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ABSTRACT 

 Extreme flow events in the form of major floods and droughts are primary drivers 

in structuring aquatic habitats and communities.  While floods and droughts can directly 

alter aquatic biota by displacement or by increased mortalities, extreme flow events can 

have an indirect and prolonged effect on biota by altering habitat complexity, which in 

turn delays the recovery of the aquatic biota.  Interrelationships among extreme flow 

events, habitat complexity, and fish communities are established in hydrologically 

variable rivers (run-off dominated).  Less known are the interrelationships among stream 

flow extremes, habitat complexity, and fish communities in hydrologically stable rivers 

(groundwater dominated).  The purpose of this study was to assess how extreme flow 

events effect habitat complexity and the fish community within two hydrologically stable 

rivers in Texas (San Marcos and Comal rivers) using a 9-year dataset.  Habitats (N = 

4,863) within 12 reaches of the rivers were categorized as high, moderate, or low 

complexity along a depth, vegetation, substrate, and current velocity gradient.  Following 

or during extreme flow events, shifts in habitat complexity were not evident except in 

low complexity habitats that shifted towards greater complexity during drought.  Among 

a total of 43 fish species and 135,199 individuals observed, densities of surface water 

fishes (Gambusia), pelagic generalist fishes (Lepomis, Micropterus, Herichthys), pelagic 

fluvial fishes (Dionda, Notropis, and Astyanax), and benthic fishes (Etheostoma) 

generally were greater in high and moderate habitat complexity reaches than in lower 

habitat complexity reaches and generally unaffected by extreme flow events with few 
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exceptions.  These results indicated that habitat complexity in hydrologically stable rivers 

support greater densities and diversity of fishes similar to hydrologically variable rivers, 

but habitat complexity and fish community were more resistant and resilient to extreme 

flow events in hydrologically stable rivers than in hydrologically variable rivers.   
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I. INTRODUCTION 
 
Extreme flow events in the form of major floods and severe droughts are primary 

drivers in structuring aquatic habitats and communities (Pearson et al. 1992).  Major 

floods, defined as any high flow event that affects aquatic biota (Matthews 1986), erode 

stream channels, alter substrate composition, remove aquatic vegetation, and displace 

aquatic organisms (Harrell 1978, Matthews 1986, Hastie et al. 2001, Sotola et al. 2021).  

Droughts, defined as periods of unpredictable low flow events that affect aquatic biota 

(Humphries and Baldwin 2003), degrade water quality, increase algal blooms, and 

increase aquatic fauna mortalities (Dahm et al. 2003, Rolls et al. 2012).  Also, during 

droughts, predator-prey interactions and abiotic stressors (e.g., temperature change, 

habitat alteration) are intensified and result in community structural change (Franssen et 

al. 2006).  Although extreme flow events directly alter the aquatic biota by displacement 

or by increased mortalities, floods and droughts have indirect and prolonged effects by 

altering habitat complexity, which in turn delays the recovery of the aquatic biota (Rolls 

et al. 2012). 

Habitat complexity within lotic systems strongly influences the diversity of 

aquatic biota (Gorman and Karr 1978, Willis 2004).  Habitat complexity includes the 

abundance and types of available aquatic vegetation and substrates, range in water depths 

and current velocities, and the occurrence of structure (e.g., large woody debris; Gorman 

and Karr 1978, Lamberti 1989, Hastie 2001, Shumway 2007, Tokeshi 2011).  With 

greater habitat complexity in three-dimensional space, fish diversity is higher along 

vertical and longitudinal gradients attributed to habitat support for a diversity of 

specialized feeding behaviors and water-column niches (Tramer and Rodgers 1973, 
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Gorman and Karr 1978).  Stream flow, including extreme flow events, is a major 

determinant of habitat complexity and, therefore, a determinant of biotic composition, 

trophic structure, and carrying capacity within the aquatic community (Bunn and 

Arthington 2002, Rolls et al. 2012).  In one study, habitat complexity (i.e., water depth, 

current velocity, structural density, rugosity, and substrate diversity) was inversely 

correlated with flow rate (Willis et al. 2004).  At higher flows, structural components, 

algal growth and fish densities are reduced.  Macroinvertebrates and fishes were more 

concentrated (i.e., species packing) in areas of higher habitat complexity. At lower flows, 

accumulated woody debris, leaf litter, and stable substrates supported periphyton growth, 

which supported greater numbers of macroinvertebrates and fishes (Rolls et al. 2012).  

Interrelationships among stream flow extremes, habitat complexity, and stream 

fish communities are established in streams and rivers with waters dominated by run-off 

(Ross and Baker 1983, Bunn and Arthington 2002, Willis et al. 2004).  Less known are 

the interrelationships among stream flow extremes, habitat complexity, and fish 

communities in hydrologically stable aquatic systems, such as spring systems with 

surfaces flows provided primarily by groundwater discharges.  Hydrologically stable 

aquatic systems are often considered as hydrologic refugia (Keppel et al. 2015) and 

evolutionary refugia (Davis et al. 2013, Craig et al. 2016), where local aquatic 

environments are decoupled from surrounding climates (e.g., spring systems in arid 

regions) and typically support endemic fauna, including several species of conservation 

concern.  Effects of habitat complexity alterations and, by extension, stream flow 

extremes on existing fish communities are thought to be more pronounced in 

hydrologically stable aquatic systems, leading historical claims that minor alterations in 
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habitat (Peden and Hubbs 1969) and extreme flows (Schenk and Whiteside 1976) could 

lead to extirpation of endemic fishes (e.g., San Marcos Gambusia Gambusia georgei).   

The purpose of this study is to assess the effects of a major flood and a severe 

drought on habitat complexity and fish community within the headwaters of the San 

Marcos and Comal rivers, the two largest spring systems within the Edwards Plateau, 

using a 9-year dataset.  Objectives of this study are to 1) Identify the levels of complexity 

within the study basin, 2) quantify the effects of extreme flows on overall habitat 

complexity and complexity variables (e.g. substrate and vegetation) and 3) identify 

changes in species composition within and across complexity levels in response to flood 

and drought events using water-column guilds (e.g., benthic, pelagic, surface) based on 

habitat use and feeding ecology (Sheldon 1968, Mendelson 1975, Craig et al. 2016).  

Predictions of habitat responses include: 1) non-wadeable reaches will be affected less by 

flow extremes than wadeable reaches and contain higher levels of habitat complexity (i.e., 

high vegetation cover, vegetation diversity, greater depth, lower current velocity, less 

mobile substrates) than wadeable reaches because the increased hydraulic retention 

within deeper reaches aids in dissipating high discharge events (Pearsons et al. 1992), 2) 

aquatic vegetation cover will decrease in low complexity reaches more than in high 

complexity reaches during extreme flow events because high flows uproot plants and 

alter substrate composition (Bournette and Puijalon, 2011) and low flows can leave 

aquatic vegetation dry or shaded by increased algal growth (Bournette and Puijalon, 2011, 

Rolls 2012, Poole et al. 2022), but effects on diversity will be dependent on plant type, 

and 3) substrate composition in low complexity reaches will be composed of more 

mobile substrates (sand, gravel, cobble) and will be more affected by extreme flow events 
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than high complexity reaches.  Predictions for fish responses include: 1) high complexity 

reaches will have higher overall species densities, richness and diversity than low 

complexity reaches, because an increase in the number of species will be correlated to 

increases in niche availability and habitat area (Angermeier and Schlosser 1989, Tokeshi 

et al. 2011), 2) pelagic generalist species (e.g., Centrarchidae) will have lower resistance 

and recovery than pelagic fluvialist species (e.g., Notropis amabilis) during drought 

conditions because pelagic generalist species might lack evolutionary characteristics to 

persist through intense droughts (Lennox et al. 2019) and prefer systems with higher 

hydrologic stability and retention (Turgeon et al. 2019), along with increased vertical 

habitat (Tramer and Rodgers 1973, Gorman and Karr 1978), and 3) small-bodied surface 

fishes will have low resistance during flood events because surface fishes (i. e., 

Gambusia sp.) are more easily displaced during flood events based on their position in 

the water column (Ross and Baker 1983, Meffe et al. 1984), but will have great recovery 

because poecilid species possess high reproductive potential and rapid colonization 

following extreme flows (Minckley and Meffre 1987) and benthic fishes (Etheostoma 

sp.) will be resistant to flow events based on their ability to use substrates, along with 

other morphological and behavioral adaptations, to avoid flow extremes (Carlson and 

Lauder 2011). 
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II. METHODS 

Study Area 

The Edwards Plateau is a karst geological feature in central Texas that produces 

voluminous groundwater discharge to feed the Comal and San Marcos rivers (Kollaus et 

al. 2015) and is known to be a highly flood prone region (Earl and Vaughn 2015).  Five 

reaches in the upper San Marcos River (Hays County, Texas) and four reaches in the 

Comal River (Comal County, Texas) were sampled in the fall, spring, and occasionally 

summer from May 2014 through November 2022.  In the San Marcos River, reaches 

from upstream to downstream were 1) Spring Lake, 2) Sewell Park, 3) Rio Vista Park, 4) 

Crooks Park, and 5) Thompson’s Island. Reaches 2 and 3 were grouped as upstream San 

Marcos and reaches 4 and 5 were grouped as downstream San Marcos.  In the Comal 

River, reaches from upstream to downstream were 1) Upper Spring Run , 2) Landa Lake, 

3) Old Channel and 4) New Channel (split off from the main channel, equidistant from 

the headwaters) (Figure 1).  During the 9 yr. period, median flow was 4.87 m3/s, ranging 

from 2.19 m3/s to 527* m3/s in the San Marcos River (USGS Station 08170500, 

*calculation from D’Ottavio 2020) and 8.50 m3/s, ranging from 2.18 to 400 m3/s in the 

Comal River (USGS Station 08169000).  The mean water temperatures were 21.9 ± 

0.01°C in the San Marcos River and 23.1 ± 0.02°C in the Comal River.  The pH ranged 

from 6.4 to 9.0 in the San Marcos River and from 5.8 to 9.2 in the Comal River.  Specific 

conductance ranged from 528 to 893 μS cm−1 in the San Marcos River and from 502 to 

592 μS cm−1 in the Comal River. (Edwards and Bonner 2022). 
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Field surveys 

 Fish were quantified in wadeable habitats with standardized seine hauls and non-

wadeable habitats using standardized SCUBA techniques (Edwards and Bonner 2022).  

Wadeable habitats consisted of a 15-m2 seine haul 5-m effort with a 3.0 x 1.8 m common 

sense seines; mesh size: 3.2 mm) or a 5- m effort of substrate kicking, pending water 

depth and substrate type.  Seine haul transects were spaces cross-sectionally across the 

width of the reach to provide ample spacing between hauls for minimal disturbance of 

adjacent areas.  After a cross section was completed, another cross section was located 20 

m upstream.  The goal number of seine hauls per reach was 20.  Fishes were identified to 

the species level, measured, and released after each seine hall.  Habitat variables were 

taken at each seine haul (water depth, current velocity, percent substrate (e.g., clay, silt, 

sand, gravel, cobble, boulder) woody debris, and percent vegetation, percent detritus 

coverage, percent on coverage and taxa (e.g., Bryophyte, Ludwigia).  Algae were 

differentiated as filamentous (e.g., unattached), epiphytic (e.g., attached to surfaces), and 

detrital algae (e.g., dead algae).  Water temperature, pH, dissolved oxygen, and specific 

conductance in the area of the seine hauls were measured with a water quality meter 

(YSI-65 or YSI-85) (Edwards and Bonner 2022). 

Non-wadeable habitats were sampled at two levels or resolution: mesohabitat to 

quantify pelagic and topwater species and microhabitat to quantify benthic fishes.  For 

mesohabitats, the areas ranged from 50-1,300 m2 were delineated within each reach and 

sampled across season and years.  Four-person dive crews assembled at one end of the 

transect, spaces out evenly and swam across the transect identifying and counting fishes 

within the water column.  Dive lanes and field of view were coordinated among divers to 
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avoid double counting of fishes similar to standardized diving protocols (Brock 1954; 

Schill and Griffith 1984; Hankin and Reeves 1988).  Fishes were identified to the lowest 

taxonomic resolution possible.  Underwater identification of the two Gambusia species 

that are known within the San Marcos River and Comal River (Gambusia geiseri and 

Gambusia affinis; Craig and Bonner 2019) were identified as Gambusia due to a lack of 

reliability from underwater identification down to the species level.  While adult sunfish 

(Family Centrarchidae; Genus Lepomis) are easy to identify underwater- adult and 

juvenile sunfishes were classified as Lepomis to avoid mistaken identifications.  

