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ABSTRACT 

I studied potential mechanisms by which environmental conditions affect fish 

species distribution, abundance, and survival in the upper Brazos River drainage during 

1997 and 1998. 1 examined spatial and temporal variation in fish abundance along the 

upper Brazos River drainage and determined important abiotic variables associated 

with fish assemblage pattems. There was considerable spatial variation in 

environmental conditions among the 13 sites sampled in the upper Brazos River that 

culminated in a downstream pattern of increasing species diversity and a change in 

species composition from primarily cyprinodontids upstream to an assemblage 

dominated by cyprinids downstream. Changes in species diversity and species 

composition were the result of environmental variability in specific conductance and 

current velocity among sites and streams. Relative abundance of cyprinids was 

inversely related and that of cyprinodontids was positively related, to increasing 

specific conductance. Conversely, cyprinid abundance was positively related and 

cyprinodontid abundance was inversely related to current velocity. In this system the 

erratic localized flow events and accompanying environmental conditions resulted in a 

mosaic of individual stream reaches wdth distinct environmental conditions and 

therefore distinct predictable species assemblages. 

Fish assemblage pattems were examined in isolated stieambed pools in the 

upper Brazos River to examine fish assemblage stmcture and its association with 

environmental conditions. I examined 199 isolated pools sampled seasonally during 

1997 and 1998 and focused on two questions. Are fish distributed in isolated pools by 
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chance? If not, how is fish distribution related to environmental conditions? Then I 

examined 35 isolated pools during 1998 from tiie period of pool isolation until surface 

connections were reestablished following a rain event or pools completely dried and 

focused on two questions. Do environmental conditions change in an expected fashion 

as isolated pools shrink? If so, do fish assemblages change in response to changing 

environmental conditions in an expected manner? 

Fish assemblage pattems existed among pools and were strongly related to 

environmental conditions. Logistic regression identified pool volume and specific 

conductance to be important in determining species presence and absence in pools. 

The probability of Red River pupfish occurring in pools increased as specific 

conductance increased. Conversely, the probability of mosquitofish, red shiner, plains 

minnow, and sharpnose shiner occurring in pools decreased as specific conductance 

increased and pool volume decreased. Pools sampled through time showed abiotic 

changes to be deterministic. As isolated pools shrank specific conductance 

progressively increased and volume progressively decreased. Decreases in cyprinid 

abundance occurred concurrently with specific conductance increases and volume 

decreases; however, cyprinodontid abundance remained constant. 

Finally, I examined the physiological tolerance of the five most common 

species to maximum temperatures, maximum specific conductance, and minimum 

dissolved oxygen concentrations. Laboratory tests showed that cyprinodontids were 

more tolerant of lower dissolved oxygen concentrations, high temperatures, and high 

specific conductance than were cyprinids. Tolerances of cyprinids to abiotic factors 

precluded successflil maintenance of populations in upstieam reaches and isolated 
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pools as they shrank, whereas cyprinodontids were limited to downstieam reaches 

resulting m a species distribution tiiat was stiongly associated with physiological 

tolerances. 
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CHAPTER I 

ANTHROPOGENIC MODIFICATION OF THE UPPER BRAZOS 

RIVER AND POTENTIAL IMPACTS ON PRAIRIE MINNOWS 

The Brazos River is one of the most modified rivers in Texas (Anderson et al. 

1983). The river habitat has been altered by the constmction of reservoirs in the 

middle and upper reaches (Moss and Mayes 1993, Anderson et al. 1983) and contmued 

modification of the river is likely. The Texas Water Plan (1990) proposes constmction 

of two additional reservoirs and three chloride confrol projects on tributaries of the 

upper Brazos River (Moss and Mayes 1993). The reservoirs (Justiceburg Reservoir on 

the Double Mountain Fork of the Brazos River and Post Reservoir on the North Fork 

Double Mountain Fork of the Brazos River) are proposed to meet the City of 

Lubbock's fiiture water demands. The chloride control projects (Croton Creek, Dove 

Creek, and Kiowa Peak) have been proposed to reduce brines entering the Salt Fork of 

the Brazos River. As the demand for water grows it is increasingly likely that these 

projects will be completed. 

Extiemely variable flow regimes characterize the upper Brazos River system 

(Moss and Mayes 1993). Precipitation and stieam flow are highly seasonal. Water 

levels fluctuate extensively, with streams becoming swollen, swift, and turbid after 

periods of moderate to heavy rainfall (Echelle et al. 1972). As water flow ceases 

streams become intermittent, eventually forming isolated pools in the stieambed. 

During periods of drought streambed pools are vital to health and maintenance 

of the Brazos River fish fauna. Fishes inhabiting the upper Brazos River seek refiige in 



these pools during periods of drought and the pools may serve as sources of potential 

colonists that repopulate the river following flood events. Proposed modifications of 

Brazos River system may have negative impacts on the endemic fishes dependent on 

these pools and the mainstem river by either eliminating or stabilizing flows. 

Reservoir constmction will cause changes in water quality and may reduce 

stieam flows by preventing seasonal floods, whereas the chloride control stmctures 

will alter water quality and divert saline water from tributaries so that it does not reach 

the mainstem of the Brazos River. Such alterations may impact endemic fishes by 

changing the physical and chemical characteristics of the habitat, affecting survival and 

reproductive success of the fish fauna, thereby impacting species composition and 

biotic integrity (Matthews and Hill 1980, Li et al. 1987). 

Anthropogenic modifications to the Brazos River have been implicated in the 

decreased distribution and abundance of endemic species (Moss and Mayes 1993, 

Anderson et al. 1983,1995). Changes in the relative abundance of Brazos River fishes 

between 1953 and 1998 were attributed to the constmction of impoundments 

(Anderson et al. 1995, Wilde and Ostrand 1999). Although no species has become 

extirpated from the river, four species, the smalleye shiner (Notropis buccula), 

sharpnose shiner (Notropis oxyrhynchus), speckled chub (Macrhybopsis aestivalis 

tetranema), and plains minnow (Hybognathus placitus), have exhibited reductions in 

their distribution and abundance possibly warranting state or federal production (Moss 

and Mayes 1993). The smalleye shiner and sharpnose shiner are considered high-

priority species by tiie state of Texas (Linam 1995) and all four species are of special 

concem (formeriy C2) to tiie U.S. Fish and Wildlife Service. 



The smalleye shiner and sharpnose shiner are endemic to the Brazos River and 

still occur throughout much of the river. The sharpnose shiner is most abundant 

upstieam from Possum Kingdom Reservoir but, although it still occurs downstream 

from the reservoir, it is uncommon there (Moss and Mayes 1993). The smalleye shiner 

apparently is now restricted to the Brazos River above Possum Kingdom Reservoir 

(Moss and Mayes 1993). The speckled chub and plains minnow have declined in 

distribution and abundance throughout much of their historic range (Anderson et al. 

1983, Moss and Mayes 1983). Moss and Mayes (1993) and Anderson et al. (1983) 

have hypothesized that the impoundments modified habitat components that are critical 

for endemic fishes. Moss and Mayes (1993) and Anderson et al. (1983) correlated 

species declines with alterations in habitat conditions, but did not explicitly test the 

hypotheses that alterations in physical and chemical conditions impact fish abundance 

and distributional pattems. 

If physical and chemical factors stmcture stream fish assemblages, then fish 

species with narrow ranges of tolerance to physical and chemical conditions should 

have more restricted distributions than species with broader tolerances. Theoretically, 

each species should have a most favored site where population density will be greatest 

because of the combination of environmental variables that most closely corresponds to 

its requirements. 

Physical factors, such as flow, turbidity, and temperature, are believed to be 

important in stmcturing fish assemblages in variable river environments by impacting 

reproductive success and recolonization rates (Kushlan 1976, Harrell 1978, Matthews 

and Styron 1981, Tonn and Magnuson 1982, Schlosser 1982). If physical and 
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chemical conditions tiiat define the niche of an organism are elimmated or altered, tiien 

there should be a decreasing number of local sites in which mdividuals can occur. 

Habitat components that are not eliminated, but which are limiting, should resuU in 

decreasing populations because resources are scarce or conditions approach intolerable 

limits. Because niches are multidimensional, there should be an observable difference 

between tiie abundance and distribution of similar species that differ in only a few 

niche dimensions. Thus, species broadly tolerant of fluctuations in salinity and 

temperature, such as the plains killifish (Fundulus kansae) and Red River pupfish 

(Cyprinodon rubrofluviatilis) (Hill and Holland 1971, Feldmetii et al. 1974), should be 

abundant in shallower, more variable habitats that experience extreme fluctuations in 

temperature and salinity. Fish species less tolerant such as the plains minnow, 

smalleye shiner, and sharpnose shiner should occur in deeper, less variable habitats that 

do not exhibit exfreme fluctuations in environmental conditions (Matthews 1987). 

Therefore, 1 evaluated potential mechanisms by which environmental 

conditions affect fish species distribution, abundance, and survival in the upper Brazos 

River. My study had three components. The first component examined longitudinal 

variation in fish assemblages along the upper Brazos River drainage. I examined the 

importance of spatial and temporal variation on individual species abundance. 1 

described fish abundance and species composition along a spatial gradient and 

determined important environmental conditions associated with fish distributional 

pattems. The second component examined the effects of fish species trapped in 

isolated streambed pools. Specifically, I examined the species compositional changes 

as pools shrank and related these changes to successional changes in abiotic variables. 



Finally, I examined the physiological tolerance of the five most dominant species to 

maximum temperatures, specific conductance, and minimum dissolved oxygen content. 
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CHAPTER II 

LONGITUDINAL VARL\TION IN THE FISH ASSEMBLAGE 

OF AN INTERMITTENT PRAIRIE STREAM SYSTEM 

Abstract 

Stream-fish assemblage and envfronmental data for 13 sites in the upper Brazos 

River, Texas during 1997 and 1998 were used to assess the effect of environmental 

conditions on longitudinal variation in fish species abundance and distribution pattems. 

There was considerable spatial variation in environmental conditions among sites. 

Species diversity increased downstream and species composition shifted from 

primarily cyprinodontids, upstieam, to cyprinids, downstream. Spatial variation in 

species diversity and species composition was related to variation in specific 

conductance and current velocity among sites and stieams. In this system localized 

flow events create individual stream reaches with distinct environmental conditions 

and therefore distinct predictable species assemblages. 

Introduction 

Two of the most commonly observed pattems in stieam fish assemblages are 

increasing species diversity and longitudinal zonation from headwaters to downstream 

reaches (Schlosser 1982,1987, Evans and Noble 1979, Minckley 1984, Horwitz 1978, 

Oberdorff et al. 1993). These observed pattems have been related to stream order 

(Lotiich 1973, Hawkes 1975, Kuehne 1962, Harrel et al. 1967), habitat stt^ctiire 

(Gorman and Karr 1978, Schlosser 1982, Rahel and Hubert 1991), environmental 



factors (Taylor et al. 1993, Matthews and Styon 1981, Williams et al. 1996), and biotic 

factors (Capone and Kushlan 1991, Mattiiews et al. 1987, Gilliam et al. 1993). 

Although diversity and longitudinal pattems of stream fish may be linked to 

both abiotic and biotic factors, highly variable lotic environments, such as headwaters 

of prairie streams, tend to be controlled primarily by abiotic factors and frequency of 

disttirbance (Taylor et al. 1993, Mattiiews and Styron 1981, Echelle et al. 1972). 

Headwater reaches are dominated by species capable of invasion after environmental 

perturbations common to these areas, whereas downstream reaches are dominated by a 

stable community in which biotic interactions are more important (Schlosser 1987, 

Lohr and Fausch 1997). Altematively, periodically stressful physiochemical 

conditions are more common in upstream reaches, where only a few physiologically 

tolerant species maintain populations (Rahel and Hubert 1991); downstream reaches 

are more benign and thus allow more species to coexist (Horwitz 1978, Matthews and 

Styron 1981). 

