (R-hat) <1.01, and visual inspection of 
MCMC trace plots and posterior probability distributions (Gelman and Hill 2007). JAGS models 
were run with parameter and/or hyperparameter prior probability distributions specified in 
Appendix S1: Table S3. For our analysis of the drivers of growth rates, we compared candidate 
models using leave-one-out cross-validation (LOO-CV), in which the model with the greatest 
support is that with the lowest expected log pointwise predictive density (elpdloo; Vehtari et al. 
2017). We considered the results of candidate models with similar support (i.e., the standard 
error of the elpdloo difference was greater than the difference itself); however, for simplicity, we 
only present graphical results from the single top model. 

We used multiple diagnostic tools to evaluate the performance of our final set of Bayesian 
models. To evaluate goodness of fit, we plotted observed data against predicted data generated 
during parameter estimation, inspected these plots to ensure linearity, and then used this data to 
estimate Bayesian p-values (Gelman 2003, Letcher et al. 2022). Bayesian p-values represent the 
proportion of predicted data that is greater than observed data; where values near 0.5 indicate 
lack of bias and values approaching 0 or 1 indicate poor model performance. We also derived 
model residuals, which we inspected to ensure normality around 0, and calculated root mean 
square error (RMSE) as an index of error in model estimates. Finally, we calculated conditional 
and marginal Bayesian R2 values (medians and 95% credible intervals) to evaluate the proportion 
of variation in observed data explained by the fixed and random effects versus the fixed effects 
alone, respectively (Nakagawa and Schielzeth 2013, Gelman et al. 2019). 

Results 

Modeled Groundwater Influence Across the Upper Snake River Watershed 

The MaxEnt model describing groundwater spring prevalence performed remarkably well: 
model AUC values were 0.93 for training data and 0.93 for testing data, signifying exceptional 
model performance (Gerlach et al. 2022). Distance to flowlines and bedrock geology contributed 
the most information to the model (permutation importance = 36.8% and 35.3%, respectively). 
Profile curvature range, surficial geology, elevation, and distance to geologic lineaments 
contributed modest amounts of information to the model (permutation importance = 11%, 6.6%, 
5.4%, and 3.5%, respectively), with all other variables contributing little to no information 
(permutation importance < 1.0%). Collectively, the model indicated that groundwater springs 
occurred near flowlines where topography changes abruptly over small distances in valley-
bottom areas underlain by coarse glacial deposits (i.e., toe slopes formed by stream channel 
incision into unconsolidated alluvium and colluvium; Appendix S1: Figure S1). While springs 
were predicted to be widespread throughout the upper Snake River watershed, they were most 
heavily concentrated in the southwestern, eastern, and northern portions of the study area 
(Appendix S1: Figure S2), driving similar spatial patterns in derived GWI (Figure 2a). Network 
locations with high GWI were rare at the scale of the USRW (Figure 2b): locations with GWI ³ 
0.5 represented just 2.8% of all locations for which the index was derived. Stream temperature 
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monitoring locations and fish study reaches encompassed nearly the complete range of GWI 
(Figure 2c,d). 

Groundwater Effects on Temperature and Density 

Water temperature regimes varied considerably among the 32 stream temperature monitoring 
locations during the study period (Figure 3a,b): daily mean water temperature varied between 
0.01 (minimum) and 18.20 °C (maximum) among sites and across time. Streams with a low GWI 
tended to be warm in the summer (>15 °C) and cold in the late autumn (<3 °C), whereas streams 
with high GWI exhibited more constant and moderate water temperatures throughout the study 
period (ca. 8-10 °C; Figure 3a,b). Our temperature model performed well (Appendix S1: Figure 
S3). A Bayesian p-value of 0.481 indicated no bias in temperature estimates and an RMSE of 
1.163 indicated low variation in estimated temperature. A Bayesian R2 of 0.902 (median, 95% 
credible interval (CI) = 0.900, 0.903) indicated that air temperature and catchment covariates 
explained a considerable proportion of the variation in stream temperature. Median temperature 
sensitivity (i.e., the °C response of stream temperature to each °C change in air temperature; ��& ,� 

in eq. 2) ranged from 0.03 to 0.87. Model results indicated temperature sensitivity was strongly 
related to groundwater activity: increasing GWI (log-scale) was negatively related to temperature 
sensitivity (median scaled effect size = -0.16, 95% CI = -0.25, -0.08; Figure 3c). Associations 
between temperature sensitivity and other watershed variables were weak or highly uncertain, 
indicated by 95% CIs broadly overlapping 0 (Appendix S1: Table S4). 

We captured a total of 22,358 YOY over a total of 498 sampling events. Zero YOY were 
captured during 61 sampling events. Maximum observed density was 6.58 fish per meter.  
Annual peak YOY density (log-scale) was non-linearly associated with GWI, as indicated by 
LOESS (Figure 4). At very low values of GWI (<0.2) YOY densities were also low, but YOY 
densities tended to increase approximately linearly as GWI increased (0.2-0.7), before stabilizing 
at high values (>0.7). Densities in reaches with intermediate GWI were more variable relative to 
reaches with either very low or very high GWI, in which variation was most constrained. 

Temperature and Density Effects on Growth 

Mean YOY total length per sampling event varied between 22 and 76 mm. Model selection using 
LOO-CV provided the most support for modelling growth rate as a function of temperature, (log) 
density, and their interaction (in addition to prior length, which was included in all candidate 
models; Appendix S1: Table S2). Model selection provided equivalent support for a model with 
a quadratic temperature effect (concave up; Appendix S1: Table S2). However, the squared term 
was considerably weaker than all other effects and the 95% CI overlapped 0. We therefore 
present results from the more parsimonious model. The final model describing the interactive 
effects of temperature and density on growth rates performed well (Appendix S1: Figure S4). A 
Bayesian p-value of 0.522 suggested no bias in estimated length and a RMSE of 3.93 mm 
indicated little variation in length estimates. Further, conditional and marginal Bayesian R2 

values of 0.864 (0.802, 0.947) and 0.861 (0.722, 0.953), respectively, suggested that the fixed 
effects alone explained a considerable proportion of the variation in body size. The final model 
indicated that when density was low, growth rate increased with temperature; but when density 
was high, growth rate declined with temperature (Figure 5; although the greatest densities, upper 
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25th percentile, were only observed in streams and at times when temperature was intermediate, 
ca. 8-12). 

The final model did not indicate an effect of GWI on the standard deviation of length (i.e., �+&&,$,!,, 

from eq. 7; median = -0.04 and 95% CI = -0.13, 0.04) nor did we observe any association 
between GWI and model residuals (Appendix S1: Figure S4d). Collectively, this suggests that 
the effect of groundwater on growth is fully accounted for by considering temperature and 
density. Inspection of stream-specific intercepts suggested little residual variation in mean 
growth rate among streams (Appendix S1: Figure S5); residual variation was not apparent for 
reaches within streams. 

Temporal Trends in Growth and Production 

Our model explicitly considering temporal dynamics of growth performed nearly as well as the 
model described above (Appendix S1: Figure S6). A Bayesian p-value of 0.508 suggested no 
bias in estimated length and a RMSE of 4.11 mm indicated little variation in length estimates. 
Conditional and marginal Bayesian R2 values of 0.872 (0.810, 0.944) and 0.869 (0.722, 0.957), 
respectively, indicated that body size trajectories were well described by the fixed effects alone. 
Our model suggested strong non-linear trends in growth through time, mediated by GWI 
(Appendix S1: Table S4). In streams with low GWI, growth decreased over time: growth was 
greatest in August immediately following emergence, then declined monotonically to a minimum 
(ca. 0) by early November (Figure 6a). In contrast, in streams with high GWI, temporal trends in 
growth were hump shaped: growth rates were low in August immediately following emergence, 
increased to a maximum in early October, then decreased into November. Further, our model 
suggested strong negative effect of GWI on standard deviation of length (Figure 6b): variation 
not already explained by time and groundwater. As above, inspection of stream-specific posterior 
intercepts indicated little residual variation in mean growth among streams (Appendix S1: Figure 
S7), and effectively no variation among reaches within streams. 

Using the fitted model to project length through time illustrated how groundwater generates 
diversity in body size trajectories (Figure 6c). In support of our previous finding, fish in streams 
with low GWI experience fast growth in the summer when stream temperatures are higher, but 
this slows over time as temperatures decline. Conversely, fish in streams with high GWI 
experienced slow growth in the summer and much faster growth in the early autumn. Despite 
variation in the pace and timing of growth, fish were projected to grow to approximately the 
same body size by the end of the study period (65 mm): there was no relationship between end of 
season length and GWI (Figure 6d). 

Our model describing the temporal dynamics of (log) production performed reasonably well but 
explained less variation in observed data than the models described above (Appendix S1: Figure 
S8). While a Bayesian p-value of 0.477 suggested minimal bias in estimated production, a 
RMSE of 0.681 indicated moderate error in production estimates. Conditional and marginal 
Bayesian R2 values of 0.645 (0.598, 0.689) and 0.365 (0.108, 0.557), respectively, suggested that 
the random effects explained nearly as much variation in production as did the fixed effects, 
which was modest. As above, the model indicated non-linear trends in production were mediated 
by GWI (Appendix S1: Table S4). While August production was similar among streams, 
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diverging trends in production were observed for streams with contrasting GWI (Figure 7a). In 
streams with low GWI, production declined from a summer maximum and was no different from 
0 by the end of the study period; whereas in streams with high GWI, production increased to a 
maximum in early October and remained elevated (although declining slightly) throughout the 
study period. Unlike growth, estimated mean production was always greater in streams with high 
GWI relative to streams with a low GWI; this pattern was largely due to greater overall densities 
in groundwater-dominated reaches. The model suggested no effect of GWI on standard deviation 
of production (median = -0.001 and 95% CI = -0.09, 0.10; Figure 7b). Unlike growth models, 
inspection of both stream and reach-specific posterior intercepts indicated considerable residual 
variation in (log) production (Appendix S1: Figure S9). 

Projections of cumulative production over time illustrated how groundwater underlies 
asymmetry in fish production during the YOY rearing period (Figure 7c). In streams with low 
GWI, production accrued slowly with diminishing returns moving forward in time. Conversely, 
in streams with high GWI, rates of production increased between August and October, with 
relatively high rates sustained through November. Diverging trajectories in cumulative 
production led to streams with the highest GWI (1) producing 7.7 times more biomass than 
streams with the lowest GWI (0), on average (Figure 7d). 

Riverscape Patterns of Growth and Production 

Projecting growth and production across the riverscape illustrated how groundwater structures 
spatial and temporal patterns of these parameters (Figure 8). While there was some heterogeneity 
in body size during September and October, by November projected YOY length was mostly 
homogenous across the riverscape. In contrast, spatial variation in cumulative production 
increased over the study period, such that by November distinct hotspots of productivity had 
emerged at the riverscape scale. Hotspots of productivity were consistent with the locations of 
groundwater activity in the southwestern, western, and northern portions of the study area. The 
effect of groundwater on reach-scale cumulative production resulted in disproportionate 
contributions of reaches to basin-wide production (Chi-square test: �2 = 6383.1, p < 0.05). For 
example, reaches with low GWI (<0.1) were projected to under-contribute by 15% (relative to 
their abundance), while reaches with very high GWI (>0.9) were projected to over-contribute by 
ca. 415%. However, because groundwater-dominated reaches were rare at the basin-scale, they 
contributed substantially less to total basin-wide production. 

Discussion 

How landscape complexity and heterogeneity structure organismal and population-level 
processes is critical to our understanding of riverscape ecology. In this study, we demonstrate 
how spatial heterogeneity in groundwater discharge to streams drives spatiotemporal variation in 
growth and production of young-of-year Yellowstone cutthroat trout across a riverscape. We 
found that geologic and topographic variables explained spatial heterogeneity in groundwater 
discharge to streams, which stabilized temperature regimes and was associated with high YOY 
densities. Temperature and density, in turn, interacted to influence YOY growth rates: growth 
increased strongly with temperature, but this effect was reduced when density was high. 
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Accordingly, variation in groundwater influence among stream reaches diversified trends in 
growth and production. At the riverscape scale, this diversity tended to reduce spatial variation in 
growth capacity but led to the formation of distinct hotspots of production. Collectively, our 
results demonstrate how groundwater, an important factor driving aquatic ecosystem 
heterogeneity, structures YCT recruitment dynamics across a riverscape. This information can be 
used to identify and prioritize protection and conservation of critical recruitment habitat at broad 
spatial scales and provides insight into the role of stable, groundwater-dominated habitats under 
global climate change. 

Growth and Production Across Space and Time 

There is increasing interest in how salmonid growth dynamics play out at fine spatial and 
temporal resolutions and across broad spatial extents (Brennan et al. 2019, Falke et al. 2019, 
Armstrong et al. 2021, Kaylor et al. 2021). Only by combining spatially explicit estimates of 
groundwater influence, were we able to uncover key spatial heterogeneity in growth regimes. 
The results of our temporal model reveal that groundwater underlies diversity in YOY growth 
regimes, and body size projections show how diverse growth regimes buffer against variation in 
growth potential among stream reaches (Fig. 6). Because juvenile growth is known to influence 
life-history expression (Hutchings 1993, Brown et al. 2004) and life-history diversity promotes 
population stability (Schindler et al. 2010), diverse portfolios of growth opportunities associated 
with groundwater may provide portfolio effects that buffer salmonid populations against 
environmental stochasticity (sensu Campana et al. 2023). 

While diversity in growth trajectories reduced spatial variation in growth capacity, greater 
overall densities in groundwater-dominated reaches led to diverging trends in production through 
time (Fig. 7). Differences in true biomass production (i.e., based on mass, rather than length) 
among habitats spanning the range of GWI are likely underestimated given the power 
relationship between length and mass for fish. Regardless, highly productive groundwater-
dominated habitats may subsidize less productive habitats through density-dependent dispersal 
(Travis et al. 1999), which can stabilize regional recruitment (Harrison et al. 2020), reduce 
extinction risk (Hanski and Gilpin 1991), and facilitate metapopulation recovery (Wilson et al. 
2023). While production in groundwater-dominated reaches was disproportionately high relative 
to their abundance, the contribution to basin-wide production was relatively small. Therefore, 
protecting groundwater-dominated habitats alone may fall short of meeting conservation goals. 
Instead, protecting the full breadth of habitat diversity will be important for supporting 
recruitment across entire riverscapes. 

Our results describing density-dependent effects of temperature on growth rate largely agree with 
past work (e.g., Brett 1971, Watson et al. 2022). However, unlike recent studies demonstrating a 
dome-shaped effect of temperature on growth (Huntsman et al. 2021, Letcher et al. 2022), we 
found that growth was linearly related to temperature (Fig. 5). One explanation for why we did 
not observe declines in growth under the warmest conditions is that stream temperatures were 
cool relative to YCT thermal tolerance. The highest mean temperature between sampling periods 
(16 °C) was slightly less than the “optimal” growth temperature for juvenile YCT (17.6 °C, fed 
ad libitum; Rogers et al. 2022). Furthermore, while our study design likely masked the effects of 
short-term high temperature events, the maximum daily mean temperature (18.2 °C) was far less 
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than the critical thermal maximum for YCT (28.2 °C; Wagner et al. 2001, Rogers et al. 2022). 
Alternatively, elevated temperatures may allow for increased food production and consumption, 
and hence increased growth (Railsback and Rose 1999, Railsback 2021). The positive effect of 
temperature on growth (at low densities), suggests that YOY growth and production in the 
USRW are more limited by cold temperatures, rather than by warm temperatures, as is often 
reported for salmonids occupying high elevation basins (Gallagher et al. 2022). 

Advances in Riverscape Approaches 

Advances in understanding the ecology of riverscapes are often limited by studies and data that 
that do not match the scales at which fish complete their life-history and population processes 
play out (Fausch et al. 2002, Torgersen et al. 2021). This study helps to address that mismatch by 
providing insight into how groundwater structures fish growth and production at a broad spatial 
extent (i.e., the USRW) and at fine spatial (i.e., reaches) and temporal (i.e., daily) resolutions. 
Network projections of growth and production illustrate how seasonal bias in fisheries studies 
(Brady et al. 2020) can misrepresent key processes. For example, restricting population 
assessments to the summer may lead to conclusions that groundwater-dominated habitats are of 
limited importance as cold temperatures constrain growth. In fact, we found that growth in these 
habitats was primarily achieved in autumn, which in part led to greater end of season production 
relative to habitats with less groundwater influence. Such inferences would not have been 
possible without connecting field-based sampling with machine learning techniques that allowed 
us to extrapolate the output of statistical models to the riverscape. Applying established methods 
in novel and integrated ways will be key to meeting the call for riverscape approaches to 
understanding and conserving aquatic ecosystems (Torgersen et al. 2021, Mejia et al. 2023). 

Riverscape (i.e., spatially continuous) approaches to understanding groundwater influence in 
streams has been particularly challenging. Because groundwater inflow decouples stream and air 
temperature regimes (Caissie 2006), temperature sensitivity is often used as a proxy for 
groundwater influence (O’Driscoll and DeWalle 2006, Adelfio et al. 2019, Gallagher and Fraser 
2023). However, using temperature sensitivity alone to infer groundwater contributions to 
streams is not recommended at broad spatial extents given the many landscape factors that 
influence sensitivity (Lisi et al. 2015, Beaufort et al. 2020). Therefore, metrics of groundwater 
that are independent of stream temperature are needed to inform aquatic ecosystem research 
(Letcher et al. 2016, Mejia et al. 2023). Recent work demonstrates how bedrock geology, which 
is linked to groundwater storage capacity, structures stream fish community dynamics (Hitt et al. 
2023, Ishiyama et al. 2023). While these studies represent important advances, geology interacts 
with other landscape features to promote preferential groundwater discharge at much finer spatial 
scales (Jackson et al. 2024). In this study, we show how high resolution, independent metrics of 
groundwater influence can be used to model stream temperature and understand fish recruitment 
across scales. Our approach is relatively simple, requiring easy-to-obtain field observations, 
publicly available spatial data, and modest computing power, making it tractable to apply to 
other watersheds where increased understanding of groundwater dynamics is needed. Future 
research optimizing derived GWI values via comparison with empirical discharge data would 
increase the accuracy of the index and may help to inform models of riverscape hydrology (e.g., 
McShane and Eddy-Miller 2021). High-resolution data products describing groundwater activity, 
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as we provide here, provide much needed guidance for climate adaptation planning (Mejia et al 
2023). 

Key Uncertainties 

While unlikely to affect our primary inferences, our study raises several questions motivating 
future research. The result that end-of-season cumulative production increased with groundwater 
index was driven primarily by the strong positive association between groundwater and YOY 
density. Groundwater was positively associated with adult spawning density (i.e., redd density; 
Pearson’s r = 0.67), which was positively associated with YOY density (Pearson’s r = 0.63; 
Appendix S1: Figure S10). Differences in spawning density may be driven by differences in 
spawning habitat availability. Groundwater seeps were most likely to occur in areas underlain by 
colluvial deposits and unconsolidated gravels, likely resulting in greater spawning habitat 
availability in groundwater-dominated streams. Additionally, stable environmental conditions 
associated with groundwater may promote homing (i.e., natal and breeding site fidelity) relative 
to habitats that are more dynamic. Homing is evolutionarily beneficial when high quality 
spawning habitat is stable through time because fitness gains in these areas are predictable 
(Quinn and Tallman 1987, Cram et al. 2012). Future work investigating associations between 
groundwater, spawning habitat availability, reproductive success, and homing rates would 
provide additional insight into the ecological and evolutionary mechanisms that promote spatial 
heterogeneity in YOY production. 

