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Fish assemblage and environmental differences upstream
and downstream of a cave: a potential reset mechanism
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Abstract The traditional view of stream systems, ex-
emplified by the river continuum concept, shows pre-
dictable shifts in species composition and ecosystem
function based on changes in nutrients and energy.
Usually headwaters have fewer species, lower nutrients
and greater habitat variability than downstream sites.
The modern view of stream systems is much more
complex with disturbances altering expected environ-
mental conditions and assemblages. Reset mechanisms
function to change the expected downstream biotic as-
semblages so that they resemble what would be expect-
ed at an upstream location. The presence of a reset
mechanism may be indicated by a variety of factors
including decreases in biomass and diversity. To assess
the potential impacts of a cave, which can impact a
variety of hydrologic factors including temperature, fish
assemblages and environmental conditions were sam-
pled around a cave. Differences were seen both in
assemblage and environmental conditions between sites
located upstream and downstream of a cave; variation in
assemblage and environment also occurred at a 10 m
scale. Overall, species diversity and richness were lower
downstream of the cave, resembling a headwater-like
site. There was a shift from warmer water species
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upstream to an assemblage defined by high abundances
of mottled sculpin and the presence of brown trout.
These differences in assemblage were linked with envi-
ronmental conditions, including temperature, that were
likely influenced by the presence of the cave. Results of
this study indicate that, in this case, a cave has impacted
fish assemblages and the surrounding stream ecosystem
and may be functioning as a reset mechanism, resulting
in decreased species diversity and changes in assem-
blage composition over a short distance.

Keywords Cave - Reset mechanism - River continuum
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Introduction

Variation in the environment is an important predictor in
determining fish assemblages at a given location (e.g.,
Vannote et al. 1980; Hill and Grossman 1993; Petty and
Grossman 2007; Rowe et al. 2009). Spatial variation in
streams is usually examined longitudinally (e.g., Adams
etal. 2004; Grubbs et al. 2007; Li et al. 2012) because of
stream gradation (Kayde et al. 2008). Changes are evi-
dent both environmentally and biologically from a
stream’s headwaters to its mouth as described in the
river continuum concept (RCC; Vannote et al. 1980).
For example, headwater sections of temperate streams
tend to have lower temperatures due to more riparian
vegetation and a greater groundwater component
(Vannote et al. 1980; Mellina et al. 2002; Moore et al.
2005). The longitudinal gradation is altered when
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disturbance events result in patchy or discontinuous
habitats (Poole 2002; Stanley et al. 2010; Winemiller
et al. 2010) where disturbances are defined as in Resh
et al. (1988) as discrete events that are outside the
expected range in severity, frequency, or intensity that
may alter the ecosystem. In addition to longitudinal
alterations, patchy habitats can also contribute to finer
spatial scale heterogeneity in environment and fish as-
semblages (Adams et al. 2004; Kayde et al. 2008;
Winemiller et al. 2010). For example, daily fluctuations
in dissolved oxygen or temperature can limit habitation
by a species. Habitat diversity is considered responsible
for much of the diversity seen in stream assemblages
(Hynes 1970; Bain et al. 1988; Scheidegger and Bain
1995; Barbosa et al. 2003), and habitat diversity, in turn,
is influenced by disturbance.

Physical disturbance is a commonly studied mecha-
nism influencing local environmental conditions (Reice
1985; Robinson and Minshall 1986). Some disturbance
events may disrupt the traditional pattern of longitudinal
gradation and return environmental variables at a more
downstream site to headwater-like conditions (Vannote
etal. 1980; Poff and Allan 1995). For example, a strong
spate or shifting of sediments has been found to alter the
macroinvertebrate community and ‘reset’ the communi-
ty to one more expected in headwaters (Reice 1985).
However, not all reset mechanisms are disturbances. A
cave, for example, may also function to alter down-
stream water temperature (Dare et al. 2001; Bichuette
and Trajano 2003; Ferreira and Martins 2009), dissolved
oxygen concentrations (Tobler et al. 2006), food web
complexity (Fong and Culver 1994), and carbon avail-
ability (Poulson and Lavoie 2000; Simon et al. 2003).
Most research concerning the impacts of caves on fish
ecology has focused on stygobitic (cave-adapted) fishes,
but there is a deficit in the literature regarding the
influences of caves on epigean (surface) species (Poly
2001) and whether caves influence external stream
ecosystems.