Abiotic gradients and varying environmental perturbations that exist along 

spatial gradients may change seasonally (Jepsen et al. 1997, Taylor et al. 1996, 

Matthews 1990, Meador and Matthews 1992) influencing community pattems and 

species diversity (Gelwick 1990). Seasonal changes in environmental conditions can 

determine the characteristic species pool from which local communities can be 

assembled, setting limits on local species diversity by impacting survival, reproductive 

success, and recolonization rates (Taylor et al. 1996). Few studies of stream fish 

assemblages have compared spatial and seasonal variation and their impact on 

longitudinal zonation and species richness pattems. Therefore, 1 measured 
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environmental variables and the fish community during four seasons along upstieam-

downstieam gradients in tiiree Texas prairie stieams: tiie Brazos River, Salt Fork of the 

Brazos River, and Double Mountain Fork of the Brazos River. My objectives were to 

(1) examine the importance of spatial and temporal variation on individual species 

abundance, (2) describe fish community pattems along spatial and temporal gradients, 

and (3) elucidate the causal processes underlying fish community pattems. In order to 

meet my objectives, I specifically posed the following hypotheses: 

1. Ho: seasonal variation in species abundance is greater than spatial variation; 

2. HQ: fish abundance does not vary longitudinally; 

3. HQ: species diversity does not increase downstieam; 

4. Ho: fish species assemblage stmcture is not related to environmental variable 
gradients. 

Site Description and Methods 

Study Area 

The Brazos River flows east and then south about 2,000 km through western 

and cential Texas to the Gulf of Mexico (Fig. 2.1). My study area was located in the 

upper reaches of the Brazos River basin and included sites located on the Salt Fork of 

the Brazos River (Garza, Kent, and Stonewall counties), Double Mountain Fork of the 

Brazos River (Garza, Kent, and Fisher counties), and Brazos River (Knox County), 

which is formed by the confluence of the Sah Fork and Double Mountain Fork in 

eastem Stonewall County. Stream flows in the upper Brazos River basin are highly 

variable and depend on localized rain events (Echelle et al. 1972). Mean annual 

precipitation is about 56 cm, but is unevenly distributed in both time and location (U.S. 
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Army Corps of Engineers 1977). Generally rain falls quickly in hard, localized 

showers that cause flash floods in affected stieams. As flows recede, stieams in the 

upper Brazos River basin become intermittent, often forming isolated pools in the 

stieambed (Echelle et al. 1972). The variable flow regime causes rapid changes in 

environmental conditions such as temperature, turbidity, and salinity. Streams in the 

upper Brazos River basin have shallow, braided channels, clay and sand substiates, and 

little instieam cover or emergent vegetation. Riparian areas are primarily comprised of 

honey mesquite (Prosopsis grandulosa) (Torr.) and salt cedar (Tamarisk gallica) (L.), 

with interspersed cottonwoods (Populus deltoides) (Bart ex. Marsh). 

Extensive deposits of sodium chloride underlie the upper Brazos River basin, 

which create a downstieam gradient of decreasing salinity (Echelle et al. 1972, U.S. 

Army Corps of Engineers 1977). In my study area average specific conductance 

ranges from 7.99 to 60.66 mS in the Sah Fork, 2.97 to 16.05 mS in the Double 

Mountain Fork, and 12.53 to 20.97 mS in the Brazos River (Table 2.1). 

Sampling Procedures 

Sampling was conducted at 13 sites in the upper Brazos River drainage (Fig. 

2.1) over a 2-yr period. Sites were sampled during: spring (May 1997 and 1998), 

summer (August 1997 and 1998), fall (November 1997 and October 1998), and winter 

(January 1998 and December 1998). Sampling sites were selected on the basis of 

accessibility and were chosen to provide a broad spatial coverage of the upper Brazos 

River basin. All study sites had a similar variety of habitats (riffles, backwaters, 

channels, and isolated pools) and species pool (Moss and Mayes 1993). 
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Fish were sampled witii a 3.7-m x 1.2-m seine. At each site, 15 to 20 tiansects 

were established such that no two tt-ansects were closer tiian 25 m. A total of 25 seine 

hauls were made per site unless the site was dry or contained fewer than 25 isolated 

pools. Transects were sampled downstieam to upstieam to minimize impacts on 

adjacent tiansects (Matthews and Hill 1979). Each seine haul covered a distance of 5 

m and was made in a downstream direction. Caught fish were identified, enumerated, 

and released. 

Before completion of each seine haul, four environmental variables were 

measured at the center of the area sampled. These variables include specific 

conductance (mS), pH, dissolved oxygen (mg/l), temperature (°C), turbidity (NTU), 

depth (cm), and current velocity (m/s). Two additional variables were measured when 

transects included pools: pool length (m), the maximum upstieam to downstream 

length; and the distance (m) to the nearest bank. In pools, depth was determined as the 

mean of five haphazard measurements and width was the mean of five equally spaced 

transects across the pool. Stream order, based on U. S. Geological Survey maps of 

1/250,000 scale, was determined for each site as a surrogate of location (i.e., upstream, 

downstream) (Cole 1994, Horton 1945). 

Data Analysis 

Temporal and spatial variability in species abundance 

Lewis (1978) described the use of a random-effects two-way analysis of 

variance (ANOVA) model to estimate temporal, fixed-spatial, and ephemeral-spatial 

(temporal x spatial interaction) variance components in species abundance. Temporal, 

12 



fixed-spatial, and ephemeral-spatial variance components were estimated for dominant 

fish species. Dominant fish species, which represent 98.8% of all fish species 

collected, include Red River pupfish (Cyprinodon rubrofluviatilis) Fowler 1916, plains 

killifish (Fundulus zebrinus) Jordan and Gilbert 1883, smalleye shiner (Notropis 

buccula) Cross 1953, plains minnow (Hybognathusplacitus) Girard 1856, red shiner 

(Cyprinella lutrensis) (Baird and Girard 1853), sharpnose shiner (Notropis 

oxyrhynchus) Hubbs and Bonham 1951, and mosquitofish (Gambusia qffinis) (Baird 

and Girard 1853). For each species, variance components were used to assess the 

relative magnitude of the temporal and spatial sources of variation in abundance. 

Spatial variation in environmental variables 

Differences in environmental conditions among sites, grouped by stream order 

and by stream, were compared using one-way ANOVA. All environmental variables, 

except pH, were logio (x+1) transformed to better meet parametric test assumptions. 

Significant ANOVAs (P < 0.05) were followed by Fisher's least significant difference 

(LSD) mean separation pairwise tests (SAS 1999). Coefficients of variation were used 

to assess variability in environmental conditions. Differences in environmental 

variability among streams and stream orders were assessed using the method of 

Lewontin(1966). 

Spatial variation in fish assemblages 

Relative abundance (%), Shannon's index of diversity (H'), Shannon's 

dominance index (d), and percent similarity (PS) (Bower and Zar 1984) were estimated 
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to summarize and describe assemblage stmcture among sites and stieams. Species 

abundance was logio (x+1) tiansformed. Differences in the abundance of each species 

and species diversity (H") among sites, grouped by stream order and by river were 

assessed using one-way ANOVA. Significant ANOVAs (P < 0.05) were followed by 

pairwise tests using Fisher's LSD mean separation. 

Associations among environmental variables and fish assemblages 

Associations between environmental variables and fish abundance were 

assessed using canonical correspondence analysis (CCA) (Ter Braak 1998). Only the 

seven most abundant species. Red River pupfish, plains killifish, smalleye shiner, 

plains minnow, sharpnose shiner, red shiner, and mosquitofish, were included in the 

CCA analysis. This analysis suggested the presence of a strong association between 

fish assemblage stmcture and specific conductance and current velocity. A non-

parametric regression, loess, was used to explore the relationship between species 

abundance and specific conductance and current velocity. 

Results 

A total of 39,301 specimens representing 16 species in seven families was 

captured from the Double Mountain Fork, Salt Fork, and Brazos River (Table 2.2). 

Cyprinodontids represented 51.9% of the fishes caught, with Red River pupfish 

comprising 37.9%, and plains killifish 13.9% of the assemblage. Cyprinids represented 

42.4% of fishes caught, witii smalleye shiner comprising 16.7%, plains minnow 10.8%, 

red shiner 7.8%, and sharpnose shiner 7.7% of the assemblage. Mosquitofish 
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(Poeciliidae) represented 4.5% of fishes captured. The remaining nine species 

comprised only 1.2% of the assemblage (Table 2.2). 

Spatial variation in environmental variables 

There was considerable spatial variation in specific conductance among sites 

grouped by river but not when grouped by stream order (Table 2.1). Specific 

conductance did not vary significantly (F 2,49 = 2.54, P < 0.0886) among fourth, fifth-

and sixth-order sites but did vary significantiy among rivers (F 2,49 = 20.25, P < 

0.0001). Specific conductance generally was greatest in fifth-order sites (x =27.6 mS), 

followed by sixth-order sites (x = 16.7 mS), and fourth-order sites (x = 12.3 mS). 

However, this pattem is an artifact of significantly greater specific conductance in the 

Salt Fork, in which most fifth-order sites occur, and the Brazos River in which all 

sixth-order sites occur, than the Double Mountain Fork, in which most fourth-order 

sites were located. Specific conductance did not differ between the Salt Fork and 

Brazos River. 

Current velocity did not vary significantly among sites grouped by stream order 

(F 2,49 = 3.05, P < 0.0562) but did differ significantly among sites grouped by river (F 

2,49 = 8.03, P < 0.0010). Current velocity did not differ between the Double Mountain 

Fork and the Brazos River, but both had significantly greater current velocities than the 

Sah Fork (Table 2.1). 

Turbidity varied significantiy among sites grouped by stream order (F 2,49 = 

6.65, P < 0.0028) and by river (F 2,49 = 9.34, P < 0.0004). Turbidity was greatest in 

sixth-order sites (x = 170.4 NTU) and differed from fourth- and fifth-order sites. 
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Fourth-order sites had tiie next greatest tiirbidity (x = 71.4 NTU) and differed from 

fifth- and sixtii-order sites. Fifth-order sites (x = 41.1 NTU) had significantiy lower 

turbidity tiian fourth- and sixth-order sites. Turbidity was greatest in tiie Brazos River, 

followed by tiie Double Mountain Fork, and Salt Fork (Table 2.1). The Brazos River 

had significantly greater tiirbidity than tiie Double Mountain Fork and Salt Fork. The 

Double Mountain Fork had significantiy greater turbidity than the Salt Fork and 

significantiy lower ttirbidity tiian the Brazos River. The Salt Fork had significantly 

lower turbidity than the Double Mountain Fork and Brazos River. 

Stream depth varied significantly among sites grouped by stream order (^2,49, 

= 3.37, P < 0.0424) and by river (F2,49 = 3.25, P < 0.0473). There was no difference 

between fourth- (x = 15.2 cm) and fiftii-order sites (x = 16.2 cm), but botii sites 

differed in depth from sixth-order sites (x = 24.5 cm). Grouping sites by river, depth 

was greater in the Brazos River, than tiie Double Mountain Fork (Table 2.1). Stream 

depth did not differ between the Double Mountain Fork and the Salt Fork, or between 

tiie Brazos River and the Sah Fork (Table 2.1). 

Environmental variability, as measured by coefficient of variation (CV), was 

greater in the Double Mountain Fork and Salt Fork than in the Brazos River. There 

was significant (P < 0.0001) heterogeneity among rivers in environmental variability 

based on specific conductance, current velocity, turbidity, and stream depth. 

Variability in specific conductance differed significantly among all streams. 

Variability in specific conductance was greatest in the Double Mountain Fork (CV = 

1,573), followed by the Sah Fork (CV = 595) and tiie Brazos River (CV = 424). 

Current velocity was significantly more variable in the Salt Fork (CV = 48,861) and 
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Double Mountain Fork (CV = 13, 453) tiian in the Brazos River (CV = 10,484). 

