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Abstract
The effects of urbanization and climate change have altered fish assemblages in streams. These effects will allow some fish species to colonize new habitats, have their resource and habitat niches reduced, or retreat upstream to escape into tributaries. The goal of this study was to see what species are affected by these changes in the Swannanoa River and its tributaries by looking at fish assemblage across an elevation gradient. Six sites were sampled in the mainstem Swannanoa and eight in the tributaries. I conducted tests to get species correlation across elevation, along with the Shannon diversity index and species abundance for each site. A low-head dam appeared to affect assemblage with several species present only above or below the dam. Sites below the dam were urban while sites above were relatively forested. These urban sites had low numbers of Central Stonerollers, suggesting that below the dam does not support the species well. This was unexpected as urban streams tend to have more algae, a food source for the species. The Shannon diversity index and species abundance found above the dam reflect what would be expected at the lower sites. Cold-water species such as Mottled Sculpin, Rainbow and Brown Trout were positively correlated with elevation. These results contradict previous studies that found more species downstream compared to upstream. My results suggest that urbanization contributes to the poor conditions in the lower sites, while the dam acts as a boundary between stream conditions. To get better conditions in the stream and reduce the effects of urbanization, stream restoration efforts could be done.
1. Introduction
The southern Appalachians hold a large diversity of freshwater stream fishes. Numerous large watersheds and mountain ranges have allowed different species to evolve, and rare species can be found in unique, small tributaries. These freshwater ecosystems are fragile and are susceptible to the effects of climate change, pollution, and urbanization (Rashleigh 2004, Scott 2006). More development in these areas causes the streams to be affected by pollution caused by construction and increased runoff (Allan et al. 2022, Scott 2006, Sutherland et al. 2022, Woltemade & Hawkins, 2016). 
	As stream conditions change due to anthropogenic influences, the organisms in the streams will have to adapt. In streams that have increases in water temperatures cold water species will struggle (Isaak et al. 2015, Lyons et al 2010.). The increase in water temperature can allow warm water species to move upstream and colonize there as it fits their niche. Cold water species would have to move further upstream, and open niches could allow invasive species to colonize (Hessler et al. 2023, Isaak et al. 2015). This alteration of stream habitats has limited the range of freshwater fishes (Sievert et al. 2016). Reductions in ranges will cause species to move into areas upstream that fit their niche, if they must keep moving then they will reach a point where they cannot go further upstream (Comte et al., 2012). This would increase the range of tolerant mainstem species going upstream, displacing the tributary species (Pugh et al. 2020).
	There are limitations on what species are found in tributaries and the river mainstem. Water temperature, dissolved oxygen, conductivity, pollution, nutrients, food sources, and habitat are different in the tributaries than in the mainstems (Bowes et al. 2023). Tributaries tend to have cooler temperatures, and habitats that can support sensitive species in higher elevations. Mainstream degradation will force sensitive species to escape into the tributaries to find their niches. The river continuum concept states that there should be more species diversity in the downstream sections of rivers compared to upstream (Gelwick 1990, Vannote et al. 1980). Due to elevation changes, water chemistry, water temperature, and resource and habitat changes. 
	The Swannanoa River is in the French Broad River basin and is threatened by urbanization and agriculture land use (Rashleigh 2004). It stretches from Black Mountain, NC to Asheville, NC. Development has and will lead to the condition of the stream diminishing and having poor and restricting niches that can exclude already vulnerable species. Approximately four miles from the convergence with the French Broad River is a dam that restricts the movement of fish up and downstream. Recent efforts have been made to reintroduce fish, specifically the Tangerine Darter, up and downstream of the dam, but it is not well known if these fish have been able to successfully colonize the stream (Monk, 2022).
	This study aims to find out what is limiting and or allowing certain species to be in the tributaries or the mainstem of the Swannanoa River. I formed two hypotheses: (1) species that need colder water will be found more in the tributaries and are less likely to be found in the mainstem, and (2) elevation will restrict some species distributions.
2. Methods
I sampled six sites in the Swannanoa River from October to November of 2023. Each of these sites was paired with a nearby tributary (Table 1). Sampling fish was done at each site by identifying two riffles and two pools and electrofishing in a single pass method with a Halltech backpack electrofisher. I identified a riffle in the stream as an area with obvious current and small standing waves. A pool was defined as an area that has a relatively still current with no standing waves. Electrofishing was done moving upstream while crossing side to side of the stream banks.  After each electrofishing pass, the sampled fish were identified, counted, released, and put into a database. Data from the tributaries were obtained via a previous study in 2022. The methods of obtaining fish samples and stream conditions were similar to the 2022 study. 
	I used a HACH HQ30D multimeter to measure the dissolved oxygen (mg/L), conductivity (μS/cm), and temperature (C°) of the stream. For this study, conductivity of the stream was used as an indicator of pollution. These measurements were taken upstream of the sampling site to prevent the disturbed substrate from influencing measurements. Elevation of the streams was determined by pin pointing the stream in Google Maps.
At each site and the tributaries, I determined the species' abundance and diversity. Abundance was determined using relative abundance, dividing the number of each species from the total number of fish collected for each site. I calculated the species diversity of the sites using the Shannon diversity index. Pearson’s correlation coefficient was calculated to find species abundance correlation to elevation, using a critical value of ±0.621 and an alpha of 0.05.