Caves, sinkholes, and disappearing streams are asso-
ciated with karst landscapes. Karst is characterized by
bedrock, usually near the earth’s surface, which has been
dissolved by water to create formations such as sink-
holes. Karst landscapes occur worldwide, but their asso-
ciated hydrologic complexity, including the impacts of
caves, requires additional study to enhance our under-
standing. While studies have examined the importance
of caves and karst on cave-adapted fishes (e.g., Day et al.
2014), there is a gap in the research regarding stream and
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assemblage characteristics upstream and downstream of
a cave. The goal of this study was to compare fish
assemblages and environmental variables upstream and
downstream of a cave as a means of assessing the
impacts of the cave as a potential reset mechanism. To
examine variation at a finer spatial scale, the upstream
and downstream sites were divided into 10 m cells.
Differences in fish assemblages were related to environ-
mental variables, which could indicate whether the cave
has influenced the downstream portion of the stream.

Methods

The south branch of the Root River runs through pri-
marily agricultural land in the driftless zone of south-
eastern Minnesota, USA (Delong 2005). Groundwater
creates complex stream systems (Delong 2005), and the
area’s karst topography is characterized by numerous
sinkholes, caves, and sinking or “disappearing” streams.
Portions of the Root River sink through cracks in its
limestone bed and flow through a cave, while the rest of
the river continues to flow on the surface except at low
flow. Water flows through the cave covering at least
2.4 km in 6-10 h, although the exact distance of water
flow through the cave is unknown.

In summer 2009, there was no surface flow on the
Root River to connect sections of the river upstream and
downstream of the cave. Sites upstream (U) and down-
stream (D) of the cave were divided into five consecu-
tive 10 m cells (e.g., Aparicio and De Sostoa 1999); the
cells were numbered 1 through 5, with cell 1 being the
most upstream (e.g., D1=most upstream cell at the
downstream site). Two additional cells (D6 and D7)
were added after the first sampling event due to low
water levels in cells D1 and D2. The upstream site was
within one km of the beginning of the cave. The down-
stream site was approximately 8 km from the upstream
site following the river channel and 2 km below where
water exits the cave. Entrances and exits to the cave
consisted of small cracks, making fish passage through
the cave unlikely.

Fish were sampled in each 10 m cell with a backpack
electrofishing unit (Smith-Root Model 12, Vancouver,
WA, USA) in May—July 2009, which is post-spawn for
most stream species. Each cell was sampled four times
to assess variability and species diversity. Cells D1 and
D2 were only sampled once due to low water
conditions, while cells D6 and D7 were sampled three
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times. Block nets were placed at the upstream and
downstream ends of a cell to prevent fish from
escaping. Cells were electrofished from downstream to
upstream, similar to Aparicio and De Sostoa (1999) and
Skaski and Gilliam (2000). Each cell was electrofished
using three-pass depletion for approximately 45 min.
After three passes were conducted, all fish were identi-
fied, weighed (g), measured [total length (TL); mm],
and returned to the cell. Block nets were maintained
between cells during sampling to prevent fish from
being sampled twice.

Abiotic data were collected at each cell on each
sampling date. Width (m) was measured as wet width
in the center of each cell. Depth (m) and velocity (m-
s~ 1) were the average of three measurements across the
center of each cell. Velocity data were collected with a
Marsh-McBirney Flo-Mate 2000 (Marsh-McBirney,
Inc., Fredrick, MD, USA) at 2/3 of the water depth at
right, center and left of the channel. Percent cobble and
percent canopy cover were visually estimated in three
locations across the middle of each cell by two indepen-
dent observers; final percent cobble and percent cover
values represent an average of the six estimates per cell.

A principle component analysis (PCA) was used to
condense the environmental variables into principal
component axes (SAS 9.2 2002, SAS Institute Inc.,
Cary, NC, USA). Examination of eigenvectors and cor-
relations between abiotic variables and the PCs deter-
mined which variables were most influential for each
principle component (PC). Fish species richness, diver-
sity, biomass, and density were calculated for each cell
on each sampling date. Shannon-Weaver Diversity
Index (Peet 1974) was calculated as: H’=—) p; log p;,
where p; is the number of individuals of one species
divided by the total number of individuals (N). Mean
richness, diversity, biomass and all environmental vari-
ables were compared between upstream and down-
stream but were not compared statistically due to lack
of independence. Non-metric multidimensional scaling
(NMDS) was performed on the fish assemblage data
(proportion of catch) to identify and visualize assem-
blage similarities among cells. The NMDS was per-
formed with the Sorenson (Bray-Curtis) distance mea-
sure; 400 maximum iterations were performed over 40
runs using the fish assemblage data and 50 runs with the
Monte Carlo permutation procedure in PC-ORD (v. 4.0,
MJM Software Design, Gleneden Beach, OR, USA).
Upstream to downstream differences in fish assem-
blages were statistically compared using multi-

response permutation procedure (MRPP). Principle
components were correlated with the NMDS dimen-
sions to evaluate relationships between assemblages
and environmental variables (e.g., Uzarski et al. 2005).

Results

Environmental characteristics differed between the up-
stream and downstream sites. Over 90 % of the variation
among cells was explained by three PCs. Principle
component 1, which explained 44 % of the variation,
was correlated with velocity, wet width, and percent
cobble (Fig. 1; Table 1). Principal component 2 ex-
plained 32 % of the variation and was correlated with
depth, velocity and percent cover. Principal component
3 explained 16 % of the variation and was correlated
with water temperature. Overall, upstream cells were
deeper and narrower with lower percent canopy cover
than downstream cells. Upstream cells were closer to-
gether in ordination space than downstream cells, indi-
cating the environmental variables and habitat were
more consistent upstream of the cave (Fig. 1).
Principal component 3 demonstrated that temperature
varied among the 10 m cells. Cells D1 and U5 appeared
different in environmental characteristics from other
downstream or upstream cells, respectively.

Species richness was found to be greater up-
stream (18 species) than downstream (15 species)
and species diversity was also greater (upstream =1.10,
downstream =0.61). Average biomass was 291.2 gm '
upstream and 247.9 gm™' downstream. The upstream
cells tended to be warmer (Table 2), deeper and have
more canopy cover than downstream cells. Downstream
biomass was influenced by high numbers of mottled
sculpin (Cottus bairdii; Girard 1850) and four large
brown trout (Salmo trutta; Linnaeus 1758) that were
the largest fish captured during this study. Bigmouth
shiner (Notropis dorsalis; Agassiz 1854), common shin-
er (N. cornutus; Mitchill 1817), johnny darter
(Etheostoma nigrum; Rafinesque 1820), and sunfish
spp. (Lepomis spp.) appeared in greater numbers at the
upstream sites (Fig. 2).

A two dimensional solution was used for NMDS
because further dimensions did not improve stress
(e.g., McCune et al. 2002). Dimension 1 explained
38 % of the variation in the fish assemblages while
dimension 2 explained 49 % of the variation (Fig. 3).
The NMDS grouped the cells by site (i.c., upstream or
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Fig. 1 Principle components (PCs) from principle components
analysis (PCA). Percentages represent the variability explained by
each PC. 10 m cell names are either upstream (U) or downstream
(D) followed by the cell number. Cells are numbered in ascending
order with cell 1 being the most downstream. Abiotic data include
velocity (vel), percent cover (cov), depth (dep), width (wid),
percent cobble (cobb), and temperature (temp)

downstream of the cave), indicating differences in the
fish assemblage between the sites (MRPP, P=0.006).
Upstream cells were characterized by northern
hogsucker, white sucker and central stoneroller. Rock
bass, rainbow darter and southern redbelly dace were
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Table 1 Correlation results of environmental variables measured
in the Root River, MN, with the significant principle components
(PCs).

PC1 PC2 PC3

r P r P r P
Velocity -0.86 0.0004 022 0.048 035 0.26
% Cover 0.57 0.05 0.74 0.006 —-0.21 0.52
Depth 0.39 021 -0.82 0.001 036 0.25
Width 0.87 0.0003 0.38 0.23 0.004 0.99

% Cobble —0.80 0.002 040 020 -0.21 0.52
Temperature  0.14 0.67 0.57 0.05 0.79  0.002
NMDS 1 -0.40 0.20 -0.07 082 —-0.79 0.003
NMDS 2 030 034 -0.82 0.001 -0.09 0.78

Correlations between the PCs and the results of the non-metric
multidimensional scaling (NDMS) are also presented

also associated with upstream of the cave and were not
found downstream of the cave. Downstream cells were
characterized by the presence of cool water species,
specifically brown trout and a high density of mottled
sculpin as well as fantail darter and longnose dace.
Overall, results of the NMDS indicated that the assem-
blages in downstream 10 m cells were more different
from each other than upstream cells as indicated by their
distribution across dimension 1. The presence of
American brook lamprey separated D7 from other
downstream cells. Greater prevalence of mottled sculpin
separated D4 and D5 from other downstream cells.

Correlations among fish NMDS dimensions and the
abiotic PCs provide some indication as to the possible
environmental causes of differences in assemblages be-
tween sites upstream and downstream of the cave.
Dimension 1 was correlated with PC3, indicating differ-
ences seen in mottled sculpin abundance may be related
to temperature (Fig. 4; Table 1). Dimension 2 was
correlated with PC2, indicating that assemblage differ-
ences between upstream and downstream sites may be
related to differences in velocity, width and percent
cobble.

Discussion

Differences in fish assemblages and environmental
characteristics upstream and downstream of the cave
demonstrate that caves may function as a reset mecha-
nism. Sites that are located downstream should have
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Table2 Summaries of environmental variables (mean (+SE)) at each cell for sites upstream (U) and downstream (D) of the cave on the Root

River, MN

Site Cell Depth (m) Temp (°C) Velocity (ms ™) % Cobble % Cover Width (m)
U 1 0.34(0.07) 16.98(1.24) 0.36(0.06) 51.67(16.41) 32.78(7.72) 14.82(0.43)
U 2 0.37(0.04) 17.70(0.78) 0.36(0.07) 76.25(6.25) 33.74(5.50) 14.53(0.43)
U 3 0.40(0.56) 19.07(0.98) 0.50(0.11) 67.50(4.79) 25.83(4.22) 13.30(0.27)
0] 4 0.39(0.03) 17.25(0.45) 0.31(0) 60.00(0) 38.33(5.00) 12.47(0.27)
U 5 0.50(0.03) 16.40(0.40) 0.19(0) 45.00(5.00) 25.42(7.92) 12.13(0.98)
D 1 0.39(0.03) 19.00(1.90) 0.81(0.19) 100.00(0) 6.67(3.33) 8.90(0.50)
D 2 0.20(0.04) 18.17(1.50) 0.77(0.06) 98.33(1.67) 39.44(12.92) 12.02(0.08)
D 3 0.23(0.03) 19.03(0.96) 0.58(0.08) 90.00(3.54) 42.92(5.33) 11.50(0.18)
D 4 0.27(0.03) 17.50(0.81) 0.45(0.21) 95.00(5.00) 55.56(11.60) 13.50(1.40)
D 5 0.27(0.002) 18.50(0.60) 0.23(0.001) 100.00(0) 44.17(9.17) 15.11(1.09)
D 6 0.31(0.02) 20.20(0.50) 0.33(0.8) 47.50(32.5) 65.00(11.67) 16.10(0)

D 7 0.43(0) 20.80(0) 0.36(0) 50.00(0) 50.00(0) 16.90(0)

Cell number indicates the 10 m section of stream sampled. 10 m cells are numbered in ascending order from upstream to downstream within
each upstream and downstream site with 1 being the most downstream

increased diversity and be more homogeneous in envi-
ronmental characteristics with increased flow, primary
production, and autochthonous nutrient inputs (RCC;
Vannote et al. 1980). In this study, the site downstream
of the cave was cooler and greater variability in both
environmental conditions and fish assemblage.
Moreover, downstream sites within rivers will typically
have higher numbers of species (Matthews 1998; Kayde
et al. 2008), but the upstream site in this study a higher

value. Fine-scale habitat variation is often overlooked,
but the variability among the downstream cells high-
lights the influence small environmental differences can
have on an assemblage. Contrary to what was found in
this study, habitat may become more stable within a
given area downstream (Ostrand and Wilde 2001;
Mellina et al. 2002; Moore et al. 2005).

Disturbance contributes to variation in environmental
conditions (Montgomery 1999; Poole 2002; Winemiller
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Fig. 2 Mean densities (individuals m 2, standard error bars) of all
fish species captured at the site upstream (open bars; U) and
downstream (black bars; D) during the study. Codes for species
are as follows: ABL-American brook lamprey (Lampetra appen-
dix; Dekay 1842), BMS-bigmouth shiner, BND-blacknose dace
(Rhinichthys atratulus; Hermann 1804), BNM-bluntnose minnow
(Pimephales notatus; Rafinesque 1820), BSB-brook stickleback
(Culaea inconstans; Kirtland 1840), BT-brown trout, CSR-central
stoneroller (Campostoma anomalum; Rafinesque 1820), CS-
common shiner, CC-creek chub (Semotilus atromaculatus;

E Site 1
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Rafinesque 1820), FD-fantail darter (Etheostoma flabellare;
Rafinesque 1819), HH- hornyhead chub (Nocomis biguttatus;
Kirtland 1840), JD- johnny darter, LND-longnose dace
(R. cataractae; Valenciennes 1842), MS-mottled sculpin, NHS-
northern hog sucker (Hypentelium nigricans; Lesueur 1817), RD-
rainbow darter (E. caeruleum; Storer 1845), SR-redhorse spp.
(Moxostoma spp.), RB-rock bass (Ambloplites rupestris;
Rafinesque 1817), SRD-Southern redbelly dace (Phoxinus
erythrogaster; Rafinesque, 1820), PS-sunfish spp., and WS-
white sucker (Catostomus commersonii; Lacepede 1803)
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et al. 2010) just as reset mechanisms also impact envi-
ronmental conditions. Variation was observed at a fine
spatial scale in both fish assemblage and environmental
variables upstream and downstream of the cave.
However, the downstream of the cave exhibited greater
variability among 10 m cells than at the upstream site.
While information is limited regarding the impacts of
caves on streams, disturbances as reset mechanisms are
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Fig.4 Correlations between non-metric multidimensional scaling
(NMDS) dimensions generated from fish community data and
principle components (PCs) from the environmental data. a Cor-
relation between dimension 1 from NMDS and PC3 (»=—0.79, P=
0.003). b Correlation between dimension 2 from NMDS and PC2
(r=—0.82, P=0.001). Site 1 is the site upstream of the cave

better understood. Disturbances, such as floods, are
considered potential reset mechanisms (Cummins
1977; Reice 1985; Townsend 1989). Floods cause resets
through removal of diversity as water scours away hab-
itat, nutrients, and organisms leading to uniformity
(Cummins 1977). Many forms of disturbance occur
quickly and last for only a short time (Townsend
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1989), resulting in relatively rapid shifts in assemblages
and environmental conditions. However, storm-related
floods occurring frequently cause a continual reset of
fish assemblages when modeled over more than a de-
cade (Strange et al. 1992), indicating that reset mecha-
nisms can function at longer temporal scales. Such
frequent disturbances can also function as reset mecha-
nisms and have been shown to decrease species diver-
sity (Robinson and Minshall 1986). Caves impact
streams over geologic time and their long-term presence
on the landscape could result in a permanent reset in
environmental characteristics and fish assemblage.
Caves are known to influence multiple environmen-
tal variables, including temperature, within the cave
itself and downstream (Tuttle and Stevenson 1978).
Other streams and springs in southeastern Minnesota
have exhibited temperature impacts from caves and
karst (Luhmann et al. 2011). Another cave stream near
the current study site demonstrated extremely stable
temperatures but with some daily fluctuations caused
largely by precipitation (Luhmann et al. 2011). The site
downstream of the cave appeared impacted by the pres-
ence of the cave even though it was approximately 2 km
from where water exited the cave. The downstream
impacts of caves are not as well known, but the influ-
ence of groundwater input, which can exert the same
temperature buffering influence as a cave, is better un-
derstood (Brunke and Gonser 1997; Mellina et al. 2002;
O’Driscoll and DeWalle 2006). Temperature in a head-
water stream can be controlled and moderated by
groundwater input resulting in cooler temperatures dur-
ing summer and warmer temperatures throughout winter
(Mellina et al. 2002; Moore et al. 2005). Some of the
downstream impacts observed in this study could have
been caused by an alteration in the thermal regime or
thermal buffering caused by the cave. Indeed, the down-
stream site water temperatures were significantly lower
throughout the summer. A stream’s thermal regime is
known to impact fish assemblage (Lyons 1996) as each
species distributes based on individual behavior and
temperature tolerance (Nielsen et al. 1994; Wootton
1998; Ebersole et al. 2001) and cave temperature is
known to influence aquatic macroinvertebrate commu-
nities (Reid et al. 2012). Correlations between NMDS
and PCA indicated that temperature may drive assem-
blage differences including the exclusive presences of
American brook lamprey downstream of the cave. The
site downstream of the cave was characterized by the
presence of cooler water species such as brown trout and

mottled sculpin. The presence of brown trout and mot-
tled sculpin downstream of the cave and their absence
upstream demonstrates that the cave may influence fish
assemblage through its impact on water temperature
similar to the effects of groundwater inputs.

Cave ecosystems and communities downstream of
the cave may also be impacted by energy and carbon
availability. Many caves are nutrient polluted because
nitrogen and phosphorus are not filtered before entering
the cave and are also not utilized within the cave itself
because there is no photosynthesis occuring (Boyer and
Pasquarell 1996; Simon and Buikema 1997; Simon and
Benfield 2002). Cave ecosystems have been found to be
limited in organic carbon (Simon and Benfield 2002)
and energy (Huntsman et al. 2011). Therefore, organic
matter and carbon entering the cave is utilized by cave
organisms (Simon and Benfield 2002; Huntsman et al.
2011) and so organic material maybe decreased down-
stream. For example, organic carbon turnover rate in
bethic cave communities was found to be extremely
rapid (Simon and Benfield 2002). This usage of organic
carbon by the cave ecosystem may increase the impor-
tance of allocthonous carbon inputs, which, therefore,
more similar to a headwater stream.

The temperature and biotic characteristics of cave
ecosystems are mediated by flow, which may also im-
pact the stream ecosystem downstream of a cave. In
southeastern Minnesota karst streams, the temperature
of stream was impacted by the amount of stream flow
(Luhmann et al. 2011). This is caused by changes in the
paths of water flow, which may decrease the time water
spends in the cave allowing for less time for the water to
equilibrate to rock temperature (Luhmann et al. 2011).
Water sources (i.e., precipitation trickling in from above
vs. stream flow) can also impact cave temperature
(Covington et al. 2012) resulting in warmer cave streams
around major precipitation events (Luhmann et al.
2011). However, some caves may remain at consistent
temperatures despite precipitation (Ravbar and Kosutnik
2014). Increased flow events can also allow the
movement of organisms or wash organisms through
a cave and alter fish assemblages (Romero 2011).
For example, higher flows allowed an epigean form
of a fish to invade a cave ecosystem and displace the
hypogean variety of the same species (Romero et al.
2002). Increased flows can also increase available
organism matter by washing debris into the cave.
The impacts of flow on this study system may not
have been detected in this case because the study
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encompassed relatively stable summer conditions
although several precipitation events did occur.

A cave may function as a reset mechanism, with the
stream downstream of a cave being more headwater-
like. This study examined just one stream system and so
examination of additional sites would be ideal; however,
these results indicate that karst impacts on epigean fish-
es do exist. Cool water fish species were present and
temperature was lower, similar to headwater streams
where ground water inputs moderate stream tempera-
ture. There was also increased fine-scale variability
downstream of the cave in both fish assemblage and
habitat. This river and cave system provided an oppor-
tunity to study a unique stream allowing for direct
comparison of fish assemblage and environmental char-
acteristics upstream and downstream of a cave. This
study demonstrated that a cave’s influence may be sim-
ilar to groundwater inputs but may also reset the stream.
Karst landscapes are present worldwide, but their eco-
logical effects have yet to be fully realized.
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