Turbidity was significantly more variable m the Double Mountain Fork (CV =1,135) 

tiian in the Salt Fork (CV = 880) and tiie Brazos River (CV = 897), tiie latter two of 

which did not differ from each other. Stieam depth was most variable in the Salt Fork 

(CV = 1,209) and least variable in the Double Mountain Fork (CV = 716). Variability 

in depth differed significantly between the Sah Fork and the Brazos River (CV = 880), 

but did not differ significantly in other pairwise comparisons. 

Variability in species diversity and species composition 

Species diversity increased (F 2,101 = 3.82, P = 0.0252) downstream in the 

upper Brazos River drainage among sites grouped by stream order. Fourth- and fifth-

order sites had lower species diversity than sixth-order sites. Similarly, species 

diversity increased downstream in the Double Mountain Fork and Brazos River (Table 

2). Diversity in the Sah Fork was greatest at sites 5 (H' = 0.63) and 7 (H' = 0.61) and 

then decreased upstream (site 4, H' = 0.34) and downstream (sites 8, H' = 0.45 and site 

10, / / '= 0.26). 

Differences in species diversity among sites grouped according to stream order 

correspond with compositional changes in the fish assemblage. Cyprinodontids 

dominated upstream fourth- (d= 0.41) and fifth-order (d=0.33) sites. Conversely, 

cyprinids dominated (d = 0.29) the assemblage in sixth-order sites. However, tiiese 

pattems generally reflect differences among rivers rather than any longitudinal pattem. 

Cyprinodontids dominated the assemblage in the Sah Fork (d = 0.38), whereas 

cyprinids were dominant in tiie Double Mountain Fork (d = 0.25) and the Brazos River 
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(rf= 0.28). Plains killifish (/^2,49= 3.41, P < 0.0411), smalleye shiner (F2,49= 3.47, P 

< 0.0391), sharpnose shiner (^2,49 = 14.53, P < 0.0001), and red shiner ( '̂2,49 = 4.60, 

P < 0.0148) abundance varied among sites grouped by stream. The Salt Fork had a 

significantly greater abundance of plains killifish than the Brazos River. Conversely, 

abundance of the cyprinids, smalleye shiner, sharpnose shiner, and red shiner shiners 

was significantly greater in the Brazos River than the Salt Fork. Although, the fish 

assemblage of the Double Mountain Fork and Brazos River were similar (PS = 72.6) at 

the generic level, the Double Mountain Fork assemblage was primarily comprised of 

smalleye shiner 37.3%, and plains minnow 20.1% and had significantly more red 

shiners than the Brazos River. The Brazos River was also dominated by smalleye 

shiner 25.8%; however, instead of plains minnow, sharpnose shiner (25.8%) were the 

second most dominant species and were significantly more abundant than in the 

Double Mountain. 

Environmental gradients and fish assemblage stmcture 

The CCA analysis summarizes spatial trends in environmental gradients and 

species abundance (Fig. 2.2). The first two axes of this analysis accounted for 92.6% 

of the variance in environmental variables and species abundance (Table 2.4). Species 

distributions were strongly related to specific conductance (r = 0.74) and current 

velocity (r = -0.60) on the first axis, and ttirbidity (r = 0.27) and depth (r = 0.16) on the 

second axis. 

Three species groups, defined by their locations along these environmental 

gradients, were evident. Cyprinodontids were most abundant at sites characterized by 
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high specific conductance, and low current velocity and ttirbidity. The second group 

composed of cyprinids had a complementary distiibution; the relative abundance of 

tiiese species was greatest at sites characterized by low specific conductance, and high 

current velocity and ttirbidity. The third group, consisting only of mosquitofish, was 

most abundant at sites characterized by intermediate environmental conditions. 

Relationships with environmental gradients 

Scatter plots of the relative abundance of each species, at each site, versus 

specific conductance show two pattems. Relative abundance of cyprinids and 

mosquitofish was inversely related to specific conductance over the range of 0 to 30 

mS (Figure 2.3). Beyond 30mS, these species were uncommon. Cyprinodontids 

exhibited a complementary pattem. Relative abundance of botii Red River pupfish and 

plains killifish increased from 0 to 30 mS, and increased only slightly in relative 

abundance beyond 30 mS. 

Scatter plots of the relative abundance of each species, at each site, versus 

current velocity show three pattems. First, the relative abundance of red shiners 

showed little relationship with current velocity (Figure 2.4). Second, relative 

abundance of cyprinids (except red shiner) and mosquitofish was directly related to 

current velocity between 0 and 20-25 m/s (Figure 2.4). Beyond 20-25 m/s, the relative 

abundance of these species increased at a slightly greater rate. Third, relative 

abundance of cyprinodontids was inversely related to current velocity between from 0 

to 20-25 m/s, and decreased slightly at higher current velocities. 
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Fixed versus ephemeral variation in species abundance 

Temporal sources of variation, ranging from 1% in plains killifish to 18% in 

mosquitofish, were smaller than spatial sources of variation in all dominant species 

(Table 2.5). The fixed-spatial variance component was greater than the ephemeral-

spatial component in sharpnose shiner, red shiner, and Red River pupfish and 

accounted for 46 to 79% of variation in the abundance of these species. The sharpnose 

shiner was most abundant in downstream sites and progressively decreased in 

abundance at upstream sites, whereas the Red River pupfish exhibited the reverse 

pattem. The red shiner was common only in the Double Mountain Fork and at site 5 in 

the Salt Fork, which are characterized by low specific conductance (Table 2.1). Thus, 

the distribution and abundance of these three species is strongly related to fixed 

differences among sites in stream size, current velocity, and specific conductance. 

For the plains minnow, smalleye shiner, plains killifish, and mosquitofish, the 

ephemeral-spatial component of variance was greater than the fixed-spatial component, 

and accounted for 33 to 69% of the variation in the abundance of these species. The 

distribution and abundance of these species apparently is determined in only a very 

coarse manner by environmental conditions. 

Discussion 

Past studies (e.g., Schlosser 1982,1987) on lotic ecosystems have emphasized 

linear (upstream-downstieam) environmental variability and gradients and species 

addition downstream. For example, Schlosser (1982,1987) showed that fish 

assemblages were stmctured by spatial and temporal changes in channel morphology 
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and resource availability, such that species richness and species density increase 

downstieam. I observed a downstream gradient of increasing species diversity as 

predicted by Schlosser (1982, 1987). Environmental conditions tiiat exhibited more 

constancy downstream were associated with greater species diversity than upstieam 

(Starrett 1951, Smith and Powell 1971, Kushlan 1976, Grossman et al. 1982, Poff and 

Allen 1995). 

This study supports the conceptual model proposed by Schlosser (1982, 1987). 

Schlosser's model (1982, 1987) predicts an increase in species richness and species 

compositional changes from upstieam to downstream areas. In the upper Brazos River 

drainage diversity increased downstream and species composition shifts from 

cyprinodontids to cyprinids. The most dramatic difference in species diversity was 

between fourth- and sixth-order sites. Fourth-order shes were dominated by Red River 

pupfish and plains killifish. Smalleye shiner, plains minnow, sharpnose shiner, and red 

shiner dominated sixth-order sites; however, compositional shifts in assemblage 

composition reflects differences in streams as opposed to an overall general 

downstream trend. This system is a mosaic of individual stream reaches that have 

distinct environmental conditions and, therefore, distinct species assemblages (Osborne 

and Wiley 1996). Lower species diversity in upstream sites was primarily the result of 

lower species diversity in the Salt Fork. Lower diversity in the Salt Fork could be 

attributed to higher average specific conductance causing intrinsic physiological 

constiaints allowing only Red River pupfish and plains killifish to successfully 

maintain populations. 
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Variable flow regimes in tiie upper Brazos River are associated witii, and may 

contiibute to, the observed spatial heterogeneity in environmental conditions among 

sites and stieams. Fourth-order sites were dry 40% and fifth-order sites 55% of the 

sampling surveys, whereas sixth-order sites were dry 31 % of the time. Sites were 

considered dry if isolated stieambed pools were present or flows were < 0.01 m/s. In 

the Brazos River, sixth-order sites, experienced slightiy fewer and shorter periods of 

drought and was more environmentally consistent as illustrated by significantly lower 

coefficients of variation (Pofif and Allen 1995). Conversely, the Double Mountain 

Fork and SaU Fork were more prone to low flow conditions and were significantiy 

more environmentally variable. 

Environmental variability has been hypothesized to affect diversity pattems 

(Poff and Allan 1995, Ross et al. 1985, Osborne and Wiley 1992) by the trophic 

stmcture hypothesis and extermination hypothesis (Horwitz 1978). According to the 

tiophic stmcture hypothesis, upstream areas that are more environmentally variable are 

occupied by species with broad niches. Downstream reaches with more consistent 

flows and environmental conditions allow greater niche and habitat specialization, and, 

therefore contain more species. The extermination hypothesis suggests that local 

extinction rates increase with environmental variability. Extinction is most prevalent 

during periods of drought and potentially when species are confined to pools. 

Therefore, extinction will be more likely in upstream reaches because they are more 

susceptible to prolonged droughts. Colonization will be restricted to downstream 

regions; thus upstream areas that are farther from potential colonists will usually 
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contam fewer species than environmentally consistent areas downstieam (MacArthur 

and Wilson 1967). 

The significant spatial heterogeneity in fish assemblage composition and 

abundance suggests that environmental conditions and environmental variability 

stiongly influence species composition and abundance. Species abundance differences 

among sites is a reflection of variable physical and chemical factors that are 

responsible for persistent average differences in the capacity of different sites of a 

particular stieam reach to allow reproduction or support certain fish species (Meador 

and Matthews 1992, Horwitz 1978, Edds 1993, Bramlett and Faush 1991). For 

example, variability in abundance for four of the seven species (i.e., plains killifish, 

plains minnow, smalleye shiner, and mosquitofish) was explained by ephemeral-spatial 

differences. This suggests that these species, although spatially segregated at most 

times, use habitats in a fransitory manner as abiotic variables such as current velocity, 

specific conductance and depth change (Matthews and Hill 1980). 

Plains killifish, plains minnow, smalleye shiner, and mosquitofish typically 

maintain populations in sites that are more environmentally constant. These species 

are able to colonize and exploit a wide range of resources and thus become widespread 

and locally abundant during periods of mild environmental conditions. However, the 

large variability in abundance explained by ephemeral-spatial variance components 

suggest that these species tend to be susceptible to chance environmental variability, 

perhaps because of potential physiological stress, which constricts habitat use and 

changes local species composition and diversity via the extermination hypothesis 

(Matthews and Hill 1980). Thus, at least in this system, tiiere are transient 
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environmental conditions, dependent upon flow, tiiat allow specific stt-eam reaches to 

serve as refiigia for fish, and thus provide a pool of immigrants for subsequent 

colonization once conditions improve (Poff and Allen 1995, Angermeier and Schlosser 

1989). 

Low variability in the abundance of Red River pupfish, sharpnose shiner, and 

red shiner indicates that these species occupy sites that consist of appropriate abiotic 

ranges tiiat minimize physiological stiess and possibly competitive interactions (sensu 

Echelle et al. 1972, Matthews and HiU 1979). Red River pupfish occupy shallow areas 

with high specific conductance (Echelle et al. 1972). Red River pupfish may be under 

physiological stress in freshwaters (Echelle et al. 1972). Kinne and Kmne (1962) 

suggest that the desert pupfish (Cyprinodon macularius) was metabolically more 

efficient at salinities of 15 to 35 ppt than in freshwater, which may also be the case for 

Red River pupfish. In addition, Echelle et al. (1972) stated that the realized niche of 

Red River pupfish is restricted primarily to saline waters through diffiise competitive 

exclusion by freshwater faunas. Red River pupfish tend to exist in relatively 

depauperate faunas, perhaps because of combined effects of plains minnow, smalleye 

shiner, and sharpnose shiner which contribute to a general reduction in their realized 

niche (Echelle et al. 1972). Conversely, red shiner constantly occupy areas deeper than 

20 cm with low flows (0-31 cm/sec), and low specific conductance (< 10 mS) 

(Matthews and Hill 1979). Likewise, smalleye shiner occupy deeper areas with low 

specific conductance (< 20 mS) but are more abundant in higher current velocities (> 

0.20 m/sec). The sites that red shiner and sharpnose shiner typically occupy are also 
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less environmentally variable (lower CVs). These species appear to be adept at 

maintaining populations regardless of potential biotic interactions. 