Table 1. Site numbers with the nearest tributary and decimal degree coordinates, going downstream to upstream. 
	Site
	Tributary
	Coordinates

	1
	Sweeten creek
	35.567803, -82.545792

	2
	Haw Creek
	35.576445, -82.523572

	3
	Grassy Branch
	35.580692, -82.473307

	4
	Beetree Creek
	35.608185, -82.430788

	5
	North Fork of the Swannanoa
	35.603086, -82.361331

	6
	Camp Branch, Flat Creek, Burgins Cove
	35.612743, -82.320220



Table 2. Species found in the mainstem Swannanoa above, below, or both of the low-head dam between sites two and three.
	Both (n=14)
	

	Silver Shiner Notropis photogenis
	Central Stoneroller Campostoma anomalum

	River Chub Nocomis micropogon
	Warpaint Shiner Luxilus coccogenis

	Fantail Darter Etheostoma flabellare
	Redhorse Moxostoma spp.

	Northern Hogsucker Hypentelium nigricans 
	Green Sunfish Lepomis cyanellus

	Swannanoa Darter Etheostoma swannanoa
	Redline Darter Etheostoma rufilineatum

	Mountain Brook Lamprey Ichthyomyzon greeleyi
	Creek Chub Semotilus atromaculatus

	Tennessee Shiner Notropis leuciodus
	Blacknose Dace Rhinichthys atratulus


	Below Only (n=5)
	

	Bigeye Chub Hybopsis amblops
	Gilt Darter Percide evides

	Greenside Darter Etheostoma blennioides
	Banded Darter Etheostoma zonale

	Smallmouth Bass Micropterus dolomieu
	


	Above Only (n=13)
	

	Saffron Shiner Notropis rubricroceus
	Mirror Shiner Notropis spectrunculus

	Whitetail Shiner Cyprinella galactura
	Brown Trout Salmo trutta

	Largemouth Bass Micropterus salmoides
	Flat Bullhead Ameiurus platycephalus

	Rosyside Dace Clinostomus funduloides 
	White Sucker Catostomus commersonii

	Rainbow Trout Onchorhychus mykiss
	Longnose Dace Rhinichthys cataractae

	Redbreast Sunfish Lepomis auritus 
	Mottled Sculpin Cottus bairdii 

	Bluegill Lepomis macrochirus 
	




3. Results
	In total, 1542 individuals and 31 species were sampled in the mainstem Swannanoa. The tributaries had 1347 individuals and 24 species sampled. There was an increase in sampled individuals going upstream, with site six having the most individuals, (330), and sites one and two having the least, (226 and 190), respectively. This was reflected in the tributary samples. The farthest downstream sites also had the lowest number of sampled species, (13). While the far upstream sites had higher sampled species numbers. One species was only found in the tributaries, rock bass at Sweeten Creek. 

Figure 2. Number of tributary species sampled compared to the number of mainstem species sampled for each site.
	The number of mainstem and tributary species were positively correlated (r = 0.797, p = 0.000049). The mainstem sites with the lowest number of sampled also had a small number of tributary species. At the mainstem sites with high numbers of sampled species there would be less species found in the tributaries, but still higher samples compared to the other tributaries. (figure 2). 


