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Abstract: Salmonid fishes provide an important indicator of climate change given their reliance on
cold water. We evaluated temporal changes in the density of stream-dwelling brook trout (Salvelinus
fontinalis) from surveys conducted over a 36-year period (1988–2023) by the Maryland Department of
Natural Resources in Eastern North America. Nonparametric trend analyses revealed decreasing
densities of adult fish (age 1+) in 19 sites (27%) and increases in 5 sites (7%). In contrast, juvenile fish
(age 0) densities decreased in 4 sites (6%) and increased in 10 sites (14%). Declining adult brook trout
trends were related to atmospheric warming rates during the study period, and this relationship
was stronger than the effects of land use change or non-native brown trout. In contrast, juvenile
fish trends generally increased with elevation but were not related to air temperature trends or land
use change. Our analysis reveals significant changes in several brook trout populations over recent
decades and implicates warming atmospheric conditions in population declines. Our findings also
suggest the importance of temperature for adult survival rather than recruitment limitation in brook
trout population dynamics.

Keywords: brook trout; climate change; trend analysis

1. Introduction

Native brook trout (Salvelinus fontinalis) are ecologically, culturally, and economically
important in the Appalachian mountains of Eastern North America. Nonetheless, losses in
brook trout abundance and occurrence have been reported across the region and attributed
to land use, climate change, and biological interactions with non-native species [1–3]. How-
ever, the relative importance of these effects is unclear, and conservation and restoration
planning could benefit from improved understanding in this regard. Here, we evaluate
brook trout population trends over a 36-year period (1988–2023) in Maryland, USA, and
we explore alternative environmental explanations for the observed temporal trends.

Land use practices are clearly linked to brook trout habitat suitability and losses of
brook trout in Appalachia. In a regional study of Appalachian mountain streams, Hudy
et al. [1] reported that “intact” brook trout watersheds (i.e., watersheds with >50% of
streams supporting self-sustaining populations) were located within forested catchments,
whereas watersheds with reduced or extirpated brook trout populations contained compar-
atively more agricultural and urban development. Likewise, Stranko et al. [2] found that
brook trout almost never occurred in watersheds with more than 4% impervious surface
area. Forest cover also provides a strong predictor of brook trout occupancy in regional
models [4–7]. Conversely, loss of forest cover is associated with increases in stream flow
variation [8], sedimentation [9], and stream temperature [10], and such environmental
changes may be causing the observed declines in brook trout abundance and occurrence.

Warming stream temperatures due to climate change have also been identified as a
possible cause of brook trout declines. Meisner [11] observed strong thermal controls on the
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distribution of native brook trout in the Southern Appalachian Mountains and concluded
that atmospheric warming would reduce their distribution, which causes groundwater
temperatures to exceed approximately 15 ◦C. Bassar et al. [12] determined that observed
increases in brook trout mortality rates could be attributed to climate-driven increases in
stream temperature, and this was particularly true for young age classes of trout. Childress
et al. [3] detected declines in brook trout abundance in approximately 70% of the streams in
Shenandoah National Park and attributed these changes to increasing water temperatures
that were unassociated with land use change.

Although increasing water temperature can increase brook trout growth rates during
the winter and spring [13] and are associated with increased adult body size [14], warming
rates above 2 ◦C background levels are expected to decrease growth rates due to increased
energetic demands [15]. Moreover, brook trout exhibit physiological and behavioral stress
responses when exposed to temperatures above 20 ◦C [16,17], and lethal limits have been
reported at 24 ◦C [18]. Given the observed warming trends in Appalachian streams and
rivers [19–21], atmospheric warming is recognized as a likely contributor to native brook
trout declines [1], and this has motivated research on the role of groundwater as thermal
refugia for native trout in Appalachia [22–24].

Non-native brown trout (Salmo trutta) have also been recognized as a stressor for
brook trout and have been associated with population declines. Experimental evidence
has demonstrated that brown trout displace brook trout for optimal foraging locations in
streams [25], and this competition pressure increases with water temperature [17]. Species
distribution models have also revealed a negative effect of brown trout on brook trout
occupancy probability [26], and field studies have demonstrated decreased brook trout
growth, abundance, and occurrence probability in the presence of introduced brown
trout [27–30]. Removal of brown trout from streams has resulted in increased brook
trout abundance in experimental studies [31,32]. However, such effects may be context-
dependent because Odenkirk and Isel [33] observed no effects of increasing brown trout
abundance on brook trout biomass or abundance in an Appalachian stream.

