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Abstract: The Current River is a cold-water, thermally constant Missouri Ozark stream and is one
of the few remaining free-flowing rivers in the U.S. The Current River’s baseflow is largely fed by
hundreds of springs, which include five first-magnitude springs. Little attention has been given to the
influence of spring inflows on river temperature and spring influence on biodiversity. The objectives
of this study were to demonstrate how large springs affect river macroinvertebrate communities,
and to explore the relationships among macroinvertebrate diversity and habitat variables to estimate
spring influences on community structure and diversity. Aquatic macroinvertebrates were collected
from 42 riffle/run habitats of the Current River main-stem, tributaries, and springs during the winter
season. Samples at each site were collected using a Slack-Surber sampler for macroinvertebrates
with additional habitat variables collected: substrate size, embeddedness, periphyton, filamentous
green algae, vegetation, depth, current velocity, temperature, dissolved oxygen, specific conductance,
and pH. Beta diversity analysis was performed on consecutive pairs of site taxa richness values
using the Wilson–Shmida calculation to determine the impact of main-stem confluences with either
tributaries or springs, and invertebrate community relationships were explored using nonmetric
multidimensional scaling (NMDS). Water temperature and taxa richness exhibited similar patterns,
with higher temperatures being associated with lower taxa richness. Downstream of each large-
magnitude spring, taxa richness sharply decreased, while taxa richness increased downstream
of tributaries. Beta diversity usually declined downstream of the confluences with springs, but
increased downstream of the tributaries. Data from large springs were closely grouped in NMDS,
while tributaries and main-stem sites were more widely scattered. These data indicate spring inputs
produce more homogenous conditions in the main-stem river compared to more heterogenous
conditions produced by tributary inputs. Macroinvertebrate diversity along the Current River
also does not follow predictions from the river continuum concept, but rather diversity peaks are
downstream of springs. Our data clearly demonstrate the strong influence of large springs on
macroinvertebrate communities in the Current River.

Keywords: beta diversity; river continuum concept; serial discontinuity concept; confluence; Ozark
National Scenic Riverways

1. Introduction

Biodiversity varies across space according to both physical and chemical gradients [1–3].
Therefore, understanding gradual and abrupt shifts in biodiversity can help us better
determine ecological drivers to such change. Measuring only species or taxa richness
often does not provide sufficient insight to explain differences among sites [4]. Instead,
Heino et al. [5] suggest that studies need to focus more on comparisons of diversity at
multiple scales, including beta diversity, in order to understand what shapes community
diversity. Beta diversity captures the change in the community composition in relation to
environmental gradients. Therefore, analyzing beta diversity should interpret the degree of
differentiation among biological communities within a region by capturing the dissimilarity
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between sample pairs to essentially measure taxonomic turnover. Beta diversity is therefore
the link between the local and regional species pools [6–8].

The influence of temperature on aquatic life has been the focus of numerous studies
on streams and rivers [9–13]. For example, temperature-related cues are crucial for the
sustained presence of insects in the benthic macroinvertebrate community because they
strongly influence growth and development [9]. Lower diversity has been associated with
decreasing water temperature due in large part to the loss of insect taxa [10,12]. However,
less attention has been given to the influence of cold spring inflows on river temperature
and its influence on biodiversity [14–17]. As reported by Smith and Wood [18] and Smith
et al. [19], species composition within and outside of springs often differs, thus enhancing
beta diversity within those systems. Springs often have a lower diversity of aquatic
macroinvertebrates compared to surface-fed streams [12,20] due to stable water flows and
physical-chemical measures, consistent water temperatures, and lower nutrient loadings.
Moreover, Ebersole et al. [13] reported that cold-water inflows can provide thermal refugia
to cold-adapted species when they flow into rivers that have higher water temperatures. In
contrast to springs, Caissie [21] found water temperature in headwater streams is generally
close to groundwater sources, but it then generally increases in a downstream direction.
Accordingly, the river continuum concept (RCC) [22] predicts that taxonomic richness
should generally resemble a bell curve from headwaters to river mouths with the highest
diversity in the mid-reaches.