Table 3. Species correlation between elevation and relative abundance with their correlation value and zero, positive or negative correlation. An asterisk has been placed next to species with significant correlation. 0 is no correlation, + is a positive correlation, and – is a negative correlation.
	Species
	Pearson’s R
	Direction

	Banded Darter
	-0.432
	0

	Bigeye Chub*
	-0.719
	-

	Blacknose Dace*
	0.706
	+

	Bluegill
	0.037
	0

	Brown Trout
	-0.276
	0

	Central Stoneroller*
	0.809
	+

	Creek Chub
	-0.128
	0

	Fantail Darter
	-0.265
	0

	Flat Bullhead Catfish
	-0.029
	0

	Gilt Darter*
	-0.710
	-

	Green Sunfish
	0.366
	0

	Greenside Darter*
	-0.631
	-

	Largemouth Bass
	-0.276
	0

	Longnose Dace
	0.037
	0

	Mirror Shiner*
	0.915
	+

	Mottled Sculpin*
	0.957
	+

	Mountain Brook Lamprey*
	0.678
	+

	Northern Hogsucker
	0.266
	0

	Rainbow Trout*
	0.731
	+

	Redbreast Sunfish*
	0.886
	+

	Redhorse Spp.
	0.266
	0

	Redline Darter
	-0.619
	0

	River Chub
	-0.574
	0

	Rosyside Dace*
	0.749
	+

	Saffron Shiner
	0.449
	0

	Silver Shiner
	-0.605
	0

	Smallmouth Bass
	-0.477
	0

	Swannanoa Darter
	0.149
	0

	Tennessee Shiner*
	-0.699
	-

	Warpaint Shiner*
	0.643
	+

	White Sucker*
	0.731
	+

	Whitetail Shiner
	0.365
	0



Ten species were found with a positive correlation to higher elevation while there were four with negative correlation to elevation (table 3). The highest of these are the Mirror Shiner, Mottled Sculpin, Central Stoneroller, and Redbreast Sunfish. The species with high negative correlation are the Gilt Darter, Bigeye Chub, and Tennessee Shiner. These species were found exclusively below the dam between sites two and three.
Table 4. This table shows the date sampled, water temperature, dissolved oxygen, and conductivity of each of the sampled sites.
	Sites
	Date
	Temperature (C)
	Dissolved Oxygen (Mg/L)
	Conductivity (µS/cm)

	1
	Oct. 26
	15.65
	9.47
	91.4

	2
	Nov. 26
	7.75
	11.08
	76.6

	3
	Oct. 31
	14.15
	8.57
	74.6

	4
	Nov. 14
	14.05
	10.65
	57.3

	5
	Nov. 7
	15.30
	8.84
	46.9

	6
	Nov. 26
	8.4
	10.40
	48.7



	The water temperature of the sites is different than what was expected (table 4). It was expected that there would be a decrease in water temperature going upstream with some variance going closer to Black Mountain at site six. Sites two and six had low temperatures compared to the other sites. This could be due to the air temperature being cold the day those sites were sampled. Dissolved oxygen was expected to have the same trend as temperature. When measured, dissolved oxygen would fluctuate between sites. Higher dissolved oxygen is correlated with lower water temperatures. This was found in sites two and six. Site four would been around the median of water temperature, but have high dissolved oxygen content, possibly from increased aquatic vegetation. Conductivity was as expected with higher numbers found at the most downstream site. Increased conductivity at site six seems odd but it should be noted that the site was in an urban area of Black Mountain, allowing more pollution to fall into the stream. 
	a.

	b.

	c.