Land use change, climate change, and introduced species can synergistically impact
salmonid fishes [34,35], and an improved understanding of their relative importance and
interactive effects may inform conservation planning for native trout. Our aims in this
study were to (a) estimate temporal trends in adult and juvenile fish density within streams,
(b) explore the relative importance of environmental covariates to explain observed trends
at the watershed level, and (c) discuss the implications for conservation and restoration
planning. We expected that changes in forest cover would explain brook trout population
trends in the study area.

2. Materials and Methods
2.1. Fish Data

We evaluated fish abundance data collected in 70 stream sites in Maryland, USA
(Figure 1; Appendix A) over a 36-year period (1988–2023). Sites included locations within
the Piedmont (n = 15), Blue Ridge (n = 18), and Appalachian Plateau (n = 37) physiographic
regions of Eastern North America. Sites were located within primarily forested watersheds
(mean = 78%, sd = 17.5%) but also included some developed lands (mean = 8%, sd = 10.8%)
and agricultural lands (mean = 12%, sd = 13.3%) based on National Land Cover Database
(NLCD) records available during the study period (2001 and 2019).



Hydrobiology 2024, 3 312
Hydrobiology 2024, 3, FOR PEER REVIEW 3 
 

 

 

Figure 1. (A) The study region where brook trout density data were collected in Maryland, USA 

(shown as inset box). (B) Inset maps are defined for study sites within (1) Appalachian Plateau, (2) 

Blue Ridge, and (3) Piedmont physiographic regions (shaded in greyscale) and correspond with the 

(C) adult and (D) juvenile brook trout temporal trend locator maps. Significantly increasing tem-

poral trends in fish density are shown by hollow, upward-facing arrows (increasing Sen’s slope; 
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The fish dataset included 215 surveys by the Maryland Biological Streams Survey (MBSS) 

within the Sentinel Site network and 784 surveys by personnel with the Freshwater Fish-

eries and Hatcheries Division (FFHD). The dataset included a few sites in large rivers, but 

we limited the dataset to sites draining watersheds < 130 km2 to facilitate environmental 

analysis of headwater stream populations. 

All observed trout were identified to species and counted in each survey, with juve-

nile (age-0) fish recorded separately from adult (age 1+) fish based on inspection of length-

frequency histograms. Most surveys were conducted during summer months (June, July, 

and August; 94%), but some were conducted during fall months (September, October; 6%). 

Figure 1. (A) The study region where brook trout density data were collected in Maryland, USA
(shown as inset box). (B) Inset maps are defined for study sites within (1) Appalachian Plateau,
(2) Blue Ridge, and (3) Piedmont physiographic regions (shaded in greyscale) and correspond with
the (C) adult and (D) juvenile brook trout temporal trend locator maps. Significantly increasing
temporal trends in fish density are shown by hollow, upward-facing arrows (increasing Sen’s slope;
Mann–Kendall p < 0.01), significantly decreasing temporal trends in fish density are shown by
filled, downward-facing arrows (decreasing Sen’s slope; Mann–Kendall p < 0.01), and sites lacking
significant temporal trends are shown with open circles.

Sites were sampled during summer baseflow conditions by Maryland Department of
Natural Resources (MDDNR) personnel using standardized electrofishing techniques. The
fish dataset included 215 surveys by the Maryland Biological Streams Survey (MBSS) within
the Sentinel Site network and 784 surveys by personnel with the Freshwater Fisheries and
Hatcheries Division (FFHD). The dataset included a few sites in large rivers, but we limited
the dataset to sites draining watersheds < 130 km2 to facilitate environmental analysis of
headwater stream populations.

All observed trout were identified to species and counted in each survey, with juvenile
(age-0) fish recorded separately from adult (age 1+) fish based on inspection of length-
frequency histograms. Most surveys were conducted during summer months (June, July,
and August; 94%), but some were conducted during fall months (September, October; 6%).
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The dataset included more surveys during the last half of the study period (2016–2023; 75%)
than the first half (1988–2005; 25%), but sample month was randomly distributed across
all sample years (Spearman rho, p = 0.4) suggesting that temporal patterns should not be
confounded by season.

Fish surveys included estimates of sampled stream width and length, and we used
this to estimate fish density (fish/m2) to control for differences in sample area and habitat
volume across sites and surveys. MBSS surveys used two electrofishing passes within fixed
75 m stream reaches [36], whereas FFHD surveys generally encompassed longer stream
reaches (mean = 98 m). Sites were sampled by either MBSS or FFHD over time, and such
standardized sampling facilitates temporal trend analysis.