Microhabitats consisted of 10-m2 transected marked by plastic tubes.  These were 

established in the benthic region of the water column and spaced equal distances 

throughout the transect.  Each diver completed one microhabitat per transect from 

downstream to upstream.  Fishes were identified and counted along with recording 

substrate and vegetation.  Fishes that were not able to be identified to species for various 

reasons were listed by their genus (Etheostoma lepidum and Etheostoma fonticola as 

Etheostoma).  Once fish were quantified in the microhabitat, the following habitat 

variables were quantified for the microhabitat transect: water depth (m), current velocity 

(benthic and water column in m/s), percent substrate type (e.g., clay, silt, sand, gravel, 

cobble, and woody debris), percent detritus coverage, percent vegetation coverage and 

taxa (e.g., Bryophyte, Hydrilla).  Vegetation was identified to the lowest practical 

taxonomic level. Algae was differentiated as filamentous (e.g., unattached), epiphytic and 

detrital algae (e.g., dead algae).  The four microhabitats were averaged and used to 

estimate mean habitat variables for the mesohabitat.  Water temperature, pH, dissolved 

oxygen, and specific conductance of the mesohabitat were measured with a water quality 
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meter (YSI65 or YSI85) (Edwards and Bonner 2022). 

The San Marcos and Comal rivers experience similar levels of perennial flow and 

disturbance, along with having similar fish communities and habitat complexity so 

statistical analyses were conducted together.  Each species or genus used will be analyzed 

separately for their occurrence and detectability within wadeable and non-wadable 

habitats.  Fishes were placed into corresponding habitat usage guilds based on water 

column usage from body type, feeding ecology, and underwater observation (Appendix I).  

The habitat usage guilds were surface, pelagic generalist, pelagic fluvialist, and benthic 

etheostomid.  Pelagic fishes that were classified as spring-associated by Craig et al. 

(2016) were placed into the fluvialist guild, while other fishes that were not classified as 

spring associated were placed into generalist.  The most abundant fishes (> 4,500 

individuals per species or genus) were selected for their respective guild and used for 

analysis. 

Vegetation was classified based on height and growth type (Schuyler 1984) 

(Appendix II).  Two height categories, tall and short, were derived from Edwards and 

Bonner (2022).  Two growth categories were established, rosette and caulescent, based 

on the dichotomy of Schuyler (1984) and phylogenetics (De Wilde et al. 2014).  The 

three types of algae were grouped together as “algae” and bryophyte was retained as a 

single group.  The species with percent cover > 5% were included in a category for 

analysis. 
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Extreme flow classification 

Flow data from USGS and flood peak calculations from D’Ottavio (2020) were 

used to identify the presence of a flow event at 527 m3/s in October 2015.  Based on the 

classification for overbank flows from Texas Commission of Environmental Quality 

(2011) this flow reached >1,982 m3/s at San Marcos River at Luling and can be defined 

as a major flood (1 in 5-year event is defined by a 507 m3/s threshold).  A Standard 

Precipitation Index (SPI) was used to determine periods of severe and extreme drought 

conditions (McKee et al. 1993) that occurred from June 2022 - November 2022.  The 

average flow during drought conditions in the San Marcos River was 2.6 m3/s (± 0.002), 

ranging from 2.19  to 6.99 m3/s.  In the Comal River the average flow during drought 

conditions was 3.23 m3/s (± 0.003) ranging from 2.18 to 6.86 m3/s. Sampling periods that 

did not include an extreme flow event were categorized as “stasis”. 

 

Data analysis 

The resistance and recovery of species were assessed for each species using 

univariate and multivariate statistical analyses.  Fishes were transformed into densities to 

compare wadeable and non-wadeable habitats.  Percent frequency of aquatic vegetation 

and substrate were calculated among wadeable and non-wadable habitats in the San 

Marcos and Comal rivers.  A Principal Component Analysis (PCA) was used to spread 

out the habitat parameters of each site to identify a complexity gradient of high, moderate, 

and low complexity reaches.  Single factor Univariate Analysis of Variance (ANOVA) 

were used to detect changes in overall complexity of high. Moderate and low complexity 

reaches within multivariate space of the PCA between three flow periods (stasis, flood, 
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drought). Single factor ANOVAs were used to assess differences in diversity indices (i.e., 

richness, evenness, Shannon-Weiner diversity) and fish habitat usage guild densities 

between three different complexity levels (high, moderate, low).  Single factor ANOVAs 

were used to detect differences in the three diversity indices between flow periods within 

each level of complexity. Single factor ANOVAs were conducted in high complexity 

reaches to detect changes in guild density between flow periods.  The estimates and 

parametric bootstrap 95% confidence intervals were recorded for significant LMER 

analyses.  Two-factor ANOVAs were conducted within the moderate complexity reaches 

due to the presence of wadeable and non-wadeable sites, when there was a significant 

interaction term a single factor ANOVA was used for wadeable and non-wadeable 

separately.  Single factor ANOVAs were conducted in the low complexity reaches 

similar to the analyzation of high complexity reaches.  Changes in vegetation percent 

cover and type were conducted with the same univariate analyses as the fish habitat 

guilds for each of the corresponding habitat complexity categories.  Linear mixed effects 

models with parametric bootstrapping at 5,000 simulations were used in any complexity 

reach when the standard error within a flow category could have been due to site level 

differences.  Chi-squared analyses were used to detect differences in the substrate make-

up between stasis periods to flood and drought periods for all habitats. 
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III. RESULTS 

A total of 4,863 habitats (2,745 wadeable, 2,118 non-wadeable) were sampled 

between May 2014 and November 2022.  Among wadeable habitats, current velocities 

were moderately swift with mean depths ranging from 0.66 to 0.74 m, substrates were 

predominantly gravel (range of means: 32 to 37%) and silt (29-31%), and with moderate 

amounts of vegetation cover (37 – 39%) (Table 1).  Among non-wadeable habitats, 

current velocities were moderately slow with mean depths ranging from 1.6 to 1.7 m, 

substrates were predominantly silt layers (39-64%) and gravel (14-25%), and with high 

amount of vegetation cover (42-71%) (Table 1).  Principal component axes I and II 

explained 36% of the variation in habitat variables taken among the 4,863 wadeable and 

non-wadeable habitats (Figure 2).  Principal component axis I explained 25% of the 

habitat variation and described a substrate, depth, and a current velocity gradient.  The 

strongest loadings on PC axis I were silt (-0.94), vegetation cover (-0.89), depth (-0.60), 

bryophyte (-0.44), sand (0.48), current velocity (0.55), cobble (0.63) and gravel (0.83).  