Unexplained variation in trends in production was linked to high variation in the YOY density-
groundwater relationship, suggesting additional factors underlie spatial patterns of density. In 
particular, food-web productivity (i.e., food quantity and quality) is an important driver of fish 
growth and density (Railsback and Rose 1999, Saunders et al. 2018) and can vary with landscape 
factors such as forest type and solar radiation (Lamberti and Steinman 1997). Juvenile habitat 
availability (e.g., vegetated stream margins) may also underlie patterns of YOY density (Hubert 
and Joyce 2005, Finstad et al. 2009). Expanding our study to consider food-web productivity, 
YOY habitat availability, and how these factors interact with groundwater would increase our 
understanding of the drivers of fish growth and production across riverscapes (sensu Saunders et 
al. 2018). 

Variation in emergence timing necessitated evaluating growth capacity by simulating body size 
trajectories from common starting conditions. As a result, estimates of end of season body size 
should be interpreted as growth capacity or potential (sensu Sloat et al. 2005). Groundwater can 
reduce the magnitude of spring flooding that constrains the onset of spawning (Montgomery 
1999) and influence stream temperature regimes that affect emergence timing (Webb and McLay 
1996, Caissie 2006). Therefore, future work investigating riverscape patterns of growth and 
production will likely benefit from describing how groundwater generates spatial variation in the 
timing and duration of emergence. 

Finally, as our study was restricted to the YOY rearing period, uncertainty remains regarding the 
role of groundwater-dominated habitats for growth and production of later life stages. Field 
observations and past work indicate limited YCT occupancy of groundwater-dominated streams 
beyond YOY stage (Baldock et al. 2023). In groundwater-dominated habitats, late-stage YOY 

25 



  

  
 
 

 

 
 

 
 

 
 

  
  

 
   

 

 
 

  

  
 

  
 

 
 

 
 

 
 

 

 

may disperse to other habitats where growth is less constrained by high densities and increased 
foraging is possible (sensu Fretwell and Lucas 1970, Einum et al. 2006). Further, cold 
groundwater may limit growth in the spring and summer when warmer temperatures become 
increasingly available in reaches with less groundwater influence. As fish grow and dispersal 
abilities increase, tracking growth opportunities as they shift across the riverscape may become 
an increasingly viable strategy for negotiating habitat heterogeneity (Armstrong et al. 2021, 
Hahlbeck et al. 2022). 

Groundwater-Dominated Habitats Under Climate Change 

Groundwater will likely mediate how climate change shapes spatial patterns of recruitment and 
the distribution of climate refugia across riverscapes (Larsen and Woelfle-Erskine 2018, 
Ebersole et al. 2020). Our results suggest that YOY growth and production in the USRW is 
currently limited by cold temperatures. Therefore, near-term stream warming associated with 
global climate change (Hostetler et al. 2021) may benefit growth and production, as previously 
reported for YCT in the USRW (Al-Chokhachy et al. 2013). However, the effects of longer-term 
stream warming will likely differ among habitats if streams receiving less groundwater are closer 
to upper thermal limits. In these systems, autumn gains in growth and production may be offset 
by losses earlier in the rearing period as summer temperatures become too warm (sensu 
Armstrong et al. 2021). In contrast, warming in groundwater-dominated habitats may benefit 
growth over the entire season as thermal constraints are incrementally reduced. Therefore, 
expected stream warming under climate change may enhance riverscape heterogeneity in end-of-
season body size and cumulative production beyond what we describe in this study. 

In addition to warming, climate change is expected to increase the magnitude and frequency of 
extreme flooding (Easterling et al. 2000, Queen et al. 2021). For salmonids, flooding negatively 
affects YOY recruitment processes (Kanno et al. 2015, Sweka and Wagner 2022). Many of the 
sampling events during which we captured zero YOY (n = 61) were conducted in 2021 following 
a major summer precipitation event that led to flooding in streams with minimal groundwater 
input. As groundwater buffers against extreme flows in small streams (Poff et al. 1997), stable 
recruitment from groundwater-dominated habitats may subsidize variable recruitment from more 
dynamic habitats, protecting against widespread cohort failure (sensu Homel et al. 2015, 
Harrison et al. 2020). Long-term studies investigating interannual recruitment dynamics as 
related to climate variability and hydrology would provide key insight into the role of 
groundwater-dominated habitats as climate refugia.  

While groundwater is a key component of climate refugia for stream fishes (Ebersole et al. 2020, 
Mejia et al. 2023), adaptation to climate change may be most successful under strategies that 
protect and maintain habitat heterogeneity (Walsworth et al. 2019, Moore and Schindler 2022). 
For example, as snowmelt often contributes most to aquifer recharge (Winograd et al. 1998), 
groundwater contributions to streamflow may decline as snowpack is lost under future climate 
scenarios (Godsey et al. 2014, Hostetler et al. 2021). Therefore, groundwater habitats may 
instead act as transient “stepping stones” that temporarily relieve climate impacts, assisting 
longer term adaptation (Hannah et al. 2014). An improved understanding of subsurface 
hydrology would enable predictions of where and over what time scales groundwater-dominated 
habitats will be resistant to climate change. Furthermore, locally adapted populations currently 
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occupying warm and dynamic riverine habitats may harbor the genetic diversity needed for 
species-level adaptation to novel climate regimes (Jensen et al. 2008, Walsworth et al. 2019). 
Conserving habitats that span the complete range of groundwater influence is likely necessary to 
maximize adaptive capacity of salmonids occupying diverse and complex riverscapes. 

Conservation Applications 

Predicting the future importance of groundwater habitat for cutthroat trout recruitment is 
challenging due to potential interactions with other anthropogenic stressors. While our study was 
conducted in a relatively undeveloped location (97% public land), groundwater depletion is 
occurring at unprecedented rates globally and is major threat to aquatic ecosystems (Perkin et al. 
2017). Our results indicate that hydrologic homogenization due to groundwater depletion would 
constrain the range of distinct growth opportunities, which could destabilize populations as life-
history diversity is eroded (sensu Schindler et al. 2010, Bellmore et al. 2022). Additionally, 
while groundwater-fed habitats may be resistant to climate variability, lack of flow-related 
disturbance suggests increased sensitivity to other stressors, such as land-use change. In 
agricultural areas, for example, many streams require repeated dredging and gravel rejuvenation 
to counteract excess sedimentation (Wyoming Game and Fish Department 2001). Thus, 
groundwater-fed streams may exist near a tipping point, where small changes in the sediment 
budget may precipitate population declines via the negative effects sediment on reproductive 
success (Jensen et al. 2009), further constraining recruitment locally and at broad spatial extents. 

In river networks, small tributaries often contribute disproportionately to recruitment relative to 
larger mainstem rivers (Tsuboi et al. 2022, Bouska et al. 2023), but tributaries differ in their 
capacity to support early life-history requirements. As a result, and given the multiple interacting 
stressors faced by riverine fish, there is an urgent need for tools and data that allow for 
prioritization of conservation actions (Leadley et al. 2022). The results of this study (e.g., maps 
of groundwater, growth, and production) can be compared to the spatial distribution of known 
stressors to prioritize locations for habitat restoration and protection and to identify where such 
efforts may have the greatest impact on conservation outcomes (e.g., increasing recruitment). 
Data and information produced at spatial scales matching species life-history needs, as described 
in this study, are critical for efficient and effective conservation and management (Fausch et al. 
2002). 

Conclusions 

It is well appreciated that dynamic landscapes and riverscapes underlie the stability of 
ecosystems and ecosystem services (Schindler et al. 2015, Brennan et al. 2019). Less appreciated 
is the extent to which rare, stable habitats may disproportionately affect ecological processes and 
how these habitats function within the broader habitat matrix. Here, we show how groundwater 
structures stream habitat conditions and spatiotemporal variation in juvenile trout growth and 
production across a large riverscape. Variation in groundwater influence among stream reaches 
is an important source of spatial habitat diversity. Stable groundwater-fed habitats represent one 
endmember of the habitat gradient and, while rare, appear to play a disproportionate role in 
structuring riverine ecosystems. Groundwater-fed habitats may ultimately act as “ecosystem 
control points”, whereby the dynamics and demographics of fish populations across river 
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networks are a function of processes occurring at much smaller spatial scales, driven by the 
degree of groundwater influence (sensu Bernhardt et al. 2017, Briggs and Hare 2018). Our study 
highlights the critical need for integrated, multi-scale approaches to both ecological research and 
conservation planning in riverine ecosystems, particularly under climate change (sensu Fausch et 
al. 2002, Torgersen et al. 2021). 
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Figures 

Figure 1 Map of the upper Snake River watershed, Wyoming, USA. White points denote focal 
streams for study of fish growth and production (numbered as in Appendix S1: Table S1). 
Orange points denote additional temperature monitoring locations. Basin drains to the southwest; 
outlet denoted by blue arrow. Blue lines represent the river network and blue polygons represent 
lentic waterbodies. Area of detail is marked by the red box in the inset map of the U.S. 
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Figure 2 Groundwater is unevenly distributed across the upper Snake River watershed. (a) 
Index of groundwater influence in stream reaches, derived from the MaxEnt raster of 
groundwater spring prevalence. Greater index values (darker colors) signify increasing influence 
of groundwater on stream reach conditions. Dark grey polygons represent lentic waterbodies and 
dark grey flowlines represent large rivers for which we did not derive groundwater index values. 
Kernel density plots of groundwater index for (b) network locations, (c) stream temperature 
monitoring locations, and (d) fish study (focal) reaches. 
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Figure 3 Groundwater structures temperature dynamics in streams: streams with greater 
groundwater influence are less sensitive to variability in air temperature. Stream water 
temperature throughout the study period (1 August – 5 November) in (a) 2021 and (b) 2022. (c) 
Effect of groundwater index on modeled stream temperature sensitivity to air temperature. Line 
color in (a) and (b) and point color in (c) indicates groundwater index in streams studied for 
YOY growth and production (“focal streams”). Grey lines in (a) and (b) and white points in (c) 
represent temperature monitoring at 19 additional locations. 
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Figure 4 Relationship between groundwater index and (log) peak YOY density: streams with 
stronger groundwater influence have greater peak YOY densities, on average. Thick black line 
represents the LOESS smoother (mean); grey polygon represents the 95% confidence interval; 
point color indicates groundwater index. 
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Figure 5 Temperature (°C) and density (fish m-1) interactively affect YOY growth rate (mm 
day-1). Temperature is the mean stream temperature between sampling events. Points represent 
model-estimated growth rates and point color denotes (log) YOY density. Solid and dashed 
regression lines denote the relationship between temperature and growth rate at the minimum 
(0.03 fish per meter) and maximum observed density (6.58 fish per meter), respectively, where 
the range of temperature for each regression is limited to the range of temperature observed for 
the lower and upper 25th percentiles of density. Grey polygons represent 95% credible intervals 
for each regression. 
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Figure 6 Groundwater mediates the temporal dynamics of YOY growth. (a) Interactive effects 
of time and groundwater index on growth rate. Regression lines represent growth regimes at the 
highest (0.87, purple) and lowest (0.06, yellow) observed groundwater index values. Points 
represent model-estimated growth rates and point color denotes groundwater index. (b) Effect of 
groundwater index on the standard deviation of estimated length. (c) Projected median YOY 
total body length from 20 August to 5 November under groundwater index values ranging 
between 0 and 1 (color). Thin white lines in the plot and color legend represent the range of 
groundwater index values across the 52 focal stream reaches (0.06-0.87). (d) Effect of 
groundwater index on projected end of season length. Thick black lines and grey polygons in (b) 
and (d) represent the median effect and 95% credible interval, respectively. 
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Figure 7 Groundwater mediates the temporal dynamics of YOY production. (a) Interactive 
effects of time and groundwater index on production, logged to meet assumptions of 
homoscedasticity. Regression lines represent production regimes at the highest (0.87, purple) and 
lowest (0.06, yellow) observed groundwater index values. Points represent calculated production 
(eq. 10) and point color denotes groundwater index. (b) Effect of groundwater index on the 
standard deviation of production. (c) Projected median cumulative YOY production from 20 
August to 5 November under groundwater index values ranging between 0 and 1 (color). Thin 
white lines in the plot and color legend represent the range of groundwater index values across 
the 52 focal stream reaches (0.06-0.87). (d) Effect of groundwater index on projected end of 
season cumulative production. Thick black lines and grey polygons in (b) and (d) represent the 
median effect and 95% credible interval, respectively. 
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Figure 8 Groundwater structures the temporal dynamics of (a-c) growth and (d-f) production 
across the upper Snake River watershed. Riverscape projections are shown for (a,d) 1 September, 
(b,e) 1 October, and (c,f) 1 November. Projections are limited to stream reaches with gradients 
<10% and watersheds <500 km2. Projected production is capped at 10 mm m-1 to aid visual 
interpretation (see Figure 7c for complete range). 
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Supporting Information 

Table S1 Catchment characteristics for sites at which temperature monitoring was conducted. 
Characteristics were used in the temperature model to evaluate individual and interactive drivers 
of stream temperature response to air temperature. Site refers to the site name; ID denotes to sites 
where fish sampling was conducted, numbered as in Figure 1 of the main text (NA if fish 
monitoring was not conducted); elev is mean catchment elevation in meters; slope is mean 
catchment ground surface gradient (%); forest is the mean percent forest canopy cover within a 
100 m buffer of the flow line; area is catchment area in square kilometers; lake is upstream lake 
area in square kilometers; gw is the normalized groundwater index calculated from the MaxEnt 
output raster of groundwater spring prevalence.  

site ID elev slope forest area lake gw 
blackrock_1A 1 2739 12.68 0.19 124.82 0.015 0.08 
blacktail_1A 4 2138 5.42 0.22 61.08 0.009 0.67 
cabin_NA NA 2213 22.40 0.29 23.51 0.001 0.08 
cliff_1A 13 2451 20.57 0.30 158.60 0.048 0.13 
cody_Moment NA 1877 5.82 0.06 2.09 0.016 0.59 
cottonwoodNPS NA 2613 23.94 0.16 187.14 11.350 0.32 
crystal_1A 5 2843 18.82 0.26 185.10 0.395 0.06 
deadmans_1A NA 2113 6.52 0.06 11.65 0.865 0.24 
dell_NA NA 2402 14.57 0.17 214.37 0.062 0.15 
ditch_upper NA 2511 13.56 0.28 67.68 0.093 0.09 
dog_NA NA 2245 21.34 0.26 31.11 0.005 0.08 
fish_downstream 6 2318 18.59 0.12 38.71 0.002 0.46 
flat_4B 9 2684 18.72 0.23 125.89 0.322 0.30 
goosewing_NA NA 2707 13.03 0.25 40.40 0.001 0.11 
granite_NA NA 2598 21.67 0.22 219.91 0.273 0.17 
grosventre_upper NA 2819 14.01 0.16 266.14 0.619 0.10 
hoback_upper NA 2698 19.74 0.19 113.89 0.006 0.12 
lava_NA NA 2457 15.58 0.33 67.66 0.005 0.07 
lowerbarbc_SG 8 1952 3.53 0.16 6.40 0.002 0.59 
mosquito_1A 10 2348 19.21 0.36 61.63 0.001 0.23 
nowlin_NA NA 2394 14.61 0.26 82.56 0.066 0.30 
pacific_NA NA 2479 12.21 0.20 418.22 9.675 0.08 
shoal_NA NA 2455 17.65 0.16 82.65 0.003 0.14 
slate_NA NA 2539 16.38 0.19 97.24 0.001 0.05 
spread_1A 2 2698 15.68 0.23 196.85 0.043 0.06 
spring_JLD NA 2090 1.61 0.18 4.01 0.001 0.16 
threechannel_1A 7 1983 3.35 0.18 31.61 0.010 0.33 
threechannel_3A NA 1917 0.85 0.11 0.70 0.005 0.35 
unkspring_Ford NA 1857 0.39 0.32 0.26 0.005 0.55 
upperbarbc_SG 3 2031 2.42 0.04 5.74 0.037 0.83 
willow_4B 12 2467 23.90 0.31 184.44 0.001 0.17 
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Table S2 Candidate model statements and leave-one-out cross validation (LOO; Vehtari et al. 
2017) diagnostics for the analysis of temperature and density as drivers of fish growth rate. 
Predictor variables are defined as follows: log(density) = logged young-of-year density at the 
time of sampling (fish per meter of stream), temp = mean observed temperature between 
sampling events (°C), and priorlen = prior mean total length (mm). LOO diagnostics are defined 
as follows: elpdloo = expected log pointwise predictive density, SE(elpdloo) = standard error of 
elpdloo, elpddiff = estimated difference of elpdloo of the candidate model and top model, and 
SE(elpddiff) = standard error of elpddiff. Candidate models are ordered according to minimum 
elpdloo. 

Model Statement elpdloo SE(elpdloo) elpddiff SE(elpddiff) 
log(density) + temp + log(density)*temp + priorlen -733.05 11.89 0.00 0.00 
log(density) + temp + temp2 + log(density)*temp + priorlen -733.13 11.95 -0.08 0.85 
log(density) + temp + priorlen -744.83 12.35 -11.78 4.81 
temp + priorlen -745.02 12.13 -11.97 5.78 
temp + temp2 + priorlen -745.85 12.19 -12.79 5.87 
priorlen -747.81 11.80 -14.75 6.94 
log(density) + priorlen -748.11 11.92 -15.06 6.31 
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Table S3 Prior probability statements for all Bayesian models. Model denotes the model in 
question, where Growth (covariates) represents the model of growth as a function of temperature 
and density and Growth (temporal) represents the model of growth as a function of time and 
groundwater. Uniform distributions are parameterized in terms of the minimum and maximum, 
respectively. Normal distributions are parameterized in terms of the mean and standard 
deviation, respectively. T(0,) describes a truncated distribution, where the minimum allowable 
values is 0 (e.g., truncated to ensure positive values). Parameters in bold face represent vectors of 
parameters. 

Model Prior probability specifications 

Temperature �! ~ �(0, 100) 

� ~ �(0, 100) 

!�� ~ �(0, 30) 

� ~ �(0, 30) 

!�# ~ �(0, 30) 

�1 ~ �(0, 30) 

Growth 
(covariates) 

ln (�!!) ~ �(0, 10) 

�!! ~ �(0, 10) 

�$!! ~ �(0, �����. ��!!) 

�����. ��!! ~ �(0, 10) �(0, ) 

�!! ~ �(0, �����. ��!!) 

�!! ~ �(0, 10) 

�%!! ~ �(0, �����. ��!!) 

�����. ��!! ~ �(0, 10) �(0, ) 

�����. ��!! ~ �(0, 10) �(0, ) 

!! !!�%! 
~ �(�% , �����. ��!!) 

�����. ��!! ~ �(0, 10) �(0, ) 

Growth 
(temporal) 

ln (�!!!) ~ �(0, 10) 

�!!! ~ �(0, 10) 

�$!!! ~ �(0, �����. ��!!!) 

�����. ��!!! ~ �(0, 10) �(0, ) 

�!!! ~ �(0, �����. ��!!!) 

�!!! ~ �(0, 10) 

�%!!! ~ �(0, �����. ��!!!) 