Differences in species composition and environmental condition among sites 

suggest that interspecific differences exist in ecological specialization among the 

dominant species, specifically in regard to environmental preferences and physiological 

tolerances. For example, specific conductance and current velocity conditions 

determined in my study concur with the distributional pattems and species composition 

reported by Echelle et al. (1972). Echelle et al. (1972) identified three species 

complexes in the middle and upper Brazos River. These include Red River pupfish 

and plains killifish, plains minnow, smalleye shiner, and sharpnose shiner, and red 

shiner, and mosquhofish. Red River pupfish and plains killifish were more commonly 

collected upstream and occurred over a wide salinity range (0.4 to near 150 ppt) 

(Echelle et al. 1972). In addition, I observed that Red River pupfish and plains killifish 

increased in relative abundance and their dominance at a site was related to specific 

conductance exceeding 30 mS and current velocities below 0.20 m/s. For example, 

the Sah Fork, which was dominated by cyprinodontids, had a mean specific 

conductance of 30 mS, and velocity 0.07 m/s. Conversely, tiie plains minnow, 

smalleye shiner, and sharpnose shiner species complex, which was more commonly 

associated witii downstieam reaches occurred across a relatively wide range of salinity 

(10 to 20 ppt.) (Echelle et al. 1972), where its relative abundance increased and 

dominance at a site were associated with specific conductance below 30mS and current 

velocities above 0.20 m/s. This is iUustiated by the fact that tiie Double Mountain Fork 

and the Brazos River had mean specific conductance of (8.27, and 17.05 mS, 
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respectively), and velocities of (0.24 and 0.26 m/s, respectively) and were dominated 

by cyprinids. Therefore, specific conductance and current velocity are at least in part 

influencing assemblage stiiicture and may be useful predictors of dominant species 

presence or absence in other prairie streams based upon their physiological preferences 

and limitations. 

Compared to the Salt Fork, species diversity was greatest in the Double 

Mountain Fork and Brazos River sites. This has important conservation implications 

and suggests that biodiversity may be conserved by management of the upper Brazos 

River. For example, less disturbed habitats may favor more specialized species and 

may be managed by maintaining the integrity and natural disturbance regime of the 

Brazos River and its tributaries. This is particularly important because there has been a 

general decline since the 1950s in the relative abundance of cyprinids in stream fish 

assemblages throughout Texas, including the Brazos River drainage (Anderson et al. 

1995, Wilde and Ostrand 1999). Prairie streams, particularly in headwater reaches, are 

subject to periodic drought and environmental perturbations that maintain local 

pattems of biodiversity. Modification of environmental variability and the alteration of 

downstieam reaches may negatively impact colonization rates and reproductive success 

impacting endemic fish fauna and the natural community stmcture. Such 

modifications in headwater prairie streams will most likely be exacerbated by current 

and ftiture water use trends. Water scarcity is chronic in many parts of tiie worid, and 

droughts have become worse in places like the southwestem United States, where 

growing human populations demand more water withdrawal from streams (Matthews 

1998). As water development projects (e.g.. Red River Chloride Conttol Project) 
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continue, fiirther restrictions in the geographic ranges of species and local extinction 

may become more prevalent due to the loss of environmental gradients and natural 

environmental perturbations. 
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Table 2.3. Coefficients of variation (CV) for log-tiansformed environmental 
variables. Rivers not sharing the same letter for an environmental 
variable CV are significantly different (P < 0.05) 

Environmental 
River 
Variable 

Temperature 
Dissolved oxygen 
Conductivity 
pH 
Turbidity 
Depth 
Velocity 
Volume 

Double Mountain 

Fork 

489.60 a 
93.17 ab 

1572.79 a 
113.82 a 

1135.00 a 
715.77 ab 

13453.17 a 
5818.34 a 

River 

Salt Fork 

548.77 a 
154.86 a 
594.96 b 
41.12b 

880.15 b 
1208.88 a 

47861.36 a 
6859.40 a 

Brazos 

542.07 a 
93.04 b 

424.46 c 
43.29 b 

897.19 b 
879.58 b 

10484.34 b 
3936.80 b 
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Table 2.4. Canonical correspondence analysis correlations for first two species 
axes and environmental variables collected from the upper Brazos River 
drainage during 1997 and 1998. Cumulative percentage variance equals 
variance explained by species-environment relationship. 

Environmental Variable Species Axisl Species Axis 2 

Specific conductance 
Deptii 
Turbidity 
Current velocity 

0.7364 
-0.0159 
-0.2713 
-0.6020 

0.2344 
0.1689 
0.2777 
0.2481 

Cumulative % of variance 83.8 92.6 
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Table 2.5. Percent of variance accounted for by temporal (seasonal), fixed-spatial 
(site), and ephemeral-spatial (interaction) components for dominant fish 
species collected from the upper Brazos River drainage during 1997 and 
1998. 

Family/species 

Cyprinidae 
Plains minnow 
Sharpnose shiner 
Smalleye shiner 
Red shiner 

Cyprinodontidae 
Red River pupfish 
Plains killifish 

Poeciliidae 
Mosquitofish 

Temporal 

4 
5 

13 
1 

4 
1 

18 

Percent of variance 
accounted for 

Fixed-spatial 

6 
48 
28 
79 

46 
14 

19 

Ephemeral-spatial 

65 
20 
37 
12 

13 
33 

43 

Error 

25 
27 
22 

8 

37 
52 

20 
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+1.0 
CCAl 

Figure 2.2. Canonical correspondence analysis (CCA) ordination plot for sites and 
species m the upper Brazos River drainage, based on all samples 
combined for 1997 and 1998, illustiatmg species distributional pattems 
based upon environmental conditions and sites. Species are denoted by 
filled circles and labeled as follows: Pup = Red River pupfish, Pkil = 
plains killifish, Plm = plains minnow, Ses = smalleye shiner, Sns = 
sharpnose shiner, Rs = red shiner, Mos = mosquitofish. Sampling 
locations are denoted by and X and labeled by site number, as described 
in Table 2.1 and stteam (i.e., Brazos River, BR; Double Mountain Fork, 
DMF; and Salt Fork, SF). 

39 



OJB - 4 

0.00 

0.10 -

0.05 -

0.00 -

Red River pijpfish 

MosqiutofEh 

T 1 1 1 1 r-
0 10 20 90 40 GO 

Specific Conductance (mS) 

OA -r 

60 

02 -

0.0 -

^ 0 4 J 

S •o 
B 
3 

< 02 

a. </) 

0.0 -

OJ -

02 -

0.1 -

OJO -

OA -

02 

oa -

Plains misiow 

Sharpoose shiner 

tUdtbJaet 

-I 1 r 
40 so 60 

Speciflc Conductance (mS) 
30 

Figure 2.3. Scatter plot and loess smoothed curve shovsang tiie relationship between 
specific conductance (mS) and species abundance (%) from the 13 sites 
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CHAPTER 111 

PRAIRIE STREAM FISH ASSEMBLAGES: THE EFFECTS OF 

ENVIRONMENTAL CHANGE WITHIN ISOLATED 

STREAMBED POOLS 

Abstiact 

Fish assemblage pattems were exammed in isolated stieambed pools in an 

intermittent river drainage in northwest Texas, to examine fish assemblage stincture 

associations with environmental conditions. The first component of the sttidy 

examined 199 isolated pools sampled seasonally during 1997 and 1998 and focused on 

two questions. Are fish distributed in isolated pools by chance? If not, how is fish 

distribution related to envu-onmental conditions? The second component of the study 

examined 35 isolated pools during 1998 from the period of pool isolation until surface 

connections were reestablished following a rain event or until the pools dried 

completely. The second component of the study focused on two questions. Do 

environmental conditions change in an expected fashion as isolated pools shrink? If 

so, do fish assemblages change in response to changing environmental conditions in an 

expected manner? 

The null model hypothesis that fish species were distributed among pools by 

chance was rejected, indicating that assemblage pattems existed. Logistic regression 

identified pool volume and specific conductance to be an important in determining 

species presence and absence in pools. Red River pupfish presence in pools increased 

as specific conductance increased. Conversely, mosquitofish, red shiner, plains 
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minnow, and sharpnose shiner presence in pools decreased as specific conductance 

increased and pool volume decreased. Pools sampled through time showed 

environmental changes to be deterministic. As isolated pools shrank specific 

conductance progressively increased and volume progressively decreased. Decreases 

in cyprinid abundance occurred concurrently with specific conductance increases and 

volume decreases; however, cyprinodontid abundance remained constant. 

Intioduction 

Some geographic regions regularly experience periods of drought that result in 

dramatic reductions in stieam flow and the formation of isolated pools (Pires et al. 

1999, Closs and Lake 1996, Taylor et al. 1996, Rutledge and Beitinger 1989, Mattiiews 

and Maness 1979). Matthews (1998) has presented a conceptual model describing the 

sequential process of flow reduction in stteams to isolated pool desiccation. During 

initial periods of drought, stteams decrease in volume and form a mosaic of pools and 

riffles that do not restrict the movement offish (Matthews et al. 1994). As stream 

volume continues to diminish, fish become trapped in isolated pools (Taylor et al. 

1996, Rutiedge and Beitinger 1989, Wilde and Ostrand 1999). During this period of 

drought, water movement between pools is restticted to subsurface flows tiirough riffle 

zones (Matthews 1998). Eventtially water levels drop below subsurface flows and pool 

volumes become dependent on tiie water table (Matthews 1998). If the drought 

continues, then the water table drops below tiie stteambed, and pools may completely 

dry, resulting in the death of all fish (Matthews 1998, Capone and Kushlan 1991). 
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Because pools serve as refiigia during periods of drought (Pearsons et al. 1992, 

Aadland 1993, Griswold et al. 1982) and are sources of potential colonists to 

repopulate the river following a flood event (Pries et al. 1999, Closs and Lake 1996), 

the effects of environmental conditions on fish assemblages restricted to isolated pools 

during periods of drought are of considerable significance. Nevertheless, limhed work 

has been conducted on habitat conditions and fish relationships in isolated pools while 

they progressively shrink (Closs and Lake 1996). Previous studies have shown that 

uncommonly extreme high temperature (Bailey 1955, Huntsman 1942, 1946, Matthews 

et al. 1982, Mundahl 1990), high salinity (Barlow 1958), and low dissolved oxygen 

concenttations (Tramer 1977) that exceed tolerable limits affect fish assemblage 

composition in pools. 

Abiotic control of assemblage stmcture in pools has been attributed to 

stochastic processes (Kodric-Brown and Brown 1993). However, if there is a gradual 

progression from pool formation to desiccation, as suggested by Matthews (1998), then 

environmental changes in pools should operate in a deterministic manner (Capone and 

Kushlan 1991, Kodric-Brown and Brown 1993). Environmental conditions in pools 

should become progressively more extreme (Mundahl 1990). For example, salinity 

increases as water evaporates from pools (Hill and Holland 1971, Rodriguez and Lewis 

1997). As pools shrink in volume tiiey are subject to progressively greater and more 

rapid diel changes in temperattire and dissolved oxygen concenttations (Mundahl 1990, 

Feldmeth et al. 1974, Capone and Kushlan 1991). 

Fishes confined to isolated pools are subjected to progressively more extteme 

physical and chemical conditions as pools dry down (Rutledge and Beitinger 1989). If 
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tiiere are differences in physiological tolerances among species then composition 

should be determined by deterministic processes and be anticipated during and after 

periods of drought (Matthews and Maness 1979, Kelsch 1994, Kodric-Brown and 

Brown 1993, Lowe et al. 1967). However, foreseen changes in species assemblages 

will only occur if all pools serving as refiigia undergo similar, although not 

synchronized, changes hi abiotic factors. 