Figure 2. Relation between elevation and (a) the species richness of the mainstem tributary to elevation. (b) conductivity of each site to elevation. (c) Shannon diversity index of the mainstem and tributary sites to elevation.
	Species richness in the mainstem and tributaries both had a positive correlation to elevation (figure 2.a). Mainstem was a p-value that supports correlation to elevation (r = 0.66, p = 0.00000015). Same with the tributary’s correlation to elevation (r = 0.52, p = 0.00000015). Conductivity was a negative correlation to elevation with the downstream sites having more conductivity (figure 2.b). This is supported by a significant p-value (r = 0.92, p = 0.0000013). Shannon diversity in the mainstem would have a positive correlation to elevation (r = 0.65, p = 0.00000015) while the tributaries would have a negative correlation (r = 0.82, p < 0.00000016).
3. Discussion
	My results suggest that the conditions of the upstream sites are better for species diversity while the downstream sites are not ideal for diversity. There was an increase in Shannon diversity and sampled species as the elevation increased in the mainstem. These results are interesting as they contradict the river continuum concept while the tributary data follows river continuum concept predictions. The river continuum concept predicts that in general the species diversity of a stream would decrease as you go upstream and increase in elevation (Vannote et al. 1980). The Swannanoa itself is a tributary of the French Broad River and the convergence is in Asheville. Where the Swannanoa flows into Asheville has been urbanized, as seen with the increasing conductivity downstream. One possible explanation is that the sampled sites downstream in this section have been impaired by urbanization while the upstream sites are at ideal conditions. The conditions of the downstream sites are heavily influenced by urbanization. 
A surprising result comes from the lack of grazing species sampled at the downstream sites. It is assumed that downstream sites would have higher algae production because of more light, temperatures, and nutrients (Walsh et al. 2005, Wiederkehr et al. 2020). Urban streams tend to have more nutrient input compared to rural streams (Bowes et al. 2023, Walsh et al. 2005). From my results, sites one and two have the lowest populations of Central Stonerollers, a grazing species. This is supported by Central Stonerollers having a positive correlation to elevation. Central Stonerollers have been found to feed on high-quality algae (Pennock and Gido, 2016). This can be a sign of low algae production and nutrient input and could explain why there is low species diversity and abundance found downstream (Pennock and Gido, 2016, Veach et al. 2018). Sweeten Creek, a tributary located above site one, did have more Central Stonerollers sampled compared to sites one and two. This could be from the tributary having sufficient algal production that can support the fish. Mainstem Swannanoa could have conditions that prevent algal growth to sustain central stonerollers while the tributary can. If this is the case, there could be an issue of poor nutrient input in this section which is limiting the diversity, and contradicting other studies (Bowes et al. 2023, Walsh et al. 2005, Wiederkehr et al. 2020). Fish sampled at these sites are most likely to be insectivores or piscivores, possibly affecting the food webs for central stonerollers (Hopper et al. 2023). Central stoneroller abundance had a positive correlation to elevation as well as conductivity did to elevation. This is possibly because the habitat is sustainable for Central Stoneroller populations compared to what is seen with sites one and two. High conductivity in these sites is a sign of pollution, supporting that the stream's conditions cannot support Central Stonerollers along with other species. It is unclear whether Central Stoneroller abundance is more correlated with elevation or to conductivity.
The Shannon diversity index for the mainstem Swannanoa is high compared to the tributary index, as expected. As mentioned previously, the mainstem does not follow the predictors of the river continuum concept when it comes to Shannon diversity, while the tributaries do. I hypothesize that the mainstem does not because of the assumed poor nutrient quality and higher levels of pollution downstream. What may also affect this is the low-head dam between sites two and three. Dams, including low-head dams, do affect the fish assemblages and their movement (Cancel Villamil & Locke, 2022, Jones et al. 2022, Zhang et al., 2014). Low-head dams can prevent the flow of nutrients as well (Jones et al. 2022, Zhang et al. 2014). This combined with urbanization could be a cause for possible downstream nutrient deficiency. The limited fish movement has isolated the populations upstream of the dam. The dam trapping nutrients and reduced urbanization above the dam has allowed species diversity to increase as resources and habitat niches are diverse upstream. If this is the case, it could be why there is a reversed river continuum concept in the Swannanoa. 
Conductivity is used as an indicator of how polluted a stream is (Morgan et al. 2012). High levels of conductivity in one site can mean that a site is more polluted than one site with low conductivity levels. The highest level of conductivity in the stream was recorded at 91.4 µS/cm at site one, the furthest downstream site. Increased conductivity and dissolved chloride can change the fish assemblage and diversity (Morgan et al. 2012). The streams sampled in that study would have a µS/cm range of 51-150 µS/cm. A measurement of 91.4 µS/cm in a site can be a sign of degradation. It should be noted that Morgan et al. (2012) found the most impactful changes to fish assemblage at 230-540 µS/cm, higher values than our study. Site six, the highest upstream site sampled, had an increase in conductivity compared to site five. This is most likely due to the stream being in a developed area in the town of Black Mountain, leading to runoff containing more pollutants, minerals, and nutrients into the stream. Higher conductivity at this site could allow more tolerant species to be found or a decrease in intolerant species.
Cold water species found in the mainstem were more likely to be found upstream towards sites four, five, and six. Cold water species included are Rainbow Trout, Brown Trout, and Mottled Sculpin (Lyons et al. 2010, Myers et al. 2017). Mottled Sculpin was found primarily at sites five and six. Site six has the second lowest temperature recorded while site five has the second highest temperature. This would contradict the findings of Lyons et al. (2010) since the samples were found at opposites of the temperature range. Because of this, it cannot be certain that water temperature has influenced the range of sculpin but can be assumed that the habitat and resource niches are enough to support sculpin. This is supported by sculpin collected in the site 5 tributary, north fork of the Swannanoa. Some were sampled in the north fork, but not as much compared to the mainstem. As mentioned, the water temperature was on the high side of the range, supporting the idea that the habitat and resources can still support sculpin (Breen et al. 2009, Petty and Grossman, 2004). Sculpin was sampled at site 4, but the site for the tributary, Beetree Creek, had more samples than the mainstem. This follows the trend of lower water temperatures in the tributaries. The population of tributary sculpin could be moving between there and the mainstem. Sculpin does have a positive correlation with elevation as well. The presence of Rainbow and Brown Trout is consistent (Lyons et al. 2010, Myers et al. 2017). It should be noted that these are introduced species and are regularly stocked (Evans, 2021). Rainbow Trout were only found in the tributaries of site six, potentially moving up into the tributaries after introduction. This corresponds with the elevation correlation results. It should be noted that water temperature data may not be very influential to assemblage as the sites were sampled at different dates with varying air temperature.
	I found that some species would be found only below the dam. Of the samples with negative elevation correlation, the Greenside Darter is one of them. This is supported by the findings of Beneteau et al. (2008), who found that river barriers like dams would limit their dispersal throughout the stream. Another darter species, the Gilt Darter, has the same dispersal pattern as Greenside Darters, only found at sites one and two. This is most likely due to the preferred habitat of erosional streams (Skyfield and Grossman, 2007). These sites being urban streams support this as urban streams have higher rates of erosion (Bowes et al. 2023, Vietz et al. 2015, Walsh et al. 2005). 
	In my samples, I found that the presence of Rainbow Trout was found to reduce the populations of Warpaint shiner; both had a positive correlation to elevation. This is supported by the findings of Elkins et al. (2018) who found that the presence of Rainbow Trout would alter habitat use of Warpaint Shiners, move them into faster-moving waters, and have a little overlap of range. In the mainstem and tributaries, when Rainbow Trout were sampled, there would be less Warpaint Shiners. Sites five and six had the same amount of Warpaint Shiner samples but because of the Rainbow Trout in site six, there could have been more Warpaint Shiner without the Rainbow Trout. This is also seen in the site six tributaries where one had no Warpaint Shiners but had Rainbow Trout and another had a small amount of Warpaint Shiners compared to Rainbow Trout. 
	Some sections of the Swannanoa River are listed as 303d-impaired waterbodies (NC.Gov). With poor downstream conditions, there should be efforts to bring the stream conditions to be like the upstream conditions. If these conditions continue, it will allow for easier invasion of non-native species (Krabbenhoft and Kashain 2022). It is recommended that restoration efforts should be done in the urban sites. Restoration will provide viable habitats for the species that were excluded in the downstream sites, along with improving the condition of the stream. Reducing conductivity in the stream will be the most impactful restoration effort, especially downstream. Managing stormwater runoff should be done to reduce the amount of pollution that would flow into the stream. This could be done by reducing the number of paved surfaces and improving streamside buffers. The dam acts as a barrier, preventing fish in the downstream sites from moving upstream and sectioning off urban sections from less developed areas of the stream. It is possible that dam removal could improve the stream, but restoration would be more beneficial as the benefits of dam removal take time to appear and are affected by other factors (Gillette et al. 2016, Hansen and Hayes 2011). Restoration efforts in urban areas should not be limited to the mainstem but also the tributaries. Any restoration efforts will improve the conditions of the Swannanoa as well as the French Broad. Restoration in the urban sections should include revegetation, runoff management, and restoration within the watershed (Rios‐Touma et al., 2014). Added to the effects of urbanization, restoration is recommended for the health of the stream to support the life of the fragile freshwater stream fish species.
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