The Current River in southeastern Missouri is one of the few remaining large, free-
flowing streams in the Ozarks Physiographic Province. The karst topography of the Ozarks
allows for the formation of many springs, of which there are more than 400 in the Current
River basin [23,24]. In the Current River watershed (Figure 1), there are five first magnitude
springs (≥2.83 m3/s), and six second magnitude springs (0.28–2.83 m3/s), in addition to the
many other springs of lesser magnitude (<0.28 m3/s) [24,25]. Three of the first magnitude
and three second magnitude springs are located upstream of the Jacks Fork confluence,
which is the major tributary in the basin. Additionally, there are two first magnitude and
two second magnitude springs located downstream of that confluence. The springs provide
the bulk of the baseflow for the Current River and Jacks Fork, and approximately 92%
of the water in the Current River at Van Buren, Missouri, originates from springs in the
watershed [26], resulting in largely thermally homogeneous flows downstream of that
location. To our knowledge, no other river in North America has a similar arrangement of
large springs within such a small spatial area.

Given the unique density and arrangement of large springs along the basin of the
Current River, we are interested in the influence of those springs on river beta diversity. We
anticipated that areas in the Current River located downstream of large-spring, confluences
would have altered water temperatures that would, in turn, result in lower macroinver-
tebrate diversity compared to areas upstream of these confluences, or to areas located
downstream of surface-fed tributaries. Therefore, the aims of our study were to (1) investi-
gate diversity relationships among aquatic macroinvertebrate communities in this unique
river system and (2) determine whether they fit within the framework of the RCC and
other established stream models. We also assess the relationships among macroinvertebrate
diversity and habitat variables among sampling sites to estimate their respective influences
on community structure and diversity.
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Figure 1. Map of the Current River Watershed, Missouri, showing approximate locations of high
magnitude springs, tributaries, and river sampling sites. River sampling sites are in sequential
order from headwaters to downstream (see Appendix A). Montauk Spring is designated as the
first river sampling site (C1). Cave (upper and lower), Cove, Gravel and Bass Rock springs were
not sampled. Springs are longitudinally oriented on the Current River with their magnitude in
parenthesis: Montauk (1), Welch (1), Cave (upper) (2), Pulltite (2), Round (2), Alley (1), Blue (1),
Gravel (2), Bass Rock (2), and Big (1), Cave (lower) (2). No samples were collected from Cave (upper
and lower), Gravel. Bass Rock or Phillips springs. Major tributaries that are longitudinally oriented
on the Current River include Ashley Creek, Shafer Spring Creek, Big Creek West, Sinking Creek,
Big Creek East, Sutton Creek, Thompson Creek, Blair Creek, Powder Mill Creek, Rocky Creek, Carr
Creek, Rogers Creek, and Mill Creek. No samples were collected from Ashley Creek. The major
tributary of the Current River, the Jacks Fork, is here treated as a spring because the majority of the
flow in that stream comes from Alley Spring. Although sampling data upstream of Alley Spring are
available, they are not included in this study.

2. Materials and Methods
2.1. Study Area and Site Selection

We sampled the Current River, its tributaries, and springs located in Ozark National
Scenic Riverways (OZAR), located in southeastern Missouri. Sampling was conducted
at a total of 42 sampling sites: 23 permanent mainstem river sites on the Current River,
6 large-magnitude springs, and 13 surface-fed tributaries (Figure 1, Appendix A). Montauk
Spring, the source of the Current River, is an additional large-magnitude spring, but it
was treated as a river sampling site for analysis purposes. The springs are cold-water and
thermally consistent, having water temperatures of about 13.5–14.5 ◦C [24]. Surface-fed
tributaries contribute much less to the base flow, although upstream of the Jacks Fork
they generally have greater flows and larger watershed areas. The surface-fed streams
have cold-water temperatures during winter months, but these streams become warmer
(>19 ◦C) during summer. The thermally cold spring flows in this basin support numerous
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cold-adapted species, including rainbow trout Oncorhynchus mykiss (Walbaum), which are
stocked by the Missouri Department of Conservation.

All samples were collected from riffle/run habitats [27] during November through
early January during 2005–2009, 2012, 2014, and 2016. Mainstem sampling sites were
located at varying distances downstream of the confluences of large springs and surface-
fed tributaries.

2.2. Macroinvertebrate Sampling

Benthic macroinvertebrate samples were collected using a Slack-Surber sampler
(500 µm mesh, 0.25 m2, n = 9; [28]. Specific field and lab procedures are those described
in Bowles et al. [27] and are not repeated here. All identifications of taxa were completed
by using a standardized instruction [27]. Data are from the publicly available database of
the National Park Service, Heartland Inventory and Monitoring Network, Wilson’s Creek
National Battlefield, Missouri, and additional data are from Heth [29] and Heth et al. [30].

From these data we calculated taxa richness (alpha diversity) and number of EPT
(Ephemeroptera, Plecoptera, Trichoptera) taxa for analyses in this study. Although raw
taxa richness estimates based on our subsampling routine (≥200 organisms, plus large
and rare search) possibly could be biased, it has been previously shown that taxa richness
increases rapidly in samples up to 200 individuals, but it increases at a much slower rate
thereafter [31]. We therefore feel our data adequately represent true richness in our samples
without using rarefaction procedures.

2.3. Habitat and Water Quality

Several qualitative habitat variables were measured in association with benthic sam-
ples [27]. They include substrate, periphyton, filamentous green algae, and aquatic vegeta-
tion. Variables were estimated within the sampling net frame and recorded as percentage
categories (0, <10, 10–40, 40–75, >75) and analyzed as midpoints of each category across
years for each site. This approach allowed us to estimate the average condition of the
variables for those sampling sites. We also visually assessed dominant substrate size using
the Wentworth scale [32]. Additionally, we measured depth (cm) and current velocity
(m/s) immediately in front of the sampling net frame. Discharge was determined from
appropriate USGS gages or measured in situ immediately above the sampling site using
a top-setting wading rod fitted with a calibrated Marsh–McBirney Flow-Mate 2000 flow
meter [33]. Discrete readings of water-quality parameters (temperature, dissolved oxygen,
specific conductance, and pH) were recorded at each riffle/run sampled with calibrated,
hand-held instruments (YSI models 55, 63, ProPlus). In addition to the discrete measure-
ments, we recorded continuous, hourly readings of temperature, dissolved oxygen, specific
conductance, pH, and turbidity for at least one week prior to sampling using calibrated data
loggers (YSI models 6600, 6920) at two fixed sites on the Current River (Figure 1). Water
quality data were averaged across years for each site to estimate their general condition
and are not intended to represent the broader range of possible conditions over seasons
and years.

2.4. Statistical Analysis

Habitat data for sampling sites (Table 1) were checked for normality (Shapiro–Wilks
test), log transformed when necessary, and analyzed with a Kruskal–Wallis (alpha = 0.05)
and Dunn’s post-hoc test for significant tests. For the Dunn’s post-hoc test comparisons,
S = springs, T = tributaries, C = river.

We evaluated the relationship of taxa and EPT richness and associated environmen-
tal variables among collection sites using nonmetric multidimensional scaling (NMDS)
with a Bray–Curtis distance measure (PAST statistical software, version 4.06b, [34]. Only
significantly different variables were included in the model (Table 1, Kruskal–Wallis test,
alpha = 0.05). In order to reduce skew and increase interpretability, we transformed vari-
ables prior to analysis using Log10 for water quality data while proportional data were
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transformed using arcsin square root. Depth and current velocity were not included in this
analysis due to their relative uniformity among samples over time. NMDS was selected
for analysis because it is suitable for handling non-normal data and non-continuous data
with null values [35]. We tested two-dimensional and three-dimensional NMDS models
based on the rationale that stress values can be reduced in additional dimensions [34].
The corresponding Shepard’s plot and coefficient of determination (R2) were evaluated to
estimate the strength of the model. Each run for each dimension consisted of a sequence of
11 trials, from which the one with smallest stress value was chosen as the best fit [34].

Table 1. Habitat and diversity variables for springs, tributary and river sampling sites at Ozark
National Scenic Riverways, Missouri. Values are means with standard error in parentheses. Kruskal–
Wallis test (alpha = 0.05) with Dunn’s post hoc test. For Dunn’s Test, S = springs, T = tributaries
C = river.

Parameter Springs Tributaries River Kruskal-Wallis Test Dunn’s Test (p-Value)

N 6 13 23 p-value H S-C S-T T-C

Discharge (m3/s)
3.95

(1.69)
0.35

(0.11)
8.01

(2.74) 0.008 9.51 0.35 0.006 0.01

Temperature (◦C) 13.02
(0.44)

11.57
(0.52)

8.64
(0.58) 0.0001 17.97 0.0012 0.19 0.003

Dissolved oxygen (mg/L) 9.36
(0.16)

10.13
(0.25)

11.64
(0.28) 0.0003 16.43 0.0004 0.23 0.003

Specific conductance
(µm/cm)

274.97
(13.44)

323.09
(22.83)

258.12
(7.47) 0.005 10.40 0.21 0.21 0.001

pH 7.30
(0.02)

7.94
(0.07)

7.92
(0.08) 0.0006 14.94 0.0002 0.0005 0.92

% Periphyton 27.11
(4.68)

24.56
(0.82)

43.43
(4.64) 0.003 11.75 0.02 0.90 0.002

% Vegetation 45.11
(8.07)

1.59
(1.29)

2.08
(0.79) 0.0007 13.40 0.001 0.0002 0.38

% Filamentous
green algae

12.68
(1.88)

3.60
(1.46)

5.23
(1.69) 0.002 12.11 0.002 0.0008 0.48

Dominant substrate
size (mm)

59.91
(8.98)

36.63
(2.11)

42.12
(2.68) 0.01 8.40 0.04 0.004 0.16

% Embeddedness 39.14
(2.90)

36.12
(2.37)

33.60
(2.39) 0.29 2.42 0.13 0.39 0.46

Taxa richness 19.8
(2.94)

23.67
(1.07)

30.81
(1.52) 0.0004 15.73 0.0003 0.16 0.008

EPT richness 6.80
(1.21)

9.89
(0.79)

17.13
(0.90) 0.000002 25.74 0.000016 0.26 0.0001

Beta diversity analysis was conducted on taxa richness values among sites using
the Wilson–Shmida calculation [36] by analyzing consecutive pairs along the river longi-
tude in relation to the location of large-volume springs and surface-fed tributaries. The
Wilson–Shmida test was used because it is considered to be the most robust measure of beta
diversity for presence–absence data collected along environmental gradients [36]. Index
scores range from 0, meaning complete similarity, and 1, meaning complete dissimilar-
ity. For the purpose of graphical comparison, we multiplied the Wilson–Shmida values
by 50 so they could be represented on the same scale as water temperature and taxa richness.
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3. Results

All habitat variables were significantly different among the three types of sampling
sites (i.e., river, tributaries, springs) with the exception of percent embeddedness (Table 1,
Kruskal–Wallis test). Dunn’s post hoc test results showed many of the comparisons among
the three habitat types were significant. Generally, water temperature increased at Cur-
rent River sampling sites located downstream of large springs, while water temperature
decreased at sites downstream of surface-fed tributary confluences.

Water temperature and taxa richness exhibited a general pattern with higher tem-
peratures being associated with decreased taxa richness (Figure 2). Downstream of each
major spring, taxa richness generally decreased, while conversely taxa richness increased
downstream of tributaries. It was also evident that beta diversity declined downstream
of the confluence for each spring, but similarly increased downstream of the tributaries.
Notable exceptions were for site 16, which has three substantial tributaries located upstream
of the site, and two located downstream appear to override the effects associated with the
flows of Alley Spring. Interestingly, taxa richness for site 21 peaked sharply compared to
other sites located upstream of it. The tributary located upstream of this site, Rocky Creek,
had the highest taxa richness among those included in this study.
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Figure 2. Mean water temperature (◦C), taxa richness (alpha diversity) and beta diversity taken
along the Current River, Missouri. Arrows indicate approximate locations where first and second
magnitude springs flow into the river, and dashed vertical lines indicate approximate locations where
surface-fed tributaries flow into the river. See the Appendix A and Figure 1 for specific locations of
the sampling sites.

Wilson–Shmida beta diversity values generally decreased downstream of the large
springs but increased downstream of tributaries (Figure 2). In cases where tributaries brack-
eted either side of a large-spring confluence (i.e., sites 15–17), the dissimilarity associated
with the tributaries appears to override the contribution of the springs. In contrast, when
large springs bracketed tributaries in the lower river (i.e., site 23), the springs appear to
have had the greater influence on the similarity of macroinvertebrate communities.

The NMDS generally corroborated the findings related to taxa richness and tempera-
ture (Figure 3). The three-dimensional NMDS model for the diversity and environmental
data was found to be stable, with the lowest stress value and a fair fit (Shepard plot stress
value = 0.16; Axis 1–0.50, Axis 2 = 0.25). Running the NMDS model in three dimensions
did not improve the stress scores or fit. With the exception of Montauk Springs, the large
springs were generally closely grouped in the ordination space compared to the widely
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scattered tributaries and mainstem sites. The tributaries also ordinated as a group, but with
more scatter compared to the springs. Consecutive mainstem river sites did not always
ordinate closely together as expected and were widely scattered in the ordination space.
Some of the river sites were grouped with tributaries. For example, sites C10, C15, C16, and
C19 were located further downstream of springs than the previous sampling site, which
were located immediately downstream of the springs. Site C4 was located downstream of a
spring-fed tributary, and site C23 was located nearly 14 km downstream of Big Spring.
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Figure 3. NMDS biplot of taxa diversity, water quality and habitat data for springs (S), tributaries (T)
and river (C) sampling sites located at Ozark National Scenic Riverways, Missouri. Sites for each
habitat type are numbered consecutively from upstream to downstream. Refer to the Appendix A for
additional interpretation of site codes. Site C1 is Montauk Spring.

4. Discussion

Water temperatures in the Current River downstream of high-magnitude springs were
warmer in winter, while sites downstream of tributaries were colder, with the opposite
occurring during warmer months. Bowles et al. [37] and Heth et al. [30] reported high
diversity of aquatic invertebrates at sampling sites along the length of the Current River,
while the diversity of aquatic macroinvertebrates in the large springs is generally much
lower compared to the river and tributaries, although densities are typically greater in
springs [38,39]. This study further elucidated the dynamics of macroinvertebrate diversity
in the river by showing that taxa richness in river samples was lower at sites located down-
stream of springs, while it increased downstream of tributaries. Furthermore, beta diversity
values generally decreased downstream of the large springs but increased downstream
of tributaries, which likely relates to the more homogeneous conditions at the former
sites compared to more heterogeneous conditions of the latter. This suggests that the
contribution of springs to the river resulted in more similar communities by producing
more homogeneous conditions in those areas compared to more dissimilar communities
downstream of the surface-fed tributaries where conditions were more heterogeneous. We
also showed that the influence of surface-fed tributaries on macroinvertebrate communities
lessens in a downstream direction due in large part to the overwhelming influence of
spring flows.

Ordination showed that springs and tributaries generally clustered within their re-
spective groups, but river sampling sites exhibited a broader ordination with some of those
sites being grouped more closely with tributaries. Consecutive mainstem river sites did
not always ordinate close together as expected and were widely scattered in the ordina-
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tion space, and some of the river sites were grouped with tributaries. This suggests that
the influences of the springs were being mitigated by the river at those locations relative
to those sites closer to the springs. The lack of a strong ordination of Montauk Spring
(as the first river site) with the other large springs was not expected. However, Mon-
tauk State Fish Hatchery diverts water from the spring to support their operations with
the effluent returned to the spring channel approximately 0.8 km downstream of the
source. The Montauk hatchery produces 300,000 to 400,000 rainbow trout and stocks about
200,000 trout in the park annually, with concomitant fishing activity. Thus, that portion
of the upper river likely has altered ecological functioning both in terms of changes in
water chemistry and nutrient additions, and highly augmented predation by trout on the
macroinvertebrate populations in the spring and spring-run [40].

The diversity of aquatic macroinvertebrates along the length of the Current River
are not well described by previously published stream ecology models, most notably the
river continuum concept (RCC). In the RCC, the expected response curves of taxa richness
and beta diversity along the river continuum are bell shaped curves with maximum
values expected in the mid-reaches, while lower values are expected in the headwaters
and downstream reaches [22,41]. Our findings showed much more irregular responses.
Similar to the RCC, the serial discontinuity concept (SDC) describes the longitudinal
resource gradient from headwater to mouth, but with a response curve related to the
longitudinal arrangement of dams along the river [42,43]. Notably, the SDC describes the
disruptive impacts that modified thermal and flow regimes have on river functioning along
its continuum. Our findings are described better by the SDC than they are by the RCC,
but the former model relates to impoundment effects and not springs and is therefore not
directly comparable.

The effects of surface tributary inflows on the diversity of receiving streams are
generally well described [41]. For example, tributary influences on stream species richness
depends on where it enters the stream. If the tributary enters upstream of the point of
the system richness maximum, it drives the stream to that maximum. If the tributary
enters downstream of the point of system richness maximum, it can partially reset that
maximum [41]. In the Current River, such responses were not evident from the data we
collected. Taxa richness and beta diversity in this river oscillate broadly from headwaters
to its downstream reaches with some of the highest diversity in the headwaters and
downstream areas, as well as the mid-reaches. This unexpected pattern may be due in part
to the Current River not following a typical pattern of increasing stream order as well as
the disruptive influences of numerous large, thermally consistent springs. Although the
volume of the river increases greatly along its 296 km length before its confluence with
the Black River, the majority of inflows in the Current River come from high-magnitude
springs, which technically are first order, rather than the higher order seen in many of the
tributaries. Our data shows that these large springs serve to reset taxa richness along the
length of the river to which we attribute thermal disruption.

Thermal alterations to streams can have profound impacts on macroinvertebrate di-
versity. For example, previous studies have reported the importance of cold-water patches
related to stream inflows of tributaries, which can serve as seasonal ‘hotspots’ of pro-
ductivity and diversity for benthic macroinvertebrates and other aquatic life, as well as
major nodes of geomorphic adjustments [13,44]. However, the tributaries in those studies
were not spring-fed and the inflows demonstrated broad seasonal and temporal variability
unlike the spring-fed tributaries in this study. In contrast, the thermally consistent springs
flowing into the Current River provide consistent warm-water patches in the winter and
cold-water patches in the summer, with the tributaries doing the opposite and in a much
more variable fashion [30,37–39,45]. Additionally, the springs we studied maintain contin-
uous flows and have never been known to stop flowing, while the tributaries occasionally
go through periods of low and partially hyporheic flows, especially during summer. We
contend greater thermal variability helps to explain the greater macroinvertebrate diversity
we found in the river downstream of tributaries during winter.
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Although the influence of tributary inflows on rivers, including beta diversity of
aquatic macroinvertebrates, is fairly well documented [41,44,46], springs generally have
received much less attention in this regard [12]. Although springs likewise have the capac-
ity to alter receiving streams, they do so quite differently than a surface-fed stream [12,47],
and they are capable of strongly influencing physiochemical and biological patterns [26].
Springs establish physicochemical longitudinal patterns that can be predicted based on
distance from the spring source. Springs add large quantities of organic matter, stabilize
temperature fluctuations, and increase stream velocities [10,12]. Accordingly, those fac-
tors can influence diversity of aquatic macroinvertebrate communities [48,49]. As noted
by Gonzales-Yrujillo and Alonso-Moreno [50], beta-diversity patterns are often linked
to differences in habitat heterogeneity and spatial distance among headwater streams.
Their findings suggest that habitat simplification induces functional homogenization of
the community and diminishes the extent of change in community composition among
sites. Similarly, our data showing beta diversity decreased downstream of springs but
increased downstream of tributaries, supports the findings of Gonzales-Yrujillo and Alonso-
Moreno [50]. In this study, spring inflows resulted in more homogeneous habitat conditions
in the Current River compared to the more heterogeneous tributaries, which was reflected
in macroinvertebrate community compositions at those river sites where the latter were
most dissimilar. Our finding was the opposite of Gray and Harding [47], who found that
spring creeks flowing into braided New Zealand rivers had higher diversity compared
to main channel habitats. However, the discharges of the springs studied by Gray and
Harding [47] were of far lesser magnitude than those in this study so the relative influences
of those springs may not have been as strong.

As reported by Astorga et al. [8], higher disturbance frequency, and perhaps higher
stream variability in recovery from disturbance, may contribute to higher species turnover.
Therefore, general stability and uniformity of large-volume springs that confluence with
the river may serve to mitigate such disturbance and therefore reduce heterogeneity and
turnover. The large springs flowing into the Current River are highly homogeneous with
respect to temperature, water quality and physical attributes in addition to biological
communities [24,38,39,51], and disturbance of those springs due to floods and other factors
is not common [52]. We recognize this assessment may be an oversimplification of our
sampling sites and the river itself given that streams have complex hierarchical structures
that make it difficult to ascertain specific contributions of the many physical and chemical
contributions to those sites [48]. However, our data clearly show the large springs have a
strong influence on macroinvertebrate communities in the Current River. In other words,
the Current River is fed primarily by an irregular pattern of stable spring flows in addition
to highly variable tributary flows.

Benda et al. [15] argued that the RCC’s predictions of gradual downstream change in
river attributes and associated biological processes are valid over orders of magnitude in
river size, but the complexity of riverine ecology must be studied in terms of patchiness or
heterogeneity, stochastic disturbance, and hierarchical scaling. Collectively this complexity
points to studying streams based on the principles of landscape ecology emphasizing the
importance of studying riverine habitats and their patchiness over multi-kilometer scales.
While linear approaches to stream ecology such as the RCC predict gradual and continuous
downstream changes, especially in biological processes, non-linear models such as stream
networks and branching influenced by stochastic influences, interrupts the downstream
continua, and such disruptions have been termed ‘river discontinuum’ perspectives [16].
Such interruptions often produce heterogeneous distributions of habitats [16]. Tributaries
certainly have the potential to disrupt linear functioning and produce discontinuum, but
large volume springs appear to have even more potential to do so.

Because we measured temperatures during the colder months of the year
(November–January), when the spring water was warmer than that of the tributaries
and river, the opposite response would be expected during the warmer months of the year,
with possible neutral responses during early fall and spring. That notion was validated by
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Westhoff and Paukert [45] who reported that springs influenced river temperatures in the
Current River during winter and summer, but the primary influence was from the large
springs. Moreover, smaller springs along the Current River that contributed less than 5%
of the mainstem discharge did not affect river water temperatures beyond a few hundred
meters downstream, but as spring magnitude increased, the influence of groundwater
on river water temperature increased [45]. To our knowledge, the observed response of
aquatic macroinvertebrate communities to the inflows of multiple large springs is a unique
occurrence in North America. While many other streams in North America have spring
inflows and even their sources from springs, none have multiple large springs along their
entire length serving to periodically alter the ecological functioning of the river at those
junctures. However, our findings may be partially applicable to streams with some major
spring inflows.

5. Conclusions

The strong influence the springs exert on the ecological functioning of the Current
River may provide this system with a unique resilience to physical disturbance. Spring-fed
rivers will become increasingly important as refugia for aquatic life due to the impacts
of climate change. Such resilience may be crucial as climate change causes thermal and
other alterations to regional streams. Rivers worldwide are threatened by a burgeoning
human population and its associated stressors [53], and it is imperative that conservation
efforts take into account the full array of these impacts to protect them. As noted by Lusardi
et al. [54], spring-fed rivers will become increasingly important for aquatic life due to the
impacts of climate change. For example, although the Current River is considered a high
quality resource and is designated a National Scenic River, the jurisdictional boundary
of OZAR encompasses only 4% of the watershed, leaving much of it unprotected from
human activities (e.g., agriculture, urbanization, and logging), which could result in the
alteration of water quantity and quality. The watersheds for the large springs in the region
are especially vulnerable to disturbance. Protecting and maintaining the integrity of those
natural resources is therefore a high priority because it also serves as a major economic
contributor to the region [55–57]. Presently, the strong influence the springs exert on the
ecological functioning of the river may provide this system with a unique resilience to
physical disturbance. Such resilience may be crucial as climate change causes thermal and
other alterations to regional streams.
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Appendix A

Table A1. List of sampling sites for aquatic invertebrates. Those springs and tributaries marked
with an asterisk were not included in this study. Site codes are used only for those sites included in
the analysis.

Site Name Site
Number

Distance
between Sites (km) Springs Tributaries River

Montauk Spring/Current River C1 0 X
Current River at Tan Vat C2 3.80 X
Ashley Creek * – 3.85 X
Current River at Parker C3 5.15 X
Schafer Spring Creek T2 0.11 X
Current River at Cedar Grove C4 2.92 X
Big Creek (West) T3 0.72 X
Current River downstream of Big Creek C5 0.30 X
Welch Spring S1 6.00 X
Current River downstream of Welch Spring C6 0.66 X
Current River at Howell C7 2.78 X
Cave Spring * – 6.50
Current River upstream of Pulltite Spring C8 7.30 X
Pulltite Spring S2 0.30 X
Current River downstream of Pulltite Spring C9 0.30 X
Current River further downstream Pulltite Spring C10 2.79 X
Current River Upstream of Sinking Creek C11 7.09 X
Sinking Creek T4 0.23 X
Current River downstream of Sinking Creek C12 0.28 X
Current River upstream of Round Spring C13 2.00 X
Round Spring S3 0.54 X
Current River downstream of Round Spring C14 0.20 X
Current River further downstream of Round Spring C15 0.43 X
Big Creek (East) Creek T5 11.25 X
Sutton Creek T6 9.90 X
Thompson Creek T7 3.90
Current River downstream of Thompson Creek C16 0.57 X X
Alley Spring/Jacks Fork S4/JF 0,38 X
Blair Creek T8 7.44 X
Powder Mill Creek T9 3.54 X
Current River upstream of Blue Spring C17 1.92 X
Blue Spring S5 0.14 X
Current River downstream of Blue Spring C18 0.79 X
Current River further downstream of Blue Spring C19 1.00 X
Current River upstream of Rocky Creek C20 1.66 X
Rocky Creek T10 2.07 X
Current River Downstream of Rocky Creek C21 3.08 X
Current River near Log Yard C22 4.91 X
Carr Creek T11 1.20 X
Gravel Spring * – 10.19 X
Rogers Creek T12 9.50 X
Mill Creek T13 5.80 X
Bass Rock Spring * – 1.50
Big Spring S6 9.40 X
Current River downstream of Big Spring C23 13.94 X
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