We evaluated non-native trout based on the observed presence or absence of brown
trout in the MDDNR fish survey data. We further classified sites based on the presence of
juvenile (age 0) brown trout to explore potential differences between put-and-take fisheries
and wild populations supporting local reproduction. We considered non-native brown
trout present for this analysis if they occurred in any survey within a given site, and we
treated this as a factorial variable in analysis (present/absent). MDDNR has not stocked
brook trout during the study period, and therefore, we interpret brook trout records as
samples from wild populations.

2.2. Trend Analysis

We estimated temporal changes in adult and juvenile fish density using nonparametric
methods commonly used for hydrological and ecological trend assessment [37,38]. First,
we estimated the probability of non-random monotonic temporal trends in fish density
from Mann–Kendall S [39,40]. This statistic is based on the sum of the signed ranks of all
pairwise comparisons over the time series. We calculated S with a continuity correction
for tied pairs, and we used an alpha level of 0.1 to interpret statistical significance of the
associated temporal trends.

Second, we calculated Sen’s slope [41] for each site to estimate the magnitude of
temporal trends. Like the Mann–Kendall statistic, Sen’s slope evaluates all pairwise combi-
nations of observations in a time series, but in this case, it is calculated as the median of all
pairwise slopes (rather than signed-rank sums). We used these nonparametric methods
for trend analysis because they are less sensitive to outliers, heteroscedastic error distribu-
tions, and non-independence of sequential years that can boost type-I error rates in linear
regression models and associated techniques [42] and because their simplicity facilitates
replication of our analysis. We used functions in R package “trend” version 1.1.6 to calculate
Mann–Kendall statistics and Sen’s slopes [43].

2.3. Environmental Analysis

We explored geophysical attributes, land use, non-native trout, and air temperature
trends to interpret fish density trends (Table 1). Geophysical attributes included indices
of stream habitat volume (upstream basin area), mean annual air temperature (elevation),
groundwater contribution to stream flow (baseflow index), and mean depth to bedrock
(index of shallow groundwater volume). Land use variables quantified change in the
percent of watersheds classified as forest, agriculture, and urban land use between 2001
and 2019 in the NLCD, and we combined NLCD subcategories into generalized classes
following Hitt et al. [44]. We also tallied the number of ponds located within 1 km upstream
from fish sample sites and within a 100 m lateral buffer around streams. Geophysical and
land use data were compiled from the StreamCat dataset at the watershed level [45], and
pond data were compiled by Maryland DNR personnel as point locations from satellite
imagery (4-band near-infrared spectral data at 15 cm spatial resolution). We included a
100 m buffer distance from streams to tally ponds based on prior research demonstrating
thermal effects within this distance [46].
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Table 1. Environmental covariates for fish sample sites in the Piedmont (n = 15), Blue Ridge (n = 18),
and Appalachian Plateau (n = 37) physiographic regions sampled over a 36-year period (1988–2023).
Cells provide mean values with standard deviations in parentheses. Variable codes for Table 2 are
given in brackets.

Physiographic Region

Category Variable Units Piedmont
(n = 15)

Blue Ridge
(n = 18)

Appalachian
Plateau
(n = 37)

Geophysical Elevation [EL] m 218 (61) 425 (50) 751 (56)
Basin area [BA] km2 6.2 (5.2) 12.6 (8.0) 25.2 (26.2)
Baseflow index [BFI] Index 61.6 (4.1) 49.4 (1.9) 40.8 (0.3)
Mean depth to bedrock [DB] cm 148 (3) 133 (12) 100 (5)

Land use Change in agricultural area [AG] % −0.36 (0.85) 0.53 (0.56) −0.19 (1.08)
Change in urban area [UR] % 0.52 (0.58) 0.22 (0.24) 0.47 (1.24)
Change in forest area [FO] % 0.21 (1.06) −0.55 (0.59) −0.13 (2.03)
Ponds within 1 km [PO] Count 0.93 (1.10) 0.05 (0.24) 0.08 (0.36)

Non-native trout Adult brown trout presence Proportion of sites 0.13 0.19 0.21
Juvenile brown trout presence Proportion of sites 0.10 0.13 0.17

Air temperature Mean annual air temperature
trend [AT] Sen’s slope 0.025

(0.003) 0.013 (0.003) 0.024 (0.002)

Table 2. Correlation matrix for temporal trends in density of brook trout adults (ADU), juveniles
(YOY), and environmental covariates across sites (n = 70). Above-diagonal cells show Spearman
correlation coefficients and below-diagonal cells show associated p-values. Environmental covariate
codes are given in Table 1. Correlations with p < 0.05 are shown in bold.