�����. ��!!! ~ �(0, 10) �(0, ) 

�����. ��!!! ~ �(0, 10) �(0, ) 

!!! ~ �(�%!!!�%! 
, �����. ��!!!) 

�����. ��!!! ~ �(0, 10) �(0, ) 

Production ln (�!!!!) ~ �(0, 10) 

�!!!! ~ �(0, 10) 

�$!!!! ~ �(0, �����. ��!!!!) 

�����. ��!!!! ~ �(0, 10) �(0, ) 

�!!!! ~ �(0, �����. ��!!!!) 

�!!!! ~ �(0, 10) 

�%!!!! ~ �(0, �����. ��!!!!) 

�����. ��!!!! ~ �(0, 10) �(0, ) 

�����. ��!!!! ~ �(0, 10) �(0, ) 

!!!! ~ �(�%!!!!�%! 
, �����. ��!!!!) 

�����. ��!!!! ~ �(0, 10) �(0, ) 
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Table S4 Fixed effect parameter estimates (Median) and 95% credible intervals (2.5% CI and 
97.5% CI define the lower and upper bounds, respectively) for each Bayesian model (Model). 
Growth (covariates) represents the model of growth as a function of temperature and density and 
Growth (temporal) represents the model of growth as a function of time and groundwater. 
Parameter denotes the parameter as defined in the main text and Appendix 1: Table S3. 
Description describes the fixed effect variable that each parameter represents. 

Model Parameter Description Median 2.5% CI 97.5% CI 

Temperature �' slope -0.013 -0.131 0.106 

�( forest -0.018 -0.112 0.075 

�) log(catchment area) 0.068 -0.074 0.211 

�* log(lake area) -0.036 -0.121 0.045 

�+ log(gw) -0.162 -0.247 -0.076 

�, slope * log(gw) 0.060 -0.054 0.182 

�- forest * log(gw) -0.023 -0.101 0.053 

�. log(catchment area) * log(gw) -0.041 -0.160 0.075 

�/ log(lake area) * log(gw) 0.034 -0.060 0.127 

Growth 
(covariates) 

&&�' log(density) -0.032 -0.061 -0.001 
&&�( temperature 0.027 -0.020 0.068 
&&�) prior length -0.087 -0.127 -0.052 
&&�* log(density) * temperature -0.079 -0.111 -0.047 

Growth 
(temporal) 

&&&�' doy -0.080 -0.104 -0.054 
&&&�( doy2 -0.082 -0.114 -0.052 
&&&�) gw 0.035 -0.016 0.085 
&&&�* doy * gw 0.058 0.035 0.082 
&&&�+ doy2 * gw -0.041 -0.068 -0.014 

Production 
(temporal) 

&&&&�' doy -0.173 -0.250 -0.096 
&&&&�( doy2 -0.169 -0.265 -0.072 
&&&&�) gw 0.602 -0.443 0.936 
&&&&�* doy * gw 0.188 0.111 0.267 
&&&&�+ doy2 * gw -0.087 -0.179 0.003 
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Table S5 Unique numeric identifier (ID), name, and description of bedrock geological units 
used in MaxEnt modeling of groundwater spring prevalence. ID corresponds to bar labels in 
Appendix 1: Figure S1j. Solo and Marginal represent the predicted spring prevalence for each 
unit in a model fit with bedrock geology as the sole covariate (Appendix 1: Figure S1j) and the 
full model, respectively. 

ID Name Description Solo Marginal 
1 Qa Alluvium and colluvium 0.18 0.016 
2 Qt Gravel, pediment, and fan deposits 0.2 0.008 
3 Qg Glacial deposits 0.051 0.009 
4 Qls Landslide deposits 0.027 0.005 
7 Qu Undivided surficial deposits 0.013 0.003 
8 Qb Basalt flows, tuff, and intrusive igneous rocks 0.01 0.002 
9 Qr Rhyolite flows, tuff, and intrusive igneous rocks 0.066 0.014 
12 QTc Conglomerate: Jackson Hole (Pleistocene or Pliocene); Med Bow (Pleistocene to Miocene) 0.01 0.002 
15 Tte Teewinot formation, Central Jackson Hole 0.091 0.149 
16 Tr Red Conglomerate on top of Hoback and Wyoming Ranges 0.01 0.002 
17 Thr Huckleberry ridge tuff of Yellowstone group 0.01 0.002 
18 Tii Intrusive and extrusive igneous rocks 0.01 0.002 
20 Tsi Shooting Iron Formation 0.01 0.002 
22 Tcd Camp Davis formation, southernmost Jackson Hole 0.01 0.002 
23 Tc Colter formation, central Jackson Hole 0.01 0.002 
34 Twd Wasatch formation, diamictite and sandstone 0.01 0.002 
38 Ti Intrusive igneous rocks 0.01 0.002 
39 Twi Wiggins Formation 0.01 0.002 
40 Ttl Intrusive Igneous rocks: Thorofare Creek group: Two Ocean and Langford formations, may include Trout 

Peak Trachyandesite of Sunlight Group 
0.01 0.002 

42 Ta Intrusive igneous rocks: Thorofare Creek group: Aycross formation 0.037 0.008 
47 Thp Intrusive Igneous Rocks: Hominy Peak formation 0.01 0.002 
50 Tv Volcanic conglomerate - Jackson Hole 0.01 0.002 
51 Twdr Wind River formation - at base locally includes equivalent of Indian Meadows formation 0.233 0.065 
56 Tdb Devils Basin formation 0.01 0.002 
57 TKp Pinyon conglomerate 0.01 0.002 
75 Twlc Wasatch formation: La Barge and Chappo members 0.01 0.002 
78 Tp Bass Peak formation and equivalents 0.031 0.012 
80 Th Hoback formation 0.01 0.002 
102 Kbb Blind Bull formation 0.01 0.002 
104 Kf Frontier formation 0.08 0.016 
107 Ka Aspen shale 0.01 0.002 
108 Kbr Bear River formation 0.01 0.002 
109 Kg Gannett group 0.01 0.002 
110 Jst Stump formation, Preuss sandstone or redbeds, and Twin Creek limestone 0.01 0.002 
111 J@n Nugget sandstone 0.01 0.002 
112 J@nd Nuggest sandstone and Chugwater and Dinwoody Formations 0.01 0.002 
114 Pp Phosphoria formation and related rocks 0.01 0.002 
115 P&Ma Phosphoria, Wells, and Amsden formations 0.01 0.002 
118 MD Madison limestone and Darby formation 0.009 0.002 
120 O_ Bighorn dolomite, Gallatin limestone, GrosVentre formation, and Flathead sandstone 0.044 0.008 
123 Kc Cody shale 0.01 0.002 
126 @cd Chugwater and Dinwoody formations 0.01 0.002 
130 Kha Harebell formation 0.01 0.002 
134 Km Meeteetse formation 0.01 0.002 
137 Kmv Mesaverde group 0.01 0.002 
138 Kso Sohare formation 0.01 0.002 
139 Ksb Sohare formation and Bacon Ridge sandstone 0.032 0.012 
140 Kb Bacon Ridge sandstone 0.039 0.011 
147 Kmt Mowry and Thermoplis shales 0.044 0.01 
148 KJ Clvoerly and Morrison formations 0.01 0.002 
150 KJg Cloverly, Morrison, Sundance and Gypsum Spring formations 0.054 0.028 
153 Jsg Sundance and Gypsum Spring formations 0.01 0.002 
165 PM TenSleep sandstone and Amsden formation 0.01 0.002 
199 Wgn Granite Gneiss 0.01 0.002 
200 WVsv Metasedimentary and Metavolcanic Rocks 0.01 0.002 
202 Wmu Metamorphosed Mafic and Ultramafic Rocks 0.01 0.002 
203 Ugn Oldest Gneiss Complex 0.01 0.002 
216 Wg Granitic Rocks of 2,600Ma Age Group 0.027 0.005 
299 H2O Water 0.01 0.002 
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Table S6 Unique numeric identifier (ID), name, and description of surficial geological units 
used in MaxEnt modeling of groundwater spring prevalence. ID corresponds to bar labels in 
Appendix 1: Figure S1k. Solo and Marginal represent the predicted spring prevalence for each 
unit in a model fit with surficial geology as the sole covariate (Appendix 1: Figure S1k) and the 
full model, respectively. 

ID Name Description Solo Marginal 
1 Gcsg glaciated bedrock mixed with colluvium, slopewash and glacial rubble 0.038 0.019 
2 Gg glaciated bedrock mixed with glacial deposits 0.037 0.027 
3 Ggc glaciated bedrock mixed with glacial deposits and colluvium 0.084 0.069 
4 Ggcs glaciated bedrock mixed with glacial deposits, colluvium and slopewash 0.028 0.016 
5 Ggs glaciated bedrock mixed with glacial deposits and slopewash 0.028 0.016 
6 Glg glaciated bedrock mixed with landslide and/or glacial deposits 0.028 0.016 
7 Gr glaciated bedrock mixed with residuum 0.028 0.016 
8 Gsu glaciated bedrock mixed with slopewash and grus 0.028 0.016 
9 LAKE lake - lentic waterbody 0.028 0.016 
10 RGc bedrock and glaciated bedrock covered in places by colluvium 0.028 0.016 
11 RGcs bedrock and glaciated bedrock covered in places by colluvium and slopewash 0.028 0.016 
12 RGg bedrock and glaciated bedrock covered in places by glacial rubble 0.028 0.016 
13 RGr bedrock and glaciated bedrock covered in places by residuum 0.028 0.016 
14 Rc bedrock covered in places by colluvium 0.028 0.016 
15 Rcg bedrock covered in places by colluvium and glacial rubble 0.028 0.016 
16 Rcs bedrock covered in places by colluvium and slopewash 0.021 0.016 
17 Rcsg bedrock covered in places by colluvium, slopewash, and glacial rubble 0.028 0.016 
18 Rcsr bedrock covered in places by colluvium, slopewash, and residuum 0.028 0.016 
19 Rcu bedrock covered in places by colluvium and grus 0.028 0.016 
20 Rgc bedrock covered in places by glacial deposits and colluvium 0.028 0.016 
22 Rrcs bedrock covered in places by residuum, colluvium, and slopewash 0.028 0.016 
23 Rrg bedrock covered in places by residuum and glacial rubble 0.028 0.016 
24 Rrs bedrock covered in places by residuum and slopewash 0.234 0.068 
25 Rs bedrock covered in places by slopewash 0.028 0.016 
26 Rsg bedrock covered in places by slopewash and glacial rubble 0.028 0.016 
27 a alluvium - stream and river deposits 0.196 0.016 
28 ag alluvial deposits mixed with glacial deposits 0.028 0.016 
29 ah alluvial deposits mixed with hot spring deposits 0.028 0.016 
30 c colluvium - loose and incoherent deposits, usually at the foot of a cliff or on the surface of a slope and there 

chiefly by gravity 
0.028 0.016 

31 cf colluvium mixed with alluvial fan deposits 0.028 0.016 
32 cs colluvium mixed with slopewash 0.028 0.016 
33 csR colluvium mixed with and slopewash with bedrock outcrops 0.015 0.012 
34 csgG colluvium mixed with slopewash, glacial rubble and glaciated bedrock 0.028 0.016 
35 csgR colluvium mixed with slopewash, glacial rubble and bedrock outcrops 0.19 0.247 
36 e eolian deposits - wind blown deposits, includes sand, silt, and clay 0.028 0.016 
37 f alluvial fan deposits - a fan shaped deposit made by a stream or a debris flow where they have run out onto a level 

plain 
0.034 0.009 

38 fa alluvial fan deposits that grade into alluvial deposits 0.028 0.016 
39 ft alluvial fan deposits that grade into terrace deposits 0.028 0.016 
40 g glacial deposits - deposits that have been formed through glacial action, such as till and moraine 0.052 0.022 
41 gR glacial deposits mixed with bedrock outcrops 0.028 0.016 
42 ge glacial deposits mixed with eolian (loess) deposits 0.167 0.024 
43 grs glacial deposits mixed with residuum, and slopewash deposits 0.028 0.016 
44 l landslide - earth and rock which became loosened from a hillside and slides, flows, or falls down the slope 0.032 0.016 
45 lg landslide debris and/or glacial/periglacial deposits 0.045 0.022 
46 o glacial outwash - alluvium and drift deposited by meltwater streams beyond active glacier ice 0.328 0.082 
47 oe glacial outwash deposits mixed with scattered eolian deposits 0.457 0.047 
48 rRg residuum mixed with bedrock outcrops and glacial deposits 0.028 0.016 
49 raR residuum mixed with alluvial deposits and bedrock outcrops 0.028 0.016 
50 rcs residuum mixed with colluvium and slopewash 0.028 0.016 
51 rs residuum mixed with slopewash 0.122 0.076 
52 rsR residuum mixed with slopewash and bedrock outcrops 0.02 0.006 
53 rsRg residuum mixed with slopewash, bedrock outcrops, and glacial rubble 0.028 0.016 
54 rse residuum mixed with slopewash and scattered eolian deposits 0.028 0.016 
56 rsg residuum mixed with slopewash and glacial deposits 0.096 0.016 
57 rsgR residuum mixed with slopewash, glacial deposits, and bedrock outcrops 0.028 0.016 
60 srR slopewash mixed with residuum and bedrock outcrops 0.028 0.016 
61 t terrace deposits - relict alluvial deposits on relatively flat, horizontal, or gently inclined surfaces which are 

bounded by a steeper ascending slope on one side and by a steeper descending slope on the opposite side 
0.212 0.016 

62 td dissected terrace deposits 0.028 0.016 
63 te terrace deposits mixed with scattered eolian deposits 0.028 0.016 
64 w lacustrine deposits - deposits associated with lakes 0.028 0.016 
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Figure S1 Effects of eleven landscape covariates on predicted probability of groundwater spring 
prevalence. To aid interpretation, each panel represents a different MaxEnt model created using 
only the variable in question, thus reflecting the dependence of predicted prevalence both on the 
variable in question and on dependencies induced by correlations between the variable in 
question and other variables. Numbered bars in panels (j) and (k) correspond to the ID columns 
in Appendix 1: Table S5 and Appendix 1: Table S6, respectively (this document). 
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Figure S2 Prevalence of groundwater seeps throughout the upper Snake River watershed, 
Wyoming, U.S.A., predicted using MaxEnt. Seeps are most likely to occur where prevalence 
values are highest. Prevalence is predicted continuously across the study area on a ca. 10 m x 10 
m grid. Points represent observed locations of springs used for training (o) and testing (+). Grey 
polygons represent lentic waterbodies (lakes). 
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Figure S3 Diagnostic plots for the Bayesian stream temperature model. (a) Posterior predictive 
check showing the relationship between median posterior expected (i.e., predicted) temperature 
and observed temperature (°C); red line indicates the 1:1 line for visual reference; Bayesian p-
value represents the proportion of predicted data that is greater than observed data. (b) Posterior 
distribution of root mean squared error (RMSE); red line denotes the median (1.163 °C). (c) 
Bayesian R2 posterior distribution; values in parentheses represent the 95% credible interval. 
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Figure S4 Diagnostic plots for the Bayesian hierarchical model describing the effects of 
temperature and density on growth. (a) Posterior predictive check showing the relationship 
between median posterior expected (i.e., predicted) length and observed length (mm); red line 
indicates the 1:1 line for visual reference; Bayesian p-value represents the proportion of 
predicted data that is greater than observed data. (b) Posterior distribution of root mean squared 
error (RMSE); red line denotes the median (3.93 mm). (c) Posterior distributions for the 
marginal (proportion of total variance explained by the fixed effects alone; orange fill) and 
conditional (proportion of total variance explained by the fixed and random effects; green fill) 
Bayesian R2 values; values in legend represent medians and 95% credible intervals. (d) 
Relationship between model residuals and groundwater index. 
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Figure S5 Posterior probability distributions for stream-specific intercepts from the Bayesian 
hierarchical model describing the effects of temperature and density on growth, where the 
intercepts describe mean growth rate (mm day-1) in each stream. Streams are ordered from 
highest (top) to lowest (bottom) groundwater index. Vertical dashed line denotes the global mean 
growth rate (0.361 mm day-1) for an average sized fish. 
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Figure S6 Diagnostic plots for the Bayesian hierarchical model describing the effects of time 
and groundwater on growth. (a) Posterior predictive check showing the relationship between 
median posterior expected (i.e., predicted) length and observed length (mm); red line indicates 
the 1:1 line for visual reference; Bayesian p-value represents the proportion of predicted data that 
is greater than observed data. (b) Posterior distribution of root mean squared error (RMSE); red 
line denotes the median (4.11 mm). (c) Posterior distributions for the marginal (proportion of 
total variance explained by the fixed effects alone; orange fill) and conditional (proportion of 
total variance explained by the fixed and random effects; green fill) Bayesian R2 values; ; values 
in legend represent medians and 95% credible intervals. (d) Relationship between model 
residuals and groundwater index. 
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Figure S7 Posterior probability distributions for stream-specific intercepts from the Bayesian 
hierarchical model describing the effects of time and groundwater on growth, where the 
intercepts describe mean growth rate (mm day-1) in each stream. Streams are ordered from 
highest (top) to lowest (bottom) groundwater index. Vertical dashed line denotes the global mean 
growth rate (0.443 mm day-1) for an average sized fish. 
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Figure S8 Diagnostic plots for the Bayesian hierarchical model describing the effects of time 
and groundwater on log(production). (a) Posterior predictive check showing the relationship 
between median posterior expected (i.e., predicted) production and observed production (mm m-1 

day-1); red line indicates the 1:1 line for visual reference; Bayesian p-value represents the 
proportion of predicted data that is greater than observed data. (b) Posterior distribution of root 
mean squared error (RMSE); red line denotes the median (0.681). (c) Posterior distributions for 
the marginal (proportion of total variance explained by the fixed effects alone; orange fill) and 
conditional (proportion of total variance explained by the fixed and random effects; green fill) 
Bayesian R2 values; values in legend represent medians and 95% credible intervals. (d) 
Relationship between model residuals and groundwater index. 
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Figure S9 Posterior probability distributions for stream-specific intercepts from the Bayesian 
hierarchical model describing the effects of time and groundwater on (log) production, where the 
intercepts describe mean (log) production rate (mm m-1 day-1) in each stream. Streams are 
ordered from highest (top) to lowest (bottom) groundwater index. Vertical dashed line denotes 
the global mean production rate (0.078 mm m-1 day-1). 
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Figure S10 Associations between (a) groundwater index and (log) redd density and (b) (log) 
redd density and (log) peak young-of-year density. Point color represents groundwater index. 
Pearson’s r correlation coefficients are given for each association (correlations are both 
significant at alpha = 0.05). Data is from 2022 only as redd counts were not conducted in 2021. 
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CHAPTER 2  
 

Tributaries  structure biocomplexity o f  a m ainstem  river metapopulation o f  
native  trout  

Jeffrey R. Baldock1, William C. Rosenthal2, Robert Al-Chokhachy3, Matthew R. Campbell4, 
Catherine E. Wagner2, and Annika Walters5 
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Ecology and Evolution, University of Wyoming, Laramie, Wyoming, USA. Department of Botany and Program in 
Ecology and Evolution, University of Wyoming, Laramie, Wyoming, USA. 3Northern Rocky Mountain Science 
Center, U.S. Geological Survey, Bozeman, Montana, USA. 4Idaho Department of Fish and Game, Eagle Fish 
Genetics Laboratory, Eagle, Idaho, USA. 5U.S. Geological Survey, Wyoming Cooperative Fish and Wildlife 
Research Unit, Department of Zoology and Physiology and Program in Ecology and Evolution, University of 
Wyoming, Laramie, Wyoming, USA. 

