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Extreme climatic events such as droughts are known to eliminate aquatic biota and alter 

community structure and function. Perennial headwater springs provide important drought 

refugia to benthic macroinvertebrates and an important source of colonists via drift or aerial 

adults to intermittent streams post-drought. During a supra-seasonal drought in North-central 

Texas summer and fall 2006, benthic macroinvertebrates from persistent groundwater-dependent 

macrohabitats of varying hydrological connectivity and riparian shading were studied: perennial 

riffles, connected pools, shaded disconnected pools, and full sun disconnected pools. Riffles 

were a distinct habitat with significantly higher taxa richness, proportion of lotic taxa, diversity 

and evenness than other macrohabitats. Macrohabitats were found to be important refugia for 

106 benthic macroinvertebrates and 4 microcrustacean taxa. Throughout the extreme drought, 

perennially flowing habitats were refugia to 19 taxa (17.9% total taxa) not collected in 

disconnected pools. Shaded disconnected pools contained lotic taxa not previously known to be 

able to complete their lifecycles in lentic habitats, emphasizing the importance of groundwater 

effluent and shading. With the resumption of flow at a downstream intermittent site of Ash Creek 

in mid-October 2006, an annual recolonization study was conducted comparing the perennial 

headwaters’ benthic macroinvertebrate taxa richness, densities and community ecology with the 

downstream intermittent site. The headwaters supported higher mean taxa richness than the 

intermittent site over the duration of the study (ANOVA P < 0.001). However, the unexpected 

result of overall decreasing taxa richness at the perennial headwater site from August 2006 to 

April 2008 appears to reflect lag effects of the supra-seasonal drought combined with effects of 



multiple spates of 2007, which are factors confounding the point of recovery for taxa richness. 

Recovery of taxa richness at the intermittent site took 9 months compared to 1 to 2 months 

reported in other arid and semi-arid streams in the United States recovering from seasonal drying 

and floods. Sustainable use of groundwater resources and conservation of riparian corridors is 

vital to protecting groundwater-dependent ecosystems that play a vital role in maintaining 

regional biodiversity by serving as biotic refugia during catastrophic disturbance. 
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CHAPTER 1 

SPRINGS AS REFUGIA: DIFFERENCES IN INVERTEBRATE COMMUNITIES FROM 

GROUNDWATER-DEPENDENT HABITATS WITH VARYING HYDROLOGY AND 

RIPARIAN COVER DURING A SUPRA-SEASONAL DROUGHT 

Introduction 

Disturbance and Drought 

Natural disturbance is a major organizing concept in stream ecology (Resh et al. 1988, 

Lake 2000). Although there is no unifying definition of disturbance among stream ecologists, 

Lake (2000) encourages defining disturbance based on abiotic factors to provide a framework to 

make realistic comparisons between different types of disturbances within the same system or 

disturbance of the same type in different systems. Matthews (1988a) defines disturbance as an 

event that alters the community structure or functioning and recommends that disturbances be 

evaluated based on; intensity, duration, frequency, predictability, season, and geomorphology. 

Defining disturbance based upon its input or abiotic properties has been advocated by Rykiel 

(1985), Lake (2000), and Poff (1992).  

Stable communities are characterized by having resistance, the capacity to persist in less 

favorable conditions, and resilience, the rate of recovery after a disturbance, or both (Webster et 

al. 1975). Prior studies on the effects of disturbance have measured the resistance and resilience 

of ecosystems, which together provide an overview of ecological stability of stream ecosystems 

(Grimm and Fisher 1989, Boulton and Lake 1992a, Golladay et al. 1992, Stanley et al. 1994, 

Fritz and Dodds 2004). Comparisons of taxa richness and invertebrate densities pre and post 

disturbance can be used to assess the resistance and resilience of disturbed invertebrates. 

The two major categories of disturbance, floods and droughts, have been recognized as 
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important forces shaping invertebrate assemblages in streams (Grimm and Fisher 1989, Dudley 

et al. 1990, Stanley and Fisher 1992, Boulton and Lake 1992b). Floods and droughts differ in 

their onset and intensity, but both can destroy habitat patches and create new ones that can later 

be colonized by new biota once flows return (Lake 2000). Floods can induce scouring of the 

streambed, destroy or relocate habitat, such as boulders and large woody debris, and kill or injure 

organisms. Floods have a rapid onset and a relatively short duration. In contrast, droughts build 

in intensity over time and are “creeping disasters” (Grigg 1996). The onset of drought is difficult 

to pinpoint, but once underway a drought proceeds along a predictable trajectory with negative 

effects in habitat and water quality (Matthews 1998, Lake 2000). The prolonged lack of 

precipitation results in depletion of surface water inputs, lack of groundwater recharge and a 

continual decline in discharge. If drought continues it will lead to a loss of hydrological 

connectivity as sustained drying reduces a stream to a series of disconnected pools. Shallow 

riffle areas are typically dewatered first. Loss of habitat can be pronounced as the water’s edge 

retreats and uncouples lateral lotic habitat connections. For example, stream margins with 

overhanging and emergent vegetation and algal mats are often preferred oviposition and 

emergence sites for many aquatic insects (Harrison 2000). Surviving biota are forced to seek 

refuge in remaining pools, hyporheos or possess life history adaptations to avoid the extremes of 

drought. Biota in pools often have higher predation risks and reduced fitness related to increased 

competition for resources (Larimore et al. 1959, Peckarsky et al. 2000, Bonada et al. 2006). High 

temperatures and low oxygen in disconnected pools in southern prairie streams quickly turn 

these habitats into a harsh environment. Extreme high temperatures and poor water quality can 

cause high fish mortality in isolated southern prairie pools (Ostrand and Marks 2000, Matthews 

and Marsh-Matthews 2003). Eutrophic conditions are often created in stagnant pools that favor 
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algal blooms that can result in anoxic conditions in the early morning hours as respiration of 

plants reaches its peak.  

Lake (2003) distinguishes between two types of droughts: seasonal and supra-seasonal. 

Seasonal droughts are predictable in a given climate and organisms occurring in these streams 

are more likely to have evolved adaptations to cope with a seasonal cessation of flow. However, 

supra-seasonal droughts cannot be foreseen and build gradually in intensity over several months 

or years of below average rainfall. In groundwater-dominated systems a supra-seasonal drought 

will likely have the greatest impact to in-stream community structure if it extends over winter 

when groundwater aquifers are usually recharged (Armitage and Petts 1992, Wright and Symes 

1999, Wright et al. 2002). The biotic effects of seasonal droughts are classified as ramps with the 

strength of the drought and the changes to benthic community increasing steadily with time 

(Lake 2000; Lake 2003).  However, stepped responses in benthic communities may also occur 

when disturbances are extreme and pass a critical threshold causing abrupt changes in 

communities. Stepped responses can occur with loss of surface flow, loss of lateral connectivity 

to emergent vegetation, and the drying of streambed sediment (Boulton 2003). Supra-seasonal 

droughts are difficult to study, because they are unpredictable and build in intensity gradually.  