Principal component axis II explained 11% of the habitat variation and described a 

vegetation type, current velocity, and substrate gradient.  The strongest loadings on PC 

axis II were tall rosette plants (-0.71), tall caulescent plants (-0.67), current velocity (-

0.45), sand (-0.38), boulder (0.35), bryophyte (0.38), and algae (0.56).  Mean (±1 SE) PC 

I scores by reach ranged from -1.36 (0.09) in Comal-Old Channel non-wadeable to 1.46 (0.08) 

in San Marcos-Downstream wadeable, establishing a complexity gradient from high (i.e., 

negative PC I scores) to low (i.e., positive PC I scores).  High complexity habitats (i.e., 

greater amounts of silt substrates, greater vegetation cover, deeper depths, and slow 

current velocities) were associated with Comal-Old Channel non-wadeable, Comal- New 
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Channelnon-wadeable, Comal-Landa Lake non-wadeable, and San Marcos-Spring Lake non-wadeable.   

Moderate complexity habitats (i.e., moderate amounts of silt, gravel, and cobble 

substrates, moderate amounts of vegetation cover, and moderate depths and current 

velocities) were associated with Comal-Spring Run non-wadeable, Comal-New Channel 

wadeable, San Marcos-Downstream non-wadeable, San Marcos-Upstream wadeable, and San 

Marcos-Upstream non-wadeable.  Low complexity habitats (i.e., greater amounts of cobble, 

gravel, and sand substrates, low amounts of vegetation cover, shallow depths, and swifter 

current velocities) were associated with San Marcos-Downstream wadeable, Comal-Old 

Channel wadeable, Comal-Spring Run wadeable (Figure 2).  Habitat complexity during 

extreme flow events (flood and drought) in multivariate space did not differ from habitat 

complexity observed during stasis in high complexity reaches or in moderate complexity 

reaches (P > 0.5).  However, a shift in habitat complexity was detected (ANOVA, F2,62 = 

4.799, P = 0.01) during drought among low complexity reaches with habitats shifting to 

more complexity with greater amounts of silt substrates and vegetation coverage (Figure 

2).  

 

Univariate habitat assessments 

Percent vegetation coverage differed (ANOVA, F2,332 = 129.2, P < 0.01) along the 

complexity gradient, with percent vegetation coverage in high complexity reaches (mean 

± 1 SE; 76% ± 1.5) greater than percent vegetation coverage in moderate complexity 

reaches (44% ± 1.8) and low complexity reaches (26% ± 2.2) (Figure 3).  Among flow 

periods, percent vegetation coverage differed in high complexity reaches (linear mixed-

effects model, Est: -16.9, 95% CI: (-32.0 - -2.19), moderate complexity reaches (ANOVA, 
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F2,161 = 3.0, P = 0.05), and low complexity reaches (ANOVA, F2,81 =12.68, P < 0.01).  

Percent vegetation coverage decreased (P < 0.05) during floods among all complexity 

reaches except low complexity reaches and increased during drought in low complexity 

reaches (Figure 3).  Percent vegetation coverages by type were greater (P < 0.05) in high 

complexity reaches than moderate and low complexity reaches for bryophytes, short 

caulescent, and short rosette vegetation (Table 2).  Percent vegetation coverages by type 

were greater (P < 0.05) in high and moderate complexity reaches than in low complexity 

reaches for tall caulescent and tall rosette vegetation.  Only three of the six vegetation 

types differed (P < 0.05) among flow periods with a decrease in coverage of tall 

caulescent  in wadeable moderate complexity reaches and increases in coverage of tall 

rosette in wadeable moderate complexity reaches and algae in low complexity reaches 

(Table 3). 

The substrate of composition of high complexity reaches during stasis conditions 

consisted of large amounts of silt (76% ± 1.5),  and small amount of gravel (8.4 ± 0.9), 

and clay (4.7% ± 1.2).  Moderate complexity reaches during stasis conditions consisted of 

moderate amounts of silt (37.5 ± 2.9), gravel (29.5% ± 1.9) and small amounts of sand 

(14% ± 1.5).  Low complexity sites during stasis conditions consisted of large amounts of 

gravel (43% ± 1.4), and moderate amounts of silt (20% ± 1.5) and cobble (16% ± 0.9).  

Substrate compositions of stasis differed following floods in high complexity reaches (X2 

=103.4, P < 0.01), non-wadeable moderate complexity reaches (X2= 43.4, P < 0.01), and 

in low complexity reaches (X2= 36.8, P < 0.01) (Figure 4).  Within high complexity 

reaches, the amount of bedrock substrates increased following floods with the scouring of 

mobile substrates.  Within non-wadeable moderate complexity reaches, the amount of 
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exposed bedrock increased following floods.  Within low complexity reaches, the amount 

of the smallest mobile substrates (i.e., silt and sand) decreased following floods.  

Substrate compositions of stasis differed during drought in non-wadeable moderate 

complexity reaches (X2= 107.9, P < 0.01), wadeable moderate complexity reaches (X2= 

32.2, P < 0.01) and in low complexity reaches (X2= 32.9, P < 0.01). Within non-

wadeable moderate complexity reaches, the amount of cobble and bedrock increased, 

whereas the amount of gravel, sand and clay decreased.  Within wadeable moderate 

complexity reaches, the amount of sand, gravel, cobble and bedrock increased, whereas 

the amount of silt decreased.  Within low complexity reaches, the amount of gravel 

decreased, whereas the amount of cobble and bedrock increased (Figure 4). 

 

Fish community 

A total of 135,199 individuals and 43 species were recorded from May 2014 to 

November 2022.  Cumulative species richness was 27 in high complexity reaches, 35 in 

moderate complexity reaches, and 39 in low complexity reaches.  Species richness and 

species evenness did not differ (P > 0.05) along the complexity gradient, whereas 

Shannon-Weiner diversity differed (ANOVA, F2,33 = 4.078, P = 0.027) with low 

complexity reaches being more diverse than high complexity reaches (Table 4).  Among 

flow periods, species richness differed in high complexity reaches (ANOVA, F2,9 = 30.36, 

P < 0.01) and moderate complexity reaches (ANOVA, F2,12 = 9.345, P < 0.01) with stasis 

having greater species richness in comparison to flood and drought conditions (Table 5). 

Common taxa (> 4500 individuals) selected for further analyses consisted of 17 

species and 123,361 individuals, representing 40% of the species and 91% of the total 
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individuals recorded in this study.  Most abundant taxa were Gambusia (24%), Dionda 

nigrotaeniata (19%) and Astyanx mexicanus (14%) (Appendix I). 