This chapter is formatted for submission to Ecology Letters. 

Abstract  

The contribution of subpopulations to metapopulations occupying common habitats depends on 
the spatial arrangement and geometry of source habitats and interactions with intrinsic 
environmental conditions that independently affect subpopulation productivity. River networks 
are classic examples of spatially structured environments, where habitat patches are arranged 
hierarchically from small headwater streams to larger mainstem rivers and habitat diversity is 
often a function of water source (e.g., snowmelt versus groundwater). For riverine fish, there is 
increasing evidence that tributaries support mainstem river metapopulations, but how spatially 
discrete and distributed riverscape attributes influence patterns at broader spatial scales and 
levels of organization remains unclear. Here, we used genetic stock identification to understand 
the effect of tributaries on metapopulation structure for Yellowstone cutthroat trout 
(Oncorhynchus virginalis bouvieri) occupying the mainstem Snake River, Wyoming, USA. We 
found near complete reliance of the mainstem metapopulation on demographic support from 
tributaries, but metapopulation composition varied from upstream to downstream locations. 
Distance between habitats, catchment area, and groundwater input acted in concert to determine 
the contribution of tributaries to the mainstem metapopulation. We also found evidence for 
carry-over effects of tributaries on growth, where metapopulation size structure was a function of 
natal tributaries characteristics and life stage. Our results provide insight into the mechanisms 
that give rise to metapopulation biocomplexity in riverine ecosystems and underscore the 
importance of protecting and conserving tributaries to ensure the long-term viability of mainstem 
river ecosystems. Our results have important implications for understanding how habitat 
fragmentation and the loss of habitat diversity may destabilize ecologically and economically 
important metapopulations of fish, particularly given global climate change. 
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Introduction 

Populations originating from spatially discrete habitats interact via dispersal, forming 
metapopulations that often make use of shared habitat patches (Hanski and Gilpin 1991). The 
contribution of subpopulations to a shared environment depends on both the size of respective 
habitat patches and on their distances from the receiving patch (Hanski 1999). However, 
environmental conditions vary across both space and time (Stanford et al. 2005, Dobrowski 
2011), such that individuals occupying spatially structured habitats experience dramatically 
different vital rates (e.g., growth and survival), with implications for local population growth, 
size, and productivity (Thorson et al. 2014). Therefore, metapopulation dynamics often depend 
on both habitat geometry and local, spatially distributed processes affecting subpopulation 
productivity (Moilankn and Hanski 1998, Wilson et al. 2023). The degree to which 
subpopulations influence metapopulation demography is critically important as this type of 
biocomplexity provides stability in the face of climate and environmental variability (Hilborn et 
al. 2003, Schindler et al. 2010). 

River networks are classic examples of spatially structured environments, where habitat patches 
are arranged hierarchically from small headwater streams to larger mainstem rivers (Frissell et al. 
1986). Stream ecologists have long recognized that the spatial organization of tributaries within 
river networks can affect processes downstream (Vannote et al. 1980, Fisher 1997). Specifically, 
larger tributaries that discharge directly into mainstem river exert greater influence on mainstem 
rivers than smaller tributaries located further upstream (Peterson et al. 2013). Additionally, 
asynchrony in biophysical processes among tributaries can stabilize patterns at broad spatial 
scales, particularly within larger mainstem rivers (Moore et al. 2015, Chezik et al. 2017). 
Therefore, spatial organization, patch size, and habitat heterogeneity of tributaries may interact 
to influence riverine ecosystem processes at larger spatial and temporal scales (French et al. 
2020, Terui et al. 2021). 

For riverine fish, the dendritic structure of river networks can influence metapopulation behavior 
(Campbell Grant et al. 2007, Terui et al. 2018) and there is increasing evidence that tributaries 
provide demographic support to mainstem rivers (Tsuboi et al. 2022, Bouska et al. 2023, Healy 
and Smith 2023). Tributary streams and larger mainstem rivers offer contrasting and often 
complementary habitat conditions (Bouska et al. 2023). This diversity drives spatiotemporal 
variation in vital rates and results in distinct dispersal and movement patterns as physiological 
and habitat requirements change throughout ontogeny (Schlosser 1991, Tsuboi et al. 2022). For 
example, flooding, sedimentation, and flow regulation can preclude spawning in mainstem rivers 
as incubating embryos are sensitive to sub-optimal and altered river conditions (Wu 2000, Pollux 
et al. 2006). Accordingly, tributaries often represent critical spawning and early rearing habitat 
(Cordoleani et al. 2021). However, the small size and often dynamic environmental conditions 
limit growth and production, such that fish often disperse to larger mainstem rivers where 
constraints on foraging are relaxed and larger body sizes can be attained (Petty et al. 2014, 
Huntsman et al. 2016). Therefore, mainstem river metapopulations are often composed of 
individuals originating from a network of tributaries (Homel et al. 2015, Budy et al. 2020, Healy 
and Smith 2023). Maintaining connectivity and allowing for the full expression of life history 
diversity is critically important for conserving metapopulations of salmonids in large river 
networks (Moore 2015, Armstrong et al 2021). 
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The degree to which mainstem river metapopulations reflect component subpopulations may 
depend on local tributary conditions and subsequent effects on movement (Bouska et al. 2023). 
Regional climate interacts with landscape features to generate spatiotemporal variation in water 
temperature and flow among tributaries (Benda et al. 2004, Stanford et al. 2005). As temperature 
and flow influence nearly every ecological process in stream environments (Magnuson et al. 
1979, Poff et al. 1997), vital rates such as individual growth and population productivity vary 
considerably among tributaries (Letcher et al. 2015, Yamada et al. 2024). Critically, groundwater 
discharge to streams stabilizes water temperature and flow regimes (Ward 1985, Sear et al. 1999, 
Lusardi et al. 2021) and is associated with increased growth and production  (Mejia et al. 2016; 
Baldock et al. in prep, chapter 3 of this dissertation). Density-dependent resource limitation 
during the juvenile period can affect the expression of alternative migratory strategies (Forseth et 
al. 1999, Morita et al. 2014, Sloat and Reeves 2014), whereby individuals disperse to 
downstream habitats in which constraints on growth and production are relaxed (Fretwell and 
Lucas 1970, Einum et al. 2006). Therefore, processes that determine juvenile growth and 
production at the tributary scale, such as groundwater input, are expected to mediate the effects 
of spatial organization and size of tributaries on contribution to mainstem river metapopulations. 

In addition to affecting total contribution, tributary conditions may also influence the 
demographics of mainstem metapopulations via carry-over effects on growth (sensu Griffiths et 
al. 2013). Ecological carry-over effects occur when an individual’s previous experience explains 
their current performance, particularly when individuals transition between life stages or habitats 
(Harrison et al. 2011, O’Connor et al. 2014). Growth, expressed as mass-at-age, is important as 
body size is strongly associated fecundity (Bromage et al. 1990, Meyer et al. 2003), which can 
affect long-term population dynamics (Vincenzi et al. 2008, 2010). Groundwater input to 
tributaries may induce carry-over effects on growth via two main pathways. First, during the 
juvenile period, the stabilizing effect of groundwater on annual variation in temperature can 
extend growing seasons and enhance growth capacity (Baldock et al. in prep). Second, for 
reproductive adults returning to spawn in natal tributaries (i.e., natal site fidelity or homing; 
Quinn 1990), groundwater input and associated habitat conditions may affect an individual’s 
ability to recover energetic losses. This is important as depleted nutrition condition after 
spawning is associated with high overwinter mortality and low probability of future reproduction 
(maybe Bordeleau et al 2019). Therefore, metapopulation demography (i.e., growth expressed as 
mass-at-age) may reflect natal habitat conditions rather than those of the shared habitat, and 
these carry-over effects may be expressed differently across life stages (e.g., juveniles versus 
reproductive adults). 

Evaluating tributary support of mainstem river metapopulations can be challenging due to 
difficulty associated with sampling at the spatial scale at which coupled habitat use occurs in 
large river networks (e.g., 100s of kms; Chudnow et al. 2023, Healy and Smith 2023). Tools 
developed in related fields may help to address this challenge. As commercial fleets exploiting 
mixed-stock fisheries can inadvertently target vulnerable stocks, threatening metapopulation 
stability (Hilborn et al. 2003, Hutchinson 2008), fisheries managers require tools to estimate 
stock-specific exploitation rates and enable sustainable harvest (Crozier et al. 2004). Molecular 
techniques such as genetic stock identification (GSI) have revolutionized fisheries management 
in this regard. Genetic stock identification assigns individuals captured in a common 
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environment to contributing stocks (i.e., subpopulations) based on genetic similarity to groups of 
individuals captured from known locations (i.e., source habitats), assuming contributing stocks 
are genetically distinct. While conducting GSI is standard practice in commercial fisheries 
management, particularly for salmon (e.g., Seeb et al. 2007, Satterthwaite et al. 2015, Bekkevold 
et al. 2021), it is applied less frequently in non-anadromous fisheries management (but see 
Taylor et al. 2021), and has not to our knowledge been used to address primarily ecological 
and/or evolutionary questions. 

In this study, we used GSI to understand the role of tributaries to supporting metapopulation of 
Yellowstone cutthroat trout (Oncorhynchus virginalis bouvieri) occupying the upper Snake 
River, Wyoming, USA. Our primary objectives were three-fold. First, we assessed the degree to 
which mainstem Snake River metapopulation composition varied across space and time.  
Second, we quantified the effect of tributary characteristics (distance to the mainstem, catchment 
size, and groundwater input) on contributions to the mainstem. Third, we evaluated the extent to 
which tributary characteristics were associated with carry-over effects on growth and whether 
carry-over effects varied across life stages. Our results provide insight into how intrinsic habitat 
conditions mediate the effects of size and spatial organization on functional connectivity between 
tributary and mainstem habitats for a riverine fish. Furthermore, we demonstrate how natal 
habitats can induce carry-over effects that vary across ontogeny. Our results provide important 
context for designing conservation and management plans and can be used to prioritize habitat 
protection and restoration efforts that aim to bolster metapopulation function (Al-Chokhachy et 
al. 2018, Isaak et al. 2022). 

Methods 

Study System and Species 

We conducted our study within the upper Snake and Greys River watersheds (USRW) in 
northwest Wyoming, USA, an 10,108 km2 region situated between 1708 and 4194 meters 
elevation comprising the core of the Greater Yellowstone Area (Figure 1). Precipitation in the 
USRW falls primarily as snow (Hostetler et al. 2021). Spring snowmelt results in snowmelt-
dominated hydrographs characteristic of the Rocky Mountain region. A portion of that snowmelt 
percolates into surface sediments, recharging alluvial aquifers (Nolan and Miller 1995). 
Considerable spatial heterogeneity in groundwater discharge to streams is driven in large part by 
underlying geology, such that streams within the USRW fall along a hydrologic gradient ranging 
from flow sourced primarily from snowmelt to exclusively from groundwater (Baldock et al. in 
prep). In general, the USRW represents a relatively intact river network comprised of the large 
mainstem Snake River, which is fed by tributary streams and rivers that vary widely in 
hydrogeomorphic characteristics. However, two large dams (Jackson Lake Dam in the 
north/upstream and Palisades Dam in the south/downstream) form complete barriers to fish 
passage, thus bounding our study area to the river network between dams. 

Both within the USRW and across the Greater Yellowstone Area, Yellowstone cutthroat trout 
(YCT) are an integral component of aquatic and terrestrial food webs (Koel et al. 2019) and 
support economically and culturally valuable recreational fisheries. Habitat degradation and 
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hybridization and competition with non-native species has led to widespread declines (Gresswell 
2011) and anticipated climate warming further threatens many extant populations (Wenger et al. 
2011). However, YCT in the USRW display successful natural reproduction (Baldock et al. 
2023), negligible genetic introgression by non-natives (Kovach et al. 2018), and stable or 
increasing trends in population abundance (Wyoming Game and Fish Department 2019). These 
features, in combination with high habitat connectivity and life-history diversity, make the 
USRW a high priority for YCT conservation efforts (Al-Chokhachy et al. 2018). Like many 
salmonids, YCT in the USRW display both fluvial migrant and resident life-history forms, where 
migrants move between tributaries for spawning and larger mainstem rivers for rearing during 
non-reproductive periods (Novak and Sadak 2003, Sanderson and Hubert 2009, Homel et al. 
2015). Homel et al. (2015) documented YCT moving from the mainstem Snake River into a 
variety of tributary habitats during the summer spawning period, with one individual migrating 
more than 100 river km. Yellowstone cutthroat trout in the USRW can therefore be described as 
a metapopulation or stock complex (Hilborn et al. 2003), where individuals originating from 
discrete tributary streams interact via dispersal and mix in a common rearing environment, the 
mainstem Snake River. 

Fish Sampling 

Genetic stock identification requires two types of sample collections: “baseline” samples that 
describe genetic variation within and among putative source populations (e.g., tributaries) and 
“mixture” samples collected from a common environment (e.g., the mainstem Snake River). 
Between 2020 and 2022, we collected YCT tissue samples from tributary streams to establish a 
baseline of genetic variation (sensu Hargrove et al. 2023). We sampled fish using either dip-
netting or standard backpack electrofishing. We restricted baseline collections to primarily age-0 
individuals (<60 mm total length), which have limited swimming abilities and thus likely 
represent the population of fish spawning where collections were made (Roff 1991). In cases 
where age-0 fish were not present, we sampled tissue from larger individuals, but restricted these 
to <200 mm. At any given sampling location, collections were made at least 50 m apart 
(approximate flowline distance) to minimize the probability of sampling siblings (sensu Vähä et 
al. 2017). Age-0 sibling groups are often clustered together (Kanno et al. 2011) and including 
large groups of close relatives can bias downstream genetic analyses, including indices of 
pairwise genetic differentiation (Fst) and GSI (Waples and Anderson 2017, Östergren et al. 
2020). We attempted to collect tissue samples from 30-40 individuals per location as relatively 
small sample sizes allow for accurate GSI when genetic differentiation among source 
populations is strong (Fst > 0.01; Beacham et al. 2020), as has been shown in our system 
(Kovach et al. 2011). However, this was not always possible due to low YCT encounter rates at 
some locations. 

We used raft electrofishing to collect tissue samples from adult YCT in the mainstem Snake 
River, which served as our mixture samples for GSI. Raft electrofishing was conducted in mid-
October following the reduction of flow releases from Jackson Lake Dam (to maximize capture 
efficiency) and the post-spawn settlement of YCT into winter habitat (Homel et al. 2015). We 
sampled adult YCT across three years (2020-2022) and six sections of the mainstem Snake River 
to assess spatiotemporal variability in tributary contributions (Figure 1). Preliminary power 
analyses indicated that sampling 500 adult YCT per year would allow us to accurately estimate 
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contributions from tributaries contributing as little as 5% annually. We distributed the target 
annual sample size (500) evenly across the six sections according to section length (section 
extents were based on river access points). Additionally, we attempted to distribute collections 
evenly within each section by electrofishing both intermittently and non-exhaustively. In 
addition to distributing collections spatially, we also distributed collections evenly by size. 
Because smaller fish are numerically dominant (Wyoming Game and Fish Department 2019), 
sampling fish disproportionately relative to their abundance was necessary to accurately estimate 
proportional contributions for larger size-classes that were less abundant, but nevertheless 
important to population processes (e.g., spawning and fecundity). Within each section of the 
Snake River, we distributed collections across 6 size-classes (total length in mm): 201-250, 251-
300, 301-350, 351-400, 401-450, and 450+.  The minimum size (201 mm) was based on the 
smallest reproductively mature fish identified in a long-term monitoring program of spawning 
activity (Wyoming Game and Fish Department, unpublished data). We acknowledge that size-
classes do not align with average length-at-age. However, as we were interested in capturing fish 
that were relatively large or small for their age (objective 3), constructing arbitrary size classes 
forced us to seek out those individuals. Additionally, we acknowledge that our sampling design 
does not match potential spatial variation in fish abundance or variation in abundance among 
age-classes. We therefore take care in our inferences to avoid conflating relative contributions 
with absolute abundance. 

Genotyping 

We genotyped all baseline and mixture samples following standard protocols. We extracted 
genomic DNA from fin clip samples using the Nexttec Genomic DNA Isolation Kit (XpressBio, 
Thurmont, Maryland) following the manufacturer’s protocol. We generated genotypes for 
individual fish using the genotyping-in-thousands by sequencing (GT-seq) protocol which uses 
multiplexed polymerase chain reactions and amplicon sequencing to characterize hundreds of 
SNPs for thousands of individuals (Campbell et al. 2015). We then screened samples with a 
panel of 353 single nucleotide polymorphic (SNP) loci, which included 38 previously developed 
species-diagnostic SNPs (Pritchard et al. 2013; Idaho Department of Fish and Game, 
unpublished data). We organized genotypes of all individuals using the R package EFGLmh 
(https://github.com/delomast/EFGLmh/) to create input formats required for the analytical 
programs used in this study, including producing an input file required for GenAlEx (Peakall and 
Smouse 2006). Samples we identified as hybrids (n = 7) were removed from analyses. Prior to 
GSI analyses, we removed species-diagnostic, invariable, and mitochondrial DNA loci; leaving 
266 SNP loci. Marker details for these 266 SNP loci, including primer sequences (forward and 
reverse) are available upon request. Finally, we filtered samples for genotyping completeness, 
retaining only those loci genotyped at ≥85% success. 

Baseline Reporting Units and Assignment Accuracy 

To ensure that large groups of highly related individuals were not present in our baseline dataset, 
we estimated relatedness (Wang 2002) among individuals within collections using the R package 
demerelate (Kraemer and Gerlach 2017). Pairs of individuals were identified as full siblings if 
the relatedness coefficient was >0.4 (sensu Källo et al. 2023). We opted to retain two individuals 
per full-sibling family following the recommendations of Waples and Anderson (2017) and 
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Östergren et al. (2020), as a compromise between performance of allele frequency estimates and 
sample size. 

We aggregated baseline tributary collections into reporting units (i.e., putative source 
populations for genetic assignment) following an iterative process based on assignment accuracy, 
geographic proximity, and indices of pairwise genetic differentiation (i.e., Fst). Grouping of 
collections into reporting units is often done at large spatial scales (e.g., Bekkevold et al. 2021, 
Hargrove et al. 2023) to maximize genetic differentiation among units and hence GSI accuracy 
(Araujo et al 2014). Given that we were interested in evaluating the drivers of contribution and 
weight-at-age at the scale of individual tributaries, we aimed to combine as few collections as 
possible to maintain the original character of tributaries in our covariate data, while 
simultaneously balancing the need to attain reasonable levels of genetic differentiation among 
reporting units. 