 

Importance of Groundwater-Dependent Ecosystems 

Globally, perennial groundwater dependent streams and springs are known for playing a 

key role in maintaining freshwater biodiversity (Erman and Erman 1995, Fritz and Dodds 2004, 

Meyer et al. 2007); however, these habitats and the aquifers that support them are frequently in 

areas with competing economic, political and societal needs for water. Coupled with a predicted 

increase in the frequency and duration of droughts in the southwestern United States due to 
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climate change (IPCC 2007a) and intensifying and fiercely competing human demands for 

freshwater, already imperiled freshwater habitats are projected to continue a precipitous decline 

in numbers and quality (e.g., Reid 2010, Strayer and Dudgeon 2010). Conservation of 

groundwater is critical to preserving a spatial and temporal patchwork of refugia for benthic 

invertebrates that is critical to the recovery of these ecosystems following disturbance (Fritz and 

Dodds 2004, Erman 1996).  

 

Springs as Refugia 

The effects of a disturbance on aquatic biota depend upon the availability of a variety of 

refugia (Erman 1996, Lake 2000). Perennial spring pools have been shown to serve as important 

refugia for a variety of invertebrate taxa (e.g., Erman and Erman 1995, Meyer and Meyer 2003), 

and surviving taxa may play a vital role in recolonizing nearby intermittent streams following an 

extreme disturbance. Erman and Erman (1995) in a study of 21 cold springs in Sierra Nevada, 

California, during a six-year drought discovered that spring permanence was more important 

than the size of springs for increased richness of Trichoptera species. Spring permanence was 

directly linked to taxa richness in Trichoptera and other invertebrates. Despite the abundance of 

headwater springs in spring systems, their role as drought refugia for macroinvertebrates has not 

been extensively studied by aquatic ecologists. Headwater springs are ideal sites to study how 

environmental variables influence the distribution of biotic communities (Orendt 2000, Wood et 

al. 2005). Prior studies of headwater springs and perennial stream segments suggest that they 

often contain endemic species (Erman and Erman 1995; Meyer et al. 2007). 

Prairie streams are subjected to seasonal drying, occasional droughts and scouring spates 

and are model systems to study the role of disturbance in structuring biological communities 
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(Dodds et al. 2004, Matthews 1988a). Research in semi-arid prairie streams of North America 

have shown that aquatic insects in these systems possess low resistance to seasonal drying; 

however, they have shown high resilience primarily by rapid aerial colonization of reproductive 

adults from nearby colonist pools (Gray 1980, Stanley et al. 1994, Miller and Golladay 1996, 

Fritz and Dodds 2004). Fritz and Dodds (2004) found recovery rates to seasonal drying of 

invertebrate taxa richness greatest in sites close to upstream perennial water sources; however, 

recovery of population densities was not different based on distance from refugia.  

Previous studies of drought’s biological impact for upland (e.g. Hynes 1958, Morrison 

1990, Erman & Erman 1995) and lowland streams and rivers (e.g. Extence 1981, Wright & 

Berrie 1987, Wood & Petts 1999) have produced conflicting results, which may be explained by 

the natural variation in catchment characteristics such as groundwater storage, stream order and 

geomorphology (Wood and Armitage 2004). 

Headwater streams and springs are characterized as providing a highly heterogeneous 

habitat and are arguably the most varied of aquatic habitats (Meyer et al. 2007). At a small scale, 

variations in nutrients, temperature, substrate, instream vegetation, dissolved oxygen and other 

factors creates a habitat mosaic or patchy environment, and this environmental heterogeneity 

affects the majority of instream ecological processes ranging from nutrient spiraling to trophic 

dynamics (Pringle et al. 1988). Differences in geomorphology, subsurface flow, surrounding 

land uses and extent of the riparian zone between headwater streams in the same catchment, 

could lead to different recovery rates from disturbance and differences in the number and quality 

of patches available. Catastrophic disturbances like supra-seasonal drought, as in our study, can 

alter patch and habitat quality through changes in subsurface and surface hydrology, water 

temperature, dissolved oxygen and lead to a loss of habitat and hydrological connectivity. 
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Riffles and pools are the most basic habitat units to study in streams; however, 

comparatively little research has been conducted to compare the two habitats in terms of 

macroinvertebrate community structure and composition during periods of extreme drought.  

Riffles by definition imply surface water flow; however, pools may be hydrologically connected 

to riffles or become disconnected during seasonal drying or early stages of drought.  Bonada et 

al. (2006) in a study to determine the differences in macrohabitats of varying hydrological 

connectivity in Mediterranean-climate streams found that riffles were a distinct macrohabitat 

type from disconnected pools and that connected pools formed a bridge habitat between riffles 

and disconnected pools. Higher taxa richness has been observed in riffles than in pools (Bonada 

et al. 2006), but other studies reflect the opposite trend (McCulloch 1986).  Some researchers 

have found there to be little overlap in taxa composition between riffles and pools (Scullion et al. 

1982, McCulloch 1986) while others have found that the communities of riffles and pools share a 

majority of taxa in common (Rabeni et al. 2002). Few studies exist comparing macrohabitat 

differences between pools and riffles in intermittent streams (Brown and Brussock 1991, Boulton 

and Lake 1992a, Bonada et al. 2006). Pringle et al. (1988) emphasizes the importance of 

evaluating patches based upon their spatial and temporal variability as it relates to the study 

questions and life history and biology of organisms of interest. 

 

Study Objectives 

The purpose of this study was to determine the role of persistent groundwater-dependent 

macrohabitats in the same basin with varying flow permanence and riparian shading on benthic 

macroinvertebrate communities during a supra-seasonal drought. This study is unique from prior 

macrohabitat studies because of the study’s location in a semi-arid region of North America and 
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the supra-seasonal nature of the drought. Prior drought research in North America has either 

been in temperate regions at higher latitudes, Mediterranean climate streams, or arid desert 

streams of the southwest. This study is also unique in the detailed knowledge of climatic and 

hydrologic conditions of study sites throughout the extended drought. This study is the first to 

examine benthic communities from pools of varying hydrological connectivity and riparian 

shading in North America during a supra-seasonal drought and to examine the differential 

macrohabitat use of lotic taxa. The objectives were to; determine the significance of 

groundwater-dependent habitats as biotic refugia for benthic macroinvertebrates during an 

extreme drought, study the differences in benthic invertebrate communities from macrohabitats 

along a gradient of environmental harshness, and determine if any taxa were strictly associated 

with a particular macrohabitat type. We hypothesized that riffles would have the highest 

diversity of benthic macroinvertebrates of the macrohabitats due to factors related to flow 

permanence, and shaded disconnected pools would provide refugia for sensitive aquatic taxa 

typically associated with lotic habitats due to the persistence and quantity of groundwater 

effluent. Further, we hypothesized that full sun disconnected pool habitats represented the 

harshest environmental conditions among macrohabitats studied and would be characterized by 

taxa adapted to environmental extremes in temperature and increased conductivity. 