Fish species that survive droughts in isolated pools might be expected to regain 

former population levels more rapidly tiian those that must continually recolonize from 

areas downstieam (Tramer 1977). Thus the process of pool formation to desiccation 

may affect local species composition and regional disttibution pattems (Paloumpis 

1958, Canton et al. 1984, Capone and Kushlan 1991, Pires et al. 1999) in harsh 

environments that typically have a high degree of intermittency. 

Therefore, I examined fish assemblage stmcture in isolated pools and their 

associations with environmental conditions by asking four questions. Are fish species 

distributed in isolated pools by chance? If not, how are fish distributions related to 

environmental conditions? Do environmental conditions change in an expected 

fashion as isolated pools shrink? If so, do fish assemblages change in response to 

changing environmental conditions in an expected manner? 

Methods 

Sampling Procedures 

Fish were sampled, and environmental variables measured, in isolated pools (N 

= 199) in the upper Brazos River drainage (Fig. 3.1) over a 2-yr period. Sites (N = 13) 
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were sampled twice each season: spring (May 1997 and 1998), summer (August 1997 

and 1998), fall (November 1997 and October 1998) and winter (January 1998 and 

December 1998). Sites were selected on the basis of access and potentially had a 

similar species assemblage (Moss and Mayes 1993). 

Four sets of randomly selected pools (N = 35) were monitored every three days 

from the period of pool formation until they dried completely or surface contact was 

reestablished following a rain event. Two independent groups of pools were sampled 

at two sites in the Double Mountam Fork of the Brazos River. At site one (Fig. 3.1) ten 

pools were sampled from 17 June-15 July 1998, and six pools were sampled from 21 

July-31 July 1998. At site five (Fig. 3.1) 10 pools were sampled from 23 May-8 June 

1998 and nine pools were sampled from 12 July-9 August 1998. 

Fish were sampled in each pool with a 3.7-m x 1.2-m seine, which covered the 

length of the pool. Caught fish were identified, enumerated, and released. Before each 

seine haul and at the center of the area to be sampled envu-onmental variables were 

measured. I measured water temperature (°C), dissolved oxygen content (mg/l), 

specific conductance (mS), pH, ammonia concenttation (mg/l), turbidity (NTU), 

current velocity (m/s), total pool length (m) and pool distance to the bank (m). Deptii 

(cm) was determined as the mean of five haphazard measurements. Pool width (m) 

was determined as tiie mean of five perpendicular widtiis equally spaced along the 

length of the pool. 
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Null Models 

Two null models were used to simulate random fish distributions in isolated 

pools. To test tiie hypothesis tiiat fishes were disttibuted among pools by chance (N = 

199) (Appendix), the first null model randomly assigned each individual fish to pools, 

such that column totals (i.e., total number of species /) and row totals (i.e., total number 

offish in pooiy) were allowed to vary. The first null model compared tiie observed 

pattem to random expectations generated by the null model without implying any 

causal mechanisms and did not constrain the number of individuals,/, m a pool or the 

population size of species /. The second, more constrained null model randomly 

assigned individual fish to pools such that column and row totals were held constant, 

thus constraining random expectations to the observed number of individuals,7, 

observed in a pool and the population size of species /. The two null models therefore, 

bracket the range of distributional pattems that might be attributable to chance without 

implying any causal relationships with abiotic factors, excluding space, or biotic 

interactions. 

1 compared the y^ statistic determined form the observed fish distribution 

against y^ distributions generated from 10,000 permutations from each null model, 

which gave a direct estimate of the probability of the observed result under the null 

hypothesis. The null hypothesis tiiat fishes were distributed in pools by chance was 

rejected at P < 0.05 for both models. Programs were coded and executed using Matiab 

5 (Matiab 1998). 
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Data Analysis 

I used logistic regression to assess tiie relationship between species presence 

and specific conductance and pool volume. The logistic response fimction form is 

where, Y, = probability of species / presence, fio = regression constant, pi = regression 

coefficients, and Xy= independent variable (specific conductance or volume) in pooiy 

(Neter et al. 1996). I tested the appropriateness of tiie logistic response fimction 

between species presence and specific conductance or pool volume using a full/reduced 

model likelihood ratio x^ test (SAS 1999). 

Species and environmental changes as pools shrank 

I used principal component analysis (PCA) to summarize changes in 

environmental variables and species relative abundance in pools (N = 35) among 

sampling periods (SAS 1999). Because the environmental variables were measured in 

different units, it was necessary to standardize the data so each value was converted to 

a z-score. Pearson's product-moment correlation was used to assess the significance (P 

< 0.05) and strength of the relationship between environmental conditions and species 

changes through time (i.e., species PCA scores for the first two axes). 

I used a randomized block design and a mixed model to test for differences 

among time periods m environmental conditions and species relative abundance 

changes. Pools (N = 35) were considered as random blocks and time was the fixed 

treatment. The species relative abundance and abiotic factors were dependent 

variables. Abiotic factors were logio transformed and species relative abundance was 
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arcsine-square-root tiansformed to meet assumptions of parametiic tests. Significant 

(P < 0.05) ANOVAs were followed by pan-wise tests using least squares mean 

separation (SAS 1999). 

Results 

Of the 13 species I captured, cyprinids (62.2%) comprised the greatest 

proportion of the assemblage. Plains minnow comprised 24.7% of the fishes caught, 

followed by smalleye shiner (18.5%), sharpnose shiner (11.1%), and red shiner (7.7%). 

Cyprinodontids comprised 31.6% of the assemblage witii Red River pupfish 

comprising 24.5%, and plains killifish 7.1%, of the fishes caught. Mosquitofish 

(Poeciliidae) comprised 5.8% of the assemblage. These seven species comprise 93.8% 

of the total number offish collected and are defined as dominant species for subsequent 

results. 

Fish assemblages randomly generated by both null models differed significantly 

(P < 0.0001) from the observed fish assemblages sampled from the 199 pools in the 

upper Brazos River. The first, least consttained, null model suggests that the 

abundance of each species and the number offish that inhabit each pool was stmctured 

by some biotic or abiotic mechanism. The second, more consttained, null model 

suggests some stmcturing mechanism(s) continues to operate when the abundance of 

each species and the total number offish in each pool is held constant. These results 

suggest that the observed abundance of each species in pools did not occur simply by 

chance but are effected by some stmcturing mechanism that operates regardless of 

spatial consttaints. 
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I performed principal component analysis on specific conductance, ammonia 

concenttation, pH, ttirbidity, dissolved oxygen content, maximum deptii, and pool 

volume. Pool volume and specific conductance were the two most influential variables 

discriminating sampling periods (Table 3.1) (Matthews and Hill 1980). I used tiiese 

variables for logistic regression to assess tiie effect of specific conductance and pool 

volume on the probability of species presence in pools. 

The presence of the dominant species in isolated pools was sttongly related to 

specific conductance. The probability of species presence withm isolated pools 

increased for Red River pupfish as specific conductance increased (x^i = 30.87, P = 

0.0001) but there was no relationship (x^ = 0.07, P = 0.7909) for plains killifish (Fig. 

3.2, Table 3.2). The probability of presence within isolated pools decreased for 

mosquitofish (x^ = 6.42, P = 0.0112), red shiner (x^ = 30.53, P = 0.0001), plains 

minnow (x^ = 40.73, P = 0.0001), smalleye shiner (x^ = 32.84, P = 0.0001), and 

sharpnose shiner (x^i = 23.74, P = 0.0001) as specific conductance increased (Table 

3.2). Mosquitofish and cyprinids were absent from pools with a specific conductance 

greater than 30 mS (« 18%o) suggesting that the specific conductance value of 30 mS 

was an important threshold determining species absence (Fig. 3.2). 

Pool volume also appears to be an important variable predicting cyprinid and 

mosquitofish occurrence in pools; however, pool volume does not seem to be important 

for cyprinodontids (Fig. 3.3). As pool volume increased the probability of occurrence 

of mosquitofish (x^ = 4.22, P = 0.0399), red shiner (x^ = 7.53, P = 0.0061), plains 

minnow (x^i = 4.38, P = 0.0364), smalleye shiner (x^ = 8.57, P = 0.0034), and 
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sharpnose shiner (x^i = 11.24, P = 0.0008) increased. There was no relationship 

between pool volume and Red River pupfish (x^i = 0.02, P = 0.8941) and plains 

killifish (x^ = 1.03, P = 0.3099) (Fig. 3.3, Table 3.3). 

Species and Environmental Changes During Pool Dry Downs 

Principal component analysis indicated that species composition changed from 

primarily cyprinids to cyprinodontids and mosquitofish and specific conductance 

increased and pool volume decreased through time. Pearson correlation coefficients 

between environmental variables and scores for the first two PCs derived from species 

abundance indicate that changing species composition in pools through time were 

strongly related to specific conductance increases and pool volume decreases (Table 

3.4). 

Principal component analysis of environmental variables within pools (N = 35) 

showed maximum depth, volume, and turbidity decreased and specific conductance 

and pH increased through time (Fig. 3.4). The first two PCs explained 43% of the 

variation among sampling times. Maximum depth, volume, and pH loaded heavily on 

the first PC, and ttirbidity and specific conductance loaded heavily on the second PC 

(Table 3.1). 

Principal component analysis of the relative abundance of dominant species 

within pools showed species composition shifts from cyprinids too primarily 

cyprinodontids and mosquitofish as pools shrank (Fig. 3.5). The first two PCs 

explained 45% of the variation among sampling periods. Plains minnow, smalleye 

shiner. Red River pupfish, and mosquitofish loaded heavily on the first PC and 
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sharpnose shiner, red shiner, and plains killifish loaded heavily on the second PC 

(Table 3.1). 

Isolated pools sampled at site one from 17 June to 15 July 1998 revealed 

reductions in the abundance of the dominant cyprinids and mosquitofish (Table 3.5) as 

environmental conditions changed (Table 3.6) and pools shrank. Plains minnow (F g, 62 

= 2.95, P = 0.0074) and smalleye shiner (F g, 62 = 3.09, P = 0.0054) abundance 

decreased significantly. Sharpnose shiner and mosquitofish also declined, even though 

significant differences among time surveys were not detected. Significant declines in 

the abundance of plains minnow coincide with significant declines in dissolved oxygen 

(F 8,61 = 23.40), maximum depth (F g, 62 = 5.45, P = 0.0001) and pool volume (F g, 60 = 

10.12, P = 0.0001) on day 12. Reductions in smalleye shiner abundance took place on 

day 24 and corresponded with changes (P < 0.0001) in turbidity, pH, dissolved oxygen, 

temperature, maximum depth and pool volume. 

Cyprinid abundance continued to decrease at site one sampled from 21 July to 

31 July (Table 3.5) as isolated pools dried and environmental conditions changed 

(Table 3.6). There was a significant decline in sharpnose shiner (F 3, g = 4.32, P = 

0.043) abundance, and a nonsignificant decline in plains minnow, smalleye shiner, and 

red shiner abundance. Reduced abundance of these species parallel significant 

increases in specific conductance (F3, g = 19.07, P = 0.0005) and nonsignificant 

decreases maximum deptii, and pool volume on day six (Table 3.6). 

Sharpnose shiner abundance decreased in isolated pools sampled 23 May to 8 

June 1998 at site 5, whereas all otiier dominant species maintained their populations 

(Table 3.5) as environmental conditions changed (Table 3.6) and pools shrank. 
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Significant decreases in sharpnose shiner abundance (F4, §4 = 2.84, P = 0.0413), parallel 

significant increases in specific conductance (F4 30 = 2.55, P = 0.0593) and decreases 

in maximum depth (F 4,30 = 4.95, P = 0.0035) and volume (F 4,30 = 6.66, P = 0.0006) 

on day 12. 

Isolated pools sampled at site 5 during 12 July-9 August 1998 revealed 

significant decreases in smalleye shiner abundance (F g, 37 = 2.85, P = 0.0143) as 

environmental conditions changed (Table 3.6) and pools shrank. Plains minnow, 

sharpnose shiner, and red shiner also declined in abundance, although the decreases 

were not significant (Table 3.5). Reduced abundance and disappearance of these 

species correspond with significant increases in specific conductance (F g, 37 = 11.86, P 

= 0.0001), pH (F8,37 = 21.83, P = 0.0001) and decreases in ttirbidity (Fg,37 = 5.93, P = 

0.0001), maximum depth (Fg,37= 11-60, P = 0.0001), and pool volume (^8,37 = 5.36, 

P = 0.0002) on day 9. 

Discussion 

Fish assemblage pattems and decreased abundance of species observed in this 

study demonsttates that fish assemblage sttiicture in isolated and drying pools was not 

haphazard and was correlated with environmental conditions. Specifically, tiiis study 

shows that pool volume and specific conductance played a major role in determining 

local species richness during periods of drought. Abiotic factors in pools have been 

suggested to be more important regulators offish assemblage sttiicttire tiian fish 

predation and compethive interactions (Capone and Kushlan 1991). Altiiough tiiis 

stiidy supports this notion, previous shidies have shown that assemblage stmcttire is 
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primarily the result of unforeseen, harsh and rapidly changing environmental 

conditions (Tramer 1977, Matthews et al. 1982). This study demonstrates that pool 

fish assemblage stmcture, in geographic regions that regularly experience periods of 

prolonged drought, can be anticipated as pools shrink and are the result of deterministic 

abiotic processes. 

Changes in the assemblage stmcture within pools m the upper Brazos River 

corresponded with species specific mortality due to different species tolerances to 

harsh environmental conditions. Cyprinodontids maintained populations as pools 

shrank, indicting they physiologically cope with dramatic abiotic changes. However, 

cyprinids were unable to vsithstand the increases in specific conductance, as well as 

decreases in maximum depth and pool volume through time. Sharpnose shiner was the 

first species to succumb to changing environmental conditions followed by red shiner, 

smalleye shiner, plains minnow, and mosquitofish. The declines in abundance of these 

species parallel specific conductance increasing to 25 mS for sharpnose shiner, and 47 

mS for smalleye shiners and plains minnow. 

Red River pupfish and plains killifish were present in pools tiiat had specific 

conductance as great as 140 mS. Plains killifish can tolerate salimties as high as 89%o 

(Griffitii 1974, Hill and Carlson 1970), and Red River pupfish have been observed in 

waters having a salinity of 150%o (Echelle et al. 1972). Tolerance of mosquitofish and 

cyprinids (i.e., smalleye shiner, sharpnose shiner, and plains minnow) to salinity is 

significantly lower tiian in cyprinodontids. Excluding cyprinodontids, mosquitofish 

had the greatest ability to tolerate high salt concentrations (39.0-58.8%o), followed by 

the smalleye shiner (LC50 <« 31), plains minnow (LC50 26 « mS), red shiner (10-14%o), 

54 



and sharpnose shiner (LC50 « 25 mS) (Chervinski 1983, Matthews and Hill 1977, 

Echelle etal. 1972). 

Although salinity appears to be important in stmcturing pool assemblages other 

abiotic variables may also be significant. Temperatures in the pools were high, but 

were not lethal. Temperatures within all pools (21 to 35 °C) were below the critical 

tiiermal maxima of the Red River pupfish, 40.3 °C, plains killifish, 42.0 °C, red shiner, 

38.9 °C (Matthews and Hill 1977), plains minnow, 39.9 °C, (Matthews and Hill 1979) 

and smalleye shiner, 37.2 °C. In addition, dissolved oxygen > 1.5 mg/l (Mattiiews and 

Hill 1979, 1977), ammonia concentrations < 5.5 mg/l (Home and Goldman 1994), pH 

(6.69 to 8.58) (Matthews and Hill 1977), and ttirbidity (7.9 to 4002 NTU) were at 

tolerable levels for these species and were eliminated as mechanisms causing declines 

in abundance (Table 3.6). Although these variables were eliminated, synergistic 

interactions among these environmental variables cannot be mled out as potential 

mechanisms contioUing assemblage stmcture in shrinking pools. 

The increased probability of cyprinid presence in pools with greater volumes 

was due to benign environmental conditions associated with larger pools. 

Environmental conditions became more extreme (Closs and Lake 1996) and diel 

changes in environmental conditions become more pronounced as pools become 

smaller (Mundahl 1990). Greater maximum depths are sttongly correlated with pool 

volume. Greater depths can provide refiigia for fish, such as cooler water temperatures 

(Mundahl 1990, Minckley and Barber 1971). Some fish species, such as cyprinids, 

may be present in pools with greater volumes because they can effectively compete for 
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limited habitats and avoid intolerable environmental conditions (Gorman 1988). 

Cyprinodontids presence was not associated witii increased pool volume, suggesting 

tiiat tiiese species are more tolerant of abiotic conditions encountered m pools 

regardless of their size. 

Differential mortality of species caused by changing environmental conditions 

reduces local diversity and may significantly impact assemblage sttiicttire at a regional 

scale (Rutiedge and Beitinger 1989, Matthews et al. 1982, Matthews 1987, Matthews 

and Maness 1979). Stiessfiil physical and chemical conditions that are common in 

isolated pools (Bailey 1955, Barlow 1958, Huntsman 1942, 1946, Mattiiews et al. 

1982, Mundahl 1990) allow only a few physiologically tolerant species (i.e., 

cyprinodontids and mosquitofish) to maintain populations (Rahel and Hubert 1991, 

Matthews et al. 1982). More tolerant species therefore should be at an advantage until 

benign conditions return. Once flows return and conditions become tolerable more 

species should be able to exist (Horwitz 1978, Matthews and Styron 1981). However, 

those species that are less tolerant of extreme environmental conditions (i.e., cyprinids) 

must reinvade from reaches that are more benign (Closs and Lake 1996). Since pool 

formation is more prevalent in headwater reaches (Taylor et al. 1996, Closs and Lake 

1996), I hypothesize that cyprinodontids colonize from headwater reaches and 

cyprinids from downstream. 

Stteams in arid lands undergo regular flood and drought regimes (Closs and 

Lake 1996, Boulton et al. 1992, Minckley and Barber 1971, Paloumpis 1958, Matthews 

and Maness 1979). Headwater reaches in these streams commonly form isolated pools 

during periods of drought (Matthews et al. 1994, Matthews and Maness 1979, Closs 
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and Lake 1996). Isolated pool formation and the resultant differential mortality of 

species should result in longitudinal zonation of species. Zonation of species should be 

foreseeable based on recolonization and extinction and directly associated with the 

duration of droughts. Headwater reaches should be dommated by more tolerant species 

(i.e., cyprinodontids), during and immediately following droughts, whereas 

downstieam reaches, that tend to be more perennial, should consist of a more stable 

community, in which biotic interactions are more important in determining assemblage 

stmcture (Schlosser 1987, Lohr and Fausch 1997). 
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Table 3.1. Principal component analysis (PCA) of environmental variables and 
species for pools, showing loadings of these variables for the first two 
principal components and percent of variance explained for each 
principal component. 

Environmental variable 

Specific conductance 
Ammonia 
pH 
Turbidity 
Maximum depth 
Volume 
Dissolved oxygen 

% Variance explained 

PCI 

0.27 
0.02 
-0.20 
-0.19 
0.62 
0.68 
0.01 

22 

PC2 

-0.41 
-0.13 
0.53 
0.57 
0.29 
0.22 
0.27 

43 

Species 

Mosquitofish 
Sharpnose shiner 
Plains minnow 
Smalleye shiner 
Plains killifish 
Red River pupfish 
Red shiner 

PCI 

-0.38 
0.10 
0.53 
0.45 
-0.20 
-0.48 
0.29 

29 

PC2 

0.15 
0.76 

-0.17 
-0.28 
-0.42 
-0.05 
0.33 

46 
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Table 3.2. Logistic regression analysis results from isolated pools sampled m the 
upper Brazos River drainage at tiie 13 sites during 1997 and 1998 witii 
P-values for species presence and specific conductance relationship. 
Relationships between species presence and specific conductance were 
significant at P < 0.05. 

Species 

Red River pupfish 
Plains killifish 
Mosquitofish 
Plains minnow 
Red shiner 
Smalleye shiner 
Sharpnose shiner 

Estimated Regression Parameters 

N 

234 
234 
234 
234 
234 
234 
234 

Regression 
Constant 

bo 

0.68 
0.21 
0.17 

-0.24 
-0.52 
-0.65 
0.40 

Regression 
coefficient 

bi 

-0.0511 
-0.0018 
0.0205 
0.0857 
0.0918 
0.0916 
0.0694 

l' 

30.87 
0.07 
6.43 

40.74 
49.25 
52.48 
23.74 

P-value 

0.0001 
0.7910 
0.0112 
0.0001 
0.0001 
0.0001 
0.0001 
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Table 3.3. Logistic regression analysis results from isolated pools sampled in the 
upper Brazos River drainage during 1997 and 1998 with P-values for 
species presence and pool volume relationship. Relationships between 
species presence and pool volume were significant at P < 0.05. 

Species 

Red River pupfish 
Plains killifish 
Mosquitofish 
Plains minnow 
Red shiner 
Smalleye shiner 
Sharpnose shiner 

Estimated Regression Parameters 

N 

230 
230 
230 
230 
230 
230 
230 

Regression 
Constant 

bo 

-0.33 
0.22 
0.72 
1.33 
1.21 
1.12 
1.83 

Regression 
coefficient 

bi 

-0.0003 
-0.0023 
-0.0048 
-0.0050 
-0.0066 
-0.0071 
-0.0084 

x' 

0.01 
1.03 
4.40 
4.38 
7.53 
8.57 

11.24 

P-value 

0.8944 
0.3095 
0.0399 
0.0364 
0.0061 
0.0034 
0.0008 
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Table 3.4. Significant (P < 0.05) Pearson correlation coefficients, denoted by an 
asterisk, among the first two principal components derived from species 
abundance and environmental variables. 

Environmental variable Principal component 1 Principal component 2 

0.19* 
0.30 
0.33 
0.18 
0.21 
0.05 
0.11 
0.15* 
0.23* 

Temperature 
Dissolved oxygen 
Specific conductance 
pH 
Ammonia 
Turbidity 
Average depth 
Maximum depth 
Volume 

0.59 
0.88. 

-0.65* 
0.18* 
0.16. 
0.39* 
0.19 
0.16* 
0.58 
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Logistic regression describing the relationship between species presence 
and specific conductance (mS) for species sampled in isolated pools in 
the 13 sites on upper Brazos River drainage during 1997 and 1998. 
Logistic regression results and significance are listed in Table 3.1. 
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Figure 3.3 Logistic regression describing the relationship between species presence 
and pool volume (m^) for species sampled in isolated pools m the 13 
sites on upper Brazos River drainage during 1997 and 1998. Logistic 
regression results and significance are listed in Table 3.2. 
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Figure 3.4. Average PC scores and associated standard errors for each samplmg 
date based on seven environmental variables for pools monitored 
tiirough time in two reaches in the Double Mountain Fork of tiie Brazos 
River during 1998. Loadings and proportion of total variance explained 
by each PC presented in Table 3.1. 
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Figure 3.5. Average PC scores and associated standard errors for each sampling 
date based on abundance of mosquitofish, sharpnose shiner, plains 
minnow, smalleye shiner, plains killifish, and Red River pupfish for 
pools monitored through time in two reaches in tiie Double Mountain 
Fork of tiie Brazos River during 1998. Loadings and proportion of total 
variance explained by each PC presented in Table 3.1. 
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CHAPTER rv 

DISSOLVED OXYGEN, SALINITY, AND TEMPERATURE 

TOLERANCE OF FIVE PRAIRIE STREAM FISHES 

Abstiact 

Cyprinodontids (Cyprinodon rubrofluviatilis and Fundulus zebrinus) and three 

cyprinids (Hybognathus placitus, Notropis buccula, and N oxyrhynchus), collected 

from the upper Brazos River drainage (Texas), were compared for dissolved oxygen, 

temperature, and specific conductance tolerance. Cyprinodontids, being the most 

common species in upper reaches, were more tolerant to lower dissolved oxygen, high 

temperatures, and high specific conductance. In ability of cyprinids to physiologically 

tolerate abiotic conditions precludes successful maintenance of populations within 

upstieam reaches, whereas cyprinodontids appear to be limited within downstream 

reaches resulting in a species distribution that is associated with physiological 

tolerances. 

Intioduction 

Variable, and often dramatic, changes in physical and chemical conditions 

characterize headwater prairie stieams (Matthews and Maness 1979). Variable 

physical and chemical conditions are often the result of fluctuatmg flow regimes, 

where prairie headwater streams become swollen, and swift after periods of moderate 

to heavy rainfall (Echelle et al. 1972). After rainfall events, prauie headwater streams 

recede, becoming intermittent and eventually fi-agment into isolated streambed pools 
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(Taylor et al. 1996, Rutiedge and Beitinger 1989, Wilde and Ostiand 1999). Changes 

in physical and chemical conditions can be caused by isolated pool formation. For 

example, as water evaporates fi-om isolated stieambed pools salmity increases (Hill and 

Holland 1971) and pools become subject to rapid diel changes in temperature and 

dissolved oxygen concentiations (Mundahl 1990, Feldmeth et al. 1974, Capone and 

Kushlan 1991). 

Fishes that are confined to isolated pools are subject to variable and extreme 

physical and chemical conditions (Rutiedge and Beitinger 1989), which may cause 

stress and ultimately death (Tramer 1977, Matthews et al. 1982, Mundahl 1990, 

Mattiiews and Zimmerman 1990). Temperature (Bailey 1955, Huntsman 1942, 1946, 

Matthews et al. 1982, Mundahl 1990), high salinity (Barlow 1958), and low dissolved 

oxygen concentrations (Tramer 1977), that exceed tolerable limits, have been identified 

as causal factors in the differential mortality of stream fishes. 

Differential mortality of stream fishes can affect local species composition. 

Desiccation of pools (Rutiedge and Beitinger 1989, Matthews et al. 1982, Matthews 

1987) and changing abiotic conditions as pools undergo evaporation (Tramer 1977) 

negatively impact colonization rates and reproductive success offish (Capone and 

Kushlan 1991) reducmg local diversity. Therefore, fishes that survive droughts in 

isolated pools might be expected to regain former population levels more rapidly than 

those that must continually recolonize from downsfream (Tramer 1977). 

Because isolated pools are more prevalent in upstream reaches of prairie 

streams (Taylor et al. 1996) they may, in part, contribute to observed pattems in the 

longitudinal zonation in stieam fish assemblages. Variable physical and chemical 
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conditions upstieam, which become less variable downstream, have been suggested to 

be common causal mechanisms explaining longitudinal zonation offish species 

(Taylor et al. 1993, Matthews and Styron 1981, Williams et al. 1996). Seasonal pool 

formation creates repeated bouts of faunal decimation and recolonization (Poff and 

Ward 1990, Paloumpis 1958). This in tum should cause headwaters to contain fewer 

species than downstieam reaches (Tramer 1977). The fish species that are more 

tolerant of environmental variability and extreme conditions should be more likely to 

occur in upstieam reaches (i.e., environmentally variable habitats) (Echelle et al. 1972). 

Conversely, fish species that are less tolerant of environmental variability and extreme 

conditions will most likely inhabit downstream reaches (i.e., environmentally stable 

areas) (Rutledge and Beitinger 1989, Harrel et al. 1967, Matthews and Styron 1981), 

resulting in longitudinal zonation offish assemblages along an upstream-downstream 

gradient. 

Therefore, I attempted to determine if physiological tolerances for fish species 

could explain regional longitudinal zonation pattems as well as local species 

composition. I tested for interspecific differences among Red River pupfish, 

(Cyprinodon rubrofluviatilis), plains killifish (Fundulus zebrinus), plains minnow, 

(Hybognathus placitus), smalleye shiner, (Notropis buccula), and sharpnose shiner, (N. 

oxyrhynchus) for thermal, specific conductance, and dissolved oxygen tolerances. 
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Methods and Materials 

Fish Collection and Maintenance 

Red River pupfish, plains killifish, plains minnow, smalleye shiner, and 

sharpnose shiner were collected from the Salt Fork (Garza County) and Double 

Mountain Fork of the Brazos River (Kent County), Texas, on 20 May 1998 and were 

fransported to the laboratory. Fish were maintamed for at least two weeks at a 

photoperiod of 12L:12D in aerated 75-1 glass aquaria and were fed Wardleys tropical 

flake-food ad libitum. Fish were not fed for 48 h before tolerance tests. For minimum 

oxygen determinations and maximum specific conductance tests fish were acclimated 

at a temperature of 25 °C. Fish used in critical tiiermal tolerance tests were acclimated 

at 20,25, and 30 °C for at least two weeks. 

Critical Thermal Maxima 

Thermal tolerance was determined by the critical thermal maxima method 

(CTM) of Hutchison (1961). A single individual of each species (N ^ 15 per species), 

from each acclimation temperature was transferred to a 500-ml beaker and heated using 

a water bath and was aerated to insure uniformity of heat transfer and to preclude 

oxygen depletion during tests. Temperature was increased at a rate of 0.5 °C min"'. 

The CTM was defined as the temperature at which a fish lost equilibrium and failed to 

right itself Interspecific group comparisons for each acclimation temperature were 

made using analysis of variance (ANOVA). Significant ANOVAs (P < 0.05) were 

followed by pairwise tests using Fisher's least significant difference mean separation 

(SAS 1989). 
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Maximum Specific Conductance 

Specific conductance tolerance was determined by the introduction of five test-

fish into a 75-1 aquarium adjusted previously for desired specific conductance (i.e., at 

20, 25, 35, 40, and 61 ± 4.0 mS), which represent tiie range of observed specific 

conductance in the field. Specific conductance is a surrogate measure of salmity. Each 

tieatment, at a specific conductance, was replicated at least 3 times for each species. 

Fish mortality in each aquarium at 48 h was recorded. Fish that survived 48 h were 

returned to a holding tank to recover, but were not used in other trials. 

I used logistic regression to assess the effect of specific conductance on the 

probability of mortality at 48 h. The logistic response fimction form is 

Y,. = ê o"" '̂ •̂ V̂l + e^°"" f^'^^ 

where Y, = probability of / species mortality, e = inverse natural logarithm of 1, /?o = 

regression constant, /?i = regression coefficients, and X,= independent variable 

(specific conductance) in aquariumy (Neter et al. 1996). I tested the appropriateness of 

the logistic response fimction between species mortality at 48 h and specific 

conductance using a full/reduced model likelihood ratio x test (SAS 1989). 

Minimum Dissolved Oxygen 

Minimum oxygen tolerances (N = 15 per species) were determined in a test 

chamber, described by Hlohowskyj and Wissing (1987), through which nitiogen gas 

was bubbled to remove dissolved oxygen. The chamber was constructed from a 
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stoppered 500-ml Erienmeyer flask. Two 1-ml glass pipettes were inserted through tiie 

rubber stopper to witiun 5 mm of the bottom of the flask. One glass pipette was used 

to provide nitiogen to the system. The second connected to a 100-ml syringe was used 

to remove water samples for oxygen determinations. A piece of tygon tubmg was 

inserted through the rubber stopper to serve as a pressure release. A smgle fish 

introduced into 400-ml of water from the holdmg tank was placed within the chamber 

witii 400-ml of their respective holding tank water. Once the chamber was sealed, a 

50-ml sample was withdrawn for determinations of initial oxygen concentration. 

Nitrogen gas was then bubbled into the chamber at a pressure of approximately 1.8-psi 

which drove dissolved oxygen from the water at an average rate of 0.62 ± 0.22 mg 021' 

min" . Nitrogen was bubbled through the chamber until the endpoint, defined as the 

point at which the fish lost equilibrium and was unable to maintain an upright position, 

was reached. Afterwards 50 ml of water was collected for determination of minimum 

dissolved oxygen. Fish were then allowed to recover. Oxygen concentrations were 

measured with the azide-modified Winkler method following the procedure described 

by Hombach et al. (1983). Interspecific group comparisons for minimum dissolved 

oxygen concentrations were made using analysis of variance (ANOVA) and followed 

by pairwise tests using Fisher's least significant difference mean separation (SAS 

1989). 
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Results 

Critical Thermal Maxima 

At an acclimation temperatiire of 20 °C (F4,73 = 15.70, P < 0.001), 25 °C (F4. (,1 

= 7.89, P < 0.0001), and 30 °C (F4,70 = 4.87, P = 0.0016) critical thermal maxima 

differed among the five species (Fig. 4.1). Red River pupfish and plains killifish had 

greater thermal tolerances than plains minnow, smalleye shiner, and sharpnose shiner 

at all acclimation temperatures. At an acclimation temperature of 20 °C Red River 

pupfish had the highest CTM followed by plains killifish and plains minnow. At an 

acclimation temperatures of 25 °C plains killifish had the greatest CTM followed by 

Red River pupfish. At the acclimation temperature of 30 °C plains killifish had a 

greater CTM than Red River pupfish, plains minnow, smalleye shiner, and sharpnose 

shiner. There was no difference in CTMs of plauis minnow, smalleye shiner, and 

sharpnose shiner at any of the acclimation temperatures. 

Maximum Specific Conductance 

Mortality of Red River pupfish (x^ = 14.23, P = 0.0002) and plains killifish 

(X î = 17.23, P = 0.0001) increased as specific conductance increased (Table 4.1). 

These two species were tolerant of specific conductance ^ 64 mS (Fig. 4.2). 

Conversely, plains minnow, smalleye shiner, and sharpnose shiner incurred 100% 

mortality at about 35 mS (Fig. 4.2). The mortality of plains minnow (x^ = 32.92, P = 

0.0001), smalleye shiner (xS = 45.99, P = 0.0001), and sharpnose shiner (x^ = 29.52, 

P = 0.0001) all increased as specific conductance increased (Table 4.1). Of tiiese tiiree 
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species smalleye shiner had tiie greatest ability to tolerate high sah concentrations 

(LC50 « 31 mS), followed by plains minnow (LC50« 26mS) and sharpnose shiner 

(LC50 « 25 mS) (Fig. 4.2). 

Minimum Dissolved Oxygen 

Minimum oxygen tolerances differed significantiy (F4,70 = 47.32, P = 0.0001) 

among the five species (Fig. 4.3). Red River pupfish (x = 0.95 ± 0.07 mg/l) was able 

to tolerate tiie lowest dissolved oxygen concentration followed by plains killifish (x = 

1.25 ± 0.09 mg/l), plams minnow (x = 2.08 ± 0.14 mg/l) and smalleye shiner (x = 2.11 

± 0.08 mg/l), and sharpnose shiner (x = 2.66 ± 0.12 mg/l) (Fig. 4.3). 

Discussion 

My study shows that cyprinodontids common in headwaters of the Brazos 

River had greater tolerance for high temperatures, high salt concentrations, and low 

dissolved oxygen concentrations compared to cyprinids, which are common in lower 

perennial reaches. Fishes that occupy harsh erratic environments, such as prairie 

streams, are known to have wide limits of tolerance for temperature, salinity, and 

dissolved oxygen concentrations (Matthews 1998). In my study, cyprinodontids were 

able to tolerate temperatures > 40 °C, salinities > 40%o, and dissolved oxygen 

concentiations < 1.5 mg/l. Although this is the first reported CTM for Red River 

pupfish, my results concur with the CTMs of congeneric species that occupy harsh 

environments (Bennett and Beitinger 1996). Plains killifish also have a broad range of 

82 



tiiermal tolerance and even tiiough test methods between stiidies differed and results 

were not directly comparable tolerance of tiie plains killifish in my tests were similar to 

that reported by Hill and Carlson (1970). Maximum salinity concentration tolerances 

for Red River pupfish and plains killifish were not reached in my study, but plains 

killifish have been reported to tolerate 89%o (Griffith 1974), and Red River pupfish 

were present in waters having a salinity of 150%o (Echelle et al. 1972). These reports 

and my results indicate a broad tolerance for salinity. In addition, cyprinodontids had 

greater tolerance for low dissolved oxygen concentiations than fish species that are 

common in more benign environments (see Matthews 1987). Although, the cyprinid 

species I examined had broad ranges of tolerances for temperature > 38 °C, salinity > 

14%o, and dissolved oxygen > 3.0 mg/l they were significantly lower than the 

cyprinodontids 1 tested. My results for CTMs and minimum dissolved oxygen 

concentiations for cyprinids that are common in harsh environments concur with those 

reported by Matthews and Maness (1979), for the plains minnow and congeneric 

species of smalleye shiner and sharpnose shiner (Matthews 1987). Tolerance of 

physical and chemical factors is of particular interest in harsh environments because it 

identifies and defines specific environmental conditions that influence local species 

distributions. 

Local species composition in stream reaches characterized by environmental 

instability is determined by the ability offish to survive stressful conditions (Mundahl 

1990). Pools have an essential role in survival of fishes in streams during periods of 

drought (Griswold et al. 1982, Lowe-McConnell 1964, Paloumpis 1958). Maintenance 

offish populations within a stieam reach has been shown to be influenced by tiie 
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availability of pools and their ability to hold water during droughts (Paloumpis 1958, 

Schlosser 1987, Capone and Kushlin 1991, Meador and Matthews 1992). However, 

pool formation may hasten physiological stress (Matthews and Maness 1979, 

Paloumpis 1958) because pool abiotic factors change m an expected fashion as water 

evaporates. For example, as water evaporates pool volume decreases (Matthews 1998), 

salt becomes more concentrated (Hill and Holland 1971), and pools become subject to 

rapid diel changes in temperature and dissolved oxygen concentrations (Mundahl 1990, 

Feldmeth et. al., 1974, Capone and Kuslan 1991). Therefore, fishes inhabiting 

intermittent streams that become concentrated in pools as water recedes (Capone and 

Kushlan 1991) that have lower ranges of tolerance become susceptible to mortality if 

abiotic factors exceed physiological tolerable limits. Canton et al.'s (1984) review of 

the effects of late summer reduction in stteam flow on fish, emphasized that crowding 

in shallow, hot, stagnant pools caused reductions in catostomid and salmonid 

populations and was related to their absence from stteam reaches in low flow periods 

in an upland Colorado stream. Differential survival of species attributed to differences 

in physiological tolerances (Bailey 1955, Mattiiews et al. 1982, Mundahl 1990, 

Matthews and Maness 1979) can therefore explain the success of more tolerant species 

and the failure of less tolerant species during periods of drought on a local scale. 

Because pool formation is more prevalent in upstteam headwater reaches of 

prairie stieams (Taylor et al. 1996) physiological tolerances including thermal 

exttemes, oxygen minima, and salinity gradients may influence fish composition on 

regional scales. Local physiochemical conditions that may be considered harsh (e.g., 

high temperatiires, low dissolved oxygen, and high salinity) and beyond physiological 
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tolerable limits, facilitated by pool formation, may act as a filter (Smitii and Powell 

1971, Tonn 1990) that sorts fishes in streams into distinctiy distributed assemblages 

(Matthews 1998). 

Numerous sttidies suggest that the distributions offish species in stteams are 

regulated by their physiological tolerances (Matthews and Hill 1980, Matthews and 

Maness 1979, Matthews 1987). Headwater stream reaches tiiat are not spring-fed often 

become intermittent (i.e., form pools). These headwater reaches are environmentally 

harsh relative to larger tributaries and mainstteams (Starrett 1950, Neel 1951, Metcalf 

1959, Whiteside and McNatt 1972), particularly during periods of low flow and 

drought. Such headwaters are characterized by a limited number of species that are 

presumed to be highly tolerant of harsh conditions (Thompson and Hunt 1930, Burton 

and Odum 1945, Starrett 1950, Matthews 1987). For example, Matthews and Stryon 

(1981) found significantly greater temperature, oxygen, and pH tolerance of headwater 

species than of congeneric or cofamilial mainstream taxa. My results show that large-

scale spatial pattems offish distributions are related to physiological tolerances where 

only a subset of the regionally available species is able to successfully maintain 

populations upstream. 

Specifically, the temperature, specific conductance and dissolved oxygen 

tolerances determined in my study concur with the longitudinal zonation pattems in 

species composition and regional distributions reported by Echelle et al. (1972). 

Echelle et al. (1972) identified three species complexes in the middle and upper Brazos 

River. These include Red River pupfish and plains killifish, plains minnow, smalleye 

shiner, and sharpnose shiner, and red shiner, (Cyprinella lutrensis) and mosquitofish, 
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(Gambusia affinis). Red River pupfish and plains killifish were more commonly 

collected upstieam and occurred over a wide salinity range (0.4 to near 150 ppt) 

(Echelle et al. 1972). The plains minnow, smalleye shiner, and sharpnose shiner 

species complex, which was more commonly associated witii downsfream reaches 

occurred across a relatively wide range of salinity (10 to 20 ppt.) In this system the 

upstieam to downsfream gradient of decreasing salinities due to the increased number 

of freshwater tributaries (Irelan and Mendieta 1964, Echelle et al. 1972), and the 

decreased probability of isolated pool formation in downstream reaches is the most 

likely factor creating longimdinal zonation of species composition. 

Echelle et al. (1972) reported that although cyprinodontid species were capable 

of living throughout the river system they were primarily observed in the westem 

areas, where saline waters were most abundant. The physiological plasticity of these 

species contributes to their ability to successfiilly colonize a wide range of 

environments and thus plays a significant role in the distribution and zoogeography of 

these species (Feminella and Matthews 1984). Nevertheless, these species are 

excluded from or are rare in fresh waters downstream. Echelle et al. (1972) suggested 

that these species are limited in then- distribution by an array of competing species that 

are somewhat more narrowly adapted and therefore better adapted for species richer 

areas. In addition. Red River pupfish may be at a metabolic disadvantage in fresh 

waters, where it is less metabolically efficient. Kinne and Kinne (1962) suggest that 

the desert pupfish (Cyprinodon malcularius), was metabolically more efficient at 

salinities of 15 and 35 ppt than in fresher waters. This may also be the case for plains 
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killifish even though it tends to be more successfiil in freshwater faunas (Echelle et al. 

1972) tiian tiie Red River pupfish. 

Taylor et al. (1993) identified fish assemblage pattems along environmental 

gradients, specifically salinity, in tiie upper Red River drainage of southwestem 

Oklahoma. The abundance and species distiibution pattem identified agrees vsdth the 

physiological tolerances determined in this study. The species complexes identified by 

Echelle et al. (1972) for the Brazos River substitute smalleye shiner for Red River 

shiner (Notropis bairdi), sharpnose shiner for emerald shiner (Notropis atherinoides) in 

the Red River drainage. The species substitutions represent ecological equivalents in 

their respective dramage systems (Echelle et al. 1972). The Red River drainage system 

is intermittent, typically with only pools remaining during summer months (Taylor et 

al. 1993). Temperatures during summer months may approach physiological limits 

(Matthews and Zimmerman 1990) and salinities may approach that of seawater (Taylor 

et al. 1993). Therefore, pool formation and the abiotic changes that accompany pools 

may contribute to the observed species distributional pattems in other river systems. 
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Table 4.1. Logistic regression analysis results with P-values for significance (P 
0.05) of species mortality and specific conductance relationship for 
maximum specific conductance tolerance experiments. 

< 

Estimated Regression Parameters 

Regression Regression 
constant coefficient 

Species 

Red River pupfish 
Plains killifish 
Plains minnow 
Smalleye shiner 
Sharpnose shiner 

N 

16 
15 
18 
15 
15 

bo 

-6.46 
-9.64 
-7.50 

-42.32 
-27.57 

b, 

0.10 
0.15 
0.28 
1.37 
1.07 

f 
14.23 
17.22 
32.91 
45.99 
29.52 

P-value 

0.0002 
0.0001 
0.0001 
0.0001 
0.0001 
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Figure 4.1. Critical thermal maxima for Red River pupfish, plains killifish, smalleye 
shiner, and sharpnose shiner (N = 15). Critical thermal maxima vrithin 
an acclimation temperature not sharing the same letter are different at P 
< 0.05. 
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uÔ  
^^ 

'^ 

^ 
^ 

Figure 4.3. Box plots showing mean minimum dissolved oxygen concentiations at 
which Red River pupfish, plains killifish, plains minnow, smalleye 
shiner, and sharpnose shiner lose equilibrium. Species not sharing the 
same letter are significantly different at F < 0.05. 
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APPENDIX 

NULL MODEL PROGRAMS 
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Program CONTINRN 

The program CONTINRN generates a pseudorandom [r x c] contingency table with 
either fixed or floating marginal (row and colunm) totals. 

Syntax: matrix = continm(rowtot,coltot, {fixed}) 
rowtot = vector of row totals, 
coltot = vector of column totals. 
fixed = optional flag indicating whether marginal totals are to be freated as 
fixed (=TRUE) or probabilistic (=FALSE), [defauh = TRUE], 
matrix = uniformly random contingency table. 

function matrix = continm(rowtot,coltot,fixed) 
%TRUE=1; FALSE = 0; 

if(nargin<3) 
fixed = 1; 

end; 

nrow - length(rowtot); 
ncol = length(coltot); 
ncell = nrow * ncol; 
total = sum(rowtot); 
if (total ~= sum(coltot)) 

errorC CONTINRN error: sums of row totals and column totals not equal'); 
end; 

if (fixed) 
matrix = zeros(nrow,ncol); 
obs = ones(total,l); 
cumcoltot = cumsum(coltot); 
cumrowtot = cumsum(rowtot); 

% Fixed marginal totals 
% Allocate random-table matrix 
% Col vector of ones 
% Cumulative sums of col totals 

b = l ; 
forj = l:ncol 

e = cumcoltot(j); 
obs([b:e]) = obs([b:e])*j; 
b = e+l; 

end; 
p = randperm(total); 
obs = obs(p); 

% Label obs with col ids 

% Random permutation of col-id vector 

b = l ; 
for i = 1 :nrow 

e = cumrowtot(i); 
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Program CONTINRN continneH 

o = obs([b:e]); 
b = e+l; 

forj = l:ncol 
matrix(ij) = sum(o=j); 

end; 
end; 

else 
matrix = zeros(ncell,l); 

vector) 
prob = zeros(nrow,ncol); 

for i = 1 :nrow 
forj = l:ncol 

prob(i j ) = rowtot(i)*coltotG)/total^2; 
end; 

end; 
prob = cumsum(prob(:)); 
for n = 1 :total 
r = rand; 
i = (sum(prob<=r))+l; 
matrix(i) = matrix(i)+l; 

end; 

matrix = reshape(matrix,nrow,ncol); 
end; 

% Floating marginal totals 
% Allocate random-table matrix (as 

% Allocate probability matrix 

% Expected proportions 

% Reshape as vector and accumulate 
% Randomly allocate obs to cells 
% in proportion to expected values 

% Reshape from vector to matrix 

return; 
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Program CHIPRRM 

Program CHIPERM compares chi-square statistic of observed values and randomly 
generated values giving a direct estimate of the probability values differ. 

Syntax: rowtot = vector of row totals. 
cohot = vector of colunm totals. 
fixed = optional flag indicating whether marginal totals are to be freated as 
fixed (=TRUE) or probabilistic (=FALSE), [defauh = TRUE]. 
iter = number of permutations. 
x2obs = chi-square statistic generated from observed matrix 
matrix = uniformly random contingency table. 

function x2perm=chiperm(coltot,rowtot,fixed) 
iter=10000; 
P=0; 
x2obs=1.2596e+006; 
for i=l:iter 

m=continm(ro wtot,coltot,fixed); 
e=exp_count(m); 
x2=sum(sum((m-e).^2)); 

if(x2>=x2obs) 
p=p+l/iter; 

end; 
end; 
x2perm=p; 

return; 
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