ADU YOY EL BA BFI DB AG UR FO PO AT

ADU - 0.45 0.05 0.13 −0.18 −0.09 0.09 0.10 −0.02 −0.25 −0.31
YOY <0.01 - 0.34 0.09 −0.32 −0.22 0.20 −0.14 <0.01 −0.28 −0.19
EL 0.68 <0.01 - 0.44 −0.83 −0.72 0.01 −0.11 0.06 −0.34 0.12
BA 0.30 0.46 <0.01 - −0.57 −0.46 −0.25 0.09 0.27 −0.43 −0.07
BFI 0.14 0.01 <0.01 <0.01 - 0.87 0.19 −0.05 −0.19 0.46 0.01
DB 0.43 0.07 <0.01 <0.01 <0.01 - 0.23 −0.05 −0.25 0.43 −0.06
AG 0.44 0.09 0.96 0.04 0.12 0.05 - −0.25 −0.82 −0.21 −0.22
UR 0.40 0.25 0.37 0.44 0.71 0.69 0.04 - <0.01 0.20 0.11
FO 0.89 0.98 0.62 0.03 0.11 0.03 <0.01 1.00 - 0.23 0.28
PO 0.04 0.02 <0.01 <0.01 <0.01 <0.01 0.08 0.10 0.05 - 0.38
AT 0.01 0.11 0.31 0.57 0.97 0.60 0.07 0.35 0.02 <0.01 -

We also quantified air temperature change to explore atmospheric influences on fish
population trends over time. We used Daymet data [47] to calculate Sen’s slopes [41] for
trends in mean annual air temperature for each fish survey site across the entire study
period (1988–2023). Daymet reports daily minimum and maximum air temperatures from
which we estimated daily mean air temperature as half the sum of reported daily minima
and maxima. We then calculated the mean annual air temperature from the daily data.
We used functions in R package “daymetr” version 1.7.1 to compile Daymet data for each
site and year [48]. We then evaluated the relationship between fish population trends and
environmental conditions using non-parametric correlations. All analyses were performed
in R version 4.3.2 [49].
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3. Results

The fish dataset encompassed 24,904 adult brook trout and 15,503 juvenile brook trout
across 999 surveys. Sample reach lengths ranged from 42 to 258 m (mean = 93 m), and
sample reach widths ranged from 1 to 17 m (mean = 5 m). Based on the sampled area
in each survey, observed densities of adult brook trout ranged from 0 to 0.69 fish/m2

(mean = 0.07 fish/m2), and observed densities of juvenile brook trout ranged from 0 to
0.64 fish/m2 (mean = 0.05 fish/m2).

Adult trout densities exhibited a significant declining trend within the study area,
as indicated by the negative and asymmetric distribution of Sen’s slope values across
sites (Figure 2A; Wilcoxon p < 0.001). Decreasing densities of adult fish were detected in
19 sites (27%), and increases were detected in 5 sites (7%) (Figure 1; Mann–Kendall p < 0.1;
respectively). Across all sites, adult fish density decreased by an average of 26 fish/hectare
per year, with the loss rate among the 19 decreasing sites averaging 58 fish/hectare per
year (mean annual Sen’s slope = −0.0026 and −0.0058 fish/m2/year, respectively).
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Figure 2. Distribution of temporal trends in adult (A) and juvenile (B) brook trout density across
study sites (Figure 1).

Juvenile fish densities did not exhibit a singular temporal trend within the study
area, as indicated by the symmetrical distribution of Sen’s slope values about 0 (Figure 2B;
Wilcoxon p = 0.8). However, 10 sites (14%) showed significant increases in juvenile fish
densities over time, and 4 sites (6%) showed decreases (Figure 1; Mann–Kendall p < 0.1;
respectively). Temporal trends in adult and juvenile density were positively associated
across sites (Table 2), and a linear model described the relationship with a slope of 0.52 and
R2 of 0.38 (Figure 3).

Trends in adult fish density did not vary among physiographic regions (ANOVA
F = 1.2, p = 0.3), with similar rates of decline observed in the Piedmont, Blue Ridge, and
Appalachian Plateau sites (Figure 4A). However, juvenile fish trends did vary among
physiographic regions (ANOVA, F = 4.2, p = 0.02), with sites in the Piedmont showing
greater declines than in the Appalachian Plateau (Tukey HSD, p = 0.02; Figure 4B). Mean
trend rates (Sen’s slopes) were greater for juvenile fish than adult fish across sites (t = 2.0,
p = 0.05), as were maximum rates of increase over time. However, the maximum loss rate
for adult fish exceeded that of juvenile fish (Figure 4).
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Figure 4. Temporal trends in adult (A) and juvenile (B) brook trout density by physiographic region:
Appalachian Plateau (APP), Blue Ridge (BLU), and Piedmont (PIE). Median values are shown as
white lines.

The presence of non-native brown trout varied by region and life stage (Table 1): adults
were observed in 37 sites (53%), and juveniles were observed in 28 sites (40%). In contrast,
brown trout adults and juveniles were observed in each physiographic region (Table 1).
The presence of non-native brown trout was not associated with brook trout declines. Mean
juvenile brook trout trends (Sen’s slopes) did not differ in the presence or absence of adult
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brown trout (t = −1.0, p = 0.33) or juvenile brown trout (t = 0.09, p = 0.93). Likewise, mean
adult brook trout trends were not significantly different in the presence or absence of adult
brown trout (t = 1.0, p = 0.34) or juvenile brown trout (t = 1.0, p = 0.34).

Environmental covariates within study sites included a range of geophysical and
anthropogenic attributes that varied by physiographic region (Table 1). Elevations ranged
from 162 to 819 m above sea level (mean = 553 m) and increased from east to west across
physiographic regions. Upstream basin areas ranged from 2 to 127 km2 (mean = 18 km2),
with greater mean basin areas in Appalachian Plateau sites than other regions (ANOVA
F = 5.9, p < 0.01; Tukey HSD p < 0.1, respectively). Mean depth to bedrock and baseflow
index values increased from western to eastern regions (ANOVA p < 0.001; Tukey HSD
p < 0.001, respectively).

Analysis of watershed-level NLCD data revealed some changes in land use between
2001 and 2019 (Table 1). Averaged across all sites, forest cover decreased by 0.16%, agri-
cultural cover decreased by 0.04%, and urban land cover increased by 0.42%. Changes in
forest cover and urban land use did not vary by physiographic region (ANOVA p > 0.4,
respectively), but Blue Ridge sites exhibited more agricultural development than sites in
other regions (ANOVA F = 4.8, p = 0.01; Tukey HSD p = 0.02, respectively). Headwater
ponds within the analysis zone (1 km upstream from sites and 100 m buffer distance to
streams) occurred across the study area, but their abundance varied among physiographic
regions (ANOVA F = 12.9, p < 0.001) such that ponds were more common in the Piedmont
than in the Blue Ridge or Appalachian Plateau (Tukey HSD p < 0.001, respectively).

Analysis of Daymet air temperature data revealed a warming trend during the study
period (1988–2023): mean annual air temperatures increased by an average of 0.021 ◦C/year
across all sites. Although all physiographic regions exhibited warming trends (i.e., all Sen’s
slopes > 0), warming rates differed among regions (ANOVA F = 103, p < 0.001) such that
mean increases were greater in Appalachian Plateau and Piedmont sites than Blue Ridge
sites (Tukey HSD p < 0.001, respectively). Mean warming rates in Appalachian Plateau and
Piedmont sites were approximately twice those of Blue Ridge sites (Table 1).

Atmospheric warming trends did not correspond closely with elevation but were
positively associated with increases in forest cover over time (p = 0.02) as well as the
number of headwater ponds within the analysis zone (1 km upstream from sites and 100 m
from the stream, p < 0.01; Table 2). Elevation was positively correlated with basin size
(i.e., larger watersheds were in western regions) and negatively correlated with the baseflow
index, mean depth to bedrock, and headwater ponds (Table 2). As expected, increases
in agricultural cover over time were associated with decreases in forest cover. Likewise,
increases in urban cover over time were associated with decreases in agricultural cover.
However, temporal changes in forest cover were not related to changes in urban land
use (Table 2), suggesting that urbanization during the analysis period (2001–2019) was
primarily a result of conversion from agriculture rather than forest (Table 2).

4. Discussion

Our analysis revealed decreasing densities of adult brook trout in multiple physio-
graphic regions and indicated the primacy of air temperature over land use change or
non-native trout to explain the observed declines. Although adult fish densities were
stable over time in more sites than were declining (46 vs. 19, respectively), increases in air
temperature were more strongly associated with fish population declines than changes in
land use or other environmental variables. Our results, therefore, indicate that strategies
for native trout conservation should consider atmospheric warming trends in addition to
land use and stocking practices.

Our estimates of trout density were within the range reported from other Appalachian
streams. For example, Wagner et al. [5] estimated a mean adult brook trout density of
0.057 fish/m2 in their study of 291 stream sites in Pennsylvania, whereas our estimate was
0.070 fish/m2. Likewise, our estimates of adult and juvenile brook trout density were also
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within the range reported by Utz and Hartman [50] in Appalachian Plateau streams and by
Hitt et al. [51] in Blue Ridge stream pools.

We observed stronger temporal trends for adult fish than juvenile fish: 24 sites showed
significant (p < 0.1) temporal change for adult age classes, whereas 14 sites were significant
at this statistical threshold for juvenile fish. This result is consistent with prior work
demonstrating greater interannual variation in the abundance of juvenile brook trout than
adults [52], with an associated decrease in statistical power to detect trends in juvenile
brook trout recruitment and abundance [53]. For example, Childress et al. [3] observed
similar environmental associations for adult and juvenile brook trout trends in the Blue
Ridge region, but juvenile fish models exhibited larger confidence intervals (i.e., more likely
to encompass zero).

Our estimates of air temperature change are consistent with prior research. Since
1984, the estimated rate of atmospheric warming is 0.02 ◦C/year [54], the same mean
rate we observed within our study area over a similar time period (1988–2023). How-
ever, our estimated warming rate was less than the mean rate across North America of
0.034 ◦C/year [54], and our sites in the Blue Ridge region showed the greatest departure
from continental trends with an estimated mean warming rate of 0.013 ◦C/year (Table 1).
Rice and Jastram [21] reported a mean rate of monthly average air temperature warming of
0.023 ◦C/year in the Chesapeake Bay region, similar to our observations.

The general consistency of our results with regional and continental trends may be
because the DAYMET dataset draws from the same set of sites as used in the continental
and global analysis (Global Historical Climatology Network daily [55]) but nonetheless
is noteworthy given the smaller geographic extent of our study area. River and stream
temperatures in the region have also been warming over recent decades [19–21], but we
did not evaluate water temperature change in this study due to data availability limita-
tions. We recognize that air–water relationships are moderated by localized groundwater
dynamics and other factors [23,56,57]). For instance, carbonate bedrock formations in karst
terrain may provide thermal resiliency for fish communities due to large groundwater
inputs [58,59], but such buffering effects will depend on aquifer depth and volume [11,56]
as well as localized groundwater flow paths (i.e., conduit or fracture flow) that regulate
heat-exchange processes in stream water [57]. Ongoing efforts to repatriate brook trout
to streams in karst terrain (B. Keplinger, District Fisheries Biologist, West Virginia De-
partment of Natural Resources, personal communication, 15 July 2023) could provide
new brook trout populations in thermally resilient sites with long-term benefits for native
trout conservation.

Our analysis also revealed increasing juvenile brook trout trends at higher elevations,
and, in contrast to adult trout, we found no significant effect of air temperature on juvenile
trout trends. We also observed an unexpected effect of BFI on juvenile trout, such that low
BFI scores were associated with increasing juvenile trout trends. BFI provides an index
of groundwater potential in streams, and such groundwater inputs could facilitate larval
and juvenile fish survival by stabilizing discharge and minimizing scouring flows [52]
or moderating stream temperatures [23,60]. Nonetheless, our results demonstrated the
opposite effect, which may indicate other mechanisms or effects of other unmeasured
environmental covariates associated with BFI. In either case, our results suggest that
recruitment limitation is not a primary cause of adult trout trends and that increasing
juvenile fish was not a result of diminished predation risk due to decreasing adult trout
densities over time.

We found that headwater ponds were associated with decreasing brook trout densities
(Table 2), but this was secondary to the overriding effect of air temperature. Headwater
ponds are associated with increases in stream temperature [46,61] due to solar incidence and
discharge of epilimnetic water. Moreover, preliminary investigations by MD-DNR suggest
the potential for simple stand-pipe modifications to moderate downstream warming by
pulling water from greater depths. Additional research is needed to evaluate the distance
of downstream cooling from pond discharge modification as well as the potential to apply
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the approach for trout habitat restoration across the Appalachian region. Although fish
movements into localized thermal refugia may be important, regional emigration is not
possible in this study area because these populations occupy the highest elevations available
with sufficient stream flow, and downstream conditions are warm water mainstem habitats
that exceed thermal thresholds for brook trout. Future research could investigate the
availability of localized groundwater processes as possible explanations where populations
were observed to be stable over time.

There are several important considerations for the interpretation of our results. First,
our sample sites exhibited relatively minor changes in land use during the study period. For
instance, estimated changes in land use generally constituted < 1% of the watershed area,
whereas Stranko et al. [2] reported effects of impervious surface at 4% of the watershed
area. This may be in part because 30 of our sites (42%) were MBSS sentinel sites, and
these locations were chosen to represent relatively intact ecosystem conditions rather than
areas of rapid land use change [36]. In addition, our estimates of land use change were
organized at the watershed level rather than the riparian zone, and we aggregated multiple
land use categories into generalized categories for analysis (forest, agriculture, urban).
Prior research has demonstrated the distance-specific effects of land use on stream fish
communities [62,63], and this may be a productive area for future research.

Second, most of the variation in adult brook trout trends was unexplained by air
temperature trends or other environmental covariates. This suggests that unmeasured
covariates may be more important to explain trout population trends. For example, angler
pressure is expected to vary across the study area, and this was not included in our models.
Although handling may affect brook trout survival during high temperatures [64], harvest
probably accounts for a very small proportion of annual adult brook trout mortality, and
brook trout harvest is currently prohibited in the Blue Ridge and Piedmont regions in
Maryland. We also note that the effects of air temperature were not spatially homogenous
across the study area, and site-level water temperature data are needed to explore this
effect directly.

Third, we did not account for detection probability in our estimates of abundance and
fish density. Prior research has estimated higher detection probabilities for adult brook trout
than juvenile brook trout (0.69 vs. 0.56 [3]; 0.70 vs. 0.57 [7]) using standard electrofishing
techniques in streams. Our study sites used multiple electrofishing methods (e.g., number
of sampling passes and number of electrofishing backpacks used), and these differences
may have introduced noise into our analysis of temporal trends. However, consistent
methods were deployed through time in each site, and our preliminary analysis revealed
no significant differences in temporal trends estimated with and without accounting for
imperfect detection. We, therefore, chose to ignore this source of uncertainty to facilitate
replication of our analysis by others. However, our results may represent conservative esti-
mates of temporal change because we did not account for possible among-year differences
in detection probability [7] that would be expected to increase observed variation in fish
density and decrease statistical power for temporal trend detection [53].

Our results have implications for native trout conservation and restoration planning.
Restoration of forest cover around streams is a major conservation practice for native brook
trout [65], and losses of brook trout have been observed in response to the loss of forest
and increase in urbanized land cover [2], but we did not observe significant effects of land
use change on brook trout trends. However, our estimates of land use change focused on
watershed-level conditions and did not evaluate riparian-level changes. Moreover, 43% of
our sample sites consisted of the MBSS sentinel site network, which was located to enable
long-term biological monitoring in the absence of rapid land use change [36]. Although our
study cannot evaluate riparian-specific effects of land use change, our results suggest the
primacy of atmospheric controls on brook trout population trends at the landscape scale.
Our results also underscore the importance of identifying and conserving thermal refugia
for cold water fish population persistence.
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Appendix A

Table A1. Spatial coordinates and temporal trends in fish density (fish/m2) per year as Sen’s slope
values. Coordinates are in decimal degrees.

Site Code Latitude Longitude Adult
Brook Trout Trend

Juvenile Brook Trout
Trend

ANTI-101-S 39.65833 −77.5452 −0.0023 −0.0009
ANTM6191 39.66278 −77.5322 −0.0050 0.0010
CSLM0001 39.64850 −79.1386 0.0167 0.0347
CSLM0002 39.63892 −79.1651 0.0140 0.0458
CSLM0004 39.69296 −79.1869 −0.0084 0.0007
CSLM0005 39.60816 −79.1945 −0.0045 0.0058
DOBL0025 39.65434 −76.9076 −0.0053 −0.0045
LBRR5468 39.40120 −76.9194 −0.0086 −0.0048
LGNF6439 39.52438 −76.5368 0.0012 −0.0083
LIBE-102-S 39.44055 −76.8641 0.0000 0.0000
LOCH-120-S 39.47878 −76.6818 −0.0002 0.0002
LRRR0008 39.47943 −76.6781 −0.0029 0.0039
LRRR2892 39.59946 −76.7063 −0.0054 −0.0093
LRRR6263 39.57730 −76.6777 −0.0113 −0.0051
PBRR0003 39.69090 −76.7679 −0.0347 −0.0135
PBRR0013 39.67948 −76.7715 −0.0118 −0.0229
PBRR0018 39.67653 −76.7708 0.0001 0.0026
PBRR0048 39.70136 −76.8058 0.0068 −0.0050
PBRR1933 39.64534 −76.7198 −0.0053 −0.0004
PBRR3834 39.69151 −76.7777 −0.0018 0.0018
PRLN-626-S 39.54581 −78.9055 −0.0040 −0.0020
SAVA-204-S 39.50378 −79.1556 −0.0012 0.0001
SAVA-225-S 39.59930 −79.0668 −0.0007 0.0000
SAVA-276-S 39.54123 −79.2134 −0.0037 −0.0055
SAVG0002 39.48595 −79.0834 −0.0007 −0.0006
SAVG0010 39.61981 −79.1437 −0.0010 0.0040
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Table A1. Cont.

Site Code Latitude Longitude Adult
Brook Trout Trend

Juvenile Brook Trout
Trend

SAVG0011 39.60364 −79.1206 −0.0012 −0.0012
SAVG0012 39.59179 −79.1041 −0.0109 −0.0054
SAVG0020 39.56443 −79.1982 −0.0048 0.0024
SAVG0021 39.55553 −79.1549 0.0015 −0.0076
SAVG0022 39.55001 −79.1470 0.0023 0.0024
SAVG0030 39.47330 −79.1953 −0.0050 0.0015
SAVG0031 39.49378 −79.1685 −0.0029 −0.0007
SAVG0040 39.58355 −79.1712 0.0020 0.0029
SAVG0041 39.55862 −79.1525 0.0014 0.0027
SAVG0042 39.54492 −79.1414 −0.0033 0.0007
SAVG0050 39.53464 −79.1873 −0.0087 0.0007
SAVG0051 39.51245 −79.1616 −0.0065 0.0006
SAVG0052 39.51356 −79.1562 0.0001 0.0008
SAVG0060 39.63718 −79.0589 −0.0003 0.0029
SAVG0061 39.62556 −79.0627 −0.0033 0.0033
SAVG0062 39.60268 −79.0712 0.0001 0.0040
SAVG0070 39.61250 −79.0281 −0.0072 −0.0016
SAVG0071 39.60046 −79.0385 −0.0075 0.0017
SAVG0072 39.59710 −79.0541 −0.0066 −0.0018
SAVG0080 39.59596 −79.0652 −0.0002 −0.0009
SAVG0081 39.58618 −79.0849 −0.0019 −0.0003
SAVG0082 39.56458 −79.1084 −0.0009 0.0000
SAVG0084 39.59995 −79.0547 −0.0004 0.0002
SAVG5004 39.58635 −79.0955 −0.0238 −0.0064
UMNC0001 39.58006 −77.4320 −0.0002 0.0005
UMNC0002 39.48999 −77.4736 0.0000 −0.0248
UMNC1235 39.55769 −77.4820 −0.0306 −0.0160
UMNC1333 39.52934 −77.4720 0.0020 0.0025
UMNC2652 39.58222 −77.4518 −0.0009 0.0001
UMNC2897 39.53516 −77.4674 −0.0022 0.0032
UMNC2964 39.62983 −77.4439 0.0021 0.0000
UMNC3372 39.53806 −77.4666 0.0038 0.0022
UMNC3449 39.62125 −77.4375 0.0000 0.0000
UMNC5720 39.66916 −77.4790 0.0004 0.0006
UMNC5722 39.66115 −77.4813 0.0000 0.0017
UMNC6096 39.48436 −77.4658 −0.0006 −0.0001
UMNC6577 39.58553 −77.4363 −0.0006 0.0000
UMNC6836 39.53912 −77.4761 0.0055 0.0051
UMNC6857 39.63344 −77.4765 −0.0012 0.0000
UMON-119-S 39.58739 −77.4893 −0.0031 −0.0009
UMON-288-S 39.60939 −77.4349 −0.0041 −0.0018
YOGH0009 39.53182 −79.4029 0.0111 0.0105
YOGH0010 39.53203 −79.4040 0.0057 0.0159
YOUG-432-S 39.64264 −79.2798 0.0006 −0.0003
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