 

Materials and Methods 

Study Area 

Two streams in Parker and Tarrant Counties in Texas were selected for this study (Fig. 

1.1). Ash Creek and Silver Creek headwaters are approximately 5.6 km apart and run through the 

Western Cross Timbers ecoregion. The Western Cross Timbers dominant tree species are 
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Quercus stellata (post oak) and Quercus marilandica (blackjack oak) (TPWD 2006). The study 

area is located approximately 32 km north-west of Fort Worth in a predominantly rural area with 

rolling terrain. Surrounding land uses are a mix of livestock-grazed ranchland, natural gas 

exploration related to the Barnett Shale gas play, and rural residences. Groundwater travels 

through sandy deposits of the Trinity Group outcrop in eastern Parker County and discharges 

into area streams and springs. The Trinity Group outcrop consists of the Twin Mountains, Paluxy 

and Glen Rose formations. The Paluxy formation, which supplies the study area streams with 

groundwater, is characterized by outcrop recharge areas along the headwater regions that are 

composed of weakly cemented fine Paluxy sand with high transmissivity. Trinity Aquifer 

groundwater is characterized by high calcium carbonate content and historically, Parker County 

was “abundantly endowed with springs” (Brune 2002). Today, the vast majority of the springs in 

the region have failed due to declining water tables and being buried under eroding deposits of 

silt and sand (Brune 2002).  

Ash Creek is 20.8 km in length. It originates in northeastern Parker County and runs in an 

easterly direction emptying into Eagle Mountain Lake. Silver Creek is 19.2 km in length. 

Draining southeasterly into Lake Worth, it is no longer a perennial stream, but has groundwater 

inputs that maintained disconnected pool macrohabitats throughout the 2005-2007 supra-

seasonal drought. Two sites with perennial flow and one intermittent site were selected on Ash 

Creek. The mid-reach perennial site is located 2.5 km downstream from the headwaters. The 

intermittent site is located 3.0 km downstream of the mid-stream perennial site. Both the 

headwaters and downstream perennial site maintained a modest flow throughout the drought. On 

Silver Creek, a headwater site and a site 10.8 km downstream were selected. Shaded 

disconnected pool sites were sampled at the headwaters and both full sun and shaded 
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disconnected pools persisted and were sampled at the downstream site. Surrounding land uses at 

both headwater sites is predominantly livestock grazing with some rural residences built close to 

riparian areas further upstream. At the lower reaches of Silver Creek, multiple residential 

developments have been constructed and native vegetation removed, exposing the highly 

erodible sandy soil. Ash Creek headwater substrates are predominantly coarse gravel, large 

cobble and a mixture of clay and sand with intermixed clay and shale lenses underlying the 

benthic sediments. Silver Creek headwater substrates are comprised of coarse gravel and sand 

while downstream pool substrates are predominantly a mix of sand, silt and gravel.  Riparian 

zones along Ash Creek headwaters and the mid-reach site are in excess of 20 m. Emergent 

aquatic vegetation includes Rorippa nasturtium-aquaticum (watercress), Equisetum hyemale 

subsp. affine (horsetail reed), and Mentha aquatica (aquatic mint). Overhanging vegetation 

includes Adiantum capillus-veneris (maidenhair ferns), sedges, rushes and grasses. Pools often 

contain Chara sp. (muskgrass). These plants and algae are also found at the headwaters of Silver 

Creek but at lower densities and are associated with shaded groundwater disconnected pools. The 

intermittent site on Ash Creek has a riparian width of less than 10 m and surrounding land uses 

include hay production, and livestock grazing. Substrate is primarily coarse gravel, coarse sand 

and silt. Riffles contain boulders and larger cobble with coarse gravel. Emergent aquatic 

vegetation at both intermittent downstream sites is limited to Equisetum hyemale subsp. affine 

(horsetail reed) and limited patches of Rorippa nasturtium-aquaticum (watercress) and 

Potamogeton sp. (pond weed) with grasses, sedges, and rushes being more common. 
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FIG. 1. 1.  Study area map of persistent macrohabitats during supra-seasonal drought of 2006 
along Ash and Silver Creeks of North-central Texas, USA. 

 

Study Area Climate 

The north Texas area has a semi-arid climate and the region typically receives 882 mm of 

precipitation annually (NOAA, National Weather Service 2006). Typically the wettest months 
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are May, June, and October, which average 121, 100, and 106 mm of rain, respectively (NOAA, 

National Weather Service 2006). Variation in annual precipitation from year to year can be 

substantial in the region due to its geography. Areas immediately west of the area are much more 

arid and areas to the east receive considerably more annual rainfall on average.  

The study area experienced the worst drought on record during 2005-2006. In 2005, 

rainfall for Parker County was 428 mm making it the driest year on record dating back to 1891 

(NOAA, National Weather Service 2006). In December 2005, the Palmer long-term drought 

severity index (PDSI) classified the area as in a severe drought, and by the end of September 

2006 the drought had intensified and was classified as extreme (Fig. 1.2).  

 

 

FIG. 1.2.  Long-term Palmer drought index showing study area in extreme drought 
during supra-seasonal drought of 2005 to 2007 affecting North Central Texas. 
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Due to damages and losses caused by the extreme drought, Parker County, along with 15 

neighboring Texas counties, was declared a natural disaster area by the Unites States Department 

of Agriculture (Parker County 2006). Ash Creek, one of the streams in the study, empties into 

Eagle Mountain Lake.  Total gains in lake volume from precipitation at Eagle Mountain Lake for 

2005 and 2006 were 12,039 and 14,488 acre-feet, respectively. Total evaporation from Eagle 

Mountain Lake in 2005 and 2006 were 39,033 acre- feet and 38,085 acre-feet, respectively 

(Tarrant Regional Water District 2009). Evaporative losses during the supra-seasonal drought of 

2005 to early 2007 were roughly three times the gain from precipitation, which illustrates the 

extreme impact of evaporation alone to small water bodies such as streams and springs. 

 

Field and Laboratory Methods 

At the height of the drought, a survey was conducted of surrounding streams within a 35-

km radius of Ash and Silver Creeks, and no macrohabitats with surface flow were found.  When 

present, pools in area streams had a maximum depth of approximately 20 cm. For example, the 

streambed of Clear Creek in Denton County dried to a depth of 3m during the drought (Lundeen 

2006 personal communication).  Four macrohabitat types were studied: perennial riffles, 

perennial connected pools, shaded disconnected pools, and full sun disconnected pools. Riffles 

were identified at the onset of the drought; however, since no prior work had been conducted on 

these streams and the intensity and duration of the drought were unknown, it was uncertain 

which disconnected pools would have sufficient groundwater contributions to persist throughout 

the drought. Groundwater upwelling was determined using a piezometer and observations of 

pool permanence throughout the course of the drought. Maximum depth, length and width of 

sampled pools were measured and samples were taken from pools having a minimum surface 
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area of 3 m2. The impact to biota in isolated pools was minimized by limiting the sample area to 

less than 20% of total pool surface area.  

Environmental parameters (dissolved oxygen, conductivity, water temperature, stream 

velocity, and pH) were measured at the time of sampling of each macrohabitat. Stream velocities 

were measured using a Marsh-McBirney Flo-mate™ (model 2000) flowmeter and discharge was 

calculated from measurements of cross-sectional area and velocities. YSI® Model 85™ was used 

to measure dissolved oxygen (mg/l), instream water temperature (°C), and conductivity (µS/cm 

standardized to 25 °C). Stream pH (s.i.) was determined using a pen-style pH probe (YSI®  

model no. pH10A™). Following standard methods, grab samples were taken for determining 

alkalinity and hardness during the winter 2006 at both streams and titrated manually (APHA 

1992). 

Macroinvertebrates were sampled from riffles using a Surber sampler (0.09 m2) and pools 

were sampled with a Hess sampler (0.09m2). Both sampling devices were fitted with 250 µm 

mesh netting. Three quantitative replicate samples were taken from each macrohabitat. A hand 

trowel was used to disturb pool and riffle sediments to an approximate depth of 10 cm. Riffles 

were sampled monthly from August to November 2006.  Two shaded disconnected pools were 

sampled in August and two sampled at the end of September. Full sun disconnected pools were 

sampled in August through November.  Samples were preserved in the field with 80% ethanol 

and processed and identified to the lowest practical taxonomic level in the laboratory. Samples 

were rinsed through a 180 µm mesh (ASTM #80) sieve, sorted under a dissecting microscope, 

identified and labeled.  

Both Ash and Silver Creeks have gaining and losing reaches throughout their length that 

created new habitat patches as surface flow diminishes and pools and riffle-pool sequences 
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become isolated. Localized reaches with saturated sediments were also observed to regain flow 

for brief periods during the drought after small rainfall events. All sampled habitats were 

monitored over the course of the drought to confirm their persistence. Only samples from pools 

that persisted throughout the drought were considered in this study. In June 2006, 15 

disconnected pools were identified as potential sample sites; however, by mid-August only 6 of 

these remained. Half of these pools were shaded and half were in full sun, and they all persisted 

until the return of surface flow, which varied according to site. Samples from full sun 

disconnected pools were taken 8, 10 and 22 weeks after the loss of flow. Samples from shaded 

disconnected pools were collected 3, 8, and 1weeks after the loss of flow. The last collection 

from shaded disconnected pools at the Silver Creek headwaters was taken 1 week after the 

second loss of flow in late September. A localized rainfall event of approximately 32 mm on 4 

September 2006 was sufficient to return flow to the Silver Creek headwaters for 2.5 weeks; 

however, flow was restored to the headwaters in mid-October and flow was maintained 

throughout the winter. The downstream site on Silver Creek did not regain flow until late 

January 2007. 

Collections of hyporheic water taken from saturated sediments near persistent 

disconnected pools to determine taxa present.  A hand trowel was used to excavate streambed 

substrate to a depth of approximately 20 cm and the hole was allowed to fill with hyporheic 

water.  Water was collected and filtered through a fine-meshed (330µ) cone metal coffee filter.  

Collections were rinsed into bottles with surface water and examined under the microscope the 

same day of collection and preserved in 80% ethanol.       

Aquatic insects were identified to the lowest taxonomic level practical, typically to genus, 

based upon larval developmental stage and specimen condition. Chironomidae larvae 
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identifications were limited to the subfamily level of Tanypodinae or non-Tanypodinae. 

 

Data Analyses 

 Analysis of variance (ANOVA) tests were used to compare mean taxa richness, evenness, 

and Shannon’s diversity (Log2). Normality assumptions were verified with Shapiro-Wilks test 

for all data. No data transformations were performed. Mean Ephemeroptera, Plecoptera, and 

Trichoptera (EPT) richness and Odonata, Coleoptera, Heteroptera (OCH) richness were 

examined by macrohabitat type. EPT/OCH ratio has been shown to be sensitive for 

distinguishing between different macrohabitat types and can reflect the benthic 

macroinvertebrate community response to drought as the ratio of predators (OCH) increases 

relative to EPT taxa with loss of hydrological connectivity and associated declines in lowered 

water quality (Bonada et al. 2006). Differences in EPT richness and EPT/OCH ratios were tested 

using ANOVA. Post-hoc comparisons using the Student-Newman-Keuls multiple range test on 

all main effect means were performed for indices, EPT richness and taxa richness. 

Goodness of fit tests were performed to test differences in observed proportions of lotic 

taxa to non-lotic taxa among macrohabitat types. Lotic taxa were defined according to Merritt et 

al. (2008). Jonckeere-Terpstra Test was used to test if differences in the proportion of lotic taxa 

were associated with a gradient of increasing environmental harshness: riffles < connected pools 

< shaded disconnected pools < sun disconnected pools. Macrohabitats were ranked based upon 

flow permanence, flow velocity and distance to upstream perennial water. When treatments can 

be classified a priori as increasing or decreasing natural responses (e.g. temperature, diminishing 

water quality) to the null hypothesis, Jonchkeere-Terpstra test is preferred over Kruskal-Wallis 

test (Hollander and Wolfe 1999). Analysis of variance tests, goodness of fit tests, and multiple 
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range comparison tests performed using SAS® (version 9.2 SAS Institute Inc., Cary, NC, USA). 

Functional feeding groups (FFG) were assigned for benthic macroinvertebrates using 

Merritt et al. (2008) and Texas Commission on Environmental Quality (TCEQ 2007). Functional 

feeding groups are useful for determining the trophic resources available to benthic 

macroinvertebrates and ratios of FFG can also reveal trophic dynamics within communities 

(Merritt et al. 2008). 

Correspondence analysis (CA) was performed to describe among macrohabitat 

differences in benthic invertebrate communities using standardized densities of the 16 dominant 

invertebrate taxa. Inter-sample distances were used to scale the analysis without transformation 

of species data or down-weighting of species or samples. CA is the preferred ordination method 

in studies with numerous 0 values (Legendre and Legendre 1998). CA was done with 

CANOCO® (version 4.5, Centre for Biometry, Wageningen, and The Netherlands). A Multiple 

Analysis of Variance (MANOVA) was performed on sample axis scores (PASW Statistics 18). 

Tukey Honestly Significant Difference (HSD) post hoc multiple range tests were conducted to 

test significant differences among macrohabitats based on the scores for Axis 1 and 2 using the 

harmonic mean sample size to account for unequal sample sizes.  

 

Results 

Riffles and connected pools averaged higher dissolved oxygen values of 8.2 mg/L 

compared to shaded disconnected pools with an average of 2.9 mg/L and full sun disconnected 

pools 3.5 mg/L (Table 1.1). Shaded disconnected pools at the headwaters of Silver Creek 

regained surface flow briefly after a localized rain event in October 2006; therefore, instream 

environmental measurements were only recorded from August, September and the first week of 
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October 2006. This is why shaded disconnected pools appear to be hotter and less oxygenated 

than do full sun disconnected pools, where measurements were recorded from August 2006 to 

November 2006. Stream water pH did not differ widely (range 7.5 to 8.3) between macrohabitat 

types, but was highest at the perennial headwaters of Ash Creek averaging 8.1. Conductivity was 

higher in disconnected pools than in habitats with perennial flow. Pools and riffles were 

observed to have low turbidity, and the high clarity of the water in all macrohabitat types is 

attributed to the source of water being filtered groundwater (Table 1.1).  

TABLE 1.1.  Mean, minimum and maximum ranges for environmental variables in persistent 
perennial (riffle and connected pool) and intermittent (shaded and full sun disconnected pool) 
macrohabitats in north-central Texas during the 2006 supra-seasonal drought. *Measurements 
recorded from August to October prior to resumption of flow at Silver Creek headwaters. 

 

Both streams have high alkalinity and hardness due to the calcium-rich groundwater influence. 

Alkalinity and hardness were measured from Ash and Silver Creeks during the winter of 2006 

when both streams were flowing. Ash Creek had alkalinity and hardness of 265 and 284 (mg/l 

CaCO3); respectively while alkalinity and hardness for Silver Creek was 240 and 257 (mg/l 

CaCO3). Discharge at the perennial headwaters of Ash Creek were the lowest in August at 2.3 l/s 

and highest in mid-November at 10.8 l/s following fall rains that returned flow to the intermittent 

section. Sampled disconnected pools maintained a minimum depth of 35 cm until hydrological 

connectivity was restored.  

Intermittent 

 
 

Variable 

 
 

Perennial 

Shaded disconnected 
pools* 

Sun disconnected 
pools 

pH 8.1 (7.7-8.3) 7.6 (7.5-7.8) 7.9 (7.6-8.1) 
Dissolved oxygen (mg/L) 8.2 (5.2-10.4) 2.9 (0.8-4.6) 3.5 (1.3-4.6) 
Temperature (°C) 19.7 (15.6-26.2) 24.3 (22.1-26.1) 22.2 (13.1-26.1) 
Conductivity (µS/cm) 494.6 (413.0-589.0) 669.8 (593.0-800.0) 772.4 (676.0-894.0) 
Discharge (L/s) 6.4 (2.3-10.8) 0.0 0.0 
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Throughout the drought the hyporheic and parafluvial zones surrounding the persistent 

macrohabitats on Ash and Silver Creeks remained saturated and were refugia to several taxa. 

Filtered samples of hyporheic water collected to a depth of 20 cm contained early instars of 

Chironomidae, Ceratopogonidae, Tipulidae, Oligochaeta and microcrustaceans: Copepoda, 

Ostracoda and Cladocera. Two early instar nymphs of Perlidae were also taken. 

 

Macrohabitat Community Composition 

  Across the four different macrohabitats, a total of 30,261 individuals and 106 

macroinvertebrate taxa were collected, not including microcrustaceans. Because Chironomidae 

and Oligochaeta were not identified to genus, this is a conservative estimate of taxa richness. 

Taxa present in riffles not collected in the other macrohabitats included: Mayatrichia sp., 

Neotrichia sp., Chimarra sp., Cheumatopsyche sp., Lutrochus sp., Helichus sp., Heterelmis sp., 

Psychodidae, Simulium sp., and Stratiomyidae. Riffles and connected pool macrohabitats were 

the only habitats sampled with Ancylidae, and Ambrysus sp.. Dolichopodidae and Corixidae 

were only taken from full sun disconnected pools.  Taxa present in shaded disconnected pools 

and riffles not collected in sun disconnected pools included Leptophlebia sp., Hexagenia sp., and 

Stenonema sp., Argia sp., Helicopsyche sp., Oecetis sp., Marilia sp., adult Microcylloepus sp., 

and larval Stenelmis sp.  

Benthic macroinvertebrate composition differed significantly among macrohabitat types 

(Table 1.2). Taxonomic richness by macrohabitat type was significant (ANOVA, F3, 47 = 30.85, P 

< 0.0001). The effects on evenness by macrohabitat types was significant (ANOVA, F3,15 = 5.79, 

P = 0.002). Student-Newman-Keuls multiple range test on means ranked the habitats as riffles> 

connected pools = shaded disconnected pools = full sun disconnected pools. Mean diversity was 
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significantly different between habitat types (ANOVA, F3,15 = 22.63, P < 0.001).  

TABLE 1.2.  Mean (±1 SD) taxonomic diversity, evenness, and richness of macroinvertebrates in 
riffles and pools of a perennial and intermittent stream in north-central Texas during August 
2006-November 2006. Within each column, means with the same letter are not significantly 
different (Student-Newman Keuls multiple range test). 

Habitat Taxa richness  EPT taxa Evenness Diversity 
Perennial riffles (n = 18) 29.50 (5.45)A 7.56 (1.72)A 0.72 (0.05)A 3.52 (0.34)A 
Perennial connected pools (n = 6) 21.50 (1.38)B 4.00 (1.26)B 0.68 (0.07)B 3.00 (0.32)B 
Shaded disconnected pools (n= 12) 18.42 (5.02)B 3.17 (2.08)B 0.65 (0.09)B 2.71 (0.53)B 
Sun disconnected pools (n = 12) 13.50 (3.99)C 1.67 (0.89)C 0.59 (0.12)B 2.19 (0.52)C 
 

EPT richness was significantly different based upon macrohabitat type (ANOVA, F3,47 = 36.69, 

P < 0.0001). Student Newman-Keuls Test for EPT richness by macrohabitat type grouped the 

samples as riffles> connected pools = shaded disconnected pools > full sun disconnected pools. 

EPT/OCH ratio was significantly different based upon macrohabitat type (ANOVA, F = 14.73, P 

< 0.0001, α = 0.05). Student Newman-Keuls Test (α = 0.05) for EPT/OCH ratio by macrohabitat 

type grouped the samples the same as for EPT richness. 

A chi-square goodness of fit test revealed that the proportion of lotic taxa (Table 1.3) to 

the total number of taxa sampled was significantly related to habitat (χ²= 15.36, 4 df, P = 

0.0015). Perennial riffles contained 34 lotic taxa and 84 total taxa compared to connected pools 

with 15 lotic taxa and 47 total taxa. Shaded disconnected pools contained 13 lotic taxa and 55 

total taxa which was greater than the 7 lotic taxa and 50 total taxa collected in sun disconnected 

pools. Lotic taxa was related to harshness when macrohabitats were arranged according to a 

priori categories of expected increasing environmental harshness from perennial riffles< 

connected pools<shaded disconnected pools< full sun disconnected pools (Jonckeere-Terpstra 

Test, Z = -3.4090, P < 0.001). 
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TABLE 1.3.  Lotic benthic macroinvertebrate taxa from macrohabitats of Ash and Silver Creeks 
August to November 2006 during a supra-seasonal drought. Larvae and pupae of 
Trichoptera and Diptera treated as single taxa. Adults and larvae of Elmidae counted as 
individual taxa due to the temporal differences in these life stages. 

Taxa Perennial 
riffles 

Connected 
pools 

Shaded 
disconnected 

pools 

Sun 
disconnected 

pools 
Sphaeridae X X X X 
Baetidae X X X X 
Caenidae X X X X 
Hexagenia sp. X X X - 
Stenonema sp. X - X - 
Tricorythodes sp. X X X X 
Leptophlebia sp. X - X - 
Hetaerina sp. X - - - 
Argia sp. X X X - 
Gomphidae X X - - 
Erpetogomphus sp. X - - - 
Macromia sp. - X - - 
Perithemis sp. X X - - 
Perlidae immature - - - X 
Perlesta sp. X - - - 
Ambrysus sp. X X - - 
Corydalus cornutus X - - - 
Sialis sp. - - X - 
Helicopsyche sp.  X - X - 
Cheumatopsyche sp. X - - - 
Hydroptila spp. X X - - 
Mayatrichia ponta  X - - - 
Neotrichia sp. X - - - 
Oecetis sp. X X X - 
Marilia sp. X X X - 
Chimarra sp. X - - - 
Helichus sp. X - - - 
Heterelmis sp. X - - - 
Microcylloepus sp. (L) X X X X 
Microcylloepus sp. (A) X X - - 
Stenelmis sp. (L) X - X - 
Stenelmis sp. (A) X - - X 
Lutrochus sp. (L) X - - - 
Psychodidae X - - - 
Simulium sp. X - - - 
Euparyphus sp. X - - - 
Myxosargus sp. X - - - 
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 Community Structure and Function 

 Forty-three taxa represented 98% of the total number of individuals sampled (Table 1.4).  

Gathering-collectors were the dominant functional feeding group in all macrohabitats followed 

by predators and scrapers (Table 1.5). Shredders were the least abundant taxa from all 

macrohabitat types. Overall non-Tanypodinae chironomids were the most abundant organisms 

collected in each macrohabitat except in full sun disconnected pools where Ceratopogonidae 

were the most abundant taxa comprising 43.5% of the relative abundance followed by 

Oligochaeta and non-Tanypodinae Chironomidae. Shredders were the least abundant functional 

feeding group. The most abundant shredder collected from riffles was the caddisfly, Marilia sp. 

which comprised 4.4% of the relative abundance. The crawling water beetle, Peltodytes sp. was 

the most common shredder in the remaining habitats. The single most dominant predator taxa in 

all macrohabitats were Tanypodinae a subfamily of the Chironomidae. Tanypodinae densities in 

connected pools (1007.9 m-2) were two to three times higher than in all other macrohabitats. 

Chironomidae are typically not identified to the sub-family level; however, since the subfamily 

Tanypodinae is entirely comprised of predators, identification to the subfamily level is important 

to understanding the trophic structure of the benthic community.  The only filtering collector 

taxa collected from all macrohabitats was Sphaeridae. Riffles were characterized as having lotic 

filterers Chimarra sp., Cheumatopsyche sp., and Simulium sp. that were not present in the other 

habitats 

Standardized densities of 16 of the most abundant taxa common within most 

macrohabitats were selected a priori for inclusion in a correspondence analysis (CA) along with 

all macrohabitat samples to determine the trends in associations between taxa and macrohabitat 

(Fig. 1.3).  

.
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TABLE 1.4.  Mean standardized densities (D) (no./m2) and relative abundances (RA) of the 43 
most abundant invertebrate taxa among macrohabitats of varying permanence and canopy-
cover from summer to late fall 2006 during the supra-seasonal drought in north-central Texas. 
The five most abundant taxa in each macrohabitat are bold. Functional feeding groups (FFG) 
are: FC (filtering collectors), GC (gathering collectors), PR (predators), SCR (scrapers), and 
SHR (shredders). 

Riffles Connected 
pools 

Shaded 
disconnected 

pools 

Sun 
disconnected 

pools 
FFG Taxa  D RA D RA D RA D RA 

FC Corbiculidae Corbicula sp. 28.1 0.5 - - 3.9 <0.1 - - 
 Sphaeridae  194.4 3.6 226.8 2.8 111.5 2.4 5.8 <0.1 
 Philopotamdiae Chimarra sp. 21.0 0.4 - - - - - - 
 Hydropsychidae Cheumatopsyche sp. 6.0 0.1 - - - - - - 
 Simuliidae Simulium sp. 260.9 4.9 - - - - - - 
GC Nematoda  18.7 0.3 46.5 0.6 12.6 0.3 96.9 1.3 
 Oligochaeta  260.9 4.9 469.1 5.7 218.1 4.6 1501.2 20.4 
 Amphipoda  23.7 0.4 153.1 1.9 567.9 12.0 2.9 <0.1 
 Ephemeroptera Immature 84.9 1.6 - - 6.8 <0.1 6.8 <0.1 
 Baetidae  368.2 6.9 81.4 1.0 175.4 3.7 77.5 1.0 
 Caenidae  122.2 2.3 52.3 0.6 3.9 0.1 220.0 3.0 
 Heptageniidae Stenonema sp. 13.5 0.3 - - 79.5 1.7 - - 
 Leptophlebiidae Leptophlebia sp. 1.4 <0.1 - - 12.6 0.3 - - 
 Leptohyphidae Tricorythodes sp. 381.1 7.1 315.9 3.8 9.7 0.2 1.0 <0.1 
 Elmidae Dubiraphia sp. 41.2 0.8 914.9 11.1 72.7 1.5 93.0 1.3 
 Ceratopogonidae  522.6 9.7 1331.6 16.2 504.9 10.7 3291.3 44.6 
 Chironomidae Non-Tanypodinae 1001.6 18.7 2213.6 26.9 1276.4 27.1 1099.0 14.9 
 Stratiomyidae  13.9 0.3 - - - - - - 
 Tabanidae Chrysops sp. 19.7 0.4 - - - - - - 
PR Platyhelminthes Turbellaria 135.5 2.5 1.9 <0.1 - - 4.8 <0.1 
 Hirudinea  2.4 <0.1 - - 17.5 0.4 - - 
 Hydracarina  61.1 1.1 31.0 0.4 181.2 3.8 70.7 1.0 
 Zygoptera Immature 65.0 1.2 9.7 0.1 5.8 0.1 1.0 <0.1 
 Coenagrionidae Argia sp. 90.0 1.7 128.5 1.9 11.2 0.2 - - 
 Coenagrionidae Enallagma sp. 0.2 <0.1 199.1 2.4 14.9 0.3 1.9 <0.1 
 Gomphidae Immature 86.8 1.6 27.1 0.3 - - - - 
 Gomphidae Erpetogomphus sp. 0.3 <0.1 19.4 0.2 - - - - 
 Corduliidae/ 

Libellulidae 
Immature 6.5 0.1 54.4 0.7 20.3 0.4 - - 

 Gerridae  - - - - 9.7 0.2 1.0 <0.1 
 Dytiscidae A/L 0.6 <0.1 - - 73.7 1.6 22.3 0.3 
 Hydrophilidae A/L 9.4 0.2 7.8 0.1 213.2 4.5 199.6 2.7 
 Chironomidae Tanypodinae 327.9 6.1 1007.9 12.3 373.1 7.9 504.9 6.9 
 Dolichopodidae  - - - - - - 19.4 0.3 
SCR Gastropoda Physidae 6.6 0.1 91.1 1.1 60.1 1.3 46.5 0.6 
 Gastropoda Planorbidae 7.7 0.1 180.3 2.2 600.9 12.7 17.4 0.2 
 Elmidae Microcylloepus sp. 744.2 13.9 445.8 5.4 5.8 0.1 - - 
 Elmidae Stenelmis sp. 10.1 0.2 - - 2.9 <0.1 18.4 0.2 
 Lutrochidae Lutrochus sp. 8.9 0.2 - - - - - - 
 Helicopsychidae Helicopsyche  30.6 0.6 - - 1.9 <0.1 - - 
 Hydroptilidae  52.8 1.0 13.6 0.2 1.0 <0.1 1.8 <0.1 
SHR Odontoceridae Marilia flexuosa 233.7 4.4 7.8 0.1 19.4 0.4 - - 
 Haliplidae Peltodytes sp. 1.5 <0.1 79.4 1.0 38.8 0.8 29.1 0.4 
 Tipulidae Tipula sp. 48.4 0.9 - - - - 16.5 0.2 
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TABLE 1.5.  Relative abundance (%) values of macroinvertebrate functional feeding groups by 
macrohabitat type. FC filtering-collectors, GC gathering-collectors, PR predators, SHR 
shredders, SCR scrapers 

 Macrohabitat FC GC PR SHR SCR 
Perennial riffles  9.6 53.7 14.9 5.4 16.3 
Connected pools 2.8 67.8 18.5 1.1 9.8 
Shaded disconnected pools 2.4 60.1 22.3 1.2 13.9 
Sun disconnected pools 0.1 84.6 13.5 0.6 1.1 

 

The most abundant taxa were defined as the 7 most abundant taxa within each macrohabitat that 

were also present in at least 2 of the other macrohabitats, which only excluded Simuliium sp. 

Hydrophilidae and Dytiscidae were combined for analysis and Odonata were analyzed at the 

suborder level. Sample axis scores were highly significant among macrohabitat types 

(MANOVA, P < 0.001, Wilks’ Lambda F6,86 = 30.09). Tukey’s post hoc test of CA Axis 1 

grouped the habitats: riffles = connected pools= shaded disconnected pools > sun disconnected 

pools. Tukey’s post hoc test of CA Axis 2 grouped the habitats: perennial riffles = connected 

pools > shaded disconnected = full sun disconnected pools. 

Axes 1 and 2 explained 43.7% of the total variability among assemblages and dominant 

taxa in the four macrohabitats. Axis 1 explained 23.0% of the variance in distributions and lotic 

taxa Microcylloepus sp., Tricorythodes sp., Anisoptera and Zygoptera, Sphaeridae and Baetidae 

exhibited the strongest positive association with this axis. Rheophilic taxa Microcylloepus sp., 

Marilia sp. and Tricorythodes sp. distinguished riffle samples from other macrohabitats. 

Chironomidae were not associated with either axis. All fun sun disconnected pool samples were 

negatively associated with Axis 1 with Oligochaeta and Ceratopogonidae the most characteristic 

of this macrohabitat type. Oligochaeta and Ceratopogonidae were strongly positively associated 

with Axis 2 and Caenidae were negatively associated with Axis 2. Shaded disconnected pool 

samples were positively associated with both Axis 1 and 2 and the abundances of Amphipoda 
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and Planorbidae exerted a strong influence on these samples. 

 

FIG. 1.3.  CA based on standardized densities (m-2) of 16 dominant taxa sampled from 
distinct macrohabitats from Ash and Silver Creek in north-central Texas. Sample CA axis scores 
significant (MANOVA, P < 0.001, Wilks’ Lambda F6,86 = 30.09). Crosses represent 
corresponding species scores. 

Riffles  Connected pools  Shaded pools  Full sun pools 
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Discussion 

 This study examined the role of persistent groundwater-dependent macrohabitats as 

refugia to aquatic invertebrates during an extreme drought. Macrohabitats were found to be 

refugia for 106 benthic macroinvertebrates and 4 microcrustacean taxa. Throughout the drought, 

perennial habitats (riffles and connected pools) were refugia to 19 taxa (17.9% total taxa) not 

collected in disconnected pools. Shaded disconnected pools contained 9 taxa not occurring in full 

sun disconnected pools. The macrohabitats shared in common several physical and chemical 

variables such as pH, geology, calcium carbonate groundwater and climate. Hydrologically 

connected riffles and pools, were characterized by higher dissolved oxygen and constant flow. 

Riffles contained three taxa, which are associated with perennial spring habitats with swift flow 

or cool water (Wang and Kennedy 2004, White and Roughley 2008), not found in other 

macrohabitats: Lutrochus sp., Neotrichia sp., and Mayatrichia ponta. Although it is not 

surprising that non-Tanypodinae Chironomidae and Ceratopogonidae were among the top five 

most dominant taxa in all macrohabitats, a pattern reported by Sponseller et al. (2010) and Miller 

and Golladay (1996); the riffles of Ash Creek also contain four sensitive aquatic taxa with high 

relative abundances. These four taxa, in decreasing order of relative abundance included 

Microcylloepus sp. (13.9%) and Marilia sp. (4.4%), and mayflies Tricorythodes sp. (7.1%) and 

Baetidae (6.9%). The elmid beetle Microcylloepus sp. was the second most abundant taxon in 

riffles.  

As in prior studies of perennial headwater streams and springs (Erman and Erman 1995, 

Miller and Golladay 1996, Fritz and Dodds 2004, Smith, Wood and Gunn 2003), flow 

permanence was shown to be a primary driver of benthic community diversity in this study. 

Along a gradient of increasing environmental harshness, shaded disconnected pools exhibited a 
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ramped response to prolonged drought with similar taxa richness, diversity, evenness and FFG 

composition as found in perennial connected pools. This pattern is thought to be related to the 

gradual drying of the macrohabitats due to the groundwater upwelling and moderation of solar 

radiation and temperature. Habitat persistence was considered to be the major determinant of 

community structure for temporary aquatic habitats (Williams 1996). In perennial headwaters, 

however, a closed canopy is a key driver of community benthic structure (Hawkins et al. 1983). 

Riparian cover is important for moderating temperatures within optimal growth ranges for 

warmwater fishes (Whitledge et al. 2006) and salmonids in groundwater-dependent streams and 

springs. A stepped pattern in overall taxa richness is likely to occur in streams where drying is 

rapid due to a combination of hydrogeology and climate (Lake 2000, 2003). Bonada et al. (2006) 

in a study of seasonally-drying Mediterranean climate streams in the spring found that 

macrohabitats of varying hydrological connectivity exhibited a ramped response with connected 

pools serving as a “bridge” habitat between riffles and disconnected pools. In my study, a 

stepped response seems to occur between disconnected pools with riparian shading and full sun 

pools. Functional shifts in community composition and dominant taxa, significant decreases in 

taxa richness, and EPT richness were observed between perennial habitats, including shaded 

disconnected pools, and full sun disconnected pools. Gathering collectors comprised 86% of the 

relative abundance in full sun disconnected pools compared to 60% relative abundance in shaded 

disconnected pools. This difference is thought to be related to higher conductivity, higher 

temperatures and reduced dissolved oxygen within disconnected pools as the dominant gatherer-

collectors, Ceratopogonidae and Chironomidae, include many taxa with physiologies more 

tolerant of environmental extremes (Merritt et al. 2008). This relationship of temperature and 

dissolved oxygen was not clearly discernible with the limitations imposed by point 
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measurements taken at time of sampling. Substrate differences related to increased sediment 

deposition in downstream intermittent full sun pools also favors taxa such as ceratopogonids and 

oligochaetes. 

 

Community Structure Differences Among Macrohabitats 

This study examined the relative importance and differential use of alternative drought 

refugia at a functional and individual taxon level. Studies of this type are important, because in 

frequently disturbed ecosystems, such as prairie streams, refugia are important to maintain 

species diversity and structuring biotic responses to extreme disturbances (Winemiller et al. 

2010). There were notable functional differences among macrohabitat types consistent with 

macrohabitat flow permanence and riparian cover. Riffles supported significantly higher taxa 

richness, EPT richness, diversity and proportion of lotic taxa, which is similar to other studies 

showing that riffles support higher taxa richness (Bonada et al. 2006) and studies of perennial 

systems that were groundwater-dependent (Erman and Erman 1995, Fritz and Dodds 2004, 

Miller and Golladay 1996). Throughout the drought, dissolved oxygen levels in perennial 

habitats averaged 8.2 mg/L with a minimum of 5.2 mg/L, which exceeds the Texas Commission 

on Environmental Quality’s dissolved oxygen criteria for an Exceptional classification for 

aquatic life use (TCEQ 2007). Aquatic life attributes associated with an exceptional ranking are: 

exceptionally high species richness and diversity, abundant sensitive species, highly 

heterogeneous habitats, and a balanced trophic structure.  

Filtering collector and shredder richness and abundances were lowest among all 

macrohabitats but highest in riffles. Sphaeridae was the only filtering collector occurring in all 

macrohabitats with highest densities in connected pools (226.8 m-2) and riffles (194.4 m-2). 
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Surface flow and cooler temperatures at the end of the study coincided with the presence of 

filtering aquatic insect taxa in perennial riffles. Net-building caddisflies, Chimarra sp. and 

Cheumatopsyche sp., and blackflies, Simulium sp. from riffles were collected towards the end of 

the study as discharge increased. Prairie streams are characterized as possessing low shredder 

diversity (Miller and Golladay 1996) and this study confirmed this pattern. The caddisfly, 

Marilia sp., the dominant shredder in riffle habitats, was abundant in riffle samples throughout 

the study period.  

As a group, gathering collectors dominated all macrohabitats in both richness and 

abundance. Striking differences in gathering collector taxa were seen among macrohabitats. 

Although non-Tanypodinae chironomids and ceratopogonids were dominant taxa in all 

macrohabitats, ceratopogonids in sun disconnected pools had the highest relative abundance and 

density of any taxa collected in the study, 43.5% of the total number collected and 3,291.3 m-2. 

In addition Oligochaeta was the second most dominant taxon in this macrohabitat with a density 

of 1,501 m-2 and relative abundance of 19.9%, which was the highest among macrohabitats. The 

dominance of oligochaetes and ceratopogonids in sun disconnected pools is thought to be related 

to the sandy, silty substrate layer over coarse gravel and these taxa frequently being found in 

high abundances in temporary ponds (Williams 2006) and the hyporheos (Sponseller et al. 2010). 

This is thought to reflect their physiological tolerance for high temperatures and low dissolved 

oxygen compared to lotic habitats. Oligochaetes, Chironomidae and Ceratopogonidae were also 

common in filtered hyporheic water and have been found to be abundant in other hyporheic 

studies (Gray and Fisher 1981). Sponseller et al. (2010) found these taxa to exhibit little change 

in abundance over decades through droughts and floods in Sycamore Creek, Arizona, and this 

was attributed to these taxa’s highly resilient traits especially their ability to move deep into 
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hyporheic sediments. Although amphipods often play an important role as shredders, they are 

generally classified as gathering collectors due to their omnivorous diets. Amphipods were found 

in low densities in all habitats except for shaded disconnected pools where they had a mean 

density of 567.9 m-2 and were the fourth most abundant taxