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This dissertation investigates the spatio-temporal dynamics of intermittent stream fish 

metacommunities in response drought-induced fragmentation and re-connectivity using both 

field and experimental approaches. A detailed field study was conducted in two streams and 

included pre-drought, drought, and post-drought hydrological periods. Fish assemblages and 

metacommunity structure responded strongly to changes in hydrological conditions with 

dramatic declines in species richness and abundance during prolonged drought. Return of 

stream flows resulted in a trend toward recovery but ultimately assemblages failed to fully 

recover. Differential mortality, dispersal, recruitment among species indicates species specific 

responses to hydrologic fragmentation, connectivity, and habitat refugia. 

Two manipulative experiments tested the effects of drought conditions on realistic fish 

assemblages. Fishes responded strongly to drought conditions in which deeper pools acted as 

refugia, harboring greater numbers of fish. Variability in assemblage structure and movement 

patterns among stream pools indicated species specific habitat preferences in response 

predation, resource competition, and desiccation. Connecting stream flows mediated the 

impacts of drought conditions and metacommunity dynamics in both experiments. 

Results from field and experimental studies indicate that stream fish metacommunities 

are influenced by changes in hydrological conditions and that the timing, duration, and 

magnitude of drought-induced fragmentation and reconnecting stream flows have important 

consequences metacommunity dynamics.  
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CHAPTER I 

GENERAL INTRODUCTION AND CHAPTER OUTLINE 

Understanding local and regional dynamics of multiple communities linked by the 

dispersal of individuals among heterogeneous and variably connected habitat patches is the 

central tenet of metacommunity ecology. Intermittent streams are ideal settings to investigate 

metacommunity dynamics because are they are dynamic, non-equilibrium systems that consist 

of a patchwork of heterogeneous and variably connected habitats and contain diverse and 

unique communities (Winemiller et al., 2010; Brown et al., 2011; Logue et al., 2011). However, 

intermittent streams are also some of the most imperiled ecosystems on the planet (Allan & 

Flecker, 1993; Dodds et al., 2004; Larned et al., 2010) 

Intermittent streams oscillate between wet (flowing) and dry (non-flowing/drought) 

phases over annual and inter-annual cycles (Matthews, 1988). Although the occurrence of both 

seasonal drying and stream flows are often generally predictable, the intensity and duration of 

drought/fragmentation and reconnecting stream flows are highly variable. Additionally, rising 

average global temperatures and continued anthropogenic habitat alterations are predicted to 

exacerbate both drought and high water periods which may exceed many species’ natural 

tolerance limits. Thus, the predictability of short-term and long-term impacts of drought and 

degree of community recovery over the course of any given hydrological cycle is quite low. 

Understanding how fish respond to variable hydrological conditions, including before, during, 

and flowing drought disturbances is important for conservation of stream ecosystems. 

This dissertation consists of three data chapters in which I address spatial and temporal 

dynamics of intermittent stream fish metacommunities in response drought-induced 
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fragmentation and re-connectivity. Although there is overlap in the general theme, each 

chapter is intended to complement the next and collectively provide a more complete picture. 

In Chapter II, I quantified spatial and temporal patterns of species diversity, abundance, 

assemblage structure and stability associated with distinct hydrological periods (pre-drought, 

drought, and post-drought). Certainly spatial and temporal dynamics among dynamic 

freshwater systems is hardly new. However, this study employed a hierarchical spatial 

framework and detailed sample regime to identify patterns at multiple scales. Results of this 

study demonstrate that the impacts of drought varied over time, with typically harsh summer 

drought (high temperatures and fragmentation) resulting in rather benign or even positive 

effects on local and regional richness (α, β, γ) and assemblage stability. However, fish 

assemblages were dramatically and negatively impacted by early winter drought conditions. 

Return of stream flows during the post-drought hydro-period indicated a trend toward recovery 

in richness and abundance, but ultimately assemblages failed to fully recover to pre-drought 

conditions during a relatively brief period of post-drought re-connectivity. Variability in species 

abundances and body sizes over time indicate species-specific responses (i.e. mortality, 

dispersal, recruitment) to hydrologic fragmentation and connectivity.  

In Chapter III, I used the same dataset to further investigate spatial and temporal 

patterns in fish metacommunity structure. I used the elements of metacommunity structure 

(EMS) analytical framework (Presley et al., 2010), which is a pattern-based approach, to 

quantifying the distributions of species according to idealized structural patterns (e.g. 

Clementsian, Gleasonian, nested, checkerboard, etc.) and associated ecological mechanisms 

(environmental heterogeneity, dispersal, etc.). I used regression/correlations and variance 
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partitioning to identify underlying environmental, spatial, and connectivity gradients that 

corresponded to species distributions among stream sites. I analyzed these datasets at different 

spatial and temporal scales including: annual/’full’ scale (included all hydro-periods), pre-

drought, drought, and post-drought. Clementsian structures resulted at the full scale in which 

species distributions were clustered along temporal boundaries of each hydro-period, 

supporting findings from Ch. II that fish assemblages changed significantly overtime among 

hydro-periods. Clementsian structures resulting from pre-drought periods, coupled with 

significant environmental and spatial variables, suggest dispersal and species sorting among 

connected and heterogeneous macro-habitats. Nested structures resulting from drought and 

post-drought hydro-periods indicate heterogeneity, limited dispersal, and differential 

extinction/colonization dynamics among refugia pools. Nested structures among drought 

reflect extinction dynamics, whereas nestedness during post-drought reflects colonization 

dynamics and suggest progressive but incomplete recovery. Results for Ch. II and Ch. III indicate 

that local and regional fish assemblages were variously structured by different mechanism(s) 

between each temporal hydro-period and that the magnitude and/or duration of post-drought 

connectivity was not enough to ameliorate the negative impacts sustained during drought.  

In Chapter IV, I used experimental stream mesocosms to conduct two experiments 

testing the effects of different simulated flow/drought conditions and heterogeneous drought 

refugia on realistic fish metacommunities. Due to the stochastic nature of droughts, designing 

and implementing manipulative experiments in the field (that may relate more directly to 

dynamics of natural systems) can be challenging. The use of experimental mesocosms provides 

an alternative means to simulate controlled conditions and test ecological mechanism and 
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quantify specific species responses. In the first experiment I tested effects of “drought” versus 

“non-drought” and in the second experiment I tested persistent drought conditions (“non-

pulse”) versus drought conditions interrupted by a brief flood “pulse.” For both experiments, 

local and regional richness and abundance were driven by movement among local refugia as 

fish species responded to drought-mediated fragmentation, sustained flow, or fragmentation 

and re-connectivity. Unit-level response variables (e.g. survivorship, α̅-diversity, γ-diversity) 

differed little between treatments and experiments, but significant treatment*pool position 

interactions were observed for multiple response variables at the pool-level. Specifically, 

drought (Exp1) and non-pulse (Exp2) treatments had consistently higher species richness and 

abundances in downstream pools, whereas non-drought (Exp1) and pulse (Exp2) treatments 

had comparable levels among positions. Patterns of abundance and species richness among 

pools were driven by species-specific responses to habitat heterogeneity and connectivity, with 

downstream assemblages dominated by sunfishes and top-water species and upstream 

assemblages dominated by water column species (red shiner).  
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CHAPTER II 

SPATIOTEMPORAL DYNAMICS OF INTERMITTENT STREAM FISH METACOMMUNITIES IN 

RESPONSE TO PROLONGED DROUGHT AND RE-CONNECTIVITY 

Abstract 

Hydrological regimes are primary drivers of community structure and dynamics in 

streams with strong seasonal/annual flood and drought cycles. In this study, I investigated the 

dynamics of fish metacommunities in two intermittent streams (Hickory Creek and Clear Creek) 

in north Texas, U.S.A., by examining changes in diversity, abundance, assemblage structure, and 

temporal stability associated with prolonged seasonal drought and re-connectivity. Diversity (α  ̅

and γ), abundance, and stability increased with initial isolation during summer drought but 

dramatically declined as drought/drying persisted through the winter (November–December). 

During post-drought re-connectivity in Hickory Creek, diversity and abundance increased and 

approached pre-drought levels. Abundance and body size varied greatly among species and 

indicate species-specific responses (i.e. mortality, recruitment, dispersal) to hydrologic 

fragmentation and connectivity. Ultimately, assemblage structures were significantly altered by 

drought in Hickory and Clear creeks, and despite a trend toward recovery in Hickory Creek, 

assemblages did not fully recover during this study. Intermittent stream fishes may be generally 

adapted to natural drought dynamics, however climate change and human mediated habitat 

alterations may result in prolonged and intensified drought conditions that exceed many 

species mechanisms of resistance/resilience having potentially large impacts on biodiversity 

across spatial and temporal scales.   
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Introduction 

Ecosystems worldwide are under increasing pressure from anthropogenic habitat 

alterations and climate changes that have resulted in reduced, degraded, or fragmented 

ecological landscapes (Fahrig, 2003; Bellard et al., 2012). Because many organisms must 

periodically move among habitats to fulfill various life history requirements, temporal and 

spatial patterns of connectivity and fragmentation are increasingly recognized as critical factors 

that influence community dynamics and biodiversity at both local and regional scales (Leibold 

et al., 2004; Swan and Brown, 2011). Not surprisingly, negative impacts of habitat loss and 

fragmentation have been widely reported for nearly all ecosystem types (Fahrig, 2003; Fischer 

& Lindenmayer, 2007). Fluvial ecosystems, in particular, have experienced dramatic changes in 

habitat connectivity due to modifications of flow regimes at multiple scales from 

impoundments, road crossings, water abstraction and diversion, and climate change (Poff et al., 

1997; Bunn & Arthington, 2002; Fagan, 2002; Perkin & Gido, 2012). Concomitantly, native 

freshwater biodiversity has experienced widespread declines over the past century (Ricciardi & 

Rasmussen, 1999; Dudgeon et al., 2006; Poff & Zimmerman, 2010).  

Among lotic ecosystems, intermittent streams experience recurring fragmentation due 

to seasonal and aseasonal fluctuations in precipitation and temperature, which often result in 

intense flood and drought disturbances (Larned et al., 2010; Lake, 2011). The often extreme 

temporal variation in hydrology of intermittent streams imposes strong selective pressures on 

stream biota (Poff, 1997; Grossman et al., 1998; Lytle & Poff, 2004), such that many species 

possess evolved traits that provide a degree of resistance and/or resilience to natural 

hydrological disturbances (Matthews, 1987; Dodds et al., 2004; Hershkovitz & Gasith, 2013). 
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Thus, the structure of intermittent stream assemblages (e.g. macroinvertebrates, fishes) often 

fluctuate in response to recurring hydrological variation (connectivity-isolation, flood-drought; 

Matthews, 1998). However, the magnitude of population/community change (e.g. abundance, 

richness, composition) and the time it takes for populations and communities to recover from 

changes in hydrology depend on the intensity, timing, and duration of hydrological periods and 

disturbances. Under normal conditions (i.e. within some threshold of natural environmental 

variability), post-disturbance assemblages should theoretically recover to their pre-disturbance 

states (Grossman et al., 1998; Magalhães et al., 2007; Matthews et al., 2013). 

Collectively, intermittent and small order streams comprise a considerable portion of 

watershed stream length, discharge, and the interaction between terrestrial and aquatic 

habitats, as well as harbor high proportions and unique components of aquatic biodiversity (e.g. 

endemics and/or highly adapted species; Meyer et al., 2007; Larned et al., 2010; Acuña et al., 

2014). Current and future changes in global climate, coupled with continued or intensified 

human habitat alteration and pressure on freshwater resources, will likely exacerbate 

hydrological extremes by increasing the frequency, intensity, and spatial extent of drought 

conditions, fragmentation, and intermittency (IPCC, 2007; Dai, 2011; Melillo et al., 2014). 

Intensified, widespread, and novel hydrological regimes may exceed many species’ mechanisms 

of resistance and resilience, having potentially large consequences for biodiversity (Matthews & 

Marsh-Matthews, 2003; Dodds et al., 2004; Buisson et al., 2008; Lake, 2011).  

This study investigates the dynamics of intermittent stream fish metacommunities in 

response to seasonal hydrological conditions and the impacts of and recovery from intense 

drought and fragmentation. Using a spatially-structured sampling design and detailed field 
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surveys over 16 months (including before, during and after seasonal drought), I tested the 

following hypotheses: 1) seasonal drought impacts fish assemblages by reducing species 

richness and abundances at local (α-diversity) and regional (γ-diversity) scales and increasing 

variation among local assemblages (increasing β-diversity); 2) assemblage structure (i.e. species 

richness, composition and abundance) during post-drought periods would recover (be similar) 

to pre-drought levels; 3) temporal stability of local assemblages would be lower during 

connected hydro-periods as individuals are able to move among patches and higher during the 

drought due to fragmentation (though this pattern is expected to break down as drought 

conditions intensify over time and sensitive species are lost). 

Materials and Methods 

Study Area 

This study was conducted in two intermittent streams in the southern Great Plains 

ecoregion of North America. Hickory Creek (334 km2 watershed area) and Clear Creek (764 km2) 

are tributaries of the Elm Fork River in the upper Trinity River Basin in north-central Texas, 

U.S.A. (Fig. 2.1a-b). Both streams intermittently flow southeast through agricultural, pastoral, 

and sub-urban landscapes before emptying into a large municipal reservoir (Lake Lewisville) 

near Denton, Texas. The study sites on Hickory Creek (33°11'59"N, -97°12'50"W) are generally 

characterized by narrow channels, alternating riffle-pool habitats, predominantly gravel, 

cobble, and detrital substrates, and mostly intact riparian vegetation and canopy, whereas 

Clear Creek sites (33°20'1.82"N, -97°10'59”W) are characterized by slightly wider and shallower 

channels, sandy runs punctuated by gravel and/or bedrock riffles, and larger pool habitats. 

Hydrologic conditions of small streams in the southern Great Plains are naturally dynamic due 
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to mid-continental weather patterns that result in seasonal drought/fragmentation and 

frequent yet unpredictable flooding (Dodds et al., 2004).  

Fish Sampling 

Fishes and stream habitats were surveyed monthly from February 2012 through May 

2013 on Hickory Creek and from February 2012 through March 2013 on Clear Creek (sampling 

was terminated earlier on Clear Creek due to near complete desiccation and lack of return 

flows). Sampling locations at both Hickory and Clear creeks consisted of a hierarchal design with 

sample sections (local sites or patches) nested within reaches (upstream and downstream) and 

streams (Hickory and Clear creeks), allowing for evaluation of community structure at multiple 

scales. Sampling localities at each stream consisted of two disjunct reaches (designated by their 

upstream or downstream position), each 250 m in length, separated by a distance of 

approximately 1 river km (Fig. 2.1c). Each reach was then subdivided into five adjacent 50 m 

sections, and each section included riffle-run-pool macrohabitat types. The hierarchical scale 

used in this study was based on previous field surveys and reconnaissance that indicated that 

isolated pool refugia during drought in both Hickory and Clear Creeks are generally small 

(<50m) and the distance between refugia varies from a few to a few hundred meters. As such, 

the sampling design appropriately captures the natural scale of drought-induced fragmentation 

for these low-order intermittent streams. 

Fish communities were sampled from all available macrohabitats from each 50m section 

by two consecutive passes with a backpack electrofisher (Smith-Root LR-24, pulsed DC output) 

and multiple seine hauls (4.6 m x 1.8 m x 4.8 mm seine). Electrofishing consisted of one 

operator and two netters moving from downstream to upstream (Moulton et al., 2002). Seining 
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techniques varied depending on stream conditions and targeted habitats, including seine hauls 

parallel and perpendicular to stream flow and/or stationary kick sets in riffles or around habitat 

structure. During periods of connectivity, mesh block nets were used to prevent fish from 

moving to adjacent sections while sampling.  

For each stream section, fishes were quantified separately for electrofisher pass 1, pass 

2, and as a cumulative seine sample. Fishes were identified to species (or to genus when 

species level identification in the field was confounded between similar species, e.g. Fundulus 

olivaceus vs. F. notatus, or young of year, e.g. Lepomis) and a random subset of individuals of 

each species was measured for total length in the field (cm TL; up to 30 individuals per species 

for each sample method). A subset of individuals and species were also marked using visual 

implant elastomer (VIE, Northwest Marine Technologies, Inc.) as part of a concurrent mark-

recapture study, but those data are not presented herein. Once processed, all individuals were 

allowed to recover and then released alive within the stream section from which they were 

captured.  

Habitat Measurements 

Habitat variables were measured at five permanent transects within each 50 m stream 

section, with transects set at 10 m intervals and 5 m from both the upstream and downstream 

section boundaries. Stream depth (m), dissolved oxygen (DO; mg L–1), temperature (C˚), flow (m 

s–1), and substrate were measured at evenly spaced points along each transect (maximum of 5 

points). Substrate composition was evaluated by the dominant substrate type at each point: 

mud/silt (MS; <0.06 mm); sand (S; 0.06-2mm); gravel (G; >2-60mm); cobble (C; 6-25cm); 

boulder (B; >25 cm); bedrock (BR); compacted clay bedrock (CBR); or organic detritus (D; TCEQ, 
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2007). An index of substrate diversity was calculated from the relative proportions of each 

substrate type from each stream section using the inverse of Simpson’s diversity. Specific 

conductivity (μS) and pH were measured at the midpoint of each transect. Canopy cover was 

measured at four points at each transect (left bank facing left, midpoint facing left and right, 

and right bank facing right) with a convex densiometer (TCEQ, 2007). Macrophytes, algae, 

woody debris, and undercut bank were evaluated along a swath 3m up- and downstream of 

each transect. The relative abundance of macrophytes and algae were categorically assessed as 

absent (0% coverage), rare (<25%), common (25-75%), or abundant (>75%), and assigned 

numeric dummy variables (0-3, respectively). Woody debris and undercut bank were evaluated 

as a total percentage of cover along each transect and on both banks. Additionally, I generated 

an index of site connectivity (0, 0.5, 1) for each section during each month by counting the 

proportion of connected adjacent sections. For example, sections connected to both adjacent 

upstream and downstream sections = 1; sections connected to only one adjacent section = 0.5; 

completely isolated sections = 0. Transects that were completely dry or without habitable 

surface water were recorded as ‘dry’ and no data were collected from that transect. For pools 

that were very small and/or were between permanent transects, additional or supplemental 

measurements were taken. 

Data Analyses 

Principle components analysis (PCA) was used to compare stream habitat variables 

among sample sites and over time. Habitat data from each stream were standardized using z-

scores prior to analysis and broken-stick models were used to identify relevant axes for 

interpretation (Peres-Neto et al., 2005). To determine if environmental habitat variables 
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differed significantly among defined hydro-periods (pre-drought, drought, and post-drought), 

multivariate analysis of variance (MANOVA) was performed using site scores from the first two 

PCA axes as dependent variables and stream hydro-period as the categorical predicator 

variable. Hydro-periods were defined by sampling months that contained connected and/or 

flowing conditions versus isolated stream pools: pre-drought=sample months occurring prior to 

isolation of pools in Hickory or Clear creeks; drought =sample months falling between first 

isolation of pools and return of connectivity; post-drought=sample months following return of 

connectivity. Post-hoc analysis (Tukey HSD) tested for significant pairwise differences between 

each of the three hydro-periods for Hickory Creek (only two hydro-periods were present for 

Clear Creek because of the lack of return flows).   

To test my hypotheses related to hydro-period and drought disturbance on fish 

diversity, I partitioned diversity among measures of α̅, γ, and β-diversity. α̅-diversity is the mean 

local species richness calculated across local stream sections from each month. I used two 

different metrics of α̅-diversity: α̅0and α̅𝑥. α̅0 was calculated using local species richness values 

from all stream sections from both upstream and downstream reaches (10 sections total), 

including dry sections with richness=0; α̅𝑥 was calculated using local species richness from only 

wetted stream sections where richness > 0. γ-diversity is the total number of species summed 

across all sampled sections from the same stream during the same month (i.e., regional 

diversity). The relationship between local and regional species richness was assessed using 

Whittaker’s measure of β-diversity: β = γ/α̅ (Whittaker, 1972). β-diversity was calculated using 

both α̅0and α̅𝑥, and is represented as β0 and βx, respectively. Diversity measures calculated with 
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and without dry sites are complementary and represent landscape (including temporally 

unsuitable or uninhabited patches) and metacommunity perspectives (Winemiller et al., 2010). 

Temporal change in total abundance and density was assessed using the summed 

abundance of all species sampled during each month. Species-specific change in mean 

abundance among hydro-periods was calculated using the summed abundance of each 

individual species during each month divided by the number of months within each hydro-

period.  Analysis of variance (ANOVA) and Tukey HSD were used to test for significant changes 

in abundance of each species among and between hydro-periods. Density (fish m–3) was 

calculated using total and individual species abundance divided by total monthly stream 

volume. Mean body size (TL) of each species was calculated from all measured individuals from 

each hydro-period and ANOVA was used to test for temporal differences among hydro-periods.  

 Non-metric multidimensional scaling (NMDS) was used to compare general spatial 

patterns of fish assemblage structure between Hickory and Clear creeks, and to compare 

assemblage structure among hydro-periods within each creek. Permutational multivariate 

analysis of variance (PERMANOVA) was performed to test for differences in assemblage 

structure between streams, and among hydro-periods and reaches within each creek. Prior to 

analysis, species abundance matrices were log(x+1) transformed and NMDS was performed 

using the Bray-Curtis index. To test for temporal assemblage stability I calculated the mean 

similarity of assemblages between each pair of adjacent sampling months (e.g. May+June, 

June+July, etc.) using both Bray-Curtis and Jaccard’s similarity values. Bray-Curtis similarities 

were generated using log(x+1) transformed abundances and Jaccard’s similarities were 

generated using species presence-absence. This analysis using Bray-Curtis is analogous to the 
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mean pair-wise distances among monthly samples (i.e. centroids) in the NMDS ordination. 

Significance of each statistical tests were assessed at α=0.05, and from 999 permutations for 

PERMANOVA (Anderson, 2001). PERMANOVA was performed using the PERMANOVA+ package 

in the software program PRIMER-E, version 6 (Anderson, 2001; Anderson et al., 2008). All other 

statistical analyses were performed in R, version 3.0.1 (R Core Team 2013).  

Results 

Seasonal climate patterns resulted in fluctuations in hydrological conditions for both 

Hickory and Clear creeks (Fig. 2.2a-e; and see Supplementary Fig. S2.1). In Hickory Creek, late 

winter and spring rains resulted in stream connectivity and/or periodically flowing conditions 

from February-May 2012 (Pre-drought hydro-period) and again in January-May 2013 (Post-

drought; Fig. 2.2a). Fragmentation and/or drought conditions occurred in Hickory Creek from 

June-December 2012 (Drought, approximately 203 days). Although connectivity was restored 

on Hickory Creek (post-drought hydro-period), flowing conditions (i.e. discharge) were present 

only 23% of the days during the post-drought hydro-period, compared with 78% flow days 

during the pre-drought hydro-period for Hickory Creek. In Clear Creek, connectivity and 

periodic flow occurred only during February-May 2012 (i.e. Pre-drought), and 

fragmentation/drought conditions persisted uninterrupted from June 2012-May 2013 

(approximately 295 days; Fig. 2.2c).  

Environmental variables in both creeks followed significant seasonal/temporal gradients 

that corresponded significantly with hydro-period (Pillai’s trace: F2,98=22.499, P<0.001 and 

F1,73=155, P<0.0001 for Hickory and Clear, respectively; Fig. 2.2b; Table 2.1; see Supp. Fig. S2.2). 

Pairwise comparisons between hydro-periods for Hickory Creek were significant between each 
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hydro-period for PC1, and pre-drought conditions were significantly different from drought and 

post-drought conditions on PC2 (Fig. 2.2b). For Clear Creek, pre-drought and drought hydro-

periods were significantly different for both PC1 and PC2 (Fig. 2.2d). For both Hickory and Clear 

creeks, pre-drought conditions were strongly associated with metrics of greater habitat size, 

connectivity, and flow, as well as greater proportion of riffle and run habitats for Hickory Creek 

and greater substrate diversity and DO for Clear Creek, and were represented by negative 

values on PC1 for both ordinations. Drought conditions were characterized by increased 

proportion of dry habitats (98% and 99% reduction in total stream volumes for Hickory and 

Clear, respectively), and increased variability in temperature (range 3–35°C and 2 – 38°C) and 

DO (range <1– 12 mg/L for both), and were represented by more positive values on PC1 for 

both ordinations. For both streams, post-drought conditions were represented by intermediate 

values on PC1 and variation among post-drought sites represents transitional environmental 

conditions that occurred as connectivity was restored. PC2 distinguished environmental 

conditions at the transitions between hydro-periods and between early (summer) and late 

(fall/winter) drought primarily associated with macrohabitat availability (i.e. deeper pool 

habitats with woody debris at positive values on PC2 and shallower macrohabitats with or 

without flow on negative values of PC2).  

A total of 26,181 individuals was collected from both Hickory and Clear creeks across all 

sampling months, representing 31 taxa and 11 families (see Supplementary Table S2.1). The 

families Centrarchidae, Cyprinidae and Ictaluridae were the most common across both streams 

with nine, six, and five taxa, respectively. Clear Creek was more diverse (31 taxa) and had higher 

total abundance of fishes collected (n=16,445) than Hickory Creek (26 taxa, n=9,736). Taxa 
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collected in Hickory Creek comprised a subset of those collected in Clear Creek, and the taxa 

only collected in Clear Creek represented rare and/or transient taxa (1% total abundance).  

Assemblages from both streams were characterized by several common species including 

western mosquitofish (Gambusia affinis), longear sunfish (Lepomis megalotis), green sunfish 

(Lepomis cyanellus), red shiner (Cyprinella lutrensis), and topminnow (Fundulus spp.) which 

accounted for 62% and 70% of total fish abundances in Hickory and Clear creeks, respectively.   

Patterns of α̅, β, and γ-diversity varied over time and differed depending on the 

inclusion or exclusion of dry sections in the analyses, but temporal patterns were generally 

similar between creeks (Fig. 2.3). In Hickory Creek, α̅0 and γ-diversity were both relatively high 

and β0-diversity was low during pre-drought (Fig. 2.3a). With the onset of drought, α̅0-diversity 

declined steadily from June to December, γ-diversity remained stable through October but 

declined sharply in November and December, whereas β0-diversity increased gradually through 

October and sharply in November and December. During the post-drought, α̅0 and γ-diversity 

increased and β0-diversity decreased steadily through May 2013, with each approaching values 

observed during pre-drought. Conversely, α̅𝑥 in Hickory Creek increased and remained stable 

through October before decreasing in November and remaining low through post-drought, 

whereas βx remained low and relatively stable over time (Fig. 2.3b). In Clear Creek, α̅0 and γ-

diversity increased and β0-diversity decreased during pre-drought. Similar to Hickory, with the 

onset of drought in Clear Creek, α̅0-diversity declined steadily, γ-diversity increased through 

September and then declined sharply beginning in November, whereas β0-diversity increased 

steadily through February (Fig. 2.3c). On the other hand, during drought α̅𝑥  remained relatively 
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stable through October but declined markedly from November to January, whereas βx was 

relatively stable over time (Fig. 2.3d).  

Total fish abundance and density (Fig. 2.4) differed among hydro-periods, with the 

magnitude of changes in abundance, density, and body size varying among species (see Supp. 

Table S2.2-S2.7). In Hickory Creek, the total fish abundance increased slightly during the early 

onset of drought, then declined by approximately 80% during the late fall and winter drought 

months to less than 200 individuals remaining in December 2012 (Fig. 2.4a). However, total fish 

abundance recovered relatively quickly during the post-drought period, with a 700% increase 

(from <200 to >1600 individuals) from January to May 2013. Density increased with the onset of 

drought and increased dramatically in October before falling precipitously to pre-drought levels 

by January. In Clear Creek, total fish abundance increased during pre-drought and early summer 

drought, peaking in July 2012 at nearly 4,000 individuals (Fig. 2.4b). However, abundances 

declined by approximately 95% between August 2012 and March 2013 to just over 200 total 

individuals remaining. Similar to Hickory, total density in Clear Creek peaked in October and 

declined to near pre-drought levels in January, even without the return of flows. For both 

streams, despite higher densities during drought for many species (especially topminnow, 

mosquitofish, and bass (Micropterus spp.) and all sunfish species (Lepomis spp.); see Supp. 

Table S2.4-S2.5), only topminnow, mosquitofish and bass actually increased in abundance 

during drought in Hickory Creek (and similarly for Clear Creek with the addition of a few 

transient species; see Supp. Tables S1.2-S1.3 and Supp. Fig. S2.3). 

Assemblage structure (i.e. species composition and relative abundances) was 

significantly different between Hickory and Clear creeks (PERMANOVA: F1,179=27.416, P<0.001; 
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Fig. 2.5a). In Hickory Creek, fish assemblage structure varied significantly among hydrological 

periods (PERMANOVA: F2,100=11.62, P<0.001, Fig. 2.4b) and between each pairwise comparison 

of (PR x DR: t=3.69, P=0.002; PR x PO: t=3.29, P=0.002; DR x PO: t=2.95, P=0.002; Fig. 2.5b). 

Similarly in Clear Creek, fish assemblages differed significantly between pre-drought and 

drought hydro-periods (PERMANOVA: F1,74=7.37, P<0.001; Fig. 2.5c).  

For both creeks, comparison of fish assemblage structure between adjacent sampling 

months showed generally lower temporal stability (i.e. low similarity, high turnover) among 

local assemblages during periods of connectivity (i.e. pre- and/or post-drought) compared to 

drought, although this pattern was stronger for Hickory Creek (Fig. 2.5a-b). During drought, 

temporal stability was relatively consistent during the summer months (i.e. high similarity, low 

turnover), but decreased from October-November in Hickory and from November-January in 

Clear due to accumulating species loss, then increased again as fewer additional species were 

lost during the remaining drought months in each creek.  

Discussion 

Hydrological regimes are primary drivers of community structure and dynamics in fluvial 

systems, particularly in intermittent streams with strong seasonal/annual flood and drought 

cycles (Resh et al., 1988; Poff & Ward, 1989; Larned et al., 2010). In this study I detailed the 

spatiotemporal dynamics of fish metacommunities in two intermittent streams during pre-

drought, drought, and post-drought hydro-periods. Measures of fish diversity, abundance, 

density, body size, assemblage structure, and assemblage stability in Hickory and Clear creeks 

responded strongly among and within hydrological periods, particularly as streams transitioned 

between connected and isolated periods (and vice versa). As expected, fish diversity and 
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abundance were ultimately reduced during drought, but the effects of summer drought on 

fishes were relatively benign, whereas severe declines occurred as drought continued into the 

fall and winter in Hickory Creek and the following spring in Clear Creek. Within the general 

trend in abundance, the direction and magnitude of changes varied among species, with some 

common species (i.e. red shiner, redfin shiner) showing large negative impacts during drought 

coupled with slow or limited recovery during the post-drought hydro-period whereas others 

(i.e. mosquitofish, bass) increased in abundance during drought and into post-drought. Fish 

assemblages showed generally increased stability during initial periods of habitat isolation 

(summer drought) whereas stability fluctuated with accelerated species losses during winter 

drought and was relatively low when habitats were connected. Although α̅, β, and γ-diversity 

approached pre-drought levels during the post-drought period, the structure of post-drought 

fish assemblages did not fully recover to that observed during the pre-drought hydro-period. 

Drought, Isolated Pools and Dynamics of Refugia 

Increases in air temperature coupled with decreased precipitation through the late 

spring and summer months resulted in progressive reduction in stream size (habitat area and 

volume) and isolation of pool habitats in both Hickory and Clear creeks. During initial stream 

drying (May) and early isolation (June-July) I observed an increase in fish abundance, density 

and mean diversity (i.e. α̅𝑥). Similar to other studies, these initially positive drought/drying-

related effects are likely due to movement (and concentration) of fish into pool refugia as 

shallower habitats (e.g. riffles and runs) dried (Grossman et al., 1998; Ostrand & Wilde, 2004; 

Dekar & Magoulick, 2007; Hodges & Magoulick, 2011). As pools became increasingly isolated 

over time, assemblage similarity increased (particularly in Hickory Creek) and remained 
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relatively stable through summer, indicating that isolated pools functioned as important refugia 

during summer drought. Convergence and stability of isolated assemblages during summer 

drought is perhaps due to similar deterministic outcomes among environmentally similar pool 

refugia (i.e. predation, physiological stress; Chase, 2007; Chase et al., 2009; Beesley & Prince, 

2010) as well as lack of immigration (Medeiros & Maltchik, 2001) and reduction of species 

sorting among pool, run and riffle macrohabitats as species that utilized riffles and runs during 

flowing conditions were forced into refugia. In contrast to my results, divergence among local 

assemblages during periods of isolation has been commonly reported and attributed to 

differential outcomes of colonization/dispersal histories, species interactions, and habitat 

heterogeneity among isolated pools (Fausch & Bramblet, 1991; Capone & Kushlan, 1991; Pires 

et al., 2010; Perkin & Gido, 2012).  

As drought conditions persisted through the fall and winter in Hickory Creek and into 

the following spring in Clear Creek, assemblages experienced dramatic declines in local and 

regional diversity (47% and 61% reduction in γ-diversity) and total abundance (80% and 95%), 

respectively. Despite generally high tolerances and adaptations of intermittent stream fishes to 

variable environments (e.g. Matthews & Maness, 1979; Matthews & Styron, 1981; Ostrand & 

Wilde, 2001), the combined effects of decreased stream volume and extreme low diurnal water 

temperatures and dissolved oxygen levels (during which I observed fishes respiring/gulping air 

at pool surfaces) resulted in massive mortality of fishes including destruction of entire 

assemblages in drying pools. Variability in abundance and species loss among the few 

remaining pools in November corresponded with temporarily reduced stability, but assemblage 

similarity increased again between November and December as assemblages were simplified 
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and consisted largely of common and highly tolerant taxa (e.g. sunfishes, topminnow, and 

mosquitofish). Distinct differences in assemblage responses between summer drought and 

winter drought suggest that natural or anthropogenic effects on drought duration or timing 

may have significant consequences for intermittent stream fish assemblages.  

On a species level, changes in mean abundances and body sizes from pre-drought to 

drought hydro-periods were highly variable. Considered alongside each species’ life-history 

strategy (Hoeinghaus et al., 2007), these data may help elucidate contrasting mechanisms of 

population dynamics, such as local reproduction and recruitment vs. colonization by juveniles 

and adults. For example, increased mean abundance but decreased body size of topminnow 

and mosquitofish (tolerant, top-water invertivores with opportunistic life-history strategies) 

during drought suggests that abundances were primarily driven by reproduction in refugia. Bass 

(tolerant piscivores with equilibrium/periodic life-history strategies) also increased in mean 

abundance during drought, but significantly larger body size during drought indicate that 

reproduction occurred earlier during the pre-drought period with subsequent 

movement/concentration into pools during onset of drought and growth of both juveniles and 

adult individuals during isolation. In contrast, red shiner and redfin shiner (in Clear and Hickory 

creeks, respectively) with intermediate opportunistic/periodic life-history strategies decreased 

in mean abundances and increased in body sizes during drought. These patterns indicate an 

increase in mortality and perhaps reduced or failed reproduction/recruitment during drought. 

Matthews & Marsh-Matthews (2007) speculated that decreased connectivity/dispersal and 

increased predation associated with fragmentation and reoccurring seasonal drought were 

responsible for the recent extirpation of Red Shiner from a similar stream in Oklahoma.  
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Throughout the drought hydro-period, patterns of diversity differed substantially when 

dry habitats were included in the calculation of mean local diversity (α̅0) and beta diversity (β0). 

Inclusion of zeroes in diversity measures revealed a higher degree of local extirpations, higher 

species turnover, and the loss of whole assemblages during drought in both creeks. Patterns of 

α̅𝑥 represent assemblages surviving within refugia pools only, whereas α̅0 provides a landscape 

perspective of the distribution of species among all patches (Winemiller et al., 2010), including 

those that are periodically unsuitable or simply unoccupied. Recognition of different diversity 

patterns in relation to occupied or unoccupied habitat patches is important because spatially or 

temporally unoccupied sites can be ecologically informative, particularly in fragmented or 

disturbed systems (Fagan, 2002; Grant et al., 2007; Brown & Swan, 2010). Although recognized 

as fundamental components of island biogeography and metapopulation and metacommunity 

theory (MacArthur & Wilson, 1967; Hanski, 1998; Leibold et al., 2004), unoccupied sites/patches 

are often omitted from multivariate community analyses due to the inability of some analyses 

to mathematically handle sample sites that contain only zeroes (e.g. similarity metrics, 

ordination, elements of metacommunity structure; Borcard et al., 2011; Leibold & Mikkelson, 

2002). Distinction between ‘available-occupied’, ‘available-unoccupied’ versus ‘unavailable’ 

sites is a topic that is not sufficiently addressed in studies of community dynamics in response 

to fragmentation or disturbance.  

Re-connectivity and Community Dynamics 

Return of habitat connectivity and periodic stream flow to Hickory Creek beginning in 

January 2013 had immediate effects on diversity and abundance. Regional diversity recovered 

rapidly, returning to pre-drought levels by March 2013, and by May 2013 local diversity α̅0 was 
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only slightly lower than the previous year. However, when comparing pre- and post-drought 

species composition, black bullhead (Ameiurus melas), yellow bullhead (A. natalis), and crappie 

(Pomoxis spp.) were only present during pre-drought, whereas common carp (Cyprinus carpio), 

orangethroat darter (Etheostoma spectabile), and smallmouth buffalo (Ictiobus bubalus) were 

only present during post-drought. Similar to other studies (Sheldon & Meffe, 1995; Lonzarich et 

al., 1998; Adams & Warren, 2005; Skoulikidis et al., 2011), abundance was slower to recover 

than diversity and many species were unable to fully recover to pre-drought abundances during 

the timeframe of this study. Increased abundances during post-drought were associated with a 

combination of reproduction and immigration, and the relative importance appears to differ 

among species. The abundance of smaller-bodied (young-of-year) spotted sucker (Minytrema 

melanops), bass, and several sunfishes provide evidence that recruitment was an important 

component of post-drought recovery for these species. In contrast, predominantly larger redfin 

shiner during post-drought suggests immigration of adult individuals was important for 

increasing abundance of this species, although abundances were still lower than pre-drought. 

Matthews et al. (2013) reported similar increases young-of-year suckers and bass following 

drought with decreased abundance of minnows, and speculated that increased 

reproduction/survivorship of some benthic spawning species may be associated with reduced 

predation on eggs/larvae by some minnow species.  

Despite the recovery of species diversity, differences in species composition and relative 

abundance resulted in different assemblage structure in pre- and post-drought hydro-periods. 

Assemblage recovery and species-specific responses following drought often depend on 

variability in the timing and duration of connectivity with respect to species’ life histories, the 
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spatial extent and severity of drought, the distance and spatial configuration of local 

source/sink habitats, as well as residual effects on individuals (e.g. decreased fitness; Lonzarich 

et al., 1998; Matthews & Marsh-Matthews, 2003; Adams & Warren, 2005). Despite recovery of 

regional diversity and increased abundance of many species, it is likely that duration of habitat 

connectivity during the post-drought hydro-period had a strong influence on species-specific 

and assemblage-level patterns of recovery in Hickory Creek. Specifically, I expect that the 

duration of connectivity was not long enough to allow recovery (e.g. dispersal or reproduction) 

of several species. Further, it is possible the community dynamics observed in Hickory and Clear 

creeks are also an artifact of consecutive years of severe drought (e.g. record drought in 2011 

followed by record high summer temperatures and extreme drought in 2012). Other studies 

from comparable stream systems have shown highly variable patterns of recovery from several 

months (Detenbeck et al., 1992; Bayley & Osborne, 1993) to years or decades (Magalhães et al., 

2007; Skoulikidis et al., 2011, Matthews et al., 2013). I cannot speculate as to longer-term 

influences of the observed supra-seasonal drought on the dynamics of my study system, but 

note that understanding the impacts of such events, as well as significant ramp disturbances 

such as climate change and water abstraction, generally requires long-term monitoring which is 

limited for intermittent stream systems (Magalhães et al., 2007, Matthews et al., 2013). 

Periodic Connectivity and Metacommunity Dynamics 

Theoretical and empirical metacommunity studies have shown that patterns of 

connectivity/dispersal, environmental heterogeneity, and species interactions are important 

mechanisms that drive community structure at local and regional spatial scales, and that 

community patterns may be associated with one or several theoretical paradigms (e.g. species 
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sorting, mass effects, patch dynamics, neutral theory; Leibold et al., 2004; Cottenie, 2005) or 

idealized spatial structures (e.g. Clementsian, Gleasonian, nested; Leibold & Mikkelson, 2002; 

Presley et al., 2010). Although I did not test/discriminate among theoretical and idealized 

metacommunity models in this study, my results show that both environmental factors and 

connectivity/dispersal were important structuring components, and that the relative influence 

of these factors changed over time in relation to hydro-period and connectivity.  

Mass effects (dispersal driven) and species sorting (niche driven) are the most 

commonly cited structuring mechanisms within heterogeneous ecosystems (Cottenie, 2005). 

Mass effects arise when dispersal rates are high enough to allow taxa to colonize and persist in 

suitable and unsuitable habitats in which assemblages may become homogenized (Cottenie et 

al., 2003; Mouquet & Loreau, 2003). Species sorting patterns arise when dispersal allows 

species/assemblages to sort themselves among preferred/optimal habitats. In my study, 

patterns of abundance and body size, increased spatial structuring of local assemblages and 

decreased temporal stability suggest that, during habitat connectivity, dispersal was not high 

enough to allow colonization of all local habitat patches and that species distributions were 

more strongly influenced by the local environment and biotic interactions (i.e. species sorting). 

Falke & Fausch (2010) similarly suggest that species sorting is likely to occur with increased 

connectivity during spring months as fishes seek specific habitats (particularly spawning 

habitats). Urban (2004) found that heterogeneity in local habitat permanence (pool 

persistence) was more important than dispersal in explaining variation in invertebrate 

assemblages among ponds, suggesting that the quality and distribution of refugia habitats in 
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dynamic and frequently disturbed systems can result in species sorting (although mass effects 

also played a role).  

Studies investigating spatial metacommunity structures have reported that fish 

assemblages were variably structured by dispersal/colonization and environmental factors over 

relatively short periods of time (i.e. months; Fernandes et al., 2013; Erős et al., 2014). 

Fernandes et al. (2013) found that fish assemblages had high turnover in relation to seasonal 

flood and drying hydro-periods in a tropical floodplain, in which connectivity and dispersal 

factors were important in shaping nested assemblages during the beginning of flood period, 

whereas heterogeneity in environmental factors were important in shaping Clementsian 

assemblages (i.e. species sorting) during the drying period. Preliminary analysis of temporal 

patterns of metacommunity structure from Hickory and Clear creeks (unpublished data) 

suggest that transition from connected to isolated (and vice versa) among hydro-periods may 

also result in similar spatial structures (Clementsian and nested).  

Conclusions 

Population and metacommunity-level responses in both creeks during drought showed 

that fish assemblages were only weakly impacted by summer drought (June-September), but 

dramatically impacted by prolonged drought during winter. Subsequent increases in diversity 

and abundance immediately following re-connectivity in Hickory Creek demonstrate the 

sensitivity and vagility of stream fishes to changes in hydrological conditions. However, lack of 

recovery of Hickory Creek fish assemblages during the post-drought to those observed during 

pre-drought re-enforce the importance of connectivity in maintaining populations, diversity, 

and assemblage structure over time and suggest possible residual or multiyear impacts of 
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drought on intermittent stream fish assemblages. Intermittent stream fish metacommunities 

may be generally adapted/resistant to summer drought conditions, but my results indicate that 

prolonged and/or intensified drought, which are predicted to increase in frequency due to 

continuing climate change, may have significant negative impacts across spatial and temporal 

scales.  
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Table 2.1 PCA axis loadings of environmental parameters for Hickory and Clear creeks.  
 

 
Hickory Creek 

 
Clear Creek 

 
PC1 PC2 

 
PC1 PC2 

Env factor 24.8% 13.6% 
 

29.0% 12.5% 

Pool 0.120 0.909 
 

0.091 1.182 
Run -0.439 -0.771 

 
-0.658 -0.542 

Riffle -0.692 -0.352 
 

-0.605 -0.519 
Dry 0.830 -0.112 

 
0.935 -0.448 

Connectivity -0.865 -0.193 
 

-0.998 -0.065 
Length -0.832 0.119 

 
-0.963 0.479 

Width -0.780 0.220 
 

-1.001 0.068 
CV.Width 0.063 0.593 

 
0.235 0.615 

Depth -0.713 0.565 
 

-0.743 0.359 
CV.Depth -0.162 0.138 

 
-0.302 0.592 

Area -0.929 0.171 
 

-1.063 0.141 
Volume -0.906 0.348 

 
-0.862 0.274 

Sub.Div -0.023 0.340 
 

-0.397 -0.096 
DO -0.557 -0.390 

 
-0.612 -0.265 

CV.DO 0.701 0.340 
 

0.603 0.419 
Temp 0.173 0.219 

 
-0.080 0.480 

CV.Temp 0.522 0.221 
 

0.521 0.147 
Avg.Flow -0.636 -0.666 

 
-0.796 -0.646 

CV.Flow -0.576 0.200 
 

-0.735 -0.076 
Max.Flow -0.760 -0.511 

 
-0.829 -0.609 

Min.Flow 0.406 0.227 
 

0.484 -0.001 
Flow.PA -0.879 -0.245 

 
-1.022 -0.408 

Cond 0.435 0.357 
 

-0.006 -0.394 
CV.Cond 0.564 -0.220 

 
0.197 0.611 

pH -0.521 -0.468 
 

-0.248 0.484 
CV.pH 0.186 -0.162 

 
0.231 0.375 

Canopy -0.120 0.736 
 

-0.259 0.175 
CV.Canopy 0.104 -0.667 

 
0.255 -0.431 

Algae 0.149 0.020 
 

-0.097 -0.773 
Macro -0.227 0.506 

 
-0.170 -0.695 

Undercut -0.451 0.615 
 

-0.597 0.339 
CV.Undercut -0.497 0.516 

 
-0.635 0.409 

Undercut.PA -0.529 0.647 
 

-0.740 0.380 
Woody 0.137 0.027 

 
0.055 0.687 

CV.Woody -0.169 0.842 
 

-0.389 0.552 
Wood.PA -0.241 0.824   -0.498 0.802 
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Fig. 2.1 Location of study streams in north-central Texas, USA (a), and configuration of study 
sites at the stream-scale, reach-scale, and 50 m sections (b-c).  
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Fig. 2.2 Mean daily discharge and mean PC scores for Hickory Creek (a-b) and Clear Creek (c-d), 
and regional precipitation and air temperature (e). Discharge data are from USGS gage stations 
located at or near stream sites (Hickory Creek – 08052780; Clear Creek – 08051500); mean PC 
scores are the mean (±1 S.D.) of all samples scores for each stream during each sampling period 
(see the full PCA in Fig. S2); precipitation data are from the Denton Municipal Airport located 
near the study sites. Shaded areas signify boundaries between pre-drought (PR), drought (DR), 
and post-drought (PO) hydro-periods.



40 

 
Fig. 2.3 Temporal patterns of α̅, β, and γ-diversity for Hickory Creek (a-b) and Clear Creek (c-d) 
with dry sites included (α̅0, β0) or excluded (α̅𝑥, βx). Shaded areas signify boundaries between 
pre-drought (PR), drought (DR), and post-drought (PO) hydro-periods.
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Fig. 2.4 Temporal patterns of fish total abundance, density (fish m–3), and relative stream 
volume (%).



42 

 
Fig. 2.5 Non-metric multidimensional scaling (NMDS) ordination comparing assemblage 
structure between Hickory and Clear creeks (a), and among/between hydro-periods for Hickory 
(b) and Clear (c) creeks.
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Fig. 2.6 Mean similarity of local assemblage structure (Bray-Curtis) and composition (Jaccard) 
between pairs of consecutive monthly samples for Hickory Creek (a) and Clear Creek (b). 
Shaded areas signify boundaries between pre-drought (PR), drought (DR), and post-drought 
(PO) hydro-periods. 
 



 

44 

Supplementary Tables and Figures 

Supplementary Table S2.1 Name, species code, and family of fishes collected from Hickory 
Creek and Clear Creek, Denton County, Texas, USA. (*) signify species collected in Clear Creek 
only.  
 

Common Name Scientific Name Abbrev. Family 

Longnose gar Lepisosteus osseus Leposs Lepisosteidae 
Gizzard shad Dorosoma cepedianum Dorcep Clupeidae 
Grass carp * Ctenopharyngodon idella Cteide Cyprinidae 
Common carp Cyprinus carpio Cypcar Cyprinidae 
Central stoneroller * Campostoma anomalum Camano Cyprinidae 
Red shiner Cyprinella lutrensis Cyplut Cyprinidae 
Redfin shiner Lythrurus umbratilis Lytumb Cyprinidae 
Bullhead/Fathead minnow Pimephales spp. Pimsp. Cyprinidae 
Smallmouth buffalo Ictiobus bubalus Ictbub Catostomidae 
Spotted sucker Minytrema melanops Minmel Catostomidae 
Black bullhead Ameiurus melas Amemel Ictaluridae 
Yellow bullhead Ameiurus natalis Amenat Ictaluridae 
Channel catfish Ictalurus punctatus Ictpun Ictaluridae 
Tadpole madtom Noturus gyrinus Notgyr Ictaluridae 
Freckled madtom * Noturus nocturnus Notnoc Ictaluridae 
Blackstripe/-spotted topminnow Fundulus spp. Funsp. Fundulidae 
Western mosquitofish  Gambusia affinis Gamaff Poeciliidae 
White bass * Morone chrysops Morchr Moronidae 
Green sunfish Lepomis cyanellus Lepcya Centrarchidae 
Warmouth sunfish Lepomis gulosus Lepgul Centrarchidae 
Orangespotted sunfish Lepomis humilis Lephum Centrarchidae 
Bluegill Lepomis macrochirus Lepmac Centrarchidae 
Longear sunfish Lepomis megalotis Lepmeg Centrarchidae 
Redear sunfish Lepomis microlophus Lepmic Centrarchidae 
Lepomis yoy Lepomis yoy Lepyoy Centrarchidae 
Largemouth/Spotted bass Micropterus spp. Micsp. Centrarchidae 
White/Black crappie Pomoxis spp. Pomsp. Centrarchidae 
Bluntnose darter Etheostoma chlorosoma Ethchl Percidae 
Orangethroat darter Etheostoma spectabile Ethspe Percidae 
Bigscale logperch  Percina macrolepida Permac Percidae 
Freshwater drum * Aplodinotus grunniens Aplgru Sciaenidae 
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Supplementary Table S2.2 The mean (± 1 SD), range, and statistical analysis of species’ abundances during each hydro-period within 
Hickory Creek. “>” indicates direction of significant size differences and ‘=’ indicate non-significance in ANOVA post-hoc tests. 

 
Pre-drought (PR)   Drought (DR)   Post-drought (PO)   ANOVA 

Species Mean(SD) Range   Mean(SD) Range   Mean(SD) Range   F DF P Post-hoc 

Leposs 3.0 (2.6) 0–5 
 

0.4 (0.7) 0–2 
 

0.4 (0.5) 0–1 
 

5.1 2, 12 0.025 PR>DR=PO 
Dorcep 0.6 (1.1) 0–2 

 
0 

  
1.6 (1.8) 0–4 

 
1.2 2, 12 0.347 

 Cypcar 0 
  

0 
  

0.2 (0.4) 0–1 
     Cyplut 57.3 (40.7) 14–95 

 
18.2 (16.8) 0–42 

 
7.6 (4.6) 0–12 

 
5.7 2, 12 0.018 PR>DR=PO 

Lytumb 102.0 (43.3) 52–128 
 

2.1 (2.4) 0–6 
 

53.6 (24.6) 26–93 
 

21.7 2, 12 <0.001 PR>PO>DR 
Pimspp. 13.0 (3.4) 11–17 

 
1.1 (1.2) 0–3 

 
7.2 (8.2) 0–18 

 
6.2 2, 12 0.014 PR=PO>DR 

Ictbub 0   0.3 (0.5) 0–1 
 

1.8 (3.4) 0–8 
 

3.8 2, 12 0.062 
 Minmel 1.3 (2.3) 0–4 

 
2.4 (2.3) 0–6 

 
54.2 (101) 0–235 

 
1.3 2, 12 0.303 

 Amemel 12.6 (19.3) 1–35 
 

0 
  

0  
     Amenat 6.0 (3.4) 2–8 

 
4.5 (4.2) 0–10 

 
0  

 
4.0 2, 12 0.057 

 Ictpun 0 
  

0.1 (0.3) 0–1 
 

0  
     Notgyr 5.6 (8.9) 0–16 

 
5.2 (3.5) 1–12 

 
1.4 (1.1) 0–3 

 
1.3 2, 12 0.300 

 Funspp. 22.0 (7.0) 17–30 
 

119.4 (72.2) 9–188 
 

32.8 (12.4) 15–47 
 

5.8 2, 12 0.017 DR>PR=PO 
Gamaff 33.6 (32.1) 9–70 

 
130.7 (78.4) 12–251 

 
153.8 (157) 30–405 

 
1.3 2, 12 0.320 

 Lepcya 117.3 (47) 77–169 
 

62.5 (35.2) 21–131 
 

34.4 (8.9) 21–46 
 

6.4 2, 12 0.013 PR=DR>PO 
Lepgul 7.6 (4.9) 2–11 

 
7.1 (7.3) 2–23 

 
8.6 (9.0) 0–21 

 
0.1 2, 12 0.948 

 Lephum 29.3 (9.8) 18–36 
 

3.5 (3.6) 0–11 
 

25.2 (17.8) 3–49 
 

7.9 2, 12 0.006 PR=PO>DR 
Lepmac 51.0 (20.6) 32–73 

 
63.2 (37.4) 16–130 

 
58.0 (53.3) 5–119 

 
0.1 2, 12 0.910 

 Lepmeg 157.6 (121) 86–298 
 

126.5 (90.9) 57–316 
 

43.8 (25.3) 13–68 
 

2.2 2, 12 0.151 
 Lepmic 0 0–0 

 
0.2 (0.7) 0–2 

 
0 

      Lepyoy 2.3 (4.0) 0–7 
 

20.5 (16.2) 0–43 
 

55.6 (117.6) 0–266 
 

0.6 2, 12 0.540 
 Micspp. 28.6 (42.7) 2–78 

 
53.7 (39.8) 5–110 

 
115.6 (252) 2–566 

 
0.4 2, 12 0.685 

 Pomspp. 8.3 (6.5) 2–15 
 

3.4 (2.6) 0–8 
 

0 
  

6.1 2, 12 0.015 PR=DR>PO 
Ethchl 1.3 (1.5) 0–3 

 
3.0 (3.1) 0–9 

 
11.0 (8.0) 3–24 

 
4.6 2, 12 0.033 PO>PR=DR 

Ethspe 0   0  
 

0.4 (0.8) 0–2 
     Permac 1.6 (2) 0–4 

 
0  

 
1.8 (2.4) 0–6 

 
2.1 2, 12 0.171 
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Supplementary Table S2.3 The mean (± 1 SD), range, and statistical analysis of species’ 
abundances during each hydro-period within Clear Creek. “>” indicates direction of significant 
size differences in ANOVA post-hoc tests. 

 
Pre-drought (PR)   Drought (DR)   ANOVA 

Species Mean (SD) Range   Mean (SD) Range   F Df P   

Leposs 16.6 (22.8) 3–43 
 

3.6 (3.2) 0–9 
 

3.8 1, 11 0.077 
 Dorcep 9.0 (7.8) 0–14 

 
13.3 (20.4) 0–52 

 
0.1 1, 11 0.735 

 Cteide 0 0–0 
 

0.3 (0.4) 0–1 
     Cypcar 0.3 (0.5) 0–1 

 
2.7 (2.6) 0–8 

     Camano 28.6 (38.5) 3–73 
 

1.6 (4.0) 0–13 
 

6.0 1, 11 0.033 PR>DR 
Cyplut 994.3 (192) 787–1167 

 
264.4 (314) 54–878 

 
14.1 1, 11 0.003 PR>DR 

Lytumb 6.6 (4.9) 1–10 
 

1.1 (2.1) 0–7 
 

8.6 1, 11 0.014 PR>DR 
Pimspp. 134.0 (51) 82–184 

 
156.4 (205) 11–625 

 
0.0 1, 11 0.859 

 Ictbub 9.0 (9.0) 0–18 
 

17.2 (23.0) 0–56 
 

0.3 1, 11 0.569 
 Minmel 0.6 (1.1) 0–2 

 
3.3 (5.1) 0–13 

 
0.7 1, 11 0.407 

 Amemel 3.0 (1.0) 2–4 
 

0.1 (0.3) 0–1 
     Amenat 29.6 (50.2) 1–87 

 
45.9 (80.2) 0–210 

 
0.1 1, 11 0.750 

 Ictpun 0 0–0 
 

8.4 (8.9) 0–22 
     Notgyr 0 0–0 

 
0.6 (1.0) 0–3 

     Notnoc 6.0 (7.2) 0–14 
 

2.7 (4.7) 0–15 
 

0.9 1, 11 0.365 
 Funspp. 30.0 (19.0) 9–46 

 
181.8 (236) 14–758 

 
1.2 1, 11 0.305 

 Gamaff 24.6 (21.5) 8–49 
 

55.4 (104) 0–344 
 

0.2 1, 11 0.633 
 Morchr 0.3 (0.5) 0–1 

 
0 0–0 

     Lepcya 45.3 (15.5) 29–60 
 

29.7 (22.7) 2–62 
 

1.2 1, 11 0.295 
 Lepgul 1.0 (1.7) 0–3 

 
1.1 (1.4) 0–4 

 
0.0 1, 11 0.921 

 Lephum 39.0 (15.1) 27–56 
 

39.2 (30) 10–98 
 

0.0 1, 11 0.992 
 Lepmac 31.6 (18.1) 17–52 

 
23.3 (25.6) 1–75 

 
0.3 1, 11 0.613 

 Lepmeg 105.3 (22.3) 80–122 
 

259.3 (226) 32–545 
 

1.3 1, 11 0.279 
 Lepmic 0 0–0 

 
1.0 (1.8) 0–5 

     Lepyoy 17.3 (30) 0–52 
 

29.8 (56.4) 0–180 
 

0.1 1, 11 0.726 
 Micspp. 22.0 (34.6) 1–62 

 
27 (35.2) 0–94 

 
0.0 1, 11 0.833 

 Pomspp. 0 0–0 
 

0.7 (0.8) 0–2 
     Ethchl 0 0–0 

 
0.3 (0.6) 0–2 

     Ethspe 12.3 (17) 1–32 
 

2.5 (4.8) 0–15 
 

3.1 1, 11 0.106 
 Permac 0.3 (0.5) 0–1 

 
0.2 (0.6) 0–2 

     Aplgru 4.0 (6.0) 0–11   0.2 (0.4) 0–1           
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Supplementary Table S2.4 The mean (± 1 SD) of species’ densities during each hydro-period 
within Hickory Creek. 

Hickory Cr. Pre-drought   Drought   Post-drought 

Species Mean (SD)   Mean (SD)   Mean (SD) 

Leposs 0.002 (0.003) 
 

0.001 (0.002) 
 

<0.001 (0.001) 
Dorcep <0.001 (0.001) 

 
0 (0) 

 
0.001 (0.001) 

Cypcar 0 (0) 
 

0 (0) 
 

0 (0) 
Cyplut 0.041 (0.029) 

 
0.086 (0.076) 

 
0.007 (0.004) 

Lytumb 0.066 (0.012) 
 

0.012 (0.013) 
 

0.059 (0.033) 
Pimspp. 0.009 (0.002) 

 
0.004 (0.005) 

 
0.007 (0.008) 

Ictbub 0 (0) 
 

0.004 (0.007) 
 

0.002 (0.003) 
Minmel 0.001 (0.002) 

 
0.059 (0.071) 

 
0.053 (0.101) 

Amemel 0.008 (0.012) 
 

0 (0) 
 

0 (0) 
Amenat 0.004 (0.001) 

 
0.044 (0.065) 

 
0 (0) 

Ictpun 0 (0) 
 

0.002 (0.006) 
 

0 (0) 
Notgyr 0.003 (0.005) 

 
0.06 (0.067) 

 
0.001 (0.001) 

Funspp. 0.017 (0.012) 
 

0.964 (0.663) 
 

0.033 (0.01) 
Gamaff 0.03 (0.037) 

 
1.296 (1.154) 

 
0.152 (0.156) 

Lepcya 0.079 (0.023) 
 

0.791 (0.74) 
 

0.036 (0.01) 
Lepgul 0.005 (0.002) 

 
0.11 (0.133) 

 
0.007 (0.007) 

Lephum 0.019 (0.001) 
 

0.039 (0.065) 
 

0.026 (0.018) 
Lepmac 0.034 (0.009) 

 
1.202 (1.192) 

 
0.052 (0.044) 

Lepmeg 0.105 (0.068) 
 

1.931 (1.906) 
 

0.043 (0.021) 
Lepmic 0 (0) 

 
0.003 (0.007) 

 
0 (0) 

Lepyoy 0.002 (0.004) 
 

0.201 (0.204) 
 

0.056 (0.117) 
Micspp. 0.028 (0.045) 

 
0.342 (0.15) 

 
0.115 (0.251) 

Pomspp. 0.007 (0.007) 
 

0.024 (0.017) 
 

0 (0) 
Ethchl 0.001 (0.001) 

 
0.039 (0.051) 

 
0.011 (0.008) 

Ethspe 0 (0) 
 

0 (0) 
 

0 (0.001) 
Permac 0.001 (0.001)   0 (0)   0.002 (0.003) 
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Supplementary Table S2.5 The mean (± 1 SD) of species’ densities during each hydro-period 
within Clear Creek. 

Clear Cr. Pre-drought   Drought 

Species Mean (SD)   Mean (SD) 

Leposs 0.008 (0.012) 
 

0.035 (0.04) 
Dorcep 0.004 (0.004) 

 
0.062 (0.093) 

Cteide 0 (0) 
 

0.005 (0.009) 
Cypcar 0 (0) 

 
0.06 (0.101) 

Camano 0.014 (0.021) 
 

0.002 (0.004) 
Cyplut 0.403 (0.135) 

 
1.821 (1.835) 

Lytumb 0.003 (0.002) 
 

0.005 (0.007) 
Pimspp. 0.057 (0.036) 

 
0.735 (0.69) 

Ictbub 0.004 (0.005) 
 

0.102 (0.149) 
Minmel 0 (0) 

 
0.014 (0.023) 

Amemel 0.001 (0) 
 

0 (0.001) 
Amenat 0.016 (0.026) 

 
0.101 (0.126) 

Ictpun 0 (0) 
 

0.05 (0.065) 
Notgyr 0 (0) 

 
0.003 (0.005) 

Notnoc 0.003 (0.004) 
 

0.009 (0.012) 
Funspp. 0.013 (0.008) 

 
1.001 (0.768) 

Gamaff 0.011 (0.013) 
 

0.235 (0.202) 
Morchr 0 (0) 

 
0 (0) 

Lepcya 0.018 (0.008) 
 

0.321 (0.336) 
Lepgul 0 (0.001) 

 
0.018 (0.024) 

Lephum 0.015 (0.006) 
 

0.562 (0.569) 
Lepmac 0.013 (0.006) 

 
0.216 (0.265) 

Lepmeg 0.044 (0.019) 
 

2.301 (2.522) 
Lepmic 0 (0) 

 
0.004 (0.008) 

Lepyoy 0.009 (0.016) 
 

0.131 (0.151) 
Micspp. 0.011 (0.019) 

 
0.12 (0.158) 

Pomspp. 0 (0) 
 

0.008 (0.012) 
Ethchl 0 (0) 

 
0.001 (0.002) 

Ethspe 0.006 (0.009) 
 

0.007 (0.012) 
Permac 0 (0) 

 
0.001 (0.005) 

Aplgru 0.001 (0.002) 
 

0.001 (0.002) 
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Supplementary Table S2.6 The mean body sizes (± 1 SD), range, and statistical analyses (ANOVA and HSD Tukey) of for species 
collected during each hydro-period from Hickory Creek. ‘n’ represents the number of fishes measured (not abundance). “>” indicates 
direction of significant size differences and “=” indicates non-significance in ANOVA post-hoc tests. 
 
Hickory 
Cr. Pre-drought   Drought   Post-drought   ANOVA 

Species n  Mean(SD) Range   n Mean(SD) Range   n Mean(SD) Range   F Df P Post-hoc 

Leposs 9 44.1 (36) 6.0‒92 
 

3 12.5 (3.7) 8.8‒16 
 

2 75 (8.4) 69‒81 
 

2.5 2, 11 0.130 
 Dorcep 2 20.1 (1.5) 19‒21 

 
0 

   
8 13.8 (1.0) 13‒15 

 
3.1 1, 8 0.101 

 Cypcar 0 
   

0 
   

1 45.0 (0) 
      Cyplut 159 5.4 (0.9) 2.0‒7.7 

 
128 5.8 (0.8) 2.8‒7.5 

 
38 5.7 (0.9) 4.0‒7.8 

 
7.8 2, 322 <0.001 PO=DR>PR=PO 

Lytumb 274 4.6 (0.8) 1.5‒7.0 
 

15 5.4 (0.9) 3.1‒6.4 
 

236 5.0 (1.2) 1.5‒7.6 
 

11.4 2, 522 <0.001 DR=PO>PR 
Pimspp. 39 5.1 (0.8) 3.4‒7.5 

 
8 6.0 (0.5) 1.8‒8.6 

 
36 6.3 (1.0) 4.5‒8.6 

 
15.1 2, 80 <0.001 DR=PO>PR 

Ictbub 0 
   

2 56.8 (1.6) 55‒58 
 

6 45.4 (21) 3.8‒60 
 

2.0 1, 6 0.193 
 Minmel 4 3.7 (0.5) 3.4‒4.6 

 
17 24.1 (8.2) 5.2‒37 

 
138 5.0 (3.6) 2.0‒14 

 
151.2 2, 156 <0.001 DR>PR=PO 

Amemel 38 10.7 (3.3) 5.0‒21 
 

0 
   

0 
       Amenat 18 11.2 (3.0) 7.2‒19 

 
32 14.6 (2.7) 11‒24 

 
0 

   
15.9 1, 48 <0.001 DR>PR 

Ictpun 0 
   

1 33.2 (0) 
  

0 
       Notgyr 17 6.1 (0.5) 5.4‒7.1 

 
37 4.3 (1.1) 3.0‒8.0 

 
7 5.3 (1.0) 3.8‒6.8 

 
19.7 2, 58 <0.001 PR=PO>DR 

Funspp. 66 4.4 (1.7) 1.2‒7.2 
 

686 3.9 (0.8) 1.8‒7.3 
 

162 5.9 (0.7) 2.8‒7.5 
 

287.4 2, 912 <0.001 PO>PR>DR 
Gamaff 101 3.0 (1.0) 1.4‒6.8 

 
769 2.8 (0.8) 0.9‒6.9 

 
611 3.2 (1.0) 1.0‒6.0 

 
3.2 2, 867 0.051 

 Lepcya 347 7.4 (2.6) 2.5‒18 
 

425 8.8 (3.5) 1.5‒19 
 

172 6.8 (3.1) 2.0‒17 
 

31.6 2, 941 <0.001 DR>PR=PO 
Lepgul 23 6.6 (2.5) 4.0‒13 

 
50 9.4 (2.0) 6.6‒17 

 
43 6.1 (1.9) 3.6‒15 

 
30.8 2, 113 <0.001 DR>PR=PO 

Lephum 88 4.8 (0.9) 3.2‒7.5 
 

25 6.3 (0.8) 5.0‒8.7 
 

122 5.0 (1.1) 2.6‒12 
 

17.9 2, 232 <0.001 DR>PR=PO 
Lepmac 153 6.5 (2.4) 2.8‒14 

 
417 7.2 (4.9) 1.5‒85 

 
255 4.9 (1.5) 2.4‒11 

 
50.3 2, 822 <0.001 PR=DR>PO 

Lepmeg 382 6.8 (2.2) 2.5‒15 
 

742 7.2 (2.6) 2.1‒16 
 

211 6.6 (2.3) 2.5‒14 
 

6.2 2, 1332 0.002 DR>PR=PO 
Lepmic 0 

   
2 8.7 (0.1) 8.6‒8.8 

 
0 

       Lepyoy 7 1.4 (0.1) 1.3‒1.7 
 

144 1.8 (0.3) 1.0‒2.5 
 

95 1.7 (0.2) 1.1‒2.6 
     Micspp. 86 4.6 (4.4) 2.0‒26 

 
330 7.0 (3.9) 1.7‒33 

 
89 4.3 (2.5) 1.9‒15 

 
2.5 2, 201 <.0001 DR>PR=PO 

Pomspp. 25 14.2 (4.7) 7.4‒29 
 

24 13 (3.5) 7.4‒20 
 

0 
   

2.8 1, 47 0.117 
 Ethchl 4 4.4 (0.2) 4.2‒4.7 

 
21 4.2 (0.4) 3.5‒5.1 

 
55 3.7 (1.1) 1.3‒5.5 

 
2.5 2, 77 0.085 

 Ethspe 0 
   

0 
   

2 4.3 (0) 4.3‒4.3 
     Permac 5 7.2 (0.6) 6.4‒8.1   0       7 5.3 (2.0) 3.1‒8.3   4.1 1, 10 0.081   
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Supplementary Table S2.7 The mean body sizes (± 1 SD), range, and statistical analyses (ANOVA) of for species collected during each 
hydro-period from Clear Creek. ‘n’ represents the number of fishes measured (not abundance). “>” indicates direction of significant 
size differences between hydro-periods in ANOVA tests. 

Clear Cr.  Pre-drought   Drought   ANOVA 

Species  n Mean(SD) Range   n Mean(SD) Range   F Df P 
 Leposs  50 58.2 (45) 3.7‒145 

 
36 40.2 (20) 8.6‒77 

 
5.1 1, 84 0.027 DR>PR 

Dorcep  27 15.3 (1.6) 11‒18 
 

132 20.1 (3.3) 4.7‒37 
 

54.0 1, 157 <0.001 PR>DR 
Cteide  0 

   
3 78.3 (3.5) 75‒82 

     Cypcar  1 41 (0) 
  

27 50.6 (8.4) 38‒78 
     Camano  79 5.7 (1.8) 2.7‒11 

 
15 5.5 (0.5) 5.0‒6.8 

     Cyplut  886 4.2 (0.9) 1.5‒7.6 
 

1029 3.5 (1.6) 1.2‒32 
 

121.8 1, 1913 <0.001 PR>DR 
Lytumb  20 4.7 (1.2) 2.8‒7.9 

 
11 3.1 (0.6) 2.1‒4.1 

 
18.7 1, 29 <0.001 PR>DR 

Pimspp.  339 4.5 (1.3) 1.8‒8.4 
 

739 3.4 (2.3) 1.3‒63 
 

63.8 1, 1076 <0.001 PR>DR 
Ictbub  27 21.4 (24) 2.1‒61 

 
172 24.8 (20) 5.2‒61 

 
0.6 1, 197 0.428 

 Minmel  2 14.2 (2.4) 13‒16 
 

33 7.1 (2.0) 5.0‒18 
 

21.7 1, 33 <0.001 PR>DR 
Amemel  9 12.8 (5.9) 3.2‒26 

 
1 9.5 (0) 

      Amenat  89 3.9 (2.5) 1.5‒18 
 

367 5.4 (2.0) 3.0‒20 
     Ictpun  0 

   
84 12.5 (12) 2.0‒57 

     Notgyr  0 
   

6 4.4 (1.2) 3.1‒6.7 
     Notnoc  18 5.4 (2.8) 2.1‒11 

 
27 4.7 (1.2) 2.9‒7.7 

 
1.6 1, 43 0.219 

 Funspp.  90 4.6 (1.3) 1.7‒7.2 
 

935 3.8 (0.9) 1.5‒8.0 
 

61.1 1, 1024 <0.001 PR>DR 
Gamaff  74 2.9 (0.9) 1.2‒5.5 

 
383 2.6 (0.7) 1.0‒6.3 

 
8.0 1, 455 0.008 PR>DR 

Morchr  1 28.0 (0) 
  

0 
       Lepcya  136 6.5 (2.7) 2.0‒18 

 
297 6.8 (2.3) 2.5‒18 

 
1.1 1, 431 0.292 

 Lepgul  3 4.3 (0.5) 4.0‒5.0 
 

11 9.1 (2.1) 3.6‒11 
 

14.8 1, 12 0.007 DR>PR 
Lephum  117 4.6 (1.2) 2.1‒8.3 

 
311 3.8 (1.2) 2.1‒7.0 

 
32.7 1, 426 <0.001 PR>DR 

Lepmac  93 5.7 (2.3) 2.0‒14.5 
 

233 6.3 (2.2) 2.1‒13 
 

4.7 1, 324 0.031 DR>PR 
Lepmeg  316 6.8 (2.6) 2.5‒14 

 
1404 4.5 (2.0) 1.3‒14 

 
288.6 1, 1720 <0.001 PR>DR 

Lepmic  0 0 (0) 0‒0 
 

10 10.3 (2.1) 6.0‒12 
     Lepyoy  52 1.8 (0.8) 1.1‒7.6 

 
133 2.2 (1.8) 1.0‒23 

     Micspp.  66 3.7 (3.4) 1.7‒18 
 

251 7.7 (3.4) 2.1‒28 
 

67.6 1, 315 <0.001 DR>PR 
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Pomspp.  0 
   

7 20.1 (1.5) 19‒23 
     Ethchl  0 

   
3 3.5 (0.2) 3.2‒3.7 

     Ethspe  37 3.2 (0.9) 2.2‒5.5 
 

25 3.5 (0.4) 3.0‒4.7 
 

1.3 1, 60 0.255 
 Permac  1 9.1 (0) 

  
2 8.3 (1.0) 7.6‒9.1 

     Aplgru  12 25.3 (3.8) 18‒31   2 19.3 (4.5) 16‒23   3.9 1, 12 0.067   
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Supplementary Fig. S2.1 Photographs showing the range of dynamic hydrological conditions for 
Hickory Creek. a) January 2012 pre-flood, b) January 2012 flood, c) October 2012, d) November 
2012. Photos taken from bridge crossing just below the downstream reach, looking upstream. 
Photos by L. J. Driver.  
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Supplementary Fig. S2.2 PCA ordination of environmental parameters for Hickory Creek (a) and 
Clear Creek (b) among sites from each hydro-period. 
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Supplementary Fig. S2.3 The mean (SD) abundances of select fish species over time for both 
Hickory and Clear creeks. Shaded areas signify pre-drought (PR), drought (DR), and post-
drought (PO) hydro-periods. 
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CHAPTER III 

DROUGHT-INDUCED FRAGMENTATION AND QUALITY OF REFUGIA MEDIATE DYNAMICS OF 

STREAM FISH METACOMMUNITY STRUCTURE 

Abstract 

The metacommunity concept provides a framework for investigating patterns of species 

distributions and underlying processes across spatial scales. Mechanisms underlying 

metacommunity structure may be inferred by quantifying three elements: coherence, species 

turnover and boundary clumping (elements of metacommunity structure). In this study, I use 

elements of metacommunity structure and variance partitioning of environmental, spatial and 

connectivity factors to identify mechanisms driving temporal patterns fish metacommunity 

structure of intermittent streams in response to variable hydrological conditions. Fish 

assemblages and environmental factors were surveyed monthly during pre-drought (PR), 

drought (DR), and post-drought (PO) hydrological periods at multiple locations in two 

intermittent streams. The best fit metacommunity structure from each stream differed 

according to the temporal scale of investigation (full, PR, DR, PO) and whether the analyses 

were based on the primary or secondary latent gradient. For full datasets, metacommunities of 

both creeks exhibited Clementsian structures along the primary gradient, with assemblages 

forming clumped temporal compartments by hydro-period, whereas metacommunity 

structures were nested along the secondary gradient according to variability in the quality 

refugia habitat. In Hickory Creek, metacommunity structure changed significantly from 

Clementsian during pre-drought to quasi-nested and nested structures during drought and 

post-drought hydro-periods. In Clear Creek, metacommunity structure did not change between 
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pre-drought and drought, with assemblages from both hydro-periods exhibiting quasi-

Clementsian structures. Regression/correlation and variance partitioning identified differences 

within and among temporal hydro-periods in the relative importance of environmental, spatial, 

and connectivity factors explaining variation in fish metacommunity structure. Environmental 

factors were consistently important over time for both creeks, whereas spatial and connectivity 

factors were more important during pre- and post-drought. Intermittent stream fish 

metacommunities are dynamic and structured by hydrological conditions and drought 

disturbance that mediate habitat heterogeneity, refugia quality and patch connectivity.      

Introduction 

Understanding patterns of diversity, distribution, and abundance of organisms and the 

factors that influence them has long been a goal in ecological research. Research at local scales 

developed a foundation of essential ecological theory (e.g. Hutchinson, 1959; Hardin, 1960) 

that has been integrated with concepts that emphasize that communities are dynamic and 

linked to larger regional landscapes by the exchange of individuals, materials, and resources 

(MacArthur & Wilson, 1967; Ricklefs, 1987; Holt, 1993). The metacommunity concept (Leibold 

et al., 2004; Holyoak et al., 2005) provides novel perspectives and hypotheses for investigating 

patterns of species distributions and underlying processes across spatial scales (Leibold & 

Mikkelson, 2002; Cottenie, 2005; Logue et al., 2011). A metacommunity is a set of local 

communities (or ‘patches’) that are linked across a landscape by the periodic dispersal of 

individuals (Leibold et al., 2004). The spatial configuration of patches and the connectivity and 

dispersal of organisms among them are thus fundamentally important for understanding 

community assembly and patterns of diversity observed at local and regional scales.  
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Mechanisms underlying metacommunity structure may be inferred by quantifying three 

elements: coherence, species turnover and boundary clumping (elements of metacommunity 

structure, EMS; Leibold & Mikkelson, 2002; Presley et al., 2010). Coherence is the degree to 

which patterns of species distributions and assemblage compositions can be explained by an 

underlying latent environmental gradient; species turnover is the number of times one species 

replaces another species along that gradient; and boundary clumping is the degree to which 

species distributions are grouped along that gradient. Combining the three elements can 

identify best-fit metacommunity structures (e.g., Clementsian, Gleasonian, nested, 

checkerboard, evenly spaced, or random; Leibold & Mikkelson, 2002), which allows for 

mechanistic interpretation of assemblage patterns because the idealized structures arise from 

different ecological mechanisms (e.g. Presley e5t al., 2010; Maynard et al., 2013). 

More specifically, Clementsian structures are indicative of groups of species responding 

similarly to environmental gradients and forming distinct communities with clumped 

distributions (Clements, 1936). For example, clumped distributions of herbivorous, omnivorous, 

and carnivorous bats occur along temperature and precipitation gradients most suitable for 

their preferred prey (Presley et al., 2009). Gleasonian structures result from species-specific or 

individualistic responses along environmental gradients forming a continuum of species 

distributions and assemblage compositions (Gleason, 1926). For instance, Hoverman et al. 

(2011) reported Gleasonian structure among freshwater snail assemblages in which species 

were distributed (and replaced) along a gradient of pond permanence. Nested distributions 

arise from predictable patterns of species loss often associated with habitat quality, dispersal 

ability, and/or physiological tolerances, in which the composition of species poor communities 
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form subsets of species rich communities (Taylor & Warren, 2001). Checkerboard and evenly-

spaced patterns are indicative of strong competitive interactions among species, the former 

resulting from competitive exclusions, the latter from trade-offs in competitive ability (Leiblold 

& Mikkelson, 2002; Presley et al., 2010). 

Relatively few studies have explored temporal patterns of metacommunity structure in 

response to disturbance or in systems with temporal dynamics of fragmentation (but see 

Vanschoenwinkel et al., 2010; Allen et al., 2011; Newton et al., 2012; Fernandes et al., 2013; 

Erős et al., 2014; Ochoa-Ochoa & Whittaker, 2014). Lotic ecosystems (i.e. rivers and streams) 

are especially suitable for such studies due to temporal dynamics of natural, and increasingly 

anthropogenic, fragmentation across multiple scales. Although the field of river/stream ecology 

has a rich history of research investigating the roles of spatial, environmental, and biological 

processes in structuring communities and ecosystems (Townsend, 1989; Poff, 1997; Fausch et 

al., 2002; Winemiller et al., 2010), metacommunity studies in lotic systems, particularly smaller 

streams, have been relatively slow to develop (Logue et al., 2011). Intermittent stream systems 

are periodically fragmented by drought cycles and often possess diverse communities and 

species that are adapted to dynamic hydrological conditions and disturbance (Lake, 2003; 

Dodds et al., 2004). The diversity of trophic and reproductive life history traits among stream 

fishes (e.g. Hoeinghaus et al., 2007) make them a particularly interesting taxa for 

metacommunity studies as species are known to sort themselves non-randomly in space and 

time among heterogeneous habitats, along a continuum of environmental gradients, and in 

response to seasonality and/or disturbance (e.g. Jackson et al., 2001; Taylor & Warren, 2001; 

Magalhães et al., 2002; Falke & Fausch, 2010; Brown et al., 2011; Erős et al., 2014).   
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 In this study, I investigate patterns and drivers of fish metacommunity structure from 

two intermittent streams over the course of an annual cycle that included pre-drought, drought 

and post-drought hydrological periods. My objectives were to identify mechanisms underlying 

stream fish metacommunity structure, test if structure changes over time (i.e. among pre-

drought, drought, and post-drought hydro-periods), and identify the relative contributions of 

environmental, spatial, and connectivity factors in explaining those patterns. I expected 1) 

changes in species diversity and composition among hydro-periods would result in Clementsian 

metacommunity structures in the full/annual datasets for both creeks; 2) pre- and post-drought 

hydro-periods would be characterized by Clementsian structures due to species sorting with 

increased connectivity (i.e. dispersal) and environmental heterogeneity and; 3) drought hydro-

periods would be characterized by nested metacommunity structures due to predictable 

patterns of species loss among drying and refugia habitats.   

Materials and Methods 

Study area and sampling design 

Research was conducted on Hickory and Clear creeks, intermittent tributaries of the Elm 

Fork of the Trinity River in north-central Texas, U.S.A. (Fig. 3.1). Both streams flow through 

mixed agricultural, pastoral, rural and sub-urban landscapes before emptying into a large 

municipal reservoir. Hydrologic cycles of small streams in this ecoregion (southern Great Plains) 

are highly dynamic and experience seasonal and periodic flow, drought conditions and isolated 

pools, and periodic flooding (Dodds et al., 2004). A previous study by the authors demonstrated 

significant effects of seasonal hydrology on environmental factors (e.g. habitat availability, 

connectivity and quality) and fish assemblage structure (Driver & Hoeinghaus, unpublished 



 

60 
 

manuscript). Hydrologic conditions are defined by distinct periods of steam habitat connectivity 

and isolation: pre-drought hydro-period (PR) = period of stream connectivity/flow prior to 

isolation of pool habitats in both creeks (February – May 2012); drought (DR) = period of stream 

drying and habitat isolation with no stream flows (Hickory Creek: June – December 2012; Clear 

Creek: June 2012 – March 2013); post-drought (PO) = period of re-connectivity/rewetting 

stream flow following drought but preceding complete isolation that occurred the following 

summer (Hickory Creek only: January 2013-May 2013).  

Monthly surveys for fishes and stream habitat were conducted at multiple sections in 

Hickory and Clear creeks from February 2012 through May 2013. Within each creek, 10 stream 

sections were sampled across downstream and upstream reaches (Fig. 3.1). Reaches were 

separated by approximately 1 river km and each consisted of five consecutive 50 m stream 

sections (smallest sample unit; Fig. 3.1). Stream sections were enumerated in the order they 

were sampled (i.e., moving in an upstream manner), with downstream sections numbered 1-5 

and upstream sections numbered 6-10 for both creeks. The hierarchical scale used in this study 

was based on previous field surveys and reconnaissance that indicated that isolated pool 

refugia during drought in both Hickory and Clear Creeks are generally small (<50m) and the 

distance between refugia varies from a few to a few hundred meters. As such, the sampling 

design appropriately captures the natural scale of drought-induced fragmentation for these, as 

well as other low-order intermittent streams. Sampling did not occur during March 2012 in 

either creek due to high water, and sampling in Clear Creek was terminated after March 2013 

due to near complete desiccation of all stream sections and lack of return flow (i.e. no post-

drought period). 
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Fish surveys 

Fishes were sampled from each 50 m section by two consecutive passes with a backpack 

electrofisher (Smith-Root LR-24, pulsed DC output) and a minimum of three seine hauls (4.6 m x 

1.8 m x 4.8 mm seine). Electrofishing was conducted with a single operator and two netters 

moving from downstream to upstream. Seining techniques varied depending on stream 

conditions (e.g., depth, width, velocity, instream structure) and targeted habitats and included 

hauls parallel and perpendicular to stream flow and stationary kick sets in riffles or around 

instream habitat structure. During periods of hydrological connectivity, mesh block nets were 

used to prevent fish from moving between sections while sampling. Fishes were identified in 

the field to the species level whenever possible, however several species were identified to the 

genus level due to difficulty distinguishing between similar conspecifics in the field and/or 

among young-of-year individuals. Fish assemblages were quantified separately for each shock 

pass and collective seine sample, however, all fishes collected within a section were combined 

into a single composite sample for each month. Once processed, fish were released back to the 

stream section from which they were captured.  

Quantification of local habitat 

A suite of habitat variables (depth, dissolved oxygen, temperature, flow velocity, 

substrate composition, specific conductivity, pH, canopy cover, woody debris, undercut bank, 

and algae and macrophyte cover) was quantified within each 50 m stream section at five 

equidistant points across five permanent transects during each month. Substrate categories 

(e.g., mud/silt, sand, gravel, cobble, boulder, bedrock, compacted clay bedrock, and organic 

detritus; TCEQ, 2007) were evaluated by the dominant type at each point along transects. 
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Canopy cover was measured at four locations (left bank, center-left, center-right, and right 

bank) at each transect with a convex spherical densiometer by counting the number of points 

on a triangular grid that were intersected by reflected overhead canopy (TCEQ, 2007). Woody 

debris, undercut bank, algae, and macrophytes were evaluated along a swath 3m up- and 

downstream of each transect. Woody debris and undercut bank were recorded as the 

percentage of coverage along the width of each transect and along both banks. The relative 

abundance of macrophytes and algae was categorically assessed as absent (0% coverage), rare 

(0-~25%), common (~>25-75%), or abundant (~>75% coverage) and assigned a numeric dummy 

variable 0-3, respectively, for each transect. During drought conditions, habitat measurements 

were only recorded from transects with measurable surface water (i.e. dry transects omitted). 

For each stream reach, habitat variables were sampled on the same days as fish assemblages, 

and sampling of all stream reaches and sections from Hickory and Clear creeks was conducted 

within approximately 1-5 days of each other during each month. The full suite of environmental 

variables for each section during each month consisted of mean and coefficient of variation of 

each continuous numeric variable; presence/absence (PA) variables for stream flow, woody 

debris, and undercut bank; proportion of pool, run, riffle, and dry macrohabitats; and an index 

of substrate diversity (i.e. inverse Simpson’s index).  

Spatial and connectivity factors 

To evaluate spatial/longitudinal gradients within streams, I constructed spatial matrices 

consisting of the relative distances of each section from the beginning of the downstream-most 

section in each stream. Specifically, stream sections 1-5 were assigned distances of 50, 100, 

150, 200, and 250 m, whereas upstream sections 6-10 were assigned distances of 1250, 1300, 
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1350, 1400, and 1450 m. Additionally, a general index of habitat connectivity was created for 

each stream section by counting the number of wetted connections between each section and 

its adjacent upstream and/or downstream section during each month. For example, stream 

sections connected by water to both adjacent upstream and downstream sections were given a 

connectivity index value = 1, whereas connection of only the upstream or downstream section 

= 0.5, and fully isolated sections = 0. To interpret connectivity patterns of the full annual 

community datasets (see below), I calculated the mean connectivity of each stream section 

across months within each hydro-period.  

Data analyses 

Following the methodology of Leibold and Mikkelson (2002) and Presley et al. (2010), I 

used elements of metacommunity structure (EMS) to determine the best fit structures of 

stream fish assemblages. Similar to Erős et al. (2014) and Fernandes et al. (2013), I use EMS to 

investigate changes in temporal metacommunity structure, however my approach slightly 

differs in that I conducted a global analysis of the annual dataset (Full) as well as individual 

analyses of each temporal hydro-period (PR, DR, and/or PO), consisting of multiple monthly 

samples rather than separately analyzing assemblages from each month. I chose to analyze 

temporal assemblage patterns in this manner for three reasons: first, the global analyses 

identified if further resolution within the study period based on hydro-periods is warranted (i.e. 

existence of compartments; Leibold & Mikkelson, 2002), second, a previous study conducted by 

the authors (Driver and Hoeinghaus, unpublished data) identified significant and ecologically-

relevant changes in environmental conditions and fish assemblage structure among hydro-

periods (rather than among months), and finally, EMS analysis conducted at the ‘month’ scale 
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suffered from low statistical power due to a dramatic reduction of sample size (i.e. by stream 

sections/sites) during drought. Further, because characterizing the effects of drought on fish 

assemblage structure was one of my primary objectives, I chose to analyze temporal patterns in 

metacommunity structure at the scale of hydro-period despite lack of independence of 

resampled monthly assemblages. Thus, results of EMS for each hydro-period reflect the 

structure of stream fish metacommunities along underlying gradients in space (i.e. 

environmental variation among local stream sites) but also in time (i.e. environmental variation 

between monthly samples). This approach should also enable the evaluation of the role of 

refugia in affecting metacommunity dynamics. 

Fish abundance was transformed to incidence matrices for each assemblage dataset for 

Hickory and Clear creeks prior to analysis. Incidence matrices for each temporal hydro-period 

consisted of species presence/absence from each stream section during each monthly sample. 

The annual datasets consisted of composite presence/absence of species from each stream 

section (1-10) pooled across months within each hydro-period (e.g., during pre-drought, 

presence/absence of species from each stream section was pooled across February, April, and 

May samples). To reduce the influence of rare/transient species on EMS results, I removed 

species that represented less than 10% site occupancy from each assemblage dataset (Full, PR, 

DR, and PO).   

EMS quantifies metrics of coherence, species turnover, and boundary clumping to 

characterize the organization of species incidence matrices into best-fit structures. EMS first 

ordinates assemblage matrices using correspondence analysis (CA) to simultaneously arrange 

sites with similar species compositions and species with similar distributions closer to each 
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other along a latent gradient (e.g. CA axis; Leibold & Mikkelson, 2002). Because ecological 

communities can be structured along multiple underlying gradients (Presley et al., 2009), I 

examined metacommunity structures ordinated along the primary (CA1) and secondary (CA2) 

axes (see Supplementary Fig. S3.1). Coherence was determined by comparing the number of 

embedded absences within each ordinated matrix to the mean number of embedded absences 

generated from a null model with 1000 iterations. Following Presley et al. (2010), assemblage 

simulations were constrained by keeping site/row richness values equal to empirical values and 

allowing equiprobable species occurrences. Significantly fewer observed embedded absences 

than expected by chance (positive coherence) indicates that species are responding non-

randomly to an underlying latent environmental gradient (Leibold & Mikkelson, 2002). 

Significantly more embedded absences (negative coherence) than predicted from the null 

model indicates checkerboard spatial distributions. Non-significant coherence indicates that 

species distributions could not be distinguished from random and/or a strong underlying 

environmental gradient was not detected. Species turnover (i.e., the number of times one 

species replaces another at the edges of distributional boundaries) was compared to null 

models that randomly shift entire ranges of species. Significantly low (negative) turnover (i.e., 

fewer replacements than null) indicates nested community structure, whereas significantly high 

(positive) turnover can be attributed to Gleasonian, Clementsian, or evenly spaced 

metacommunity structures, which are further distinguished by the degree of boundary 

clumping (Leibold & Mikkelson, 2002; Presley et al., 2010).  Boundary clumping was measured 

using Morisita’s index (I) and significance assessed using a chi-square goodness of fit test by 

comparing observed boundary distributions to null models with uniform species distributions. 
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Morisita’s values >1.0 indicate positively clumped boundaries and Clementsian distributions, 

whereas values <1.0 indicate negative clumping and evenly spaced (i.e., hyper-dispersed) 

distributions. Non-significant values at ~1.0 indicate individualistic species range boundaries 

and Gleasonian distributions. The best-fit structure (including ‘quasi-’ structures) for each 

dataset was determined following Presley et al. (2010).  

To identify the relative importance of environmental, spatial and connectivity variables 

on metacommunity structure for each hydro-period, I conducted a combination of linear 

regression and correlation analyses between those variables and sample scores on the primary 

CA axis used to ordinate fish metacommunity structure (i.e. underlying the EMS analysis). 

Principal components analysis with z-score standardizations was used to reduce the full set of 

environmental variables to principal components that explain variation among stream sections 

within each hydro-period (see Supp. Fig. S3.2). The number of relevant principal component 

axes for environmental datasets were identified using broken stick analysis.  Principle 

component scores from the first two axes of each environmental dataset were generally linear 

and deviations from normality and homoscedasticity were minor, thus I used multiple linear 

regression to test for significant environmental gradients along PC1, PC2, and their interaction 

for each hydro-period. Spatial and connectivity variables were not normal so I used a 

nonparametric Spearman-rank correlation. Variance partitioning, using redundancy analysis 

(RDA), was used to further evaluate unique and shared contributions of environmental, spatial, 

and connectivity factors in explaining patterns of fish metacommunity structure.  
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All analyses were performed in R, version 3.0.2 (R Core Team 2013). EMS analyses were 

performed using the function ‘Metacommunity()’ within the package ‘metacom’ (Dallas, 2014). 

Variance partitioning was computed using function ‘varpart()’ in the package ‘vegan’.  

Results 

A total of 26,181 individuals representing 31 taxa and 11 families were collected from 

Hickory and Clear creeks between February 2012 and May 2013 (Supp. Table S3.1). Spatial and 

temporal variation in stream conditions among pre-drought, drought, and post-drought hydro-

periods resulted in changes in local and regional assemblage diversity, species abundance, and 

composition in Hickory and Clear creeks. Monthly species diversity across stream sections 

declined by nearly 50% in Hickory Creek and more than 70% in Clear Creek between pre-

drought and the end of the drought hydro-period. In Hickory Creek, re-connectivity and 

dispersal during the post-drought resulted in the subsequent recovery of regional diversity, 

however the composition and structure of species among local stream sections was different 

than observed during pre-drought (Supp. Table S3.1).  

Best-fit metacommunity structures differed depending whether analyses were based on 

the primary or secondary CA axis and between the full and hydro-period datasets for each 

creek (Table 3.1). Analyses ordinated on the primary axis (CA1) resulted in non-random (i.e. 

significant coherence) structures for each of the seven datasets (Table 3.1). For the secondary 

axis (CA2), significant non-random structures were detected for the full datasets only. For full 

datasets using CA1, both Hickory and Clear creek metacommunities exhibited Clementsian 

structures (positive coherence, turnover, and boundary clumping), with assemblages forming 

relatively distinct temporal compartments by hydro-period (Fig. 3.2). Full datasets along the 
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secondary axis exhibited nested structures (positive coherence, negative turnover, and positive 

boundary clumping), where species distributions and site richness were associated with the 

quality of habitats as refugia (e.g. sites with larger, more persistent pools and higher richness; 

Supp. Fig. S3.3).  

Results of each hydro-period analyses using CA1 differed between creeks. In Hickory 

Creek, metacommunity structure changed significantly over time, with pre-drought 

assemblages exhibiting a Clementsian structure, then shifting to quasi-nested and nested 

structures during drought and post-drought hydro-periods, respectively (Table 3.1; Fig. 3.2). In 

Clear Creek, metacommunity structure did not change over time between pre-drought and 

drought, with assemblages from both hydro-periods exhibiting quasi-Clementsian structures 

(non-significant positive turnover, significant clumping; Table 3.1; Fig. 3.3).  

Regression and correlation analyses indicated that the relationship between the CA1 

and environmental, spatial, and connectivity variables for each hydro-period differed over time 

for both creeks (Table 3.2). For Hickory Creek, environmental factors significantly explained 

variation in assemblage structure for each hydro-period, but the significance of PC1 and PC2 

and their interaction varied within and among hydro-periods (Table 3.2; Supp. Fig. S3.2). The 

importance of spatial structuring of assemblages among stream sections was detected in pre-

drought and post-drought metacommunities (although the spatial variable was negatively 

correlated in post-drought; Table 3.2), indicating differences between upstream and 

downstream assemblages. Connectivity among stream sections was a significant predictor of 

assemblage structure only during post-drought in Hickory Creek (Table 3.2). In Clear Creek, 

environmental variables were significant predictors of assemblage structure during pre-
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drought, whereas variability in connectivity among stream sections was significant during 

drought. Spatial position was not correlated with underlying gradients of assemblage structure 

in during either pre-drought or drought in Clear Creek. (Table 3.2).  

Results of variance partitioning similarly indicated that the contribution of 

environmental, spatial, and connectivity factors to metacommunity structure varied over time 

for both Hickory and Clear creeks (Table 3.3). However, there was a lack of concordance 

between results of variance partitioning and regression/correlations indicated above. In Hickory 

Creek, environmental factors [E] contributed a significant amount of variation for drought and 

post-drought metacommunities, but not for pre-drought. Connectivity [C] explained significant 

variation among drought assemblages but not post-drought assemblages. Similar to regression 

and correlation analysis, spatial factors [S] were significant during pre-drought and post-

drought datasets in Hickory Creek. In Clear Creek, environmental factors were significant for 

both pre-drought and drought assemblages, whereas spatial factors were significant only 

during pre-drought (Table 3.3). Similar to the correlation result, connectivity was significantly 

associated with fish metacommunity structure during drought.   

Discussion 

EMS analyses identified non-random best-fit metacommunity structures for all datasets 

using CA1, indicating that fish species’ distributions were significantly explained along latent 

environmental gradients. For analyses based on CA2, only the full datasets resulted in non-

random structures for both creeks, but inclusion of the secondary axis provided a more 

complete interpretation of species distributions among spatial and temporal refugia. Results 

from regressions/correlations and variance partitioning were not consistent and indicated 
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different contributions of environmental, spatial, and connectivity variables within and among 

hydro-periods. However, analytical differences between the two analyses (e.g. two RDA axes in 

variance partitioning versus a single CA axis in regressions/correlations) mean that complete 

coherence should not necessarily be expected. Despite variability in the contribution of 

environmental, spatial, and connectivity factors over time, metacommunities within each 

hydro-period were generally structured according to local environmental/habitat variation. 

Specifically, assemblages differed within monthly samples (e.g. sorting among dominant 

macrohabitats type), as well as according to temporal variation across months within each 

hydro-period associated with changes in water volume (habitat size) or water quality during 

drought. 

As expected, metacommunities for both creeks exhibited Clementsian structure for the 

full datasets along the primary latent gradient. For both creeks, species distributions were 

grouped primarily along a seasonal temporal gradient in which stream sites formed clumped 

compartments according to hydro-period, indicating distinct assemblage discontinuities 

associated with seasonal hydrology (e.g. drought/isolation and flow/connectivity). A previous 

study by the authors (Driver & Hoeinghaus, unpublished manuscript) found that species 

richness, composition, relative abundance and size structure of these assemblages are strongly 

affected by hydro-period. For the full datasets of both creeks, Clementsian structures resulted 

from compositional changes associated with species occurrence/extirpations during drought, as 

well as the recovery (recolonization) or lack there-of during post-drought re-connectivity in 

Hickory Creek. For example, black bullhead (Ameiurus melas), yellow bullhead (Ameiurus 

natalis), and crappie (Pomoxis spp.) were largely restricted to pre-drought, whereas 
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smallmouth buffalo (Ictiobus bubalus) recolonized the study area during post-drought in 

Hickory Creek (Fig. 3.2). In Clear Creek, tadpole madtom (Noturus gyrinus), redear sunfish 

(Lepomis microlophus), and channel catfish (Ictalurus punctatus) were only collected during 

drought and represent generally rarer and/or cryptic species in my system (Fig. 3.2).  

Using CA2, metacommunities exhibited nested structures for both creeks associated 

with spatial and temporal variability of refugia habitats. Stream sections that contained larger, 

more persistent pools (e.g. 2 and 5 in Hickory Creek and sections 5 and 10 in Clear Creek; Supp. 

Fig. S3.3) harbored higher numbers of species, including rare species, compared to shallower 

and ephemeral sections. However, imperfect nesting of individual stream sections (i.e. the 

same sections from different hydro-periods/months) indicates that the role and quality of 

refugia changed over time (e.g. section 1 in Hickory Creek, Supp. Fig. S3.3). Presley et al. (2009) 

suggested that expanding EMS analysis to include multiple gradients could improve 

interpretations of factors affecting metacommunity structure. For my study, integrating the 

findings from full analyses on both gradients further indicated metacommunity structure was 

driven by species-specific responses to hydro-period as well as shifts in the roles of certain 

stream sections/pools as refugia prior to, during, and following drought. 

 Among hydro-periods, best-fit metacommunity structures in Hickory Creek differed for 

pre-drought, drought, and post-drought, changing over time from Clementsian to quasi-nested 

and nested structures, respectively. In contrast, quasi-Clementsian metacommunity structure 

remained unchanged between pre-drought and drought in Clear Creek. Clementsian and quasi-

Clementsian structures for pre-drought metacommunities in Hickory and Clear creeks indicate 

temporal and spatial species-sorting among habitats. Non-random sorting of species among 
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connected and heterogeneous habitat patches support predictions by Falke & Fausch (2010) for 

seasonal metacommunity dynamics of Great Plains fishes during the spring when precipitation 

and stream flows are generally higher. Additionally, in a study investigating temporal 

metacommunity structure of freshwater fishes among semi-natural floodplain ponds of the 

Pantanal in Brazil, Fernandes et al. (2013) reported a shift from nested metacommunity 

structure to quasi-Clementsian structure as water level and connectivity increased during the 

wet season. During the pre-drought hydro-period in both Hickory and Clear creeks, stream flow, 

depth, and connectivity among sections were relatively high (although generally decreasing 

from February-May), allowing opportunities for dispersal and colonization of fishes among 

preferred environmental conditions and habitat patches. EMS analysis using CA1, coupled with 

regression/correlation and variance partitioning, revealed that Clementsian boundary clumping 

during pre-drought was associated with temporal and spatial discontinuities of species among 

more temporary upstream sections in February (specifically Black Bullhead) versus species 

distributions among more persistent but environmentally heterogeneous sections [e.g. crappie, 

longnose gar (Lepisosteus osseus), bigscale logperch (Percina macrolepida), bluntnose darter 

(Etheostoma chlorosoma); Fig. 3.2b, Supp. Figs. S2.1–S2.2]. In Clear Creek, quasi-Clementsian 

boundary clumping similarly occurred along a temporal environmental gradient associated with 

increased flow and substrate diversity in February [e.g. black bullhead and redfin shiner 

(Lythrurus umbratilis)] versus species with occurrence predominately in May when flows 

decreased and variability in physical and chemical parameters were highest [e.g. smallmouth 

buffalo, orangethroat darter (Etheostoma spectabile), gizzard shad (Dorosoma cepedianum); 

Fig. 3.3b, Supp. Figs. S2.1–S2.2].  
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 Quasi-nested metacommunity structure was identified for Hickory Creek during drought 

as assemblages became isolated and species losses accumulated along a gradient of decreasing 

pool size and water quality (e.g. dissolved oxygen; Fig. 3.2c, Supp. Figs. S2.1–S2.2). Nested 

species distributions have been associated with differential extinction among habitat patches 

(MacArthur & Wilson, 1967; Patterson, 1990; Wright et al., 1998; Azeria & Kolasa, 2008) and 

are known to occur among stream pools during drying (Taylor, 1997; Taylor & Warren, 2001). In 

Hickory Creek, species losses (i.e. declines in local species richness) first occurred in shallower 

macrohabitats (i.e. riffles/runs and smaller pools) and then accumulated progressively across 

most of the remaining pool refugia as drought conditions intensified. However, larger and more 

persistent pool habitats harbored more species during drought and acted as important refugia 

(and likely as source habitats during the subsequent post-drought hydro-period).  

In Clear Creek, fish metacommunities followed a generally similar pattern of species loss 

during drought mediated by pool size and stream volume. However, despite considerable 

changes in richness, abundance, and assemblage composition over time, the metacommunity 

structure during both hydro-periods remained quasi-Clementsian. EMS results for CA1, coupled 

with the results of the correlations and variance partitioning, showed that assemblages were 

variously structured by local environmental and connectivity factors during drought. Species 

richness was correlated with pool size: larger pools maintained connectivity longer during the 

onset of drought and acted as important refugia even as drought conditions intensified over 

time (Fig. 3.3c, Supp. Fig. S3.2). Furthermore, quasi-Clementsian structure during drought was 

associated with the clumped distribution of habitat specialists [e.g. central stoneroller 

(Campostoma anomalum), orangethroat darter, freckled madtom (Noturus nocturnus)] that 
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were present during the early summer but extirpated in the following months due to loss of 

preferred habitats (gravel riffles and runs), as well as a rather diverse and stable species group 

that persisted within the deepest and most stable pools (i.e. sections 5 and 10). Although the 

EMS analysis indicated that drought assemblages were coherently structured along a primary 

gradient, there was a high degree of variability in the spatial and temporal distribution of 

species across the prolonged drought period. Additionally, given the large variation in 

environmental variables over the 10 month drought hydro-period in Clear Creek (Supp. Fig. 

S3.2), lack of concordance between the regression and variance partitioning results is not 

surprising.  

 Contrary to expectations, post-drought metacommunity structure in Hickory Creek was 

strongly nested, in which species richness and composition varied significantly among sections 

along environmental, spatial, and connectivity gradients. Higher species richness and similar 

composition was observed for stream sections with larger and more heterogeneous pools that 

retained water throughout the drought (i.e. drought refugia). The occurrence of strong spatial 

and connectivity gradients during post-drought (indicated by correlations and increased 

contribution of shared variation between spatial and connectivity factors in the variance 

partitioning) corresponded with variability in the magnitude and duration of stream 

flow/connectivity among sections, in which richness was higher in pools that reestablished 

connectivity more quickly and were able to maintain it for longer (Fig. 3.2d, Supp. Fig. S3.2). For 

example, stream sections within the upstream reach, which dried entirely during drought and 

were only briefly reconnected during post-drought, had particularly low species richness 

compared to downstream sections. The importance of patch size, habitat heterogeneity, and 
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connectivity (including distance between suitable habitats) on structuring stream fish 

assemblages is well documented (Lonzarich et al., 1998; Jackson et al., 2001; Winemiller et al., 

2010), and combinations of these factors have been reported to promote nestedness in fish 

assemblages (Taylor, 1997; Taylor & Warren, 2001; Adams & Warren, 2005; Fernandes et al., 

2013). For example, following a severe supra-seasonal drought, Adams and Warren (2005) 

found that recolonization patterns of stream fishes were highly ordered and non-random, in 

which species incrementally colonized and accumulated within rewetted and variably 

connected patches over time, resulting in nested assemblages. Fernandes et al. (2013) found 

nested structure among variously connected floodplain ponds, in which shallower habitats and 

habitats that were slower to connect during the seasonal rewetting phase had lower species 

richness than deeper and more connected habitats.  

When characterizing the distribution of species and assemblage structures in space, 

Clementsian and nested patterns are commonly observed (Wright et al., 1998; Leibold & 

Mikkelson, 2002; Azeria & Kolasa, 2008). However, the underlying mechanisms that produce 

these structures may vary at different spatial and temporal scales such that changes in the 

distribution, abundance, and richness of species over time within dynamic systems may not 

necessarily result in changes in the overall metacommunity structure (Worthen, 1996; Bloch et 

al., 2007). Among the few studies that have considered temporal dynamics, both Clementsian 

and nested structures have been found to be relatively stable across multiple temporal scales. 

For instance, Keith et al. (2011) and Newton et al. (2012) reported stable Clementsian 

structures from woodland and plant communities spanning 70 years, despite considerable 

changes in composition and loss of biodiversity during that period. On a temporal scale similar 
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to my study, Erős et al. (2014) reported that quasi-Clementsian structures were persistent 

among fish metacommunities across 40 stream sites in Hungary that were sampled seasonally 

over a period of three years. Additionally, Azeria & Kolasa (2008) found that nestedness was 

persistent among dynamic rock pool assemblages for more than a decade, resulting from 

species-specific extinction and colonization dynamics rather than local environmental/site 

characteristics. Nestedness was also found to be persistent over time among terrestrial forest 

gastropod assemblages, but the strength of nestedness increased over time in the months 

following a natural disturbance (i.e. hurricane) as extinctions decreased and 

connectivity/dispersal increased (Bloch et al., 2007). The increase in nestedness between 

drought and post-drought in my study is generally similar to findings from Bloch et al. (2007), in 

which the distribution of species during post-drought was associated with the progressive 

recolonization/dispersal of species among connected and rewetted sections (i.e. differential 

colonization), rather than by species loss/extinction dynamics. 

Although my results indicate some temporal stability in metacommunity structure 

(quasi-Clementsian during pre-drought and drought in Clear Creek), the change in 

metacommunity structure over time in Hickory Creek indicates an important shift in fish 

assemblage structure in response to drought. Specifically, different metacommunity structures 

between pre-drought (quasi-Clementsian) and post-drought (nested) supports previous findings 

for Hickory Creek (Driver & Hoeinghaus, unpublished data) in which post-drought assemblages 

were significantly different in terms of richness, composition, and assemblage structure, 

indicating incomplete recovery of fishes during the post-drought. Compared to pre-drought, the 

magnitude and duration of connectivity and stream flows were considerably lower during the 



 

77 
 

post-drought, likely limiting dispersal and recolonization of fish from refugia (i.e. source) 

habitats. This is concerning when considering that anthropogenic alterations and changes in 

global climate will likely further exacerbate hydrological extremes, including intensified drought 

and less predictable precipitation patterns. Consecutive years of drought coupled with 

reduced/contracted periods of flow and re-connectivity could eliminate important refugia 

habitats and have potentially serious and compounding effects on metapopulation and 

metacommunity dynamics as populations are unable to fully recover over time. Short-term and 

long-term impacts of drought on fish populations are highly variable and still not well 

understood (Lake, 2003; Matthews & Marsh-Matthews, 2003). However, studies spanning 

multiple years, and even decades, suggest that some fishes within highly dynamic systems may 

be resistant and resilient to drought disturbances and communities may be generally stable 

over longer time spans (Magalhães et al., 2007; Matthews et al., 2013). 

In agreement with other recent studies (e.g. Fernandes et al., 2013; Eros et al., 2014), 

my results show that intermittent stream fish metacommunities are sensitive to changes in 

seasonal hydrological conditions and disturbance and that overall metacommunity structure 

can change rapidly over short periods of time. I found that fish assemblage structure was 

mediated by spatial and temporal habitat heterogeneity, in which the presence, quality, and 

connectivity of refugia habitats were important, particularly during and following drought. 

Understanding and identifying the mechanisms that structure fish metacommunities over 

short-term time period (e.g. inter-annual hydrological cycle) can be useful for researchers and 

managers for predicting proximate effects of disturbance, as well as recognizing potential 

residual and cumulative effects that may only be apparent at longer time scales. 
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Table 3.1 Results of the EMS analyses for intermittent stream fish metacommunities for primary and secondary CA axes for full 
(annual) and temporal hydro-periods (PR = pre-drought, DR = drought, PO = post-drought). Var. (%) = variance explained by each CA 
axis; Abs = number of embedded absences; Re = number of species replacements; M = Morisita index. P-values, means, and 
standard deviations (SD) were calculated from 1000 iterations of null matrices. 

      Coherence   Turnover   
Boundary 
Clumping   

  
Var. 
(%) Abs P Mean SD   Re P Mean SD   M P Best Fit Structure 

Primary Axis (CA1)                

Hickory  Full 22 161 0.050 190 9 
 

1917 0.010 1014 360 
 

1.8 <0.001 Clementsian 

 
PR 21 159 0.050 201 12 

 
2125 0.010 1107 401 

 
3.2 <0.001 Clementsian 

 
DR 19 104 0.002 131 9 

 
540 0.600 672 249 

 
4.7 <0.001 quasi-Nested, clumped sp. loss 

 
PO 17 202 <0.001 300 21 

 
0 0.002 3775 1211 

 
1.4 0.005 Nested, clumped sp. loss 

  
 

             Clear Full 19 127 0.005 140 10 
 

1248 0.021 662 255 
 

1.8 0.005 Clementsian 

 
PR 22 170 <0.001 215 11 

 
2060 0.110 1331 459 

 
1.6 <0.001 Quasi-Clementsian 

 
DR 18 365 0.003 434 23 

 
6896 0.083 4509 1376 

 
1.8 <0.001 Quasi-Clementsian 

  
 

             Secondary Axis (CA2)                

Hickory Full 17 154 0.024 180 12 
 

198 0.036 1016 390 
 

2.15 <0.001 Nested, clumped sp. loss 

 
PR 15 171 0.374 181 12 

 
910 0.665 1082 398 

 
1.2 0.120 Random 

 
DR 15 118 0.143 131 9 

 
0 0.007 656 242 

 
2.2 <0.001 Random 

 
PO 15 273 0.255 298 22 

 
3999 0.884 3827 1175 

 
2 <0.001 Random 

  
 

             Clear Full 17 102 <0.001 140 10 
 

0 0.013 639 258 
 

4.4 <0.001 Nested, clumped sp. loss 

 
PR 16 213 0.885 214 12 

 
1400 0.883 1328 490 

 
2.3 <0.001 Random 

  DR 13 401 0.312 434 23   1020 0.010 4449 1331   5.5 <0.001 Random 
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Table 3.2 Results of multiple regression (environmental variables) and Spearman-rank correlation (spatial and connectivity variables) 
between predictor variables and the primary latent gradient (CA1). Correlation analysis for connectivity was not performed for pre-
drought (PR) assemblages in Clear Creek due to zero variation among sites. For multiple regression, R* = adjusted R2; for 
correlations, R* = regression coefficient r. 

    PR   DR   PO 

  Variables F R* P 
 

F R*  P 
 

F R*  P 

Hickory Cr.  Environmental 3.36 0.20 0.034 
 

3.64 0.23 0.027 
 

7.55 0.32 <0.001 

 
PC1 

  
0.526 

   
0.179 

   
<0.001 

 
PC2 

  
0.072 

   
0.059 

   
0.501 

 
PC1*PC2 

  
0.037 

   
0.714 

   
0.540 

 
Spatial 

 
0.45 0.016 

  
0.07 0.455 

  
-0.58 <0.001 

 
Connectivity 

 
0.11 0.774 

  
0.16 0.379 

  
0.41 0.005 

             Clear Cr. Environmental 10.50 0.50 <0.001 
 

0.22 -0.06 0.880 
    

 
PC1 

  
0.459 

   
0.811 

    

 
PC2 

  
<0.001 

   
0.489 

    
 

PC1*PC2 
  

0.598 
   

0.873 
    

 
Spatial 

 
-0.10 0.605 

  
0.15 0.345 

      Connectivity   –       -0.67 <0.001         
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Table 3.3 Results of variance partitioning analyses showing the relative contributions of 
environmental [E], spatial [S], and connectivity [C] variables, as well as shared contributions to 
the variation in stream fish abundances within and among temporal hydro-periods. 

    PR   DR   PO 

Creek Component R2 P   R2 P   R2 P 

Hickory Cr.  E 0.00 0.483 
 

0.09 0.006 
 

0.04 0.008 

 
S 0.09 0.001 

 
0.03 0.056 

 
0.04 0.014 

 
C 0.00 0.538 

 
0.04 0.042 

 
0.01 0.212 

 
E+S 0.00 

  
0.00 

  
0.05 

 
 

S+C 0.00 
  

0.00 
  

0.00 
 

 
E+C 0.02 

  
0.00 

  
0.00 

 

 
E+S+C 0.02 

  
0.00 

  
0.07 

 
 

Residual 0.87 
  

0.84 
  

0.79 
 

          Clear Cr. E 0.21 0.001 
 

0.13 0.001 
   

 
S 0.03 0.008 

 
0.01 0.079 

   
 

C 
   

0.06 0.001 
   

 
E+S 0.00 

  
0.00 

    
 

S+C 
   

0.00 
    

 
E+C 

   
0.00 

    
 

E+S+C 
   

0.00 
      Residual 0.76     0.80         
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Fig. 3.1 Geographical location of Hickory and Clear creeks in north-central Texas, USA (a,b), and 
hierarchical configuration of study sites among streams, reaches, and sections (b-d). 
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Fig. 3.2 Stream fish distributions and assemblage richness along primary latent gradients (CA1) 
from the full dataset (a) and each temporal hydro-period (b-d) for Hickory Creek. Site labels 
indicate the hydro-period (PR, DR, PO) or month (e.g February = FEB), followed by the 
numbered stream section from which species were collected. Site labels are also color coded 
according to ‘hydro-period’ and ‘month’. Species names are abbreviations of the genus and 
species (see Supplementary Table S3.1). Species reported in each panel represent ‘reduced’ 
assemblages (see Materials and Methods). Grid cells indicate species presence or absence, as 
well as embedded absences (used to calculate coherence in the EMS framework).
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Fig. 3.3 Stream fish distributions and assemblage richness along primary latent gradients (CA1) 
from the full (a) dataset and each temporal hydro-period (b-d) for Clear Creek. Site labels 
indicate the hydro-period (PR, DR) or month (e.g February = FEB), followed by the numbered 
stream section from which species were collected. Site labels are also color coded according to 
‘hydro-period’ and ‘month’. Species names are abbreviations of the genus and species (see 
Supplementary Table S3.1). Species reported in each panel represent ‘reduced’ assemblages 
(see Materials and Methods). Grid cells indicate species presence or absence, as well as 
embedded absences (used to calculate coherence in the EMS framework). 
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Supplementary Tables and Figures 

Supplementary Table S3.1 List of fish species names, total abundances, and the range of monthly species richness (SR), i.e. (min – 
max) for the full datasets and each temporal hydro-period (PR = pre-drought, DR = drought, PO = post-drought) for Hickory and Clear 
creeks. 

        Hickory Creek   Clear Creek 

Common Name Scientific Name Abbrev. Family Full PR DR PO   Full PR DR 

Longnose gar Lepisosteus osseus Leposs Lepisosteidae 14 9 3 2 
 

86 50 36 

Gizzard shad Dorosoma cepedianum Dorcep Clupeidae 10 2 0 8 
 

160 27 133 

Grass carp Ctenopharyngodon idella Cteide Cyprinidae 0 0 0 0 
 

3 0 3 

Common carp Cyprinus carpio Cypcar Cyprinidae 1 0 0 1 
 

28 1 27 

Central stoneroller Campostoma anomalum Camano Cyprinidae 0 0 0 0 
 

102 86 16 

Red shiner Cyprinella lutrensis Cyplut Cyprinidae 338 172 128 38 
 

5627 2983 2644 

Redfin shiner Lythrurus umbratilis Lytumb Cyprinidae 589 306 15 268 
 

31 20 11 
Bullhead/Fathead 
minnow Pimephales spp. Pimspp. Cyprinidae 83 39 8 36 

 
1966 402 1564 

Smallmouth buffalo Ictiobus bubalus Ictbub Catostomidae 11 0 2 9 
 

199 27 172 

Spotted sucker Minytrema melanops Minmel Catostomidae 292 4 17 271 
 

35 2 33 

Black bullhead Ameiurus melas Amemel Ictaluridae 38 38 0 0 
 

10 9 1 

Yellow bullhead Ameiurus natalis Amenat Ictaluridae 50 18 32 0 
 

548 89 459 

Channel catfish Ictalurus punctatus Ictpun Ictaluridae 1 0 1 0 
 

84 0 84 

Tadpole madtom Noturus gyrinus Notgyr Ictaluridae 61 17 37 7 
 

6 0 6 

Freckled madtom Noturus nocturnus Notnoc Ictaluridae 0 0 0 0 
 

45 18 27 
Blackstripe/-spotted 
topminnow Fundulus spp. Funspp. Fundulidae 1066 66 836 164 

 
1908 90 1818 

Western mosquitofish  Gambusia affinis Gamaff Poeciliidae 1785 101 915 769 
 

628 74 554 

White bass Morone chrysops Morchr Moronidae 0 0 0 0 
 

1 1 0 

Green sunfish Lepomis cyanellus Lepcya Centrachidae 962 352 438 172 
 

433 136 297 

Warmouth sunfish Lepomis gulosus Lepgul Centrachidae 116 23 50 43 
 

14 3 11 

Orangespotted sunfish Lepomis humilis Lephum Centrachidae 239 88 25 126 
 

509 117 392 

Bluegill Lepomis macrochirus Lepmac Centrachidae 886 153 443 290 
 

328 95 233 
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Longear sunfish Lepomis megalotis Lepmeg Centrachidae 1578 473 886 219 
 

2909 316 2593 

Redear sunfish Lepomis microlophus Lepmic Centrachidae 2 0 2 0 
 

10 0 10 

Lepomis young-of-year Lepomis yoy Lepyoy Centrachidae 429 7 144 278 
 

350 52 298 
Largemouth/Spotted 
bass Micropterus spp. Micspp. Centrachidae 1040 86 376 578 

 
336 66 270 

White/Black crappie Pomoxis spp. Pomspp. Centrachidae 49 25 24 0 
 

7 0 7 

Bluntnose darter Etheostoma chlorosoma Ethchl Percidae 80 4 21 55 
 

3 0 3 

Orangethroat darter Etheostoma spectabile Ethspe Percidae 2 0 0 2 
 

62 37 25 

Bigscale logperch  Percina macrolepida Permac Percidae 14 5 0 9 
 

3 1 2 

Freshwater drum Aplodinotus grunniens Aplgru Sciaenidae 0 0 0 0   14 12 2 

      Monthly SR (10-19) (17-18) (10-19) (12-18)   (8-28) (18-22) (8-28) 
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Supplementary Fig. S3.1 Correspondence analysis ordination of stream sites and species. CA1 
and CA2 are the latent gradients used in EMS analyses. Site labels (black) indicate hydro-period, 
e.g. PR, DR, PO (panels a-b), or month (panels c-g), followed by the stream section number. 
Species names (red) are abbreviations of genus and species (see Supplementary Table S3.1).
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Supplementary Fig. S3.2 Principal components analysis ordination of stream sites and the full 
suite of environmental habitat variables for the full datasets (panels a-b) and each temporal 
hydro-period (PR = pre-drought, DR = drought, PO = post-drought; panels c-g) for Hickory Creek 
(HC) and Clear Creek (CC). Site labels (black) indicate hydro-period or month (c-g), followed by 
the stream section number. Habitat variables (see Materials and methods) are in red. 
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Supplementary Fig. S3.3 Stream fish distributions and assemblage richness along the secondary 
latent gradients (CA2) from the full datasets of Hickory Creek and Clear Creek. Site label text 
indicates the hydro-period (PR, DR, or PO) followed by the numbered stream section from 
which species were collected. Site labels are also color coded according to ‘hydro-period’. 
Species names are abbreviations of the genus and species (see Supplementary Table S3.1). 
Species reported in each panel represent ‘reduced’ assemblages (species with <10% total site 
occupancy are not included; see Materials and methods). Grid cells indicate species presence or 
absence, as well as embedded absences (used to calculate coherence in the EMS framework). 
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CHAPTER IV 

SPECIES-SPECIFIC RESPONSES TO HABITAT HETEROGENEITY, DROUGHT-INDUCED 

FRAGMENTATION AND RE-CONNECTIVITY DETERMINE FISH METACOMMUNITY  

DYNAMICS IN EXPERIMENTAL STREAMS 

Abstract 

Drought disturbances can have strong but variable effects on aquatic communities, and 

little is understood about the impacts of natural and intensified drought conditions (such as 

increased fragmentation due to human practices and/or climate change) and habitat re-

connectivity on the dynamics of intermittent stream fish metacommunities. I performed two 

experiments using outdoor stream mesocosms to test the effects of drought-mediated 

connectivity and habitat heterogeneity (depth/volume) on realistic stream fish assemblages at 

local (pool/patch) and regional (stream unit) scales under non-drought versus drought 

conditions (Exp. 1) and under drought conditions with ‘pulse’ flow connectivity versus ‘non-

pulse’ (Exp. 2). Survivorship, α̅-diversity, γ-diversity differed little at the unit level between 

treatments and experiments, but significant interactions between treatments and pool position 

were observed for species richness and abundances at the pool-level. Specifically, drought 

(Exp1) and non-pulse (Exp2) treatments had consistently higher species richness and 

abundances in deeper downstream pools driven by downstream biased immigration during the 

onset of drought and higher residency among fishes in downstream pools. Species specific 

responses in these treatments resulted in downstream pools that were dominated by sunfishes, 

whereas upstream pools were dominated by smaller bodied top-water and water column 

species. Non-drought (Exp1) and pulse (Exp2) treatments showed no difference in richness or 



 

96 
 

abundances among pool positions and assemblages were generally well mixed, indicating that 

connectivity (even a brief re-connecting pulse) among isolated drought refugia was important 

for determining local and regional assemblage structure and mediating the impacts of drought. 

These experiments demonstrate that stream fish assemblages responded strongly to reduced 

flows and fragmentation and that metacommunity dynamics were structured by differential 

emigration and immigration among heterogeneous and variably connected pool habitats.  

Introduction 

Seasonal drying and drought disturbances are a natural component of many freshwater 

ecosystems and can have strong effects on aquatic and riparian communities (Grossman et al., 

1998; Matthews & Marsh-Matthews, 2003; Larned et al., 2010). Several recent studies have 

quantified ecological effects of drought and fragmentation on stream communities and 

ecosystems (Lake, 2003; Lake, 2011; Dodds et al., 2013; Perkin et al., 2015), ranging from acute 

responses (local and short term), to prolonged, residual, or cumulative responses (regional and 

long term; Lake, 2003; Matthews & Marsh-Matthews, 2003; Acuña et al., 2005, Matthews et al., 

2013). In addition to natural hydrological dynamics, anthropogenic practices and changes in 

climate patterns have altered stream flows and intensified drought conditions, such that both 

immediate and long-term impacts of seasonal drought on freshwater communities are not well 

understood (Lake, 2000; Matthews & Marsh-Matthews, 2003; Magalhães et al., 2007; Dodds et 

al., 2013; Perkin et al., 2015).  

Organisms native to ecosystems that experience naturally recurring drought, such as 

intermittent streams, are often adapted to persist or quickly recolonize as stream habitats 

seasonally oscillate between flowing (connected) and non-flowing (isolated/fragmented) 
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conditions (Farhig, 2003; Larned et al., 2010). For example, during stream drying, fishes may 

move from shallower areas into deeper habitats (e.g. refugia) to avoid becoming trapped in 

potentially desiccating or unsuitable habitats (Labbe & Fausch, 2000; Roberts & Angermeier, 

2007; Hodges & Magoulick, 2011; Pires et al., 2014). Individuals that survive within refugia 

pools subsequently contribute to population and community recovery following cessation of 

drought conditions by recolonizing previously dry patches or providing recruits with the return 

of stream flows and habitat connectivity (Meffe and Sheldon, 1990; Sedell et al., 1990; Pires et 

al., 2014). 

The availability, quality and connectivity of refugia vary within a stream and in relation 

to drought intensity, creating a heterogeneous mosaic of patches that changes over time (Lake, 

2003; Magoulick & Kobza, 2003; Larned et al., 2010).  With continued drying of stream habitats, 

fishes are often restricted to isolated pool habitats and exposed to harsh environmental 

conditions and intense biotic interactions (Lake, 2003; Matthews & Marsh-Matthews, 2003). 

However, these conditions vary spatially among pool habitats depending on factors such as 

pool size (e.g. depth, volume, surface area), degree of connectivity, resource availability, and 

presence and density of competitors and predators (Fraser & Cerri, 1982; Taylor, 1997; 

Schlosser, 1998). The diversity and abundance of stream fishes are mediated by the presence 

and quality of refugia habitats as well as the dynamics of connectivity and species-specific 

movement of individuals into and out of refugia before, during and after the disturbance 

(Magoulick & Kobza, 2003; Ostrand & Wilde, 2004; Albanese et al. 2009; Pires et al., 2014). This 

differential habitat use, survival and movement of individuals/species among heterogeneous 

patches during drought can have important consequences for community structure across local 
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and regional scales, i.e. metacommunity dynamics (Magalhães et al., 2007; Falke et al., 2012; 

Falke and Fausche, 2010; Driver and Hoeinghaus, unpublished manuscript).  

Metacommunity dynamics in response to patch heterogeneity and connectivity have 

been experimentally studied at the micro-scale using bacteria, algae, and invertebrate 

communities (Logue et al., 2011). In this study, I test effects of drought-mediated connectivity 

and habitat availability on realistic stream fish metacommunities in two mesocosm 

experiments. Our large outdoor stream mesocosm experiments incorporate patch 

heterogeneity and differing degrees of connectivity, enabling us to test for species-specific 

habitat selection and species and community responses to drought treatments at local (i.e. 

pool) and regional (i.e. stream) scales. The first experiment (Exp1) employed a ‘non-drought’ 

versus ‘drought’ treatment, in which pool volume and connectivity among pools via flowing 

riffle habitats was persistent in the ‘non-drought’ treatment, whereas the ‘drought’ treatment 

comprised loss of riffle habitats and connectivity and reduced pool volumes. The second 

experiment (Exp2) tested for effects of a short-term pulse of flowing conditions (i.e. re-

connectivity, increased pool volume) during drought (‘pulse’ and ‘non-pulse’ treatments). For 

drought (Exp1) and non-pulse (Exp2) treatments, I expect drought-induced fragmentation to 

result in reduced species richness and abundance at local (pool) and regional (stream) scales 

and increased turnover among pools within a stream (β-diversity). I expect higher species 

richness and abundances in the deepest (downstream) pool due to higher survivorship and net 

immigration in response to stream drying (i.e. species sorting across the pool volume/refugia 

gradient). Species richness and abundances are expected to be greater and more similar among 

pools in the non-drought (Exp1) and pulse (Exp2) treatments, though response variables for the 
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pulse treatment may be intermediate between drought and non-drought conditions as a short-

term pulse may not completely ameliorate effects of fragmentation.   

Materials and Methods 

Experimental Facility 

I conducted two experiments in large outdoor experimental stream mesocosms located 

at the University of North Texas (UNT) Water Research Field Station in Denton, Texas USA, to 

test effects of drought-induced connectivity and habitat availability on stream fish 

metacommunity dynamics. Experiments were conducted consecutively from June–September 

2013. The stream mesocosms used in this study (hereafter referred to as ‘stream units’ or 

simply ‘units’) are similar to mesocosms that have been previously described in detail by 

Matthews et al. (2006) and used to assess various population, community and ecosystem-level 

responses (Knight & Gido, 2005; Matthews & Marsh-Matthews, 2006; Marsh-Matthews & 

Matthews, 2010). In both experiments, stream units consisted of three circular pools (1.83 m 

diameter) and three interconnecting riffle segments (1.83 m long; Fig. 4.1a). Units were 

arranged in four parallel rows, with two units aligned end-to-end in each row. Substrates in 

pools and riffles were comprised by a mixture of locally-quarried cobble and gravel. The 

amount (i.e. depth) of substrata in riffles and pools varied such that water depth and volume 

were heterogeneous among longitudinal patches within each unit (i.e. upstream, middle, and 

downstream) and increased from upstream to downstream (Fig. 4.1b-c). Substrates were also 

sculpted to create a gradient of water depth within each pool and riffle (Fig. 4.1c). Shade cloth 

simulated natural riparian shading of solar irradiance at approximately 50% light penetration, 
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and the mesocosms were open to climate conditions and aerial colonization of 

macroinvertebrates (Fig. 4.1d).   

At the beginning of each experiment, all stream units were filled with ground water to 

their maximum capacity (approximately 3.8 m3; Fig. 4.2). Stream flow was generated by electric 

trolling motors mounted in each riffle section and water was circulated through a pipe buried 

beneath the substrate, in which water was drawn into the buried pipe at the downstream pool 

and delivered to the head of the upstream riffle (Fig. 4.1a). Mean water flow ranged from 0.08-

0.21 m*sec-1 in riffles and from 0.04-0.06 m*sec-1 in pools and decreased from upstream to 

downstream. During flowing conditions, ground water was continuously dripped into the units 

at the head of the upstream riffle at mean rate of 10.6 ml*sec-1, yielding complete replacement 

of water in each unit approximately every four days.  

Fishes used in both experiments represent realistic assemblages comprised of common 

species encountered in Hickory Creek during previous field studies. The experimental species 

pools (Table 4.1) include species that are expected to utilize different habitats, such as pool 

dwelling benthopelagic sunfishes, smaller-bodied top-water species that utilize structure or 

shallow margins, and smaller-bodied water column cyprinids. Species initial stocking densities 

approximated natural densities during summer and were scaled according to rank abundance 

curves generated from prior field data (Table 4.1). Due to compositional and abundance 

changes in fish assemblages of regional streams during summer, the fish assemblage used 

during the second experiment was modified to accommodate changes in species abundances 

observed in the field (and thus available for use in the experiment). For example, topminnow 

(Fundulus spp.) and spotted sucker (Minytrema melanops) increased in relative abundance in 
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Hickory Creek between the first and second experiment, whereas redfin shiner (Lythrurus 

umbratilis) decreased. During the week prior the start of each experiment, fishes were 

collected by seine and/or backpack electrofisher from nearby stream pools (Hickory Creek, 

Clear Creek, and Denton Creek) and transported to the UNT Water Research Field Station. 

Individual species were temporarily stored in aerated holding tanks (380-570 liters) and fed a 

combination of flake food and small sinking pellets on a daily basis. Prior to stocking, individuals 

were anesthetized using buffered tricaine methanesulfonate (MS-222), measured for total 

length (TL cm), and were marked via subcutaneous injection with visible implant elastomer 

(VIE; Northwest Marine Technologies, Inc.). To identify movement among pools within each 

unit, each individual was given one of three different color marks according to the pool into 

which they were stocked (orange = upstream; yellow = middle; red = downstream). Each 

species was marked in a specific body location to facilitate distinguishing among species during 

the experiment. Individuals were allowed to recover and were briefly monitored for signs of 

stress/poor health before being introduced to the experiment. The range of body sizes for all 

species used in each experiment (see Table 4.1) reflect natural size ranges observed in the field, 

and size ranges for each species were equally distributed among stream units to prevent 

potential bias due to body size differences between treatments/replicates. At the beginning of 

each experiment, identical assemblages were established in each pool across all experimental 

stream units (Table 4.1), and individuals were able to utilize pool and riffle habitats and move 

among pools prior to the application of experimental treatments (i.e. opportunity for species 

sorting).  
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To simulate drought conditions within designated units, water levels were incrementally 

lowered (via standpipe and drain in the downstream pool) in three phases to mimic natural 

patterns of drying and habitat fragmentation in intermittent streams (Lake, 2003; Larned et al., 

2010; Marsh-Matthews &, Matthews, 2010; Driver & Hoeinghaus, unpublished manuscript). In 

Phase I, water was lowered to the level at which the substrate of the upstream riffle was 

exposed (i.e. dry) and the motors and ground water inputs were shut off (i.e. ceased to flow). In 

phase II, water was lowered to the level that exposed the middle riffle, isolating the upstream 

pool. During phases I and II, water depth in connected riffles was sufficient to allow passage of 

all species. In phase III, water was lowered to the level at which all pools were fully isolated 

(both surface and subsurface) (Fig. 4.1b-c). Following phase III, mean pool volumes ranged from 

in 0.12-0.16 m3 upstream pools, 0.22-0.25 m3 in middle pools, and 0.36-0.38 m3 in 

downstream pools (Fig. 4.2a-b) and water levels were allowed to fluctuate naturally with 

ambient conditions (i.e. evaporation and precipitation; though never with reconnection). The 

range of habitat size/volume within experimental stream units are generally similar to habitats 

occupied by fishes in Hickory Creek adjacent to the field station (as well as other intermittent 

streams of the southern plains), particularly during summer drying periods.   

Over the course of each experiment, physical (i.e. depth, width) and chemical (i.e. 

temperature, dissolved oxygen, conductivity, and pH) parameters were periodically surveyed in 

each pool to assess changes over time between treatments and among positions. Depths and 

width were measured to quantify pool and unit volume, and temperature, dissolved oxygen, 

conductivity, and pH were measured to assess water quality (i.e. sources of physiological 

stress). Throughout both experiments, mean temperatures ranged from 26.5 – 27.1 C, mean 
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dissolved oxygen ranged from 5.5–10.4 mg L, conductivity ranged from 815 -867 µS, and pH 

ranged from 9.3–9.4. For each experiment, water quality parameters differed little among 

mesocosm pools and units or between treatments and were within the limits of normal 

conditions measured during previous studies on Hickory Creek. Thus, my treatments isolate 

effects of connectivity and habitat volume, without potentially conflicting factors between 

treatments such as differences in water temperature and dissolved oxygen. At the end of each 

experiment, fishes were collected from each pool/unit by a combination of dip net, seining, 

minnow traps, and electrofishing. All individuals were immediately anesthetized using buffered 

MS-222 and preserved in 10% formalin. 

Experimental Protocol 

Experiment 1. Units were initially filled and flowing on 28-29 May 2013 (four weeks prior 

to start of Experiment 1) to allow colonization and establishment of microbial, algal, and 

invertebrate communities. To enhance the development of these communities, a slurry 

(approximately 1 liter) of water, algae, and benthic material collected from nearby Hickory 

Creek was added to each pool. On 22 June, individuals of each of nine fish species (Table 4.1) 

were measured, marked, and introduced into experimental units (day 0). Some mortality 

occurred in the days following initial stocking, including occurring within pools/units as well as 

some individuals jumping out of the experimental units [e.g. Mosquitofish (Gambusia affinis) 

and Topminnow jumping near the turbulent flows generated at the heads of the upstream 

riffles; to prevent this, mesh panels (0.5 x 0.5 m) were installed at the head of each upstream 

riffle on 23 June)]. I assumed that mortality was due in large part to stress associated with 

handling/processing during stocking or initial introduction into the mesocosm environment, 
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and all dead individuals were replaced through day 5 (27 June). On day 8, stream units were 

randomly assigned to either non-drought (ND) or drought (DR) treatments and labeled ND1–

ND4 and DR1–DR4, such that each row of mesocosms consisted of one drought unit and one 

non-drought unit, with the position of the drought unit randomly assigned for each row. In each 

drought unit, drying phases I, II, and III occurred consecutively on day 8, day 9, and day 10, 

respectively. Water levels were not manipulated for the remainder to the experiment. 

Experiment 1 was ended on 20 July 2013 (day 28).  

Experiment 2.  Immediately following completion of the first experiment, units were 

drained and the fiberglass surfaces scrubbed and substrata pressure washed to remove the 

majority of attached algae. Units were refilled, drained rapidly to flush out dislodged material, 

and left dry for five days. To rapidly reset the system and homogenize conditions among stream 

units, units were filled on 26-27 July and each pool was inoculated with approximately 10.5 g of 

Vigoro® all-purpose plant food. Algal blooms established rapidly (e.g. ~48 hours) and were 

allowed to grow for ten days, during which time I transferred/distributed a slurry of water and 

algae (approximately 20 liters) from each unit across all other units via 5 gallon buckets. On 7 

August (five days prior to the start of experiment 2), a flood was simulated by scouring the 

substrate with a pressure sprayer and then rapidly draining each unit to flush out dislodged 

material. The following day (8 August), stream units were refilled to the level at which all riffles 

and pools were connected and flow was resumed.  

Fishes (Table 4.1) were introduced to the experimental units on 12 August 2013 (day 0). 

Similar to the first experiment, some mortality occurred following initial introduction and 

replacements of dead individuals were added through 15 August 2013 (day 3). Phase I of drying 
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was initiated on day 5 across all eight experimental units and phases II and III occurred on day 6 

and 7, respectively. Similar to the first experiment, stream units in each row were randomly 

assigned to either non-pulse (NP) or pulse (P) treatments and labeled NP1–NP4 and P1–P4. In 

designated ‘pulse’ units, a brief flow event was implemented on days 16-17 in which water 

levels were increased to restore connectivity and flow among riffles and pools. Drying phases I-

III were then re-implemented on days 18-20, and pools were again fully isolated on 1 

September 2013. Experiment 2 was ended on 13 September 2013 (day 33). 

Species and Assemblage Responses 

Response variables were based on individuals recovered from each pool at the end of 

each experiment, and included abundance, species richness, assemblage structure 

(composition and relative abundances) as well as emigration/immigration by species and pool 

location. Differences in species richness, abundance, and assemblage structure in response to 

experimental treatments were assessed at the pool level (i.e. local/patch scale; α-diversity) and 

at the unit level (i.e. regional/metacommunity scale, γ-diversity). At the pool level, α-diversity 

was simply the number of species recovered in each pool and α̅ was calculated as the average 

richness across upstream, middle, and downstream pools in each unit (i.e. unit α̅) or across 

units for stream position (e.g. upstream α̅). At the unit level, γ-diversity was the total species 

richness for the unit, and survivorship was the number/percentage of individuals recovered at 

the end of the experiment compared to the initial stocking abundances. Species turnover or 

variation in species richness among local pools within a stream unit (β-diversity) was assessed 

using Whittaker’s beta (βw = γ/α̅). Movement of individuals among pools (i.e. distance and 
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direction) was measured by comparing the pool position (up, middle, or downstream) of each 

individual recovered at the end of the experiment to their pool of origin (stocking location).  

Statistical Analyses 

The effects of treatment and pool position on species richness and abundance were 

analyzed using linear mixed effects models (Zuur et al., 2009). Because individuals were able to 

move among pools within a unit, species/assemblage response variables at the pool level are 

not independent. To account for this non-independence, I followed model selection procedures 

outlined by Zuur et al. (2009) and used a mixed effects model with random intercepts for 

analyses of both species richness and abundance, in which ‘treatment’, ‘pool’, and their 

interaction were the main effects and ‘unit’ was the random effect. Mixed effects models were 

used to assess patterns of total abundance (summed across species) as well as species-specific 

abundances. Treatment effects on γ-diversity and β-diversity (i.e. unit-level response variables) 

were assessed using two-sample t-tests. Non-metric multidimensional scaling (NMDS) and 

permutational multivariate analysis of variance (PERMANOVA), both using Bray-Curtis 

similarities, were used to compare the final assemblage structures between treatments, by pool 

position, and in relation to the original starting assemblage. PERMANOVAs were calculated 

based on 999 permutations (Anderson, 2001). Immigration and emigration was assessed at the 

individual pool level and by species, and more generally between treatments by comparing the 

number/proportion of resident (R), upstream colonizers (+), and downstream colonizers (-) 

using chi-square analysis. All statistical analyses were performed in R, version 3.0.2 (R Core 

Team, 2013). Mixed effects analyses were performed using the function lme() within the 

“nlme” package. Significance of statistical tests was assessed at α=0.05.  
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Results 

Experiment 1 

 Survivorship was marginally higher in the non-drought treatment (51% vs. 45% in the 

drought treatment), but mean abundance at the pool level did not differ significantly between 

treatments (F1,6 = 0.69, p = 0.439). However, abundance was significantly different among 

positions (F2,12 = 11.44, p = 0.002), with a significant treatment*position interaction (F2,12 = 

12.98, p = 0.001; Table 4.2.). Downstream pools had higher abundance than upstream or 

middle pools under drought conditions, whereas abundance was similar among positions under 

non-drought conditions (Fig. 4.3b). At the species level, there were no differences in abundance 

between drought and non-drought conditions, but position was significant for redfin shiner 

(F2,12 = 12.21, p = 0.001) and position and treatment*position interaction were significant for 

longear sunfish (Lepomis megalotis; F2,12 = 18.51, p = <0.001; F2,12 = 5.30, p = 0.022) and bluegill 

(Lepomis macrochirus; F2,12 = 27.45, p = <0.001; F2,12 = 16.11, p = <0.001; Table 4.2). For these 

species, abundances were greatest in downstream pools under drought conditions (Fig. 4.4). In 

contrast with the above trend, mosquitofish, red shiner (Cyprinella lutrensis), and 

orangespotted sunfish (Lepomis humilis) showed generally higher (although non-significant) 

abundances in upstream pools under non-drought conditions (Fig. 4.4).   

The overall distribution of individuals (i.e. proportions) that were either residents or 

upstream or downstream colonizers was significantly different between drought and non-

drought (χ2 = 14.96, df = 2, p = <0.001). Downstream emigration [to an adjacent pool (-1) or 

non-adjacent pool (-2)] was far greater than upstream emigration (+1 and +2) or non-movers 

[residents (R)] in drought units (Fig. 4.5a,c,e). Additionally, the number of residents (non-
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movers) was more than three times greater on average in downstream pools vs. middle and 

upstream pools in drought units. The number of residents and upstream and downstream 

movers were more evenly distributed within and across positions under non-drought conditions 

(Fig. 4.5a,c,e).  

 NMDS ordination and PERMANOVA of the final species composition and relative 

abundances among pools indicated that local assemblages varied significantly among pool 

positions (F2,23=3.066, p=0.003) but did not vary significantly between treatments (F1,23= 2.194, 

p=0.067) or their interaction (F2,23=1.417, p=0.183; Fig. 4.6a). Assemblages from downstream 

pools from both drought and non-drought units were more similar to each other than for other 

positions and were characterized by higher relative abundances of sunfishes (Fig. 4.6a inset). 

Assemblages from middle pools in drought were the most variable and assemblages from 

upstream drought pools were the most unique (i.e. with higher relative abundances of 

mosquitofish, topminnow, bass, and red shiner; Fig. 4.6a inset).  

Species richness varied among pools due to mortality and movement of individuals in 

both drought and non-drought treatments. Species richness at the pool level (α-diversity) was 

not significantly different between treatments (F1,6 = 3.12, p = 0.128) or among positions (F2,12 = 

3.35, p = 0.070), but the interaction between treatment and position was highly significant (F2,12 

= 7.42, p = 0.008). Under drought conditions, species richness was significantly higher in 

downstream pools compared to upstream or middle, whereas mean species richness in non-

drought conditions was more consistent across positions and was higher upstream (Table 4.3; 

Fig. 4.3a). Among drought units, red shiner was extirpated from DR1 and topminnow from DR2. 

Most species persisted throughout the experiment in most stream units, and γ-diversity did not 
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differ significantly between treatments (t1,6 = 0.65, p = 0.537; Table 4.3). However, β-diversity 

was significantly higher for drought units (t1,6 = 2.99, p = 0.024), indicating greater species 

turnover among pools under drought conditions (Table 4.3).     

Experiment 2 

 Survivorship was marginally lower than for Experiment 1, and was slightly higher for the 

non-pulse than pulse conditions (45% and 40%, respectively). At the pool level, abundances did 

not differ significantly between treatments (F1,6 = 0.284, p = 0.613), among positions (F2,12 = 

0.766, p = 0.486), and there was no interaction between treatment and position (F2,12 = 1.49, p 

= 0.265; Table 4.2). However, abundances exhibited a trend of higher mean abundances in 

downstream non-pulse pools and relatively similar mean abundances among pulse pools (Fig. 

4.3d). There were no differences in species abundances between non-pulse and pulse units, but 

abundances differed significantly among positions for longear sunfish (F2,12 = 8.26, p = 0.006) 

and bluegill (F2,12 = 6.86, p = 0.010), and the treatment*position interaction was significant for 

orangespotted sunfish (F2,12 = 4.35, p = 0.038; Table 4.2). These species showed significantly 

higher mean abundances in downstream non-pulse pools compared to either upstream or 

middle non-pulse pools (Fig. 4.7). Green Sunfish and spotted sucker also showed similar 

patterns of abundance but were not significant, and mosquitofish, bass, and red shiner had 

relatively higher (though not significant) mean abundances in upstream and middle pools (Fig. 

4.7).   

In contrast to Experiment 1, the overall distribution residents and downstream and 

upstream colonizers were not significantly different between non-pulse and pulse conditions (χ2 

= 3.75, df = 2, p = 0.168). However, downstream emigration (-1 and -2) was greater than 
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upstream emigration (+1 and +2) or non-movers (R) in non-pulse units, and the number of 

residents was highest downstream (Fig. 4.5b,d,f). In pulse units, mean numbers of residents and 

movers in either direction (upstream or downstream) was relatively similar within and among 

positions (Fig. 4.5b,d,f). 

NMDS ordination and PERMANOVA indicated that local assemblages differed 

significantly among pool positions (F2,23=2.519, p=0.005) but not between treatments (F1,23= 

0.481, p=0.826) or their interaction (F2,23=1.386, p=0.176; Fig. 4.6b) Assemblages are ordinated 

along a pool position gradient (e.g. downstream to upstream from high to low values on axis 2; 

Fig. 4.6b), and this gradient was more evident for the non-pulse treatment. Downstream 

assemblages were predominantly characterized by longear, bluegill and green sunfishes, 

whereas upstream assemblages were characterized to a greater degree by red shiner and 

mosquitofish (Fig. 4.6b inset).  

 Species richness at the pool level (α-diversity) did not differ significantly between non-

pulse and pulse units (F1,6 = 0.17, p = 0.692), among positions (F2,12 = 0.30, p = 0.745), or exhibit 

an interaction between treatment and position (F2,12 = 1.21, p = 0.333; Table 4.2; Fig. 4.3c). 

However, downstream non-pulse pools tended to have higher mean richness than upstream or 

middle pools, and species richness in pulse units was consistent across positions but with the 

lowest mean richness occurring in downstream pools (Table 4.3; Fig. 4.3c). All nine species 

persisted throughout the experiment in each unit, with the exception of Spotted Sucker that 

was extirpated from one non-pulse unit. There were no significant differences between non-

pulse and pulse treatments for γ-diversity or β-diversity (t1,6 = -1.00, p = 0.356 and t1,6 = -0.36, p 

= 0.729, respectively; Table 4.3).  
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Discussion 

 The two complimentary experiments in this study quantified species, local assemblage 

and metacommunity responses to drought-induced fragmentation/habitat loss and temporary 

alleviation of those conditions by a pulsed flow event. Unit-level response variables (e.g. 

survivorship, α̅-diversity, γ-diversity) differed little between treatments and experiments, but 

significant treatment*position interactions were observed for multiple response variables at 

the pool-level. Specifically, drought (Exp1) and non-pulse (Exp2) treatments had consistently 

higher species richness and abundances in downstream pools, whereas non-drought (Exp1) and 

pulse (Exp2) treatments had comparable levels among positions. Patterns of abundance and 

species richness among pools were driven by species-specific responses to habitat 

heterogeneity and connectivity, with downstream assemblages dominated by sunfishes and 

top-water (western mosquitofish and topminnow) and upstream assemblages characterized by 

water column species (red shiner). The aforementioned gradient in species distributions 

resulted in increased species turnover (β-diversity) in those treatments. 

 Limnological conditions were relatively benign and similar across pools and treatments, 

thus observed mortality is attributed primarily to biotic interactions (e.g. competition, 

predation). All fish species used in either experiment are primarily invertivorous, with the 

exception of bass which are both piscivorous and invertivorous (though expected to be 

primarily invertivorous at the sizes used in these experiments). At the beginning of both 

experiments, considerable numbers of various invertebrate prey were observed in each unit 

(primarily dipteran larvae and pupae, but also odonate larvae and coleopteran larvae and 

adults). However, at the end of both experiments, invertebrate food resources were visibly 
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reduced across all units and many surviving individuals were noticeably thin/emaciated. Food 

resources were not quantified during either experiment, but these observations suggest that 

invertebrate prey may have been rapidly consumed and become limited, and thus intra- and 

inter-specific resource competition likely occurred within pools and units. Previous experiments 

using similar stream mesocosms demonstrate that experimental protocols similar to the ones I 

followed were successful in establishing invertebrate communities able to sustain fish 

populations for equal or longer periods (e.g. Matthews et al., 2006; Marsh-Matthews & 

Matthews, 2010). However, in a study with similar stream mesocosms and nearly identical total 

density as used in our experiments, Marsh-Matthews & Matthews (2010) suggest that food 

resource competition was at least partly responsible for effects on individual size/growth, body 

condition and reproduction, even when food resources did not at first appear to be limiting.  

 Drought conditions in Experiment 1 were analogous to the non-pulse conditions in 

Experiment 2. Pool and unit-level assemblage responses to each of these treatments were 

largely consistent between experiments. Fragmentation in drought and non-pulse treatments 

resulted in consistently higher species richness and abundance in downstream pools and these 

pools also showed higher proportions of residents and immigrants and lower proportions of 

emigrants. These results are consistent with field studies on influence of pool size and 

connectivity in drying streams (Taylor, 1997; Hodges & Magoulick, 2011). Specifically, larger (i.e. 

greater depth and volume) and more well connected (i.e. riffle depth and duration of surface 

water connection) downstream pools generally offered higher quality refugia (i.e. lower 

perceived risk of mortality) during drought. However, fragmentation also resulted in the decline 

of both richness and abundance among shallower upstream and middle pools due to mortality 
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or emigration. Other experimental metacommunity studies have shown that fragmented 

habitats have higher extinction rates (Gilbert et al., 1998; Staddon et al., 2010). Variable 

richness among pool positions but regional persistence of most species (i.e. γ-diversity) in 

drought treatments resulted in increased β-diversity compared to non-drought treatment units. 

However, the frequency and/or intensity of disturbance can have variable effects on β-

diversity, often reducing β-diversity by limiting the number of tolerant/resistant species at local 

and regional scales (i.e. reduction of γ-diversity such that the regional species pool is comprised 

mostly by tolerant species that may occur across local assemblages; Chase, 2007; 

Vanschoeinwinkel et al., 2010).  

  At the onset of natural stream drying/drought, fishes may respond by moving into local 

refugia pools (Lake, 2003; Magoulick & Kobza, 2003). However the distance and direction of 

movement may be species-specific and context dependent, such as depending on the direction 

of stream drying (e.g. upstream to downstream, middle reach drying , or downstream to 

upstream drying) and location/distribution of dry season pools (Lake, 2003; Hodges & 

Magoulick, 2011). In both experiments, more individuals moved in a downstream direction. 

Additionally, higher numbers of individuals colonized non-adjacent pools, including both 

upstream and downstream dispersal, suggesting that fish movement in response to drying was 

not simply determined by distance to the nearest (i.e. adjacent) pool. Previous studies suggest 

fish may be able to recognize potential refugia during exploratory movements among local 

habitat patches prior to drying and are then able to move into those refugia as drying 

progresses (Armstrong et al., 1998; Huntingford et al., 1999; Davey et al., 2006). In both 

experiments, stream pools and riffles were fully connected and individuals were able to move 
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throughout the unit for several days prior to implementation of stream drying. During this 

period, movement was observed for all species, but rates of movement likely differed among 

species (though this was not quantified). It is possible that individuals were able to recognize 

differences among pool/riffle habitats (e.g. depth, connectivity, presence of 

competitors/predators) and respond accordingly during the progressive drying phases. 

Alternatively, downstream-biased dispersal may be influenced by the direction of stream drying 

(i.e. upstream to downstream) during the lowing phases (Lake, 2003), though previous 

experimental studies have found upstream biased movement in response to progressive drying 

(Huntingford et al., 1999; Davey et al., 2006).  

 Species-specific patterns of abundances also indicate that most species had higher 

abundances in downstream pools in drought and non-pulse treatments in Exp1 and Exp2, 

respectively. However, some species showed different trends and species distribution patterns 

may reflect shared responses of different functional groups, size classes, or individual responses 

to avoid competitors. For instance, downstream pool assemblages were associated with 

relatively higher densities of larger and more pool-adapted species (i.e. sunfishes), whereas 

most upstream pools had few or no sunfish and were occupied predominantly by small-bodied 

pelagic species that often occurred within the riffles or base of riffles during flowing conditions. 

Similarly, Taylor (1997) showed that abundances of longear and green sunfishes were positively 

associated with pool size for both isolated and connected stream pools, whereas creek chub 

(Semotilus atromaculatus), a water-column cyprinid, was generally associated with smaller 

habitats and isolated pools. Smaller individuals may perceive risks associated with isolation or 

potential desiccation within smaller/shallower pools differently, and thus exhibit reduced 



 

115 
 

emigration from shallower pools. On the other hand, smaller-bodied stream fishes are known 

to utilize less preferred habitats (e.g. shallow riffles, smaller pools and pool margins) to avoid 

predators (Fraser & Cerri, 1982; Schlosser, 1988; Schaefer, 2001; Hoeinghaus & Pelicice, 2010), 

and it is possible that these patterns are in part due to upstream movement of smaller-bodied 

species to avoid predation from bass as well as competition for space/food resources. Using 

theoretical models, Salomon et al. (2010) demonstrated that differential (i.e. asymmetric) 

dispersal direction among habitat patches can increase coexistence of competing species within 

a metacommunity.  

Although small (i.e. young-of-year, 4-8 cm TL), bass were observed hunting and 

successfully capturing Western Mosquitofish and other small-bodied species. Most individuals 

of the other species exceeded the gape limit of smaller bass and on several occasions individual 

bass were observed attempting to consume prey (e.g. topminnow and red shiner) that were 

too large to fully ingest. For example, some bass were observed with the caudal fin of their prey 

protruding from their mouth, and in one case a partially-digested topminnow was observed, 

presumably after being ingested and then regurgitated. Thus, intra-specific competition among 

bass for suitably-sized prey as well as inter-specific competition for invertebrate prey may have 

occurred and intensified over time due to declining abundances and fragmentation. 

Interestingly, trends for abundance of western mosquitofish and bass were similar in the pulse 

but not the non-pulse treatment (Exp2), perhaps reflecting the dispersal of bass upstream 

during the pulse in search of prey.  

 Non-drought (Exp1) and pulse (Exp2) treatments showed similar patterns of consistent 

levels of species richness and abundance among pools, strongly contrasting the downstream 
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dominated pattern of species richness and abundance under drought conditions (especially in 

Experiment 1). This result suggests that habitat connectivity (either persistent or pulsed) was 

important in structuring fish metacommunities. Increased connectivity and dispersal can 

increase richness and abundance and homogenize local assemblages across a metacommunity 

(Gilbert et al., 1998; Cottenie et al., 2003; Doi et al., 2010). However, habitat connectivity may 

also lead to community divergence due to differential habitat preference among species (i.e. 

species sorting), species-specific dispersal rates, and timing of disturbances among 

heterogeneous habitats (Vanschoeinwinkel et al., 2007; Vanschoeinwinkel et al., 2010). During 

both experiments, I conducted several visual surveys of all pools on regular time intervals in an 

attempt to quantify temporal changes in fish assemblages. Visual observations were made from 

above each pool, in which I attempted to quantify species composition and original stocking 

location. Even though different tagging locations were used for different species in an attempt 

to facilitate such observations, the ability to reliably distinguish and quantify species and their 

pool of origin was highly variable and depended on water depth, cloud cover, time of day/angle 

of sunlight, experiment day, and algal succession. In short, those data were not included in the 

statistical analyses due to the aforementioned issues, but general patterns from those 

observations are still useful indicators of coarse scale temporal dynamics of species richness 

and abundance. For instance, a visual survey of pulse units (Exp2) conducted just prior to 

increasing water levels (Day 15) indicated that species richness and total abundance were 

highest among downstream pools, i.e. similar to patterns observed for drought (Exp1) and non-

pulse (Exp2) units. This is not surprising because up until that point, drying conditions among 

those units were identical (Fig. 4.2). However, in a visual survey conducted immediately 
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following the pulse and subsequent drying phases (Day 21), species richness and abundances 

were evenly distributed among pool positions. These observations suggest that fishes 

responded to the initial drying phases by moving into downstream refugia, but quickly 

dispersed upstream when flowing conditions returned. Thus, the brief period of connectivity 

was able to ameliorate initial impacts of drought fragmentation, resulting in similar levels of 

species richness and abundance compared with sustained connectivity in the non-drought 

treatment (Exp1). Further, during a previous mark-recapture field study in a nearby 

intermittent stream (Hickory Creek; Driver and Hoeinghaus, unpublished data), I recaptured a 

topminnow ~1.5 km upstream from where it was originally marked during the previous month 

following  approximately only eight days of stream re-connectivity.   

In intermittent streams, the occurrence of both seasonal drying and stream flows is 

largely predictable, but the intensity and duration of drought/fragmentation and reconnecting 

stream flows are highly variable and exacerbated by anthropogenic impacts. Here I 

demonstrate that stream fish metacommunity dynamics were structured by differential 

emigration and immigration among heterogeneous and variably connected pool habitats within 

artificial stream mesocosms. Patterns of local/regional richness and abundance and species 

turnover were driven by dispersal among refugia as fish species differently responded to 

drought-mediated fragmentation and re-connectivity. Specifically, stream fish 

metacommunities responded strongly to reduced flows and fragmentation, but this affect was 

alleviated to a large degree by short-term re-connectivity.  Thus, even brief re-connectivity 

among isolated drought refugia may play a key role in determining stream metacommunity 

response to drought. Allowing for or providing such connectivity could be an important strategy 



 

118 
 

for conservation of stream biodiversity in the face of enhanced drought due to water 

abstraction and climate change.  
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Table 4.1 Assemblage composition, species abundances, and total lengths (TL) of fish used in Experiment 1 and Experiment 2. Means 

(±SD) and size range values measured in centimeters (cm). Abbreviation are first three letters of genus and species names and 

correspond to ‘species scores’ ordinations in Fig 3.6.  

Rank Common Name Species Abbrev. 
Pool 

abund. 
Unit 

abund. TL (±SD) TL Range 

Experiment 1 
       1 Western Mosquitofish Gambusia affinis gamaff 7 21 4.2 (0.75) (2.6-6.3) 

2 bass Micropterus spp. micspp. 6 18 4.6 (0.69) (3.6-6.8) 
3 Red shiner Cyprinella lutrensis cyplut 3 9 5.5 (0.53) (4.2-6.7) 
4 Longear Sunfish Lepomis megalotis lepmeg 3 9 7.2 (1.07) (4.8-10.1) 
5 Bluegill Lepomis macrochirus lepmac 2 6 6.8 (1.25) (4.5-10.0) 
6 Redfin shiner Lythrurus umbratilis lytumb 2 6 5.9 (0.69) (4.0-8.2) 
7 Green Sunfish Lepomis cyanellus lepcya 2 6 4.7 (0.99) (3.5-7.6) 
8 topminnow Fundulus spp. funspp. 1 3 6.8 (0.76) (5.5-8.0) 

9 Orangespotted Sunfish Lepomis humilis lephum 1 3 5.5 (0.92) (3.4-7.7) 

        Experiment 2 
      1 Western Mosquitofish Gambusia affinis gamaff 7 21 4.1 (0.37) (3.5-5.9) 

2 topminnow Fundulus spp. funspp. 5 15 6.0 (0.93) (4.0-8.0) 
3 bass Micropterus spp. micspp. 4 12 5.5 (0.69) (4.5-7.4) 
4 Longear Sunfish Lepomis megalotis legmeg 3 9 6.9 (0.75) (5.2-8.3) 
5 Green Sunfish Lepomis cyanellus lepcya 2 6 5.0 (0.50) (4.2-6.4) 
6 Red shiner Cyprinella lutrensis cyplut 2 6 4.8 (0.50) (4.0-5.8) 

7 Bluegill Lepomis macrochirus lepmac 1 3 6.7 (0.55) (5.8-7.6) 
8 Orangespotted Sunfish Lepomis humilis lephum 1 3 6.0 (0.48) (5.2-6.8) 
9 Spotted sucker Minytrema melanops minmel 1 3 8.6 (0.55) (7.7-9.8) 
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Table 4.2 Summary of mixed effects model analyses for species richness, total abundance, and 
species-specific abundances for both experiments. Values are p-values for each main effect, i.e. 
treatment, pool position, and the treatment*position interaction. All models contained random 
intercepts and ‘unit’ as the random effect. Significant p-values are in bold. 

    Main Effects 

  Variable Treatment Position Interaction 

Experiment 1 Species Richness 0.128 0.070 0.008 

 

Total Abundance 0.439 0.002 0.001 

 

Species Abundance 
   

 

Western 
Mosquitofish 0.681 0.260 0.143 

 
bass 0.800 0.850 0.850 

 
Red Shiner 0.496 0.553 0.170 

 
Longear Sunfish 0.663 <0.001 0.022 

 
Bluegill 0.628 <0.001 <0.001 

 
Redfin Shiner 1.000 0.001 0.543 

 
Green Sunfish 0.207 0.068 0.344 

 
topminnow 1.000 0.710 1.000 

 

Orangespotted 
Sunfish 0.537 0.661 0.087 

     Experiment 2 Species Richness 0.692 0.745 0.333 

 

Total Abundance 0.613 0.486 0.265 

 

Species Abundance 
   

 

Western 
Mosquitofish 0.866 0.129 0.970 

 
topminnow 0.298 0.689 0.869 

 
bass 0.741 0.125 0.273 

 
Longear Sunfish 0.834 0.006 0.486 

 
Green Sunfish 0.518 0.065 0.783 

 
Red Shiner 0.815 0.215 0.121 

 
Bluegill 0.813 0.010 0.404 

 

Orangespotted 
Sunfish 0.844 0.306 0.038 

  Spotted Sucker 0.813 0.500 0.078 
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Table 4.3 Mean (±SD) of alpha (α̅), gamma (γ), and beta (β) diversity for fish assemblages for 

Experiment 1 and Experiment 2.  

  Treatment Unit/Pool α̅ γ β 

Experiment 1 Non-Drought Unit 6.3 (1.8) 8.0 (1.4) 1.3 (0.2) 

  

Up 7.0 (2.2) 
  

  

Middle  6.0 (2.3) 
  

  

Down 5.8 (1.0) 
  

      

 

Drought Unit 4.7 (2.3) 8.5 (0.6) 1.8 (0.3) 

  

Up 3.3 (1.0) 
  

  

Middle  3.5 (2.1) 
  

  

Down 7.3 (1.3) 
  

      Experiment 2 Non-Pulse Unit 5.6 (1.8) 8.8 (0.5) 1.6 (0.3) 

  

Up 4.5 (1.0) 
  

  

Middle  5.8 (1.7) 
  

  

Down 6.5 (2.4) 
  

      

 

Pulse Unit 5.3 (2.0) 9.0 (0.0) 1.8 (0.3) 

  

Up 5.5 (1.3) 
  

  

Middle  5.8 (3.2) 
      Down 4.5 (1.3)     
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Fig. 4.1 Schematic of one experimental stream unit showing (a) the orientation of pools/riffles and direction of stream flow, (b and c) 
water depth/volume profiles of each drying phase for each pool and riffle, and (d) photograph of experimental stream facility. Water 
levels and substrate depths (b and c) are not drawn to scale.  
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Fig. 4.2 Mean (±SD) pool volume among upstream, middle, and downstream pools for each 
treatment over time for Experiment 1 and Experiment 2.  
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Fig. 4.3 Mean (±SD) total fish abundances and species richness among upstream, middle, and 
downstream pools for each treatment for Experiment 1 (a and b) and Experiment 2 (c and d). 
Asterisks indicate a significant mixed effects model, with the significant main effect(s) identified 
in parentheses (P = Position, T*P = treatment*position). 
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Fig. 4.4 Mean (±SD) species-specific abundances among upstream, middle, and downstream 
pools for each treatment for Experiment 1. n=original stocking abundance. Asterisks indicate 
significance of mixed effects model, with the significant main effect(s) identified in parentheses 
(P = Position, T*P = treatment*position). 
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Fig. 4.5 Mean number (±SD) of residents and upstream and downstream colonizers among 
upstream (a,b), middle (c,d), and downstream (e,f) pools for each treatment during Experiment 
1 and Experiment 2. [R] signifies residents (non-movers); [+1] signifies upstream movement 
from an adjacent pool, and [-1] signifies downstream movement from an adjacent pool (i.e. D–
>M or M–>U, and U->M or M->D, respectively); [+2] signifies upstream movement from non-
adjacent pools (i.e. D–>U) and [-2] signifies downstream movement from non-adjacent pools 
(i.e. U->D). Comparing horizontally within a stream position and treatment indicates the mean 
number of resident individuals versus the mean number and source (i.e. initial stocking 
location) of immigrants. Comparing vertically across stream positions shows the mean number 
of residents versus the mean numbers of emigrants and their final destinations relative to the 
original resident location. For example, comparing vertically, the far left column (i.e. in panels a, 
c and e) indicates the number of residents in upstream pools (R), and the number of individuals 
that moved (i.e. emigrated) from upstream into middle (-1) and downstream pools (-2). 
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Fig. 4.6 Non-metric multidimensional scaling (NMDS) ordination showing similarity in 
assemblage structure between treatments and among pools across all units for Experiment 1 
(a) and Experiment 2 (b).  
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Fig. 4.7 Mean (±SD) species-specific abundances among upstream, middle, and downstream 
pools for each treatment for Experiment 2. n=original stocking abundance. Asterisks indicate 
significance of mixed effects models, with the significant main effect(s) identified in 
parentheses (P = Position, T*P = treatment*position). 
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CHAPTER V 

CONCLUSIONS 

 Currently, little consensus exists on the short-term and long-term impacts of drought 

disturbances on stream fish. High natural variability in the timing, duration, and severity of 

these hydrological disturbances as well as exacerbations due to climate change and 

anthropogenic alterations makes quantifying their impacts and predicting consequences 

difficult. Limited understanding of the mechanisms by which drought directly and indirectly 

affects aquatic ecosystems and community dynamics limits an ability to protect and conserve 

these diverse and vulnerable systems.  

In these studies, I described the spatial and temporal dynamics of intermittent stream 

fish metacommunities in response to variable hydrological conditions, including summer 

drought and variable periods of stream flow and connectivity. Collectively, these studies 

demonstrate that drought can have significant short-term impacts on stream fish and potential 

residual or longer-term consequences and that fish assemblage structure was mediated by 

habitat heterogeneity, in which the presence, quality, and connectivity of refugia habitats were 

important.  

Isolation during stream drying and drought resulted in significant declines in local and 

regional species richness and abundance and significant changes in the overall community 

structure for natural fish assemblages (Ch. II and Ch. III) as well as experimental assemblages 

(Ch. IV). In the field, drought impacts on fish were largely associated with increasingly harsh 

physical and chemical conditions as pool habitats dried (i.e. ~99% reduction in total stream 

habitat volume; extreme dissolved oxygen and temperatures), in which local assemblages were 
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strongly negatively impacted. However, regional diversity (γ) was mediated and largely 

maintained (until Nov-Dec; Ch. II and Ch. III) within a few critical pool refugia resulting in nested 

assemblages (Ch. III). Biotic interactions were not quantified but it is likely that predation and 

competition increased during drought/isolation. Drought-induced fragmentation within 

experiments also resulted in reduced richness and abundance among shallower/poorer-quality 

habitats, whereas deeper pool refugia showed significant and/or consistently greater number 

of species and individuals. In contrast to Ch. II, mortality within experimental streams (Ch. IV) 

was not associated with harsh abiotic conditions or physiological thresholds, but instead, 

background mortality within the experiments was likely driven by species interactions and 

competition for limited food resources.    

Pre-drought and post-drought connectivity periods in Hickory Creek resulted in 

significantly different assemblage structures (as indicated by NMDS in Ch. II and EMS in Ch. III), 

indicating that the magnitude and/or duration of post-drought connectivity and species 

dispersal was not enough to ameliorate the negative impacts sustained during drought. 

Further, different best-fit metacommunity structures between pre-drought and post-drought 

indicate that different mechanisms were at play. Clementsian structure suggests that species 

sorted themselves among macrohabitat types, whereas nestedness during the post-drought 

recovery period indicates that assemblages were structured by differential 

dispersal/colonization among re-wetted habitat, possibly indicating source/sink or mass effects 

dynamics. Although the spatial and temporal scales differ greatly between the field studies and 

experiments, I consider the brief period of connectivity among ‘pulsed’ stream units to be 

generally analogous to post-drought hydro-period recovery/re-connectivity. Even redistribution 
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of fishes among pool positions following the brief pulse demonstrates that fish respond rapidly 

to re-connectivity by emigrating out of source/refugia pools. Thus, brief re-connectivity among 

isolated drought refugia may play a key role in determining stream metacommunity response 

to drought.  
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