 

Surface water habitat guild 

 Consisting of only one group of fishes (Gambusia), densities (N of 

individuals/m2) differed (ANOVA, F2,332 = 9.904, P < 0.01) among low, moderate, and 

high complexity reaches with greater densities in moderate complexity reaches (mean 

density ± 1 SE; 0.11 ± 0.01) and high complexity reaches (0.128 ± 0.02) than in low 

complexity reaches (0.025 ± 0.005).  Densities of Gambusia in moderate complexity 

reaches differed (ANOVA, F1,159 = 7.01, P < 0.01) among wadeable and non-wadeable 

reaches with wadeable reaches being denser (0.16 ± 0.02) than non-wadeable reaches 

(0.08 ± 0.02).  Among flow regimes, densities differed in high complexity reaches 

(LMER, Est: 0.204, 95% CI= (0.016 - 0.327)) and in moderate complexity non-wadeable 

reaches (LMER , Est: 0.21, 95% CI= ( 0.042 - 0.38)) with flood densities being greater 

than drought densities (Figure 5). 

 

Pelagic generalist habitat guild 

Densities of Lepomis differed (ANOVA, F2,332 =12.94, P < 0.001) along the 

complexity gradient with greater densities in moderate complexity reaches (0.15 ± 0.018) 

and high complexity reaches (0.17 ± 0.036) than in low complexity reaches (0.009 ± 

0.001).  Densities of Lepomis in moderate complexity reaches differed (ANOVA, F1,159 = 

42.1, P < 0.01) among wadeable and non-wadeable reaches with non-wadeable reaches 

being denser (0.24 ± 0.03) than wadeable reaches (0.018 ± 0.002).  Among flow periods, 
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densities differed only among moderate complexity reaches (ANOVA, F2,159 = 2.94, P = 

0.05) with densities of Lepomis decreasing during drought. 

Densities of Micropterus differed (ANOVA, F2,332 =11.95, P <0.01) along the 

complexity gradient with greater densities in high complexity reaches (0.07 ± 0.02) than 

in moderate complexity reaches (0.04 ± 0.005) and lower densities in low complexity 

reaches (0.02 ± 0.002).  Micropterus in moderate complexity reaches differed (ANOVA, 

F1,159 = 28.4, P < 0.01) among wadeable and non-wadeable reaches with non-wadeable 

reaches being denser (0.06 ± 0.008) than wadeable reaches (0.006 ± 0.001).  Among flow 

periods, densities of Micropterus did not differ within  complexity levels. 

Densities of Herichthys cyanoguttatus differed (ANOVA, F2,332 = 5.022, P < 

0.01) along the complexity gradient with greater densities in high complexity reaches 

(0.013 ± 0.004) and moderate complexity reaches (0.014 ± 0.003) than in low complexity 

reaches (0.0007 ± 0.0002).  Densities of Herichthys cyanoguttatus in moderate 

complexity reaches differed (ANOVA, F1,159 = 12.903, P < 0.01) among wadeable and 

non-wadeable reaches with non-wadeable reaches being denser (0.021 ± 0.004) than 

wadeable reaches (0.002 ± 0.0003).  Among flow periods, densities did not differ within 

complexity levels (Figure 6). 

 

Pelagic fluvial habitat guild 

Densities of Dionda nigrotaeniata differed ( ANOVA F2,332 = 22.5, P < 0.01) 

along the complexity gradient with greater densities in high complexity reaches (0.24 ± 

0.05) in comparison to moderate complexity reaches (0.04 ± 0.003) and low complexity 

reaches (0.002 ± 0.0002).  Densities differed (ANOVA, F1,159 = 10.76, P < 0.01) in 
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moderate complexity reaches among wadeable and non-wadeable reaches with greater 

densities in non-wadeable reaches (0.066 ± 0.015) than in wadeable reaches (0.002 ± 

0.0007).  Densities of Dionda nigrotaeniata did not differ among flow periods for high 

and moderate complexity reaches. In low complexity reaches, densities differed 

(ANOVA, F2,81 = 4.16, P < 0.05) among flow periods with increased densities during 

drought (0.008 ± 0.005) in comparison to stasis (0.0015 ± 0.0007).  Dionda nigrotaeniata 

individuals were not observed  during flood conditions in low complexity reaches. 

Densities of Astyanx mexicanus differed (ANOVA, F2,332 = 23.27, P < 0.01) along 

the complexity gradient with greater densities in high complexity reaches (0.45 ± 0.05) 

than in moderate complexity reaches (0.025 ± 0.002) and low complexity reaches (0.005 

± 0.0005).  Densities of Astyanx mexicanus did not differ among flow periods at any 

complexity level. 

Densities of Notropis amabilis differed (ANOVA F2,332 = 3.237, P < 0.05) along 

the complexity gradient with greater densities in high complexity reaches (0.014 ± 0.002) 

than in moderate complexity reaches (0.003 ± 0.0002); however, high and moderate 

complexity densities were similar to densities low complexity reaches (0.010 ± 0.001).  

Densities differed (ANOVA, F1,159 = 5.636, P < 0.05) in moderate complexity reaches 

among wadeable and non-wadeable reaches, with greater densities in wadeable reaches 

(0.006 ± 0.003) than in non-wadeable reaches (0.001 ± 0.0005).  Densities of Notropis 

amabilis did not differ among flow periods at any complexity level; however, individuals 

were not observed during flood conditions at any complexity level (Figure 7). 
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Benthic habitat guild 

Densities of Etheostoma fonticola differed (ANOVA, F2,332 = 104.6, P < 0.01) 

along the complexity gradient with greater densities in high complexity reaches (0.12 ± 

0.013) than in moderate complexity reaches (0.04 ± 0.003) and lowest densities in low 

complexity reaches (0.006 ± 0.0007).  Densities differed in moderate complexity reaches 

(ANOVA, F1,159 = 16.6 P < 0.01) among wadeable and non-wadeable reaches with 

greater densities in non-wadeable reaches (0.048 ± 0.005) than wadeable reaches (0.022 ± 

0.003).  Etheostoma fonticola densities did not differ among flow periods at any 

complexity level (Figure 8). 
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IV. DISCUSSION 

 Results from this study supported several initial predictions on how habitat 

complexity including vegetation cover, vegetation type and substrate composition were 

affected by extreme flow events, but not the prediction on non-wadeable reaches with 

greater levels of habitat complexity being less affected by the extreme flow events.  

These findings in hydrologically stable systems are similar to hydrologically variable 

systems.  In hydrologically variable systems, greater depths are associated with greater 

complexity along with greater vegetation cover, less mobile substrates (Shumway et al. 

2007), and lower current velocities (Tramer and Rodgers 1973, Tokeshi and Arakaki 

2011).  Likewise, greater habitat complexity is more resistant to extreme flow events.  

Habitat resistance to extreme flood events is related to hydraulic retention, which 

dissipates the energy generated during flood events more in high complexity reaches than 

in low complexity reaches (Pearsons et al. 1992, Turgeon et al. 2019).  However, 

hydrologically stable systems differed markedly from hydrologically variable systems 

during periods of low flow.  In hydrologically variable systems, drought conditions and 

low flows lead to decreases in the three axes of hydrological connectivity (i.e., vertical, 

lateral, and longitudinal; Pringle 2001).  Vertical and lateral habitats decrease with 

decreasing water levels and longitudinal connections are fragmented leading to 

disconnected stream reaches (Larned et al. 2010) with intermittent flows (Magoulick et 

al. 2021).  In this study, flows were not intermittent nor were reaches fragmented even 

during extreme drought conditions, attributed to persistent base flow from groundwater 

(Saunders et al. 2001).  As such, even low complexity reaches were resistant to habitat 

changes during low flow periods with low complexity reaches becoming more complex. 
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Among habitat variables, vegetation cover and smaller substrates (i.e., silt, sand, 

gravels) decreased during floods among all habitat complexity levels and vegetation 

cover increased during drought in low complexity reaches.  Decreases in vegetation types 

were more notably in tall caulescent plants, especially in wadeable habitats.  Decreases in 

vegetation and smaller substrates during floods are commonly reported in hydrologically 

variable systems (Reice et al 1990, Henry et al. 1996, Crouzy et al. 2013).  Likewise, 

increases in vegetation during low flow periods are often associated with algal blooms 

(Bournette and Puijalon, 2011, Rolls et al. 2012).  In low complexity reaches of the lower 

San Marcos River and Comal River, increases in algae occurred during low flows, but 

also increases in tall rosette growth forms, such as Texas wild rice Zizania texana in 

moderate complexity reaches in the upper San Marcos River.  Also, during low flows, 

substrate composition shifted unexpectantly from low percent cover of sand, cobble and 

bedrock to increased coverage of all substrate types in wadeable and non-wadeable 

moderate complexity reaches.  Moderate and low complexity reaches of the San Marcos 

and Comal rivers are areas of intense recreational activities (Owens et al. 2001), which 

feasibly might explain observed changes in substrate composition.  Recreational activities 

alter substrate compositions in marine (Meyer et al. 2008) and freshwater habitats (Agare 

2016) by increasing turbidity due to movement and the suspension of fine sediments in 

the water column. 

Among the initial predictions on fish community responses to flow extremes, only 

one was supported by the study results.  High complexity reaches had the greatest 

densities of fishes among fish habitat guilds although not all species within a guild (e.g., 

Notropis amabilis, pelagic fluvial habitat guild) were most abundant in high complexity 
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reaches.  Greater densities of stream fishes are positively related to habitat availability 

(Gorman and Karr 1978, Schlosser 1982), therefore suggesting a mechanistic relationship 

between fish densities and high complexity reaches with more habitat available for the 

various habitat guilds.  However, the majority of the initial predictions were not 

supported by study results. 

Surprisingly, the hydrologically stable system fish community demonstrated 

remarkable resistance or recovery during and after extreme flow events across the habitat 

complexity gradient, species richness and evenness were independent of levels in habitat 

complexity, and diversity was greatest in low complexity reaches.  In hydrologically 

variable systems, floods typically have greater effect on fish communities in low 

complexity reaches than in high complexity reaches (Pearsons et al. 1992) and high 

complexity reaches serve as a refugia for fishes during flow extremes (Tschaplinski and 

Hartman 1983, Minckley 1987, Lamberti et al. 1991, Magoulick and Kobza 2003).  Yet in 

this study, fish habitat guilds were largely unaffected by flow extremes, including 

members (Gambusia) of the surface habitat guild that are usually displaced downstream 

by high flow events (Meffe 1984, Chapman and Warburton 2006) and the benthic habitat 

guild that are susceptible to increased mortality via crushing by mobile substrates (Reice 

et al. 1990). 

Resistance and recovery of the hydrologically stable system fish community to 

flow extremes could be attributed to evolutionary adaptations, especially since a majority 

of the fish communities (e.g., Dionda nigrotaeniata, Notropis amabilis, Gambusia 

geiseri, Etheostoma fonticola, comprising 41% of the total fish community) originated on 

the Edwards Plateau during the Pleistocene or earlier (Craig and Bonner 2021).  In part, 
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evolutionary adaptations likely explain patterns in species diversity observed in this study 

with greater diversity in low complexity reaches (i.e., downstream from spring 

headwaters).  In hydrologically stable systems of the Edwards Plateau, spring-associated 

fishes are more abundant near the head springs (Craig et al. 2016), associated with 

stenothermal waters and perhaps temperature mediates competition (Craig et al. 2019), 

whereas riverine-associated fishes are less abundant near the head springs and more 

abundant in eurythermal waters in downstream reaches.  Hence in this study, greater 

diversity in the low complexity habitats were in downstream reaches and consisted 

primarily of riverine-associated fishes.  Alternatively, fish community resistance and 

recovery during and after flow extremes could be related to instream habitat 

modifications within the two rivers.  Both rivers consist of several low head dams 

(Kollaus et al. 2015, Thiels et al. 2022).  Slackwater habitats with greater depths and 

greater amounts of vegetation (i.e., high habitat complexity) in most reaches of both 

rivers are influenced by a low head dam.  Low head dams increase water depth and 

hydraulic retention (Pringle et al. 2001, Turgeon et al. 2019).  Therefore, resistance and 

recovery in high complexity reaches could be artificially inflated by the low head dams, 

but low head dam effects do not clearly explain the resistance and recovery of the fish 

community in the moderate and low complexity reaches. 

Past approaches into understanding hydrologically stable systems have focused 

primarily on threatened and endangered species (Schenk and Whiteside 1976; 1977, 

Bonner et al. 1998, Dwyer et al. 2005, Edwards and Bonner 2022, Poole et al. 2022).  By 

assessing a greater number of species that encompass multiple habitat usage guilds, this 

study provided a more holistic perspective and framework for understanding how 
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groundwater dominated fish communities change under flow extremes.  Historically, 

these hydrologically stable systems have been thought to be sensitive to environmental 

changes in the form of habitat alteration (Hubbs and Peden 1969) and extreme flow 

events (Schenck and Whiteside 1976).  Based on the results of this study, these 

hydrologically stable systems offer greater resistance to flow extremes than previously 

thought, despite flow extreme levels in this study being less than those reported in the 

past (max flood levels near 2265 m3/s, min flow levels reaching 0.16 m3/s).  While 

extreme flow events are an integral mechanism in the organization of aquatic habitat 

complexity and for maintaining prominent levels of biodiversity (Pearsons et al. 1992, 

Lake 2000), the effects are different for hydrologically variable and stable systems.  

While previously thought to be sensitive to minor alterations (Peden and Hubbs 1969, 

Schenk and Whiteside 1976), hydrologically stable systems offer high complexity 

habitats that are important for maintaining high taxa densities that are highly resistant, 

within both the habitat and community, to alterations from extreme flow events. 
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Table 1.  Mean (± SE) physical habitat parameters across wadeable and non-wadeable 
reaches for all sample types in the San Marcos and Comal rivers from May 2014- 
November 2022.  

 

Reach  Wadeable Non-wadeable 
River San Marcos Comal San Marcos Comal 
Total observations (N) 1452 1296 807 1311 

     

Habitat Parameters     

Current Velocity (m/s) 0.37 (0.02) 0.22 (0.15) 0.2 (0.02) 0.1 (0.01) 
Depth (m) 0.66 (0.02) 0.74 (0.18) 1.7 (0.18) 1.6 (0.02) 

 
Substrate (%) 

    

Silt 31.2 (2.7) 28.9 (2.2) 33.8 (3.4) 63.6 (2.5) 
Sand 15.1 (1.3) 10.2 (0.9) 19.1 (1.9) 2.6 (0.5) 
Gravel 32.3 (1.8) 37.1 (1.6) 24.9 (2.5) 14.0 (1.6) 
Cobble 13.6 (1.0) 13.2 (0.9) 10.2 (1.0) 4.1 (0.6) 
Clay 2.3 (0.5) 0.3 (0.1) 10.1 (0.7) 2.7 (0.6) 
Boulder 1.5 (0.2) 5.6 (0.8) 2.5 (0.2) 1.3 (0.3) 
Bedrock 1.2 (0.4) 0.6 (0.2) 1.9 (0.2) 4.0 (1.0) 

 
Vegetation Cover (%) 

 
36.8 (2.8) 

 
38.7 (2.5) 

 
41.6 (4.1) 

 
71.3 (1.9) 

Algae 1.5 (0.3) 10.3 (2.3) 7.4 (0.7) 12.3 (2.0) 
Bryophyte 0.2 (0.1) 7.8 (1.3) 0.3 (0.03) 19.7 (1.8) 
Short Caulescent 4.5 (0.5) 12.1 (1.3) 5.3 (0.5) 16.6 (2.1) 
Tall Caulescent 13.4 (1.8) 3.5 (0.6) 18.9 (1.9) 7.3 (1.5) 
Short Rosette 0.2 (0.1) 0.7 (0.2) 1.7 (0.2) 4.5 (1.0) 
Tall Rosette 15.9 (1.7) 3.1 (0.9) 7.4 (0.7) 9.8 (1.8) 
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Table 2.  Mean (± SE) percent coverage of vegetation type between high, moderate, and 
low complexity reaches from May 2014 - November 2022. 

  

Vegetation Type  High (n=87) Moderate (164) Low (84) F2,332 P-value 
Algae 8.7 (1.2) 7.3 (1.2) 8.4 (1.9) 0.25 0.78 
Bryophyte 16.5 (1.7) a 3.3 (0.7) b 3.8 (1.0) b 42.93 <0.01*** 
Short Caulescent 18.7 (2.1) a 6.5 (0.7) b 5.6 (0.7) b 34.86 <0.01*** 
Tall Caulescent  12.9 (1.8) a 13.5 (1.6) a 4.3 (0.8) b 10.13 <0.01*** 
Short Rosette 6.2 (1.1) a 0.2 (0.1) b 0.5 (0.2) b 42.65 <0.01*** 
Tall Rosette 10.1 (1.8) a 12.1 (1.2) a 2.5 (0.7) b 10.97 <0.01*** 
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Table 3.  Mean (± SE) percent coverage of vegetation types that had detectable change 
between stasis, flood and drought periods among complexity reaches from May 2014 - 
November 2022. 

 

Reach Stasis Flood Drought Test Value P-value/CI 
High - - - - - NS 
Moderate       

 Tall 
Caulescent 

  
     

   Wadeable 
16.6 (2.3) 

a 
14.2 (8.2) 

a 
4.0 (1.8) 

b 
LMER 11.64 (2.1 - 21.3) 

 Tall Rosette       

   Wadeable 
19.7 (2.0) 

a 
4.4 (2.5) 

ab 
30.0 (4.3) 

b 
ANOVA 3.79 < 0.05* 

Low       

Algae 
6.4 (0.8) 

a 
0 (0) 

a 
24.9 (7.9) 

b 
ANOVA 5.99 <0.01** 
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Table 4.  Mean (± SE) species richness (R), Shannon-Weiner diversity (H’) and evenness 
(EH) along the complexity gradient from May 2014 - November 2022. 

 
 
 
 
 
 

Index High (12) Moderate (15) Low (9) F2,33 P 
R 14.8 (1.7) 18.5 (2.3) 18.8 (0.89) 1.70 0.2 
H' 1.7 (0.11) b 1.9 (0.07) ab 2.1 (0.04) a 4.08 0.027* 
EH 0.66 (0.03) 0.70 (0.03) 0.75 (0.01) 2.18 0.131 
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Table 5.  Mean (± SE) species richness (R), Shannon-Weiner diversity (H’) and evenness 
(EH) among flow periods within each complexity reach from May 2014 - November 
2022. 
 

Index Stasis Flood  Drought F P 
High (12)      

R 21.5 (1.0) a 8.75 (1.6) b 14.25 (0.63) c 30.36 <0.01*** 
H' 1.99 (0.15)  1.42 (0.13) 1.76 (0.20) 3.13 0.09 
EH 0.65 (0.04) 0.68 (0.06) 0.66 (0.07) 0.07 0.93 

Moderate (15)      
R 26.75 (2.8) a 11.5 (2.5) b 17.25 (2.2) b 9.35 <0.01** 
H' 1.99 (0.14) 1.76 (0.07) 2.04 (0.14) 1.52 0.27 
EH 0.61 (0.04) 0.76 (0.06) 0.72 (0.04) 2.96 0.10 

Low (9)      
R 26.3 (4.1) 12 (2.5) 18.3 (3.2) 4.52 0.06 
H' 2.32 (0.01) 1.79 (0.11) 2.29 (0.21) 4.74 0.06 
EH 0.72 (0.03) 0.75 (0.07) 0.79 (0.03) 0.64 0.56 
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Figure 1.  The five reaches sampled within the San Marcos River and the four reaches 
sampled in the Comal River from May 2014 - November 2022.  
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Figure 2.  Plot of principal component axes I and II for (Bottom) all sites in the San 
Marcos and Comal rivers (1:Landa Lake, 2: Spring Lake, 3: New Channelnon-wadeable, 4: 
Old Channelnon-wadeable, 5: Upstreamnon-wadeable, 6: Downstreamnon-wadeable, 7: 
Upstreamwadeable, 8: Upper Spring Runnon-wadeable, 9: New Channelwadeable, 10) 
Downstreamwadeable, 11) Old Channelwadeable, 12) Upper Spring Runwadeable) and (top) mean 
(± SE) PC value for 1) high complexity, 2) moderate wadeable complexity, 3) moderate 
non-wadeable complexity and 4) low complexity reaches. Only habitat variables with the 
strongest loadings on PC axes I and II are provided.  Black circle represents mean PC 
scores among sites (bottom) and reaches (top).  Error bars denote 1 SE. 
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Figure 3.  (Top) Mean (± SE) percent vegetation coverage along the complexity gradient 
and (Bottom) mean (± SE) percent vegetation coverage between flow periods (stasis, 
flood, drought) within each complexity reach from May 2014 - November 2022.  The 
black circle represents mean vegetation coverage in non-wadeable reaches and the white 
circle represents mean vegetation coverage in wadeable reaches.  Error bars denote 1 SE. 
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Figure 4.  Mean (± SE) substrate composition among high, moderate, and low 
complexity reaches and between flow periods (stasis, flood, drought) from May 2014 - 
November 2022.  Black bars represent mean coverage in non-wadeable reaches and white 
bars represent mean coverage in wadeable reaches.  Error bars denote 1 SE. 
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Figure 5.  Log-transformed density and 1 SE (whiskers) of surface fishes along the 
complexity gradient and between flow periods from May 2014 - November 2022.  The 
black circle represents mean log transformed density in non-wadeable reaches and the 
white circle represents mean log transformed density in wadeable reaches.  Error bars 
denote 1 SE.    
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Figure 6.  Log-transformed density and 1 SE (whiskers) of pelagic generalist fishes along 
the complexity gradient and between flow periods from May 2014 - November 2022.  
The black circle represents mean log transformed density in non-wadeable reaches and 
the white circle represents mean log transformed density in wadeable reaches.  Error bars 
denote 1 SE. 
  

P < 0.05 
F2,81 = 4.16 

P < 0.01 
F1,159 = 10.76 

P < 0.05 
F1,159 = 5.64 
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Figure 7.  Log-transformed density and 1 SE (whiskers) of pelagic fluvialist fishes along 
the complexity gradient and between flow periods from May 2014 - November 2022.  
The black circle represents mean log transformed density in non-wadeable reaches and 
the white circle represents mean log transformed density in wadeable reaches.  Error bars 
denote 1 SE. 
  

P = 0.05 
F2,159 = 2.99 

P < 0.01 
F1,159 = 42.07 

P < 0.01 
F1,159 = 12.9 

P < 0.01 
F1,159 = 28.4 
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Figure 8.  Log-transformed density and 1 SE (whiskers) of benthic fishes along the 
complexity gradient and between flow periods from May 2014 - November 2022.  The 
black circle represents mean log transformed density in non-wadeable reaches and the 
white circle represents mean log transformed density in wadeable reaches.  Error bars 
denote 1 SE. 
  

P < 0.01 
F1,159 = 16.6 
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APPENDIX SECTION 
 

Appendix 1.  Common taxa (>4500 individuals) placed into habitat usage guilds and 
relative abundance identified in wadeable and non-wadeable reaches in the San Marcos 
River and Comal River from May 2014- November 2022. 

  

Species Name Habitat Guild Abundance (%) 

Gambusia sp. Surface 24.23 
Gambusia geiseri Surface 9.31 
Gambusia affinis Surface 0.94 
Dionda nigrotaeniata Pelagic Fluvial 19.07 
Astyanx mexicanus Pelagic Fluvial 14.18 
Notropis amabilis Pelagic Fluvial 3.83 
Lepomis sp. Pelagic General 5.03 
Micropterus salmoides Pelagic General 4.84 
Lepomis auritus Pelagic General 3.06 
Herichthys cyanoguttatus Pelagic General 1.65 
Lepomis macrochirus Pelagic General 1.33 
Lepomis miniatus Pelagic General 0.79 
Lepomis megalotis Pelagic General 0.47 
Lepomis microlophus Pelagic General 0.42 
Lepomis cyanellus Pelagic General 0.06 
Lepomis gulosus Pelagic General 0.05 
Micropterus punctatus Pelagic General 0.01 
Micropterus sp. Pelagic General <0.01 
Micropterus dolomieu Pelagic General <0.01 
Etheostoma fonticola Benthic 8.71 
Etheostoma sp. Benthic 2.01 

 Total N 123361 
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Appendix 2. Common (> 5% cover) aquatic vegetation taxa identified by height (tall or 
short) and growth form (Bryophyte, algae, caulescent and rosette) among wadeable and 
non-wadeable reaches in the San Marcos River and Comal River from May 2014 - 
November 2022.  

Lowest taxonomic 
level 

Common Name Height Classification 

Bryophyta Bryophyte Short Bryophyte 
Detrital Algae Detrital Algae Short Algae 
Filamentous Algae Filamentous Algae Short Algae 
Epiphytic Algae Epiphytic Algae Short Algae 
Hydrilla verticillata Hydrilla Tall Caulescent 
Cabomba caroliniana Cabomba Tall Caulescent 
Characeae Chara Tall Caulescent 
Haloragaceae Myrio-Millfoil & parrotfeather Tall Caulescent 
Ceratophylum demersum coontail Tall Caulescent 
Justicia americana Justicia Tall Caulescent 
Potamogetonaceae Potamogeton Tall Caulescent 
Hygrophila lacustris Hygrophila Short Caulescent 
Ludwigia repens Ludwigia Short Caulescent 
Hydrocotyle verticillata Hyrdocotyle pennywart Short Caulescent 
Vallsinaria americana Vallsineria Tall Rosette 
Zizania texanus Texas Wild Rice Tall Rosette 
Sagittaria platyphylla Sagitarria Short Rosette 
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