To delineate reporting units, we first set out to determine the rate at which individuals correctly 
assigned to their collection of origin and identify sets of collections for which aggregation into 
reporting units might increase assignment accuracy. To do so, we conducted preliminary self-
assignment tests on individual collections using the leave-one-out procedure as implemented 
with the “self_assign” function in the R package rubias (Moran and Anderson 2019). At the 
same time, we calculated pairwise Fst (Weir and Cockerham 1984) among collections to again 
identify pairs of collections that could be aggregated, as low levels of differentiation (Fst < 0.01) 
can bias GSI (Araujo et al. 2014). We used the self-assignment tests to construct a confusion 
matrix to identify which collections had low self-assignment rates (<0.7) and which collections 
were “receiving” erroneously assigned individuals. Comparing the confusion matrix to pairwise 
Fst estimates indicated that self-assignment errors were often committed among geographically 
proximate collections that were poorly differentiated (Fst < 0.01). We therefore aggregated 
collections into reporting units if self-assignment confusion among collections was high, 
pairwise Fst was low, and the collections were made at different locations within the same 
tributary stream or catchment. We dropped six collections from our baseline because sample 
sizes were low (n £ 5 per collection; 20 individuals total) and aggregation with other collections 
was not possible following the approach described above (excluding these collections did not 
affect GSI performance as indicated by z-scores, below). 

We tested the accuracy and precision of our final baseline reporting units by simulating 
mainstem Snake River mixtures using baseline allele frequencies following the leave-one-out 
approach of Anderson et al. (2008). We used the “assess_reference_loo” function in rubias to 
simulate 500 mixtures of 1000 individuals (using flat Dirichlet priors among reporting units) and 
assigned those individuals back to baseline reporting units (sensu Hargrove et al. 2023, Horne et 
al. 2023). We then calculated residuals (the difference between the simulated true and estimated 
mixing proportions for each reporting unit and simulation) and compared the distribution of 
residuals to 0 to assess bias in estimated contributions to the mainstem Snake River for each 
reporting unit, independently. 

Mixture Analysis 
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We quantified the contribution of reporting units to the mainstem Snake River using the 
“infer_mixture” function in rubias with parametric bootstrapping to account for bias as estimated 
above. We conducted separate mixture analyses for each combination of year and section to 
evaluate spatiotemporal variation in tributary contributions. Rubias functions in a Bayesian 
probabilistic framework, whereby each mixture sample (i.e., adult YCT) assigns to every 
reporting unit with a given probability. Reporting unit mixing proportions are thus calculated by 
summing individual probabilities over each unit. Bootstrap-corrected mixing proportions are 
then generated by multiplying uncorrected mixing proportions by mean bias as estimated using 
the leave-one-out approach implemented within the “infer_mixture” function (Moran and 
Anderson 2019). As an additional check on assignment accuracy, rubias computes z-scores for 
each fish, which represent how similar an individual is to samples in the baseline. To assess 
whether individuals in the mixture(s) originated from source populations not included in our 
baseline, we compared the distribution of z-scores to a normal distribution. We considered 
individuals with z-scores two standard deviations beyond the mean z-score to have originated 
from source populations not included in our baseline (Bowersox et al. 2023). 

Covariate Generation 

For each reporting unit, we derived a suite of covariates hypothesized to affect proportional 
contributions to the mainstem Snake River (objective 2) and carry-over effects on growth 
(objective 3). Covariates included distance to the mainstem, catchment area, and a metric 
describing relative groundwater influence on stream conditions. To derive covariates, we 
required a stream network spatial object that accurately represented flowlines in the USRW, 
particularly in areas where groundwater upwelling creates dense drainage networks where many 
of our collections were made and which we hypothesized would make large contributions to the 
mainstem Snake River. We delineated the stream network as in Baldock et al. (in prep), briefly 
described here. We used the WhiteboxTools library implemented in R (Lindsay 2016, Wu and 
Brown 2022) to delineate a stream network from a 1/3 arc-second (ca. 10 m) bare-earth digital 
elevation model (accessed 15 November 2023, https://apps.nationalmap.gov/downloader/). This 
approach tended to omit flowlines for streams originating from high-volume groundwater 
springs, as groundwater-fed stream catchments are often small and poorly defined (Whiting and 
Moog 2001). We therefore delineated flowlines for these streams by hand and merged these 
features to the stream network using ArcMap ver. 10.8 (ESRI, Redlands, CA). 

Following standard practices, we then used WhiteboxTools to delineate catchments and calculate 
catchment area for each of the 52 reporting units. For reporting units composed of multiple 
collections, we delineated catchments for the collection located furthest downstream. It is likely 
that (1) source populations extend downstream of where we collected samples and (2) 
unsampled, genetically distinct populations exist upstream. Therefore, we interpreted catchment 
area as a metric of stream habitat availability within the vicinity of the reporting unit, rather than 
total habitat availability within the catchment. We also acknowledge that some of our reporting 
units were spatially nested (located upstream, within the same catchment). Thus, for a pair of 
reporting units that are flow connected, catchment area of the downstream unit is intended to 
represent habitat area in the immediate vicinity and should not be thought to include habitat area 
associated with the upstream unit. 
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We used the riverdist package in R (Tyers, 2024) to calculate pairwise flowline distance between 
each reporting unit (or location of the most downstream collection, for units composed of 
multiple collections) and the mid-point of each section of the mainstem Snake River. Thus, the 
flowline distance between a given reporting unit and the mainstem may be short relative to one 
section of the mainstem, but much longer relative to another section. 

Following the approach detailed in Baldock et al. (Chapter 1 of this report), we derived a metric 
describing relative groundwater influence for each of our 52 reporting units. Relative to the prior 
study, we extended our study area to include the Greys River basin, where some of our reporting 
groups were located. We briefly describe our modeling efforts here and refer interested readers 
to Baldock et al. (in prep) for detailed methodology. We used MaxEnt version 3.4.4 (Phillips and 
Dudík 2008, Elith et al. 2011; https://biodiversityinformatics.amnh.org/open_source/maxent/, 
accessed on 17 July 2023) to predict the prevalence of groundwater springs using 219 spring 
locations as presence points and 11 geologic and topographic layers as predictors (sensu Gerlach 
et al. 2022). Geologic layers and the digital elevation model used to prepare topographic layers 
were accessed from the Wyoming Geospatial Hub on 17 July 2023 
(https://data.geospatialhub.org/). Of the 219 spring locations, 70% (n = 154) were used for model 
training and 30% (n = 65) were used for model testing. We assessed model performance by 
calculating the area under the receiver operating curve: the probability that a randomly chosen 
presence point will be ranked above a randomly chosen background location (Phillips and Dudík 
2008). From the MaxEnt model output (a raster of spring prevalence, where the value for each 
ca. 10 x 10 m cell represents the probability of the cell containing a groundwater spring), we 
derived a metric describing relative groundwater influence on overall stream conditions. From 
the spring prevalence raster (buffered to the stream network; 100 m radius), we calculated the 
inverse distance-weighted mean prevalence within contributing catchments, which assumes that 
springs located further upstream exert exponentially less influence on conditions at the location 
of interest. We used the distance-weighted mean spring prevalence to describe relative 
groundwater influence for each reporting unit. 

Statistical Analyses 

Objective 1 – Spatiotemporal Variation in Metapopulation Composition 

We used a zero-and-one inflated Dirichlet regression model implemented in the R package zoid 
to understand spatiotemporal variation in mainstem Snake River metapopulation composition 
(Jensen et al. 2022). Zoid estimates mixture proportions as functions of covariates applied to the 
entire mixture in a Bayesian framework. We used zoid to formally test five hypotheses (Table 1): 
(1) tributary contributions are constant across sections of the Snake River and years (null), (2) 
contributions vary by section, (3) contributions vary by year, (4) contributions vary by section 
and year, and (5) contributions vary by section and year, but certain sections are more temporally 
variable than others. We built candidate models to represent each hypothesis and compared 
models using leave-one-out cross validation (LOO-CV) using the R package loo (Vehtari et al. 
2022), in which the model with the greatest support is that with the lowest expected log 
pointwise predictive density (elpdloo; Vehtari et al. 2017). 

Objective 2 – Riverscape Effects on Tributary Contributions 
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As the output of the GSI as implemented in rubias was (effectively) count-based compositional 
data, we used Dirichlet-multinomial regression (sensu Douma and Weedon 2019) to quantify the 
effects of reporting unit characteristics on proportional contributions to the mainstem Snake 
River. Bayesian Dirichlet-multinomial models have been shown to outperform alternative 
approaches to modeling compositional count data, such as likelihood and frequentist methods 
implemented in existing R packages (Harrison et al. 2020b). While Dirichlet regression is 
commonly used to model compositional data with more than two categories, we parameterized 
the model using the multinomial distribution because the Dirichlet distribution alone cannot 
handle zeros (Douma and Weedon 2019) or account for unequal sample sizes among 
compositions (i.e., mixtures: section and year-specific sampling events). Thus, as the 
multinomial distribution requires integer count data, we multiplied bootstrapped mixing 
proportions estimated in rubias by the sample size of each mixture, rounded these values to the 
nearest integer (hereafter, bootstrapped mixing counts), and summed bootstrapped mixing counts 
over each mixture to obtain a bootstrapped sample size (which was always ±1 of the true sample 
size). 

Our Dirichlet-multinomial regression model is similar to multivariate count models used in prior 
studies (Chong and Spencer 2018, Harrison et al. 2020b, Averill et al. 2021), but was altered to 
account for the specifics of our data and overall objectives. Let the bootstrapped mixing counts 
in mixture i be a vector yi = (yi,1, yi,2,…, yi,52), where yi,j is the observed contribution from the 
reporting group j to mixture i; and let �8 = Σ9;1:(�8,9 be the bootstrapped sample size in mixture i. 
The model is specified as follows: 

�8 ~ �����������(�8 , �8) (1) 

�8 ~ �����ℎ���(�8) (2) 

log(�8) = � + �(� + �1�9 + �<�9 (3) 

where the vector �8 is the expected relative abundance of each reporting group in mixture i; the 
vector �8 is the Dirichlet-distributed linear predictor; � is the intercept shared across all 
mixtures; �(, �1, and �< are coefficients; � is an i by j matrix of centered and scaled pairwise 
flowline distances between reporting unit j and the section sampled for mixture i; �9 is a vector 
of centered and scaled reporting unit catchment areas; and �9 is a vector of centered and scaled 
reporting unit groundwater index values. Relative abundances �8 were mapped to the Dirichlet 
distribution using a log-link function (Douma and Weedon 2019). Our specification of covariates 
as matrices and vectors allowed us to estimate proportional contribution as a function of the 
characteristics of individual reporting units. This is different than what is common in 
composition data analysis, where covariates are common to the entire composition (e.g., Chong 
and Spencer 2018, Jensen et al. 2022). 

As the parameters of Dirichlet regression are difficult to interpret, we produced plots of predicted 
values under a different covariate values to understand the marginal and additive effects of 
distance, area, and groundwater on proportional contribution (sensu Douma and Weedon 2019). 
First, we visualized the marginal effects of each covariate on proportional contribution by 
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predicting � from a sequence of 52 (the number of reporting units in our study) values for the 
covariate of interest, holding all other covariates at their mean (0). We converted between � and 

;1� using the formula � = �/ ∑9:( �, which enforces the sum to one constraint (Douma and 
Weedon 2019). Second, to assess the additive effects of covariates on contribution, we similarly 
predicted � for 52 hypothetical reporting units. However, rather than varying a single covariate 
over the range of observed values across all reporting units, we held all covariates at their mean 
(0) for 51 reporting units (“reference units”) and set covariates according to one of eight 
scenarios for the final unit (“test unit”; Table S1). We subtracted the estimated contribution of 
the reference unit from that of the test unit to understand how distance, area, and groundwater 
additively affect proportional contribution relative to units characterized by average conditions. 
We did this for each MCMC sample retained in our model (n = 3000) to generate ranges of 
plausible values for each scenario. 

Objective 3 – Riverscape Drivers of Carry-Over Effects 

To address our third objective, we used mass-at-age as a measure of growth performance and 
evaluated the relationship between mass-at-age and reporting unit characteristics to quantify 
carry-over effects and their variability throughout ontogeny. We restricted our analysis to 
individuals that assigned to reporting units with high certainty by retaining only those with 
posterior assignment probabilities (to a single reporting group) greater than 0.7 and z-scores 
within two standard deviations of the mean z-score (Bowersox et al. 2023, Horne et al. 2023). 
We used historical measured mean length-at-age data (Haganbuck 1970) to parameterize a von 
Bertalanffy growth model and then estimated probabilistic ages for all adult YCT that assigned 
to reporting units with high certainty. Following Budy et al. (2020), we treated total length of 
individual i (�8) as a normally distributed random variable that followed a von Bertalanffy 
growth function with a constant coefficient of variation (��): 

�8 ~ ������(�8 , �=) (4) 

�= = �� ∗ �8 (5) 

�8 = �>_1 − �-?(=(-+))b (6) 

where �8 is the predicted total length of individual i; �= is the standard deviation in length at age 
a; �> is the asymptotic length; � is the Brody growth coefficient; �B is the theoretical age at 
which length is 0 (i.e., the x-intercept); and �8 is the age of individual i which was either known 
(mean length-at-age from Haganbuck, 1970; n = 52) or estimated probabilistically (mainstem 
fish that assigned to reporting groups with high certainty; n = 1166). For un-aged individuals, 
ages �8 were drawn from a categorical age composition �: 

�8 ~ �����������(�) (7) 

� = [�(, �1, … , �*] (8) 
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where the maximum number of age-classes A was assumed to be five as this was the maximum 
age found by Haganbuck (1970). The proportional contribution w of each age-class was drawn 
from a symmetric Dirichlet distribution: 

� ~ �����ℎ���(�) (9) 

� = [�(, �1, … , �*] = [1,1, … ,1] (10) 

For each fish, the model provided S age estimates, where S is the number of MCMC 
sampling iterations retained after thinning and burn-in (see below). We calculated the probability 
that each fish belonged to each age-class by dividing the number of age estimates of each age-
class by S. We used these probabilities �* as weights in a hierarchical weighted linear regression 
to evaluate the effect of groundwater on mass-at-age �8,9,C of individual i in year j and section k: 

�8,9,C ~ ������(�8,9,C , �*⁄�*) (11) 

�8,9,C = �* + �9 + �C + �(,*�8 + �1,*�8 + �<,*�8 (12) 

where �* is the standard deviation of mass-at-age for age-class A; �* is a vector of intercepts 
drawn independently for each age-class; �9 is the year-specific offset to �* (i.e., random 
intercept); �C is the section-specific offset to �*; �(*, �1*, and �<* are vectors of coefficients 
drawn independently for each age-class; and �8, �8, and �8 are the centered and scaled distance, 
area, and groundwater values for the reporting group to which individual i was assigned. We 
visualized results by plotting the relative difference between mass-at-age calculated for the 
maximum and minimum covariate values across age-classes, for each covariate independently. 
We compared relative differences in mass across age-classes to understand how carry-over 
effects of groundwater input to tributaries on growth change throughout ontogeny. 

Model Fitting and Evaluation 

All models were analyzed in a Bayesian framework in the Just Another Gibbs Sampler MCMC 
sampling environment (JAGS; Plummer 2003), implemented through R (R Core Team 
2021) using the HDInterval (Meredith and Kruschke 2020), lubridate (Grolemund and Wickham 
2011), MCMCvis (Youngflesh 2018), R2jags (Su and Yajima 2021), and tidyverse (Wickham et 
al. 2019) packages. All JAGS models were fit with diffuse priors; JAGS code is available in the 
Supplementary Materials. Because models varied in their degree of complexity and data inputs, 
we ran models with different numbers of MCMC chains, burn-in iterations, evaluation iterations, 
and thinning rates (Table S2). We assessed model convergence based on large effective sample 
sizes, potential scale reduction factors (�s) being less than 1.01 for all parameters, and visual 
inspection of MCMC trace plots to ensure mixing of chains (Gelman and Hill 2007). We used 
posterior predictive checks to evaluate goodness of fit of each model (Gelman et al 2004, 
Kruschke 2014). To do so, we plotted observed data (e.g., proportional contribution) against 
predicted data generated during parameter estimation and inspected plots to ensure linearity 
(Gelman 2003). We also derived model residuals, which we inspected to ensure normality 
around 0, and calculated root mean square error (RMSE) as an index of error in model estimates. 
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Results 

Baseline Reporting Units and GSI Accuracy 

After filtering to remove potential hybrids, samples with low genotyping success, full-siblings, 
and collections with small sample sizes that could not reasonably be aggregated into reporting 
units, our baseline consisted of 1,710 juvenile YCT representing 63 different collections, i.e., 63 
different locations within the USRW. We aggregated collections into 52 reporting units with 1-3 
collections and 10-82 individuals per unit (Table S3). Self-assignment rates of our final set of 
reporting units ranged from 0.48 to 1.00 (weighted mean = 0.84, Figure S1), which is greater 
than or equivalent to baseline self-assignment rates reported in recent studies (Bradbury et al. 
2018, Bekkevold et al. 2021, Hargrove et al. 2023). There was no relationship between self-
assignment rate and reporting unit sample size. In general, there was strong genetic 
differentiation among reporting units: pairwise Fst ranged from 0.006-0.293 (Figure S2). 
Pairwise Fst among just four reporting units fell below the 0.01 threshold for accurate GSI 
(Araujo et al. 2014). These reporting units were all small, groundwater-fed tributaries located 
immediately adjacent to the Snake River and near each other (three of these tributaries were 
within 2.5 river kms of each other, with the maximum pairwise distance being 8.1 river kms). 
We did not aggregate samples from these locations as each represented a distinct tributary known 
to host high-density spawning aggregations (Kiefling 1997). Results from the mixture simulation 
indicated that estimated contributions from certain reporting units may be biased (Figure S3). 
However, the magnitude of bias was very small: mean residuals per reporting unit ranged from -
0.013 to 0.017, suggesting proportional contributions could be estimated within 2% of the true 
value, on average. Furthermore, standard deviations for 40 (out of 52) reporting units overlapped 
0, suggesting minimal bias for most units. 

After filtering, we retained 1,507 adult YCT genotypes from six sections of the mainstem Snake 
River over three years (n = 487, 508, 512 for years 2020, 2021, and 2022, respectively). All 
sections were sampled in all years, except for the section A in 2020 as the primary access point 
was closed for construction at the time of sampling. Sampling occurred between 11 October and 
3 November of each year. As expected from mixture simulations conducted with the baseline 
data, bootstrap-corrected mixing proportions were in close concordance with uncorrected mixing 
proportions, generally following a one-to-one relationship (Figure S4); 95% of bootstrap 
corrections (for each reporting unit in each year and section) were within the interval [-0.015, 
0.017]. Visual inspection of the distribution of individual z-scores relative to a normal 
distribution indicated that our baseline sufficiently covered the most important source 
populations (Figure S5). However, 6.5% of mixture samples had z-scores two standard 
deviations beyond the mean z-score, suggesting these individuals originated from source 
populations other than those included in our baseline. 

Objective 1 

There was considerable variation in reporting group contributions to the mainstem Snake River 
(Figure 2). Visual inspection of bootstrap-corrected mixing proportions suggested strong spatial 
structuring of contributions, such that upstream sections of the Snake River received 
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contributions from more northerly reporting groups with high groundwater index values and 
downstream sections received contributions from more southerly reporting groups with lower 
groundwater index values. Zoid model selection provided the most support for our second 
hypothesis, that reporting group contributions varied across sections but not among years (Table 
1). While models representing spatiotemporal variability were ranked second and third 
(hypotheses 4 and 5, respectively), neither performed as well as our top-ranked model. 

Objective 2 

Our model describing the effects of distance, area, and groundwater on reporting unit 
contributions to the mainstem Snake River performed well (Figure S6). Model residuals were 
normally distributed around 0 and an RMSE of 0.596 indicated very little error in predicted 
contributions. However, while the posterior predictive check showed a linear relationship 
between observed and predicted contributions, the model was slightly biased (indicated by a 
deviation from the 1:1 line) and tended to overpredict small contributions and underpredict large 
contributions. The effects of distance, area, and groundwater on proportional contribution were 
all strong as none of the 95% credible intervals of the parameter estimates overlapped 0. 
However, the magnitude of the effect sizes varied considerably (Figure 3). Distance had the 
largest effect on proportional contribution, with contributions declining precipitously as distance 
from the mainstem increased. Area had a moderate effect on contribution, with large catchments 
contributing more than smaller catchments. Finally, groundwater had the smallest effect on 
contribution: reporting units with high groundwater index values contributed approximately 
twice as much as those with low values. Simulating proportional contribution under distinct 
combinations of reporting unit conditions provided insight into how distance, area, and 
groundwater additively affect contributions (Figure 4). Reporting units located near the 
mainstem contributed considerably more than units characterized by average conditions. This 
effect was pronounced for large relative to small catchments. In contrast, reporting units located 
far from the mainstem contributed less than average, regardless of catchment area. Importantly, 
groundwater mediated the effects of distance and size on proportional contribution, such that 
reporting units with high groundwater index values contributed significantly more than units 
with low values (paired t-tests: p <0.05 for all high-low groundwater comparisons). 

Objective 3 

After removing individuals that assigned to reporting units with low certainty, we retained 1,166 
fish from the Snake River for our analysis of carry-over effects on growth. The von Bertalanffy 
growth function fit the historical length-at-age data well and provided probabilistic age estimates 
for all other fish (Figure 5): 99% of individuals assigned to a single age-class with >50% 
probability, while 60% assigned to a single age-class with >75% probability. Individuals were 
distributed approximately evenly across five age-classes, with a resulting age composition of 
0.19 (0.16-0.22, mean and 95% credible interval), 0.23 (0.19-0.26), 0.18 (0.14-0.22), 0.30 (0.24-
0.36), and 0.10 (0.04-0.18) for age-classes 1-5, respectively. 

Carry-over effects of distance, area, and groundwater on growth varied throughout ontogeny 
(Table 2, Figure 6). There was a very strong negative effect of distance on mass for age-1 fish, 
but a positive effect of distance on weight for age-2 fish. The effect of distance on mass for older 
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age-classes was much smaller in magnitude or non-significant (indicated by 95% credible 
intervals overlapping 0). With respect to area, fish originating from larger catchments were 
heavier at age-4 and 5, while there was no effect of area on weight for younger age-classes. 
Finally, age-4 and 5 fish originating from reporting units with high groundwater values were 
considerably heavier than those originating from units with lower values. The effect of 
groundwater on mass for younger age-classes was much smaller in magnitude or non-significant. 
Collectively, our results suggest that older fish originating from large, groundwater-dominated 
tributaries were much heavier than those from smaller tributaries with less groundwater 
influence. Mass-at-age for younger fish was primarily driven by distance, but the direction of the 
effect varied among age-classes. Inspection of posterior distributions for the random effects 
terms indicated considerable residual variation in weight-at-age among sections and years. After 
accounting for the primary effects of distance, area, and groundwater, fish captured the two most 
upstream sections were much heavier at age than fish captured in the four most downstream 
sections (Figure S7). Additionally, weight-at-age declined between 2020 and 2022 (Figure S8). 

Discussion 

Evaluating the role of tributaries to supporting mainstem rivers is important for riverine fishes 
that couple spatially distinct habitats to complete their life cycles (Huntsman et al. 2016, 
Armstrong et al. 2021). In this study, we used genetic stock identification (GSI) to understand 
the effect of tributaries on the demographic structure of a metapopulation of Yellowstone 
cutthroat trout (YCT) occupying the mainstem Snake River, Wyoming, USA, a core 
distributional area with high conservation value (Al-Chokhachy et al. 2018). We found near 
complete reliance of the mainstem metapopulation on demographic support from tributaries, but 
contributions from specific tributaries were spatially variable. Distance between habitats, 
catchment area, and groundwater input acted in concert to determine the contribution of 
tributaries to the mainstem metapopulation of YCT. We also found evidence for carry-over 
effects of tributary characteristics on growth, but the direction and magnitude of carry-over 
effects changed throughout ontogeny. Collectively, our results highlight the importance of 
tributaries to structuring metapopulations of fish and illustrate how intact riverscapes support 
ecologically and economically important native trout. Our results can be used to design and 
prioritize conservation actions and provide insight into metapopulation dynamics under 
anticipated global climate change. 

Biocomplexity of Native Trout in the Upper Snake River Watershed 

Our results suggest considerable biocomplexity of the mainstem Snake River metapopulation of 
YCT as individuals were genetically assigned to a wide array of source populations (sensu 
Hilborn et al. 2003). Genetic stock identification indicated that the mainstem metapopulation is 
almost entirely reliant on demographic support from tributaries, as there was little evidence of a 
mainstem-spawning sub-population. Inspection of z-scores suggests that 6.5% of fish sampled in 
the mainstem originated from subpopulations other than those included in our baseline; this may 
include unsampled tributary subpopulations, a mainstem-spawning subpopulation, or both. 
Nevertheless, tributaries and mainstem rivers cannot be considered in isolation, but rather part of 
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a broader habitat network in which tributary-origin fish depend on and make extensive use of 
mainstem habitats (Petty et al. 2014, Huntsman et al. 2016, Armstrong et al. 2021). 

Previous work estimated that 22-30% of YCT use side-channels of the mainstem Snake River for 
spawning (Homel et al. 2015). Many of the side-channels in which Homel et al. (2015) located 
fish during the summer spawning period desiccate in the autumn as both natural streamflow 
subsides and managed flow from Jackson Lake Dam is reduced (Annear 1989). Rapid flow 
reductions may render side-channels ecological traps that allow for limited reproductive success 
(Nislow and Armstrong 2012, Robertson et al. 2013). Alternatively, mainstem spawners may be 
genetically indistinguishable from nearby tributary reporting units. High rates of geneflow 
between a given reporting unit and a mainstem-spawning population would inflate the estimated 
contribution of that unit. However, this is unlikely given high correspondence (and low RMSE) 
between observed and model predicted contributions based on tributary characteristics. It is also 
important to note that Homel et al. (2015) inferred spawning location based on the location to 
which radio-tagged fish were tracked between April and July, however, YCT do not always 
spawn each year (Rideout et al. 2005, Gresswell 2011), so reported prevalence of mainstem 
spawning could be an overestimate. 

Our study provides important insight into source-sink dynamics in large river networks. The lack 
of evidence for a large self-sustaining mainstem population suggests the mainstem Snake River 
is a sink, where local reproduction is insufficient to balance mortality (Pulliam 1988). In 
contrast, many smaller tributary streams appear to act as sources that maintain a large sink 
metapopulation via dispersal and immigration (Pulliam 1988). This is not to say that the Snake 
River and other large rivers are not productive or important habitat. Mainstem rivers can provide 
critical trophic subsidies to mobile fish (Petty et al. 2014, Huntsman et al. 2016) and migration 
between habitats can functionally extend growing seasons and allow fish to attain much larger 
body sizes than if restricted to a single habitat type (Armstrong et al. 2021). In fact, dispersal to 
reproductive sinks may benefit source subpopulations by relieving density-dependent constraints 
on survival and reproductive success (Pulliam 1988, Gundersen et al. 2001). Additionally, we 
found strong spatial structure of the mainstem metapopulation of YCT, where metapopulation 
composition shifted among sections of the Snake River to reflect distinct combinations of 
contributing source tributaries. Spatial metapopulation structure arises from heterogeneity among 
and interactions between dispersal and productivity across habitat patches, often regulated by 
density-dependence (Howe and Davis 1991, Pulliam and Danielson 1991). Our results indicate 
that the role of tributaries as source habitats varies spatially, which is likely a result of limited 
dispersal and mixing within the mainstem Snake River. 

The spatial configuration of habitat conditions can vary tremendously across time (Stanford et al. 
2005), with important effects on fish growth and production (Brennan et al. 2019, Walsworth et 
al. 2020), survival (Pregler et al. 2023), and subpopulation dynamics (Maitland and Latzka 
2022). Therefore, the contribution of subpopulations to a metapopulation is expected to exhibit 
similar degrees of temporal variability (sensu Hilborn et al. 2003, Rogers and Schindler 2008). 
We did not find strong evidence for temporal variability in tributary contributions to the 
mainstem (although we did detect considerable interannual variation in mass-at-age; Figure S8). 
However, our study included just three years, less than a generation (Kiefling 1978), and 
therefore had limited power to detect interannual variation. Interannual variability in tributary 
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contributions, growth, and other life history characteristics are expected to provide portfolio 
effects that buffer metapopulations against environmental stochasticity (Schindler et al. 2010, 
2015, Moore et al. 2014). Because groundwater input buffers local stream conditions against 
climate variability (Ward 1985, Sear et al. 1999, Lusardi et al. 2021), demographic support from 
groundwater-dominated tributaries to the mainstem Snake River may be more stable than that 
from tributaries with less groundwater influence. Long-term genetic monitoring would provide 
insight into the degree to which groundwater input to tributaries buffers against variability in 
recruitment subsidies to the mainstem Snake River metapopulation (sensu Harrison et al. 2020b). 

Drivers of Tributary Contributions to the Mainstem Snake River 

While tributary contributions to the mainstem Snake River were driven primarily by distance and 
size, groundwater-dominated tributaries contributed approximately twice that of tributaries with 
less groundwater influence. Previous work investigating growth and production dynamics of age-
0 YCT in this system found that groundwater-dominated streams were nearly eight times as 
productive as streams with less groundwater input (i.e., snowmelt-dominated streams), which 
was driven in large part by an approximately 20-fold difference in age-0 density (Baldock et al. 
in prep). Variation in density-dependent resource limitation during the juvenile period may 
underlie differences in the prevalence of alternative migratory strategies (i.e., resident vs. 
migrant) among sub-populations, where juveniles spawned in groundwater-dominated habitats 
disperse at greater rates to larger, downstream habitats were constraints on growth and 
production may be relaxed (Fretwell and Lucas 1970, Einum et al. 2006). In this way, tributary 
streams may function similar to marine nursey habitats and protected areas, where density-
dependent spillover and ontogenetic habitat shifts subsidize connected habitats and enhance 
metapopulation performance (Mumby et al. 2004, Abesamis and Russ 2005). 

Our model describing the effects of distance, area, and groundwater on tributary contributions to 
the mainstem Snake River performed remarkably well as indicate by an RMSE of 0.596 (i.e., on 
average, predicted contributions were within 1 individual of the observed contribution). 
However, the model tended to overpredict contributions from reporting units that contributed 
little (i.e., contributions of zero or near-zero) and underpredict contributions from units 
contributing many individuals to the mainstem. Riverscape factors not included in our analysis 
may help explain bias in model predictions. For example, barriers to fish passage can negatively 
affect functional connectivity between tributaries and large mainstem environments (Sheer and 
Steel 2006, Fullerton et al. 2010). Additionally, lateral connectivity between the active stream 
channel and the floodplain can provide important foraging and thermal habitat diversity that fish 
exploit to maximize growth (Armstrong and Schindler 2013, Baldock et al. 2016). Future model 
development should aim to include barriers (e.g., SARP National Aquatic Barrier Inventory) and 
metrics of floodplain connectivity (Glassic et al. 2024) as covariates in proportional contribution 
modeling to reduce bias and error in model predictions. 

Carry-Over Effects of Tributaries on Growth 

We found substantial evidence for carry-over effects of natal tributary characteristics on growth 
of fish occupying the mainstem (sensu O’Connor et al. 2014); however, the magnitude and 
direction of effects varied across life stages. The negative effect of distance on mass at age-1 
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suggests an initial travel cost of dispersal from distant tributaries to the mainstem Snake River. 
Dispersal costs are well documents and typically associated with the movement phase of 
dispersal (Belichon et al. 1996), where individuals moving longer distances can experience 
temporarily reduced growth and survival due to the increased energetic demands. However, the 
positive effect of distance on mass at age-2 suggests that long-distance migrants may exhibit 
compensatory growth, where individuals in poor condition grow rapidly to catch up to (or in this 
case surpass) short-distance migrants heavier at age-1 (Al-Chokhachy et al. 2019). While the 
effect of distance was transient, the very strong effects of distance on growth for early life stages 
is important as juvenile body size can influence survival (Quinn and Peterson 1996, Carlson et 
al. 2008) and juvenile recruitment drives population dynamics of later life stages (Kanno et al. 
2016). 

For reproductive aged fish (ages 4 and 5), growth was positively associated with groundwater. 
Assuming fish display strong natal site fidelity and spawn in their tributary of origin (Quinn 
1990), this suggests a growth benefit to spawning in groundwater-dominated streams. Depleted 
post-spawning nutritional condition is associated with high overwinter mortality and low 
probability of future reproduction (Bordeleau et al. 2019). Therefore, access to productive 
habitats that enable post-spawning recovery has important implications for lifetime reproductive 
success and fitness. Flow through organic-rich strata often enriches groundwater with nutrients 
and enhances secondary production of macroinvertebrates, which can increase salmonid growth 
relative to habitats with less groundwater input (Lusardi et al. 2016, Mejia et al. 2016). As 
fecundity increases with body size for salmonids (Bromage et al. 1990, Meyer et al. 2003), 
individuals spawning in groundwater-fed streams may experience greater reproductive success 
during subsequent life stages. Variation in per-capita reproductive success may thereby increase 
intrinsic rates of subpopulation growth along gradients of groundwater input (sensu Rodenhouse 
et al. 1997, McPeek et al. 2001). Carry-over effects of groundwater on growth and potential 
downstream effects on population-level productivity may in part explain the positive effect of 
groundwater on tributary contribution to the Snake River. Mass-at-age for reproductive aged fish 
was also associated with catchment area, although the magnitude of the effect was much less 
than that of groundwater. Increased growth of individuals originating from (and spawning in) 
larger habitats be a result of greater habitat diversity and thus increased availability of productive 
foraging stations (REF). Evaluating carry-over effects of tributaries on growth provides insight 
into the processes that structure metapopulation demography. 

There are several important caveats to our analysis of carry-over effects. First, because we did 
not measure empirical age, uncertainty in age-estimates from the von Bertalanffy growth model 
contribute considerable uncertainty to our estimation of carry-over effects. However, we fully 
account for this uncertainty using the weighted hierarchical linear regression model. Second, the 
lower size cut-off for mainstem Snake River sampling (200 mm) resulted in a truncated first age-
class. As a result, we do not know where the smallest age-1 individuals originated from, which 
may affect inferences for this age class. Third, like many studies, we do not know which fish 
lived to be sampled versus died prior to sampling. Therefore, this analysis is biased in that there 
is no way to assess the ultimate carry-over effect: mortality. 

Conservation Applications 
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Distinct metapopulation composition across sections suggests limited dispersal and mixing once 
fish enter the mainstem Snake River. Monitoring programs using index sites or reaches to draw 
inferences about (meta)population dynamics in large rivers implicitly assume the fish sampled in 
one section are representative of those occupying other parts of the watershed (Rieman and 
McIntyre 1996). Our results suggest that such programs instead only capture the dynamics of a 
small subset of subpopulations. Long-term population dynamics of fishes occupying dendritic 
river network can be highly asynchronous across space and time (Isaak et al. 2003, Rogers and 
Schindler 2008, Valentine et al. 2023). Monitoring programs using index reaches could therefore 
fail to adequately describe the dynamics of subpopulations occupying other parts of the river 
network (Davis and Schindler 2021). Critically, monitoring at one location may fail to identify 
declines and vulnerability of component subpopulations. Our results contribute to a growing 
body of literature emphasizing the need for a continuous view of rivers to understand how 
patterns at broad spatial extents arise from processes acting at finer spatial scales (Fausch et al. 
2002). 

While aquatic habitat in the USRW is highly connected compared to many other watersheds, 
there are both natural and anthropogenic barriers that likely inhibit the expression of diverse 
migratory tactics and prohibit certain tributaries from contributing individuals to the mainstem. 
Assessing the impacts of barriers on tributary support of mainstem river metapopulations is 
important as habitat fragmentation can increase both climate change vulnerability and 
metapopulation extinction risk of fishes occupying river networks (Fagan 2002, Letcher et al. 
2007, LeMoine et al. 2020). Indeed, enhancing and restoring connectivity within river networks 
is often a primary goal of many conservation programs (Neeson et al. 2015, Bouska et al. 2023). 
Unfortunately, evaluating the success of barrier removal and other restoration projects can be 
challenging (Bilby et al. 2024), particularly at the spatial scale at which fish complete their life 
history (e.g., 100s of kms; Chudnow et al. 2023) and given the coexistence of behaviorally 
cryptic life history forms within subpopulations (e.g., residents and migrants; Al‐Chokhachy and 
Budy 2008). Genetic monitoring programs may prove useful for detecting the re-emergence of 
migratory life history forms following the restoration of connectivity between tributary and 
mainstem habitats. Genetic monitoring may be particularly successful as isolation above barriers 
often leads to strong genetic divergence from populations downstream (Wofford et al. 2005), 
thus increasing the accuracy of subpopulation assignment using GSI. 

Our study provides strong evidence that tributary-origin fish make extensive use of mainstem 
river habitats and provide critical demographic support to large mainstem rivers, which often the 
target of culturally and economically valuable recreational fisheries (Cline et al. 2022). 
Importantly, many of the groundwater-dominated streams that made large contributions to Snake 
River are located on private land. Land-use change can influence stream biophysical processes 
and negatively affect salmonid populations (e.g., by increasing sedimentation rates which 
subsequently reduce juvenile recruitment; Jensen et al. 2009). Therefore, the actions of relatively 
few landowners may exert disproportionate influence on (and potentially threaten) the status of 
the Snake River fishery. Effective conservation efforts may therefore require coordination and 
cooperation with broad coalition of stakeholders, especially private landowners (Clancy et al. 
2020). 

Conclusions 
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Biocomplexity in many forms (e.g., habitat and life-history diversity) underpins the long-term 
productivity and stability of metapopulations and associated ecosystem services (Hilborn et al. 
2003, Schindler et al. 2010). In free-flowing river networks, processes occurring in headwaters 
are aggregated as tributaries converge downstream, such that patterns observed in large 
mainstem rivers often reflect headwater environments (Moore 2015, French et al. 2020). 
Asynchrony in fish production among tributaries can stabilize metapopulations and mixed-stock 
fishery catches in larger mainstem rivers via portfolio effects (Moore et al. 2015, Schindler et al. 
2015). Therefore, protecting and conserving tributaries will likely be necessary to ensure the 
long-term viability of mainstem river ecosystems (Bouska et al. 2023). 

Here, we demonstrate the influence of tributary streams on the demography of a mainstem river 
metapopulation of native Yellowstone cutthroat trout. By investigating the influence of tributary 
characteristics on metapopulation demography, our results provide insight into the mechanisms 
that give rise to metapopulation behavior in riverine ecosystems. Our results illustrate how 
spatially discrete and distributed riverscape attributes influence patterns at broader spatial scales 
and levels of organization (sensu Heffernan et al. 2014, Terui et al. 2021). Our results have 
important implications for understanding how habitat fragmentation and the subsequent loss of 
habitat diversity may scale up to destabilize ecologically and economically important 
metapopulations of fish (Fagan 2002). 
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Table 1 Summary of zoid model selection results investigating spatiotemporal variability in 
proportional contribution of reporting groups to the mainstem Snake River. ID refers to the 
numbered hypotheses outlines in the text. Model represents the linear predictor. Leave-one-out 
cross-validation diagnostics are defined as follows: elpdloo = expected log pointwise predictive 
density, SE(elpdloo) = standard error of elpdloo, elpddiff = estimated difference of elpdloo of the 
candidate model and top model, and SE(elpddiff) = standard error of elpddiff. Candidate models 
are ordered according to minimum elpdloo. 

ID Model elpdloo SE(elpdloo) elpddiff SE(elpddiff) 
2 Section -1199.48 53.62 0.00 0.00 
4 Section + Year -1228.01 51.52 -28.53 16.12 
5 Section * Year -1294.45 47.58 -94.97 25.34 
3 Year -1807.41 98.08 -607.93 73.72 
1 Null -3272.92 137.00 -2073.44 128.25 
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Table 2 Age-specific posterior probability estimates of the effects of distance, catchment area, 
and groundwater index on weight-at-age. Estimates are given as the posterior median and 95% 
credible interval (in parentheses). Significant effects (in which the 95% credible interval does not 
overlap 0) are in bold. 

Age Distance Area Groundwater 
1 -0.0151 (-0.0192, -0.0111) -0.0013 (-0.0031, 0.0006) -0.0006 (-0.0031, 0.0019) 
2 0.0162 (0.0108, 0.0213) 0.0017 (-0.0004, 0.0041) -0.0032 (-0.0062, -0.0003) 
3 -0.002 (-0.008, 0.0041) 0.0027 (-0.0008, 0.0061) -0.0055 (-0.0096, -0.0015) 
4 -0.0121 (-0.0214, -0.0027) 0.0076 (0.0023, 0.0132) 0.0157 (0.0098, 0.0217) 
5 -0.0078 (-0.0242, 0.0085) 0.0135 (0.006, 0.0208) 0.042 (0.0326, 0.0509) 
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Figures 

Figure 1 Map of the upper Snake and Greys River watershed (USRW). Thin flowlines represent 
tributaries streams. Thick flowlines represent the mainstem Snake River where mixture tissue 
samples were collected. Distinct mainstem sections are depicted in the inset map (alternating 
colors and lettered as referenced in the main text). White points mark the most downstream 
sampling location for reporting units, numbered as in Table S3. Star marks the confluence of the 
Snake and Greys Rivers (i.e., basin outlets), which flow into Palisades Reservoir. Flow direction 
is denoted by the blue arrow. Opaque region in the northern portion of the USRW is excluded 
from our study as it is upstream of Jackson Lake Dam, which is a complete barrier to fish 
passage. Red point marks the town of Jackson, Wyoming, and the red box in the U.S. map marks 
the location of the USRW, for visual reference. 
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Figure 2 Bootstrap-corrected mixing proportional contribution of 52 reporting units (bars, 
numbered as in Table S3) to six sections of the mainstem Snake River (panels). Reporting 
groups are ordered by latitude from north to south; sections are ordered from upstream (north) to 
downstream (south). Bar color represents the groundwater index value calculated for each 
reporting group. 
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Figure 3 Predicted marginal effects of (a) flowline distance (km), (b) catchment area (km2), and 
(c) groundwater index on proportional contribution of reporting groups to the mainstem Snake 
River.  
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Figure 4 Additive effects of distance, area, and groundwater on proportional contribution of 
reporting groups relative to average conditions. For each scenario, distance was altered to reflect 
reporting groups located near (-1 SD) or far (+1 SD) from the Snake River, area was altered to 
reflect small (-1 SD) or large (+1 SD) catchments, and groundwater index was altered to reflect 
minimum or maximum observed values (colors). Points falling above 0 indicate test reporting 
groups that contributed more than the reference group, while points below 0 indicate test groups 
that contributed less than the reference group. Horizontal dashed line indicates no difference 
between test and reference groups (0). Asterisks represent statistically significant differences 
between groundwater conditions for each scenario (paired t-test, alpha = 0.05). 
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Figure 5 Model estimated von Bertalanffy growth relationships for YSC captured in the 
mainstem Snake River. Thick line represents the median predicted length-at-age; thin lines 
represent the 95% prediction interval. Grey points represents historical measured length-at-age 
from Haganbuck (1970). Colored points represent estimated ages of individuals in this study, 
where the transparency of each point indicates the probability that each individual belongs to a 
given age-class. Points are jittered around age to aid visual interpretation. Horizontal dashed line 
represents the minimum size of fish sampled for GSI (200 mm total length). 
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Figure 6 Age-specific effects (a) distance, (b) area, and (c) groundwater on body mass. Plots 
depict the relative difference between mass-at-age calculated for the maximum and minimum 
covariate values, for each age-class independently. For example, in panel (a), points above the 
dashed line (0) indicate that individuals from distant tributaries were heavier than individuals 
from nearby tributaries; conversely, points below the dashed line indicate that individuals from 
nearby tributaries were heavier than individuals from distant tributaries. 
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Supporting Information 

Table S1 Scenarios used to evaluate additive effects of distance, area, and groundwater on 
proportional contribution of reporting units to the mainstem Snake River. 

Scenario Alias Distance Area Groundwater 
1 Near/Small -1 -1 Minimum 
2 Near/Small -1 -1 Maximum 
3 Far/Small 1 -1 Minimum 
4 Far/Small 1 -1 Maximum 
5 Near/Large -1 1 Minimum 
6 Near/Large -1 1 Maximum 
7 Far/Large 1 1 Minimum 
8 Far/Large 1 1 Maximum 
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Table S2 Bayesian model fitting specifications. Objective refers to the numbered objective as 
referenced in the main text and model description is a brief description of the model in question. 
Platform refers to the Bayesian model fitting platform used (note that the R package zoid runs on 
the Stan platform; all other models were specified in JAGS). Chains represent the number of 
independent MCMC chains; Burn-in iterations is the number of iterations to initialize each 
mode, which were discarded prior to model interpretation; evaluation iterations is the total 
number of sampling iterations; thinning rate is the rate at which evaluations were retained; and 
retained iterations is the total number of sampling iterations after burn-in and thinning across all 
MCMC chains. 

Objective Model 
description 

Platform Chains Burn-in 
iterations 

Evaluation 
iterations 

Thinning 
rate 

Retained 
iterations 

1 Spatiotemporal 
variability in 
composition 

zoid 
(Stan) 

3 2,000 2,000 NA 6,000 

2 Tributary 
contribution 

JAGS 10 10,000 160,000 1/500 3,000 

3 von 
Bertalanffy 
growth 

JAGS 10 200,000 1,700,000 1/1500 10,000 

3 Carry-over 
effects 

JAGS 3 2,000 12,000 1/20 1,500 
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Table S3 Reporting unit details. Fields are defined as follows: Code = numeric code as specified 
in Figure 1, Alias = local stream name(s), Lat. = latitude, Long. = longitude, Nc = number of 
collections, N = sample size (number of fish), Self-assign. = self-assignment rate (Figure S1), 
Mean resid. = mean residuals from simulated mixtures (mean and standard deviation, Figure S3), 
Area = catchment area in square kilometers, GW = groundwater index. 

Code Alias Lat. Long. Nc N Self-assign. Mean resid. Area GW 
1 northbuffalofork_NA 43.885 -110.208 1 40 0.66 0.006 (0.007) 211.728 0.109 
2 box_NA 43.863 -110.282 1 16 1 -0.006 (0.006) 29.141 0.025 
3 spring_nps 43.862 -110.584 1 25 0.96 -0.001 (0.004) 4.013 0.092 
4 pacific_NA 43.86 -110.506 2 62 0.895 0 (0.004) 415.057 0.042 
5 clear_NA 43.859 -110.251 1 37 0.914 0.001 (0.006) 16.604 0.029 
6 lava_NA 43.853 -110.444 1 34 1 0 (0.004) 65.334 0.037 
7 blackrock_lower 43.825 -110.352 1 29 0.962 -0.002 (0.005) 124.922 0.044 
8 blackrock_upper 43.807 -110.179 1 27 1 0 (0.004) 80.686 0.069 
9 spread_uppermainstem 43.78 -110.381 1 33 0.818 0.002 (0.006) 202.609 0.045 
10 spreadnf_flagstaff 43.777 -110.287 2 14 0.889 -0.008 (0.007) 62.106 0.077 
11 rock_NA 43.767 -110.449 1 20 1 0 (0.004) 11.986 0.019 
12 deadmansbar_NA 43.759 -110.603 1 25 0.955 -0.003 (0.005) 11.761 0.123 
13 spread_southfork 43.748 -110.319 1 36 0.895 0.003 (0.006) 98.903 0.033 
14 cowboycabin_NA 43.736 -110.669 2 23 0.692 -0.013 (0.008) 6.639 0.151 
15 leidy_NA 43.73 -110.346 1 16 1 0 (0.004) 10.736 0.045 
16 ditch_NA 43.684 -110.583 1 23 1 0 (0.004) 67.691 0.038 
17 snakeriversidechannel 43.683 -110.701 1 31 0.667 -0.003 (0.006) 18.81 0.372 
18 upperbarbc_NA 43.678 -110.705 1 39 0.619 0.004 (0.007) 5.737 0.352 
19 cottonwood_nps 43.677 -110.707 1 40 0.796 0.007 (0.006) 187.153 0.152 
20 blacktail_NA 43.667 -110.703 1 42 0.559 0.017 (0.011) 61.145 0.266 
21 slate_NA 43.621 -110.401 2 34 1 -0.001 (0.003) 97.257 0.033 
22 crystal_lower 43.612 -110.429 1 30 0.862 0.002 (0.006) 185.115 0.053 
23 grosventre_lower 43.577 -110.715 1 38 0.571 0.013 (0.007) 1589.647 0.128 
24 goosewing_NA 43.554 -110.29 1 10 0.833 -0.009 (0.009) 40.396 0.045 
25 cottonwood_grosventre 43.552 -110.259 1 34 0.892 0.006 (0.007) 89.178 0.074 
26 threechannel_NA 43.551 -110.791 2 39 0.667 -0.005 (0.006) 32.365 0.118 
27 crystal_upper 43.551 -110.404 1 29 0.839 0.001 (0.005) 155.612 0.035 
28 fish_grosventre 43.55 -110.246 1 17 0.917 -0.005 (0.006) 587.876 0.057 
29 lowerbarbc_NA 43.547 -110.786 1 40 0.574 0.005 (0.007) 6.397 0.238 
30 flat_NA 43.54 -110.726 1 30 1 -0.003 (0.005) 173.369 0.237 
31 spring_tss 43.469 -110.815 1 15 1 -0.003 (0.004) 24.858 0.2 
32 fish_NA 43.456 -110.863 2 82 0.68 0.017 (0.006) 233.374 0.193 
33 fordspring_NA 43.45 -110.847 1 13 0.75 -0.01 (0.008) 0.371 0.308 
34 mosquito_NA 43.442 -110.883 1 40 0.865 -0.003 (0.004) 61.641 0.088 
35 cody_bluecrane 43.436 -110.829 2 18 1 -0.001 (0.003) 18.512 0.297 
36 horse_NA 43.35 -110.683 1 24 1 -0.002 (0.004) 63.204 0.054 
37 granite_upper 43.349 -110.439 1 17 1 -0.006 (0.006) 131.175 0.051 
38 fall_coburn 43.321 -110.758 3 75 1 0 (0.008) 116.532 0.106 
39 boulder_NA 43.306 -110.512 1 29 0.8 -0.001 (0.005) 53.7 0.05 
40 willow_NA 43.291 -110.672 1 40 0.483 0.015 (0.008) 185.703 0.072 
41 dog_NA 43.285 -110.803 1 46 0.953 0 (0.005) 31.09 0.062 
42 granite_lower 43.283 -110.532 1 38 0.842 0.001 (0.005) 220.383 0.079 
43 shoal_NA 43.266 -110.509 1 40 0.795 0.002 (0.005) 82.65 0.066 
44 cabin_NA 43.249 -110.779 1 37 0.816 0.001 (0.005) 23.51 0.05 
45 cliff_NA 43.247 -110.499 1 38 0.81 0.003 (0.005) 158.381 0.06 
46 dell_NA 43.231 -110.423 1 31 1 -0.003 (0.005) 118.157 0.051 
47 bailey_NA 43.214 -110.782 1 29 0.737 -0.009 (0.008) 41.571 0.028 
48 littlegreys_steer 43.148 -110.783 3 77 0.939 0.004 (0.005) 179.346 0.057 
49 hoback_upper 43.066 -110.474 1 38 0.895 0.001 (0.005) 114.078 0.067 
50 white_NA 43.006 -110.803 1 14 1 -0.009 (0.008) 32.672 0.064 
51 deadman_greys 42.962 -110.723 1 26 0.864 -0.003 (0.006) 42.607 0.042 
52 blindbull_NA 42.943 -110.713 1 30 0.821 0.001 (0.006) 36.352 0.07 
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Figure S1 Self-assignment rates for each reporting unit (numbered as in Table S3) obtained 
from the “self_assign” function in the R package rubias. Self-assignment rates refer to the 
proportion of individuals that correctly assigned to their reporting unit of origin. 
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Figure S2 Pairwise measures of genetic differentiation among reporting units, Fst (Weir and 
Cockerham 1984). Note that reporting unit names, rather than numeric codes, are given, as 
specified in Table S3. 
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Figure S3 Reporting unit-specific mean residuals from 500 simulated mixtures calculated using 
the “assess_reference_loo” function in the R package rubias. Error bars represent standard 
deviations. 
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Figure S4 Relationship between uncorrected and bootstrap-corrected mixing proportions across 
six sections of the Snake River (rows) and three years (columns). Red lines represent 1:1 
relationships. 
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Figure S5 Distribution of z-scores (blue line) relative to a normal distribution (black line; 
expected outcome if all mixture samples assigned with high certainty to source populations in the 
baseline dataset). 
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Figure S6 Model diagnostic plots for the Dirichlet-multinomial model describing the effect of 
tributary characteristics on contribution to the mainstem Snake River. (a) Posterior predictive 
check showing the relationship between model-predicted (“expected”) and observed 
contributions (“bootstrapped numbers of fish”, as described in the main text). Dashed line 
represents the 1:1 line. (b) Histogram of model residuals; red line denotes 0 for visual reference. 
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Figure S7 Posterior estimates of random intercept terms for Snake River section in the 
hierarchical weighted linear regression evaluating carry-over effects of tributary characteristics 
on mass-at-age. Points represent median posterior estimates and thick and thin error bars 
represent 50% and 95% credible intervals, respectively. 
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Figure S8 Posterior estimates of random intercept terms for year in the hierarchical weighted 
linear regression evaluating carry-over effects of tributary characteristics on mass-at-age. Points 
represent median posterior estimates and thick and thin error bars represent 50% and 95% 
credible intervals, respectively. 
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CHAPTER 3  
 
Integrating g roundwater into riverscape approaches to fisheries  management  

Jeffrey R. Baldock1 

1Wyoming Cooperative Fish and Wildlife Research Unit, Department of Zoology and Physiology and Program in 
Ecology and Evolution, University of Wyoming, Laramie, Wyoming, USA. 

Introduction  

Both within the upper Snake River watershed (USRW) and across the Greater Yellowstone Area, 
Yellowstone cutthroat trout (Oncorhynchus virginalis bouvieri; YCT) are an integral component 
of aquatic and terrestrial food webs (Koel et al. 2019) and support economically and culturally 
valuable recreational fisheries. Habitat degradation and hybridization and competition with non-
native species has led to widespread declines (Gresswell 2011) and anticipated climate warming 
further threatens many extant populations (Wenger et al. 2011). However, YCT in the USRW 
display successful natural reproduction (Baldock et al. 2023), negligible genetic introgression by 
non-natives (Kovach et al. 2018), and stable or increasing trends in population abundance 
(Wyoming Game and Fish Department 2019). These features, in combination with high habitat 
connectivity and life-history diversity, make the USRW a high priority for YCT conservation 
efforts (Al-Chokhachy et al. 2018). 

Understanding the factors that support robust populations of YCT in the USRW will help guide 
local conservation efforts. Furthermore, in other parts of the range where YCT populations do 
not fare as well, this understanding can be used as a baseline when designing management 
programs aimed at mitigating population declines or re-establishing populations following local 
extirpation. However, conservation needs for species such as YCT are often immense relative to 
the capacity for management actions (e.g., funding, public support, and personnel time), such as 
stream habitat restoration. These constraints also limit the ability of managers to monitor the 
effects of management actions on intended outcomes (Bilby et al. 2024). Therefore, data and 
tools and that can be used to prioritize the implementation of and monitor the impacts of 
conservation efforts are needed to maximize the effectiveness of species-level management plans 
(Glassic et al. 2024, Kiser et al. 2024). 

In this chapter, we expand upon how the results of our research can be used to guide the of 
conservation and management of YCT in the USRW. Specifically, the results of Chapter 1 can 
be used to prioritize the implementation of stream habitat protection and restoration projects 
intended to bolster YCT recruitment. The results of Chapter 2 have similar implications for 
prioritization schemes, but with respect to later life stages. Furthermore, Chapter 2 illustrates an 
approach for monitoring the effectiveness of restoration projects using genetic tools. Throughout 
this chapter, we discuss how the results of our research affect the interpretation of current 
population monitoring and highlight potentially fruitful areas for future work not already 
described in previous chapters. 
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Managing Habitat for Recruitment 

Key Results from Chapter 1 

In Chapter 1, we found that geologic and topographic variables explained spatial heterogeneity in 
groundwater discharge to streams, which stabilized temperature regimes and was associated with 
high YOY densities. Temperature and density, in turn, interacted to influence YOY growth rates: 
growth increased strongly with temperature, but this effect was reduced when density was high. 
Accordingly, variation in groundwater influence among stream reaches diversified trends in 
growth and production. At the riverscape scale, this diversity tended to reduce spatial variation in 
growth capacity but led to the formation of distinct hotspots of production. Collectively, our 
results demonstrate how groundwater, an important factor driving aquatic ecosystem 
heterogeneity, structures YCT recruitment dynamics across a riverscape. 

Prioritization Tools for Habitat Management 

Applying the results of ecological research to conservation efforts can be challenging given 
mismatches between the spatial extent and resolution at which research is conducted relative to 
that at which fish complete their life-history and management actions are applied (Fausch et al. 
2002, Torgersen et al. 2021). In Chapter 1, we sought to negotiate these mismatches by 
projecting growth and production at both large spatial scales (across the entire USRW) and fine 
spatial resolutions (300 m reaches). Our results (i.e., maps of groundwater influence and YOY 
growth and production) can therefore be used to prioritize locations for habitat restoration and 
protection and to identify where such efforts may have the greatest impact on conservation 
outcomes. For example, if the management goal is to increase recruitment, managers may opt to 
place a restoration project in reaches with high groundwater index values, given the positive 
effects of groundwater on juvenile production. 

The spatial distribution of groundwater can be compared to the spatial distribution of other 
known stressors (e.g., land-use change, water diversions for agriculture) to further prioritize 
conservation efforts. For example, a diversion dam that entrains juveniles in agricultural ditches 
may have a much more harmful effect on basin-wide population dynamics if that dam is located 
within a groundwater-dominated reach where YOY densities and productivity are high, relative 
to reaches with less groundwater influence where densities and productivity are much lower. 
Alternatively, if the management goal is to bolster local population persistence, diversion dams 
(or any other stressor) located in reaches with low groundwater influence may be a higher 
priority for managers as entrainment may threaten to eliminate an already small local population. 

As highlighted in the examples above, different management goals can lead to differences in 
how the results of Chapter 1 are used to prioritize habitat management projects. This point 
underscores the need for thoughtful development of intended outcomes when designing and 
implementing conservation plans, as is standard practice. Ultimately, our results are just one of 
many factors that should be considered when deciding when and where to conduct costly 
restoration and protection projects. Additional factors may include the habitat needs of later life 
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stages (e.g., sub-adults and spawners), the opinions of professionals with complementary 
expertise, and existing relationships with private landowners. Nevertheless, the distribution of 
groundwater is an important landscape attribute with large effects on physical habitat conditions 
and ecological processes and should be considered when making consequential fisheries 
management decisions. 

The Spatial Distribution of Groundwater in the USRW 

The spatial distribution of groundwater discharge to streams generally matched a priori 
expectations: groundwater springs were most prevalent at toe slopes formed by stream channel 
incision into unconsolidated alluvium and colluvium. Past studies suggest that conservation 
efforts should focus on high-elevation headwater streams because these habitats have historically 
been least responsive to climate variability (Isaak et al. 2016, 2017). Our results suggest this may 
not be generally applicable. In the USRW, groundwater springs were most likely to occur at 
relatively low elevations (ca. 1800-2100 meters), which likely reflects the sub-surface flow paths 
of glaciated basins. Stream reaches with the greatest groundwater index values were often 
located immediately adjacent to larger mainstem rivers that offer contrasting, but complementary 
environmental conditions. The stark spatial juxtaposition of habitat conditions may in part 
underlie the long-term resilience of YCT in the USRW, as exploiting spatial heterogeneity in 
habitat conditions would require short-distance movements, relative to other river basins in 
which variation in water temperature and other habitat variables are arranged along elevational 
gradients. Importantly, applying a headwaters-focused management plan in the USRW may fall 
short of meeting conservation goals as this would largely overlook spatial habitat diversity 
imposed by groundwater. 

The results of our groundwater model can help guide future research and other work as the 
model identified groundwater-dominated stream reaches that were not previously known to 
fisheries managers or other local experts. Specifically, we identified a hotspot of groundwater 
activity in the South Fork of Fish Creek of the Gros Ventre River basin, comparable to that of the 
dense, low-elevation drainage networks in and around the town of Jackson, WY. Our research 
would benefit from exploratory sampling trips to determine if this region is a hotspot of adult 
YCT spawning and YOY production, as predicted by our models. Integrated spatial modelling 
exercises, as detailed in Chapter 1, may prove to be a valuable tool for discovering previously 
unknown critical habitat and candidate locations for habitat remediation efforts. 

Managing Habitat for Diversity and Resilience 

Groundwater-dominated habitats are expected to become increasingly important to YCT 
recruitment under future climate scenarios in which regional air temperatures rise and hydrologic 
extremes (e.g., flooding and drought) occur more frequently (Hostetler et al. 2021, Queen et al. 
2021). We discuss these topics at length in the Discussion section of Chapter 1. Additionally, 
there is evidence that groundwater-dominated habitats can serve as climate refugia for later life 
stages. For YCT in the USRW, Homel et al. (2015) found extended post-spawning residency in 
groundwater-dominated habitats relative to other stream types, prior to returning to 
overwintering habitat in the mainstem Snake River. Cool summer temperatures may enhance 
post-spawning recovery, whereas warmer temperatures in habitats less affected by groundwater 
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may threaten survival as energy stores are largely depleted (sensu Bordeleau et al. 2019). 
Additionally, salmonids congregate in cooler, groundwater-dominated habitats when 
temperatures elsewhere exceed tolerance thresholds, presumably to mitigate negative effects of 
high temperature on survival (Torgersen et al. 1999, O’Sullivan et al. 2023, Sullivan and Vokoun 
2023). As climate change pushes stream conditions beyond historical baselines, access to a 
diversity of habitats will be necessary for salmonids seeking to both complete their life history 
and mitigate physiological stress (Brewitt and Danner 2014, Armstrong et al. 2021). 

Conservation and management plans for YCT should specifically account for groundwater when 
designating critical habitat and mapping out future habitat protection and restoration efforts 
(Mejia et al. 2023). For example, the National Park Service currently allows outfitting companies 
to operate horse riding trips in the vicinity of key, groundwater-dominated spawning streams 
(e.g., Upper Bar BC spring and Deadman’s Bar spring). On multiple occasions, we have 
observed guides leading clients on horseback through high-density spawning areas, trampling 
redds and disrupting actively spawning fish. More stringent regulations on outfitter operations or 
area closures may be warranted to protect critical spawning and recruitment habitat. 
Additionally, angling closures in and around cold, groundwater-dominated habitats may help 
ameliorate the physiological stress fish experience during warm periods. In the Housatonic 
River, CT, fisheries managers have identified cold-water refuges and close these areas to angling 
when temperatures in the mainstem river approach pre-defined temperature thresholds, as fish 
congregate in these areas to mitigate thermal stress (Sullivan et al. 2021, Mejia et al. 2023). Most 
groundwater-dominated streams in the USRW are close to angling until August 1 to protect 
spawning. However, as water temperatures continue to rise due to climate change, managers 
might consider extending closures to protect fish that use groundwater-dominated habitats for 
thermoregulatory purposes or fish that are attempting to recover critical energy stores following 
spawning. 

While groundwater is a key component of climate refugia for stream fishes (Ebersole et al. 2020, 
Mejia et al. 2023), adaptation to climate change may be most successful under strategies that 
protect and maintain habitat heterogeneity (Walsworth et al. 2019, Moore and Schindler 2022). 
For example, as snowmelt often contributes most to aquifer recharge (Winograd et al. 1998), 
groundwater contributions to streamflow may decline as snowpack is lost under future climate 
scenarios (Godsey et al. 2014, Hostetler et al. 2021). Therefore, groundwater habitats may 
instead act as transient “stepping stones” that temporarily relieve climate impacts, assisting 
longer term adaptation (Hannah et al. 2014). An improved understanding of subsurface 
hydrology would enable predictions of where and over what time scales groundwater-dominated 
habitats will be resistant to climate change. Furthermore, locally adapted populations currently 
occupying warm and dynamic riverine habitats may harbor the genetic diversity needed for 
species-level adaptation to novel climate regimes (Jensen et al. 2008, Walsworth et al. 2019). 
Conserving habitats that span the complete range of groundwater influence is likely necessary to 
maximize adaptive capacity of YCT, and management plans should reflect this. 
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Managing Tributaries to Support the Mainstem Snake River 

Key Results from Chapter 2 

In Chapter 2, we found near complete reliance of the mainstem metapopulation of YCT on 
demographic support from tributaries, but contributions from specific tributaries varied along the 
length of the Snake River. Distance between habitats, catchment area, and groundwater input 
acted in concert to determine the contribution of tributaries to the mainstem metapopulation of 
YCT. Specifically, large, groundwater-dominated tributaries located near the Snake River 
contributed most to the mainstem YCT metapopulation. We also found evidence for carry-over 
effects of tributaries on growth, where metapopulation size structure was a function of natal 
tributaries characteristics and life stage. Importantly, weight-at-age was positively associated 
with groundwater for reproductive aged fish (ages 4 and 5), suggesting growth benefits for fish 
spawning in groundwater-dominated streams. Collectively, our results highlight the importance 
of tributaries to structuring metapopulations of fish and illustrate how intact riverscapes support 
ecologically and economically important native trout. 

The Role of Tributaries to Mainstem River Fisheries 

Our results indicate that the mainstem metapopulation is almost entirely reliant on demographic 
support from tributaries, as there was little evidence of a mainstem-spawning sub-population. 
This is not to say that the Snake River is not productive or unimportant. Mainstem rivers can 
provide critical trophic subsidies to mobile fish (Petty et al. 2014, Huntsman et al. 2016) and 
migration between habitats can extend growing seasons and allow fish to attain much larger body 
sizes than if restricted to a single habitat type (Armstrong et al. 2021). Therefore, tributaries and 
the mainstem Snake River cannot be considered in isolation, but rather part of a broader habitat 
network in which tributary-origin fish depend on and make extensive use of mainstem habitats as 
habitat needs change throughout their life cycle (Petty et al. 2014, Huntsman et al. 2016, 
Armstrong et al. 2021). We discuss these topics in greater detail in the Discussion section of 
Chapter 2, where we also compare our results to past work that came to somewhat different 
conclusions with respect to spawning in the Snake River (Homel et al. 2015). 

Our analysis of carry-over effects indicates that groundwater-dominated streams 
disproportionately support trophy fisheries. Relative to snowmelt-dominated streams, fish 
originating from groundwater-dominated streams were 10.2% heavier at age-4 (1.19 vs. 1.32 lbs) 
and 21.4% heavier at age-5 (1.52 vs. 1.85 lbs), on average. Protecting access to groundwater-
dominated spawning streams may therefore be important to maintaining trophy status of the 
Snake River fishery and ensuring angler satisfaction. 

Implications for Population Monitoring 

The very strong effect of distance on proportional contributions and variation in metapopulation 
composition among sections suggests limited dispersal and mixing once fish enter the mainstem 
Snake River. Monitoring programs using index sites or reaches to draw inferences about 
(meta)population dynamics in large rivers implicitly assume the fish sampled in one section are 
representative of those occupying other parts of the watershed (Rieman and McIntyre 1996). Our 
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results suggest that such programs instead only capture the dynamics of a small subset of 
subpopulations. The Wyoming Game and Fish Department (WGFD) conducts annual population 
estimates on three sections of the Snake River: Deadman’s-Moose, Moose-Wilson, and Wilson-
South Park. Metapopulation composition in these sections was overwhelmingly dominated by 
contributions from a small number of groundwater-fed streams (e.g., Upper Bar BC, Blacktail 
Springs, Lower Bar BC, and Fish Creek). In contrast, the metapopulation in the two most 
downstream sections (South Park-Astoria and Astoria-West Table) received contributions from a 
much greater number of tributaries, most of which had very low groundwater index values. 
Historical Snake River population estimates conducted on upstream sections are therefore not 
applicable to downstream sections. These results suggest a considerable gap in the WGFD 
population monitoring program. We suggest WGFD consider expanding their monitoring to 
include a downstream section (Astoria-West Table), which would provide critical insight into 
metapopulation dynamics in a section of river that bears most of the angling effort at times of 
year when floating the Snake River through Grand Teton National Park is prohibited. In 2022, 
the WGFD conducted a population estimate in the Astoria-West Table section to determine 
feasibility. Our results provide direct support for expanding the Snake River population 
monitoring program. 

Prioritization Tools for Habitat Management 

Robust population monitoring programs are difficult to implement across large riverscapes. 
Integrating multiple data sources may extend the applicability of current monitoring programs to 
unmonitored locations and help diagnose or locate sources of population change. Our results 
indicate that contributions from a relatively small number of tributaries comprise a large majority 
of the mainstem Snake River metapopulation of YCT. Therefore, to maximize the effectiveness 
of management goals seeking to bolster Snake River YCT abundance, conservation efforts might 
focus on the tributaries making the greatest contributions. For example, approximately 45% of 
the fish captured in the Wilson-South Park section originated from Fish Creek. Thus, efforts to 
protect and restore habitat in Fish Creek would be expected to lead to increases in YCT 
abundance in the Wilson-South Park section of the Snake River. Conversely, if monitoring 
showed persistent population declines in the Wilson-South Park section, managers might look to 
sudden or large changes to Fish Creek habitat to explain such declines. It is important to note that 
the role of any single tributary depends on the Snake River section in question. Fish Creek is far 
less well-represented in other sections of the Snake River (e.g., Pacific-Deadman’s and Astoria-
West Table). As a result, conservation efforts might instead focus on Blacktail Springs and 
Upper Bar BC to bolster Pacific-Deadman’s YCT abundance, or on Bailey and Cabin Creeks to 
bolster Astoria-West Table YCT abundance. Our results will likely have broad relevance for 
managers seeking to understand which tributaries may be driving observed changes to the Snake 
River metapopulation. 

The results of Chapter 2 indicate that groundwater-dominated tributaries make disproportionate 
contributions to the mainstem Snake River metapopulation of YCT, supporting findings from 
Chapter 1. Specifically, relative to snowmelt-dominated tributaries, groundwater-dominated 
tributaries were expected to contribute approximately twice as many fish to Snake River. These 
results suggest that disproportionately allocating resources to groundwater-dominated streams 
may have the greatest impact on intended conservation outcomes. However, it is important to 
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note that the effects of tributary distance (to the Snake River) and catchment area were far larger 
than the effect of groundwater, implying key roles of dispersal ability and total habitat 
availability on metapopulation structure. Indeed, conserving groundwater-dominated streams 
alone would appear to do little to bolster the Snake River metapopulation in the two most 
downstream sections, where fish primarily originated from snowmelt-dominated streams. 
Prioritization schemes for habitat protection and restoration must be based on clearly defined 
management goals. When those management goals change, under alternative or complementary 
management plans, we should expect the highest priority streams or reaches to change as well. 
Ultimately, adaptation to climate change may be most successful under strategies that protect and 
maintain habitat heterogeneity (Walsworth et al. 2019, Moore and Schindler 2022), as discussed 
above. 

Ongoing Work 

Our model describing the effects of distance, area, and groundwater on tributary contributions to 
the mainstem Snake River performed well. However, the model tended to overpredict 
contributions from reporting units that contributed little (i.e., contributions of zero or near-zero) 
and underpredict contributions from units contributing many individuals to the mainstem. 
Riverscape factors not included in our analysis may help explain bias in model predictions. For 
example, barriers to fish passage can negatively affect functional connectivity between 
tributaries and large mainstem environments (Sheer and Steel 2006, Fullerton et al. 2010). While 
aquatic habitat in the USRW is highly connected compared to many other watersheds, there are 
both natural and anthropogenic barriers that likely inhibit the expression of diverse migratory 
tactics and prohibit certain tributaries from contributing individuals to the mainstem. Ongoing 
work seeks to evaluate the effects of barriers on tributary contributions to the mainstem Snake 
River. As of this writing (June 2024), Trout Unlimited is working to update and expand the 
Aquatic Barrier Inventory (Southeast Aquatic Resources Partnership) in the USRW (Leslie 
Steen, personal communication). Future modelling will include covariates describing the 
presence of barriers between tributaries and the Snake River and the number of barriers within 
tributary catchments to understand to degree to which barriers limit contributions to the Snake 
River and, ultimately, the expression of migratory life-histories. Based on model results, we may 
be able to identify specific barriers for which removal or restoration would have the greatest 
effect on increasing contributions to the Snake River. 

Developing Tools to Support Fisheries and Fish Habitat Management 

Throughout the course of our research, we have sought to develop tools to support fisheries and 
fish habitat management in the USRW and beyond. Riverscape (i.e., spatially continuous) 
approaches to understanding groundwater influence in streams have been particularly 
challenging. Because groundwater inflow decouples stream and air temperature regimes (Caissie 
2006), temperature sensitivity is often used as a proxy for groundwater influence (O’Driscoll and 
DeWalle 2006, Adelfio et al. 2019, Gallagher and Fraser 2023). However, using temperature 
sensitivity alone to infer groundwater contributions to streams is not recommended at broad 
spatial extents given the many landscape factors that influence sensitivity (Lisi et al. 2015, 
Beaufort et al. 2020). Therefore, metrics of groundwater that are independent of stream 
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temperature are needed to inform aquatic ecosystem research and management (Letcher et al. 
2016, Mejia et al. 2023). In Chapter 1, we combined remote sensing and machine learning 
techniques to estimate the degree of groundwater influence continuously across the river 
network. Our approach is relatively simple, requiring easy-to-obtain field observations, publicly 
available spatial data, and modest computing power, making it tractable to apply to other 
watersheds where increased understanding of groundwater dynamics is needed. We have already 
had discussions with WGFD biologists about how such a model could be built and used to locate 
groundwater-dominated habitats in watersheds across Wyoming. Our novel approach represents 
an important development in the field of ecohydrology and provides a solution for obtaining 
high-resolution data describing groundwater activity at broad spatial scales. 

Enhancing and restoring connectivity within river networks is often a primary goal of many fish 
conservation programs (Neeson et al. 2015, Bouska et al. 2023). Unfortunately, evaluating the 
success of barrier removal and other restoration projects can be challenging (Bilby et al. 2024), 
particularly at the spatial scale at which fish complete their life history (e.g., 100s of kms; 
Chudnow et al. 2023) and given the coexistence of resident and migrant life-history forms (Al‐
Chokhachy and Budy 2008). Genetic monitoring programs (i.e., genetic stock identification, 
GSI, Chapter 2) may prove useful for detecting the re-emergence of migratory life-histories 
following the restoration of connectivity between tributary and mainstem habitats. Genetic 
monitoring may be particularly successful as isolation above barriers often leads to strong 
genetic divergence from populations downstream (Wofford et al. 2005), thereby increasing 
assignment accuracy. Our study demonstrates how GSI could be incorporated into existing 
population monitoring programs to evaluate the success of barrier removal projects and other 
restoration efforts. For example, if a barrier to fish passage was removed from stream X, that 
project might be deemed successful if a greater number of fish originating from (i.e., genetically 
assigned to) stream X were captured in the Snake River following project completion. Our 
research demonstrates how low-cost, high throughput genetic sequencing tools can be used to 
answer pressing management questions, motivating development of similar tools to address 
concerns in other basins where YCT are at greater risk of extirpation. However, the state of 
Wyoming does not currently have the genetic sequencing capabilities to establish such a program 
and would be reliant on outside expertise to do so (e.g., University of Wyoming or Idaho 
Department of Fish and Game – Eagle Fish Genetics Lab). Investments in novel technologies 
(such as genetic sequencing and associated techniques) is likely necessary for efficient and 
effective fisheries management under global change. 

Conclusions 

Across the range of YCT, the USRW is a top priority for species conservation efforts (Al-
Chokhachy et al. 2018) and is the crown jewel for anglers targeting native trout. While threats to 
YCT may be more imminent in other parts of the range, understanding how healthy riverine 
ecosystems function is of utmost importance as it provides a standard by which to evaluate other 
populations and a goal to aim for when restoring more degraded systems. With this body of 
research, we have (1) provided insight into the ecology of healthy metapopulations of YCT and 
(2) developed tools to guide the design and implementation of YCT conservation and 
management plans. Over the past six years, we have worked closely with representatives of the 
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Wyoming Game and Fish Department, National Park Service, US Forest Service, and Trout 
Unlimited to ensure that our research addresses critical information needs for YCT in the 
USRW. We strive to maintain these collaborative relationships and hope our collective action 
goes far to ensure the long-term success of native trout. 
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Appendix 1 

Total project funds awarded 

Table 1 Total funds awarded for this project, by organization 

Organization Grant number Start date End date Award total 
Jackson Hole One Fly 
Foundation 

2021-050 8/1/2021 6/1/2024 $32,000 

Wyoming Wildlife and Natural 
Resource Trust 

03-21-023 8/30/2021 7/1/2024 $25,000 

Boyd Evison Fellowship, 
Grand Teton Association 

NA 4/4/2022 5/31/2024 $10,000 

Graduate Student Research 
Enhancement Grant, 
Biodiversity Institute, 
University of Wyoming 

NA 8/3/2021 6/30/2022 $10,000 

UW-NPS Small Grants 
Program 

NA 5/1/2022 12/31/2023 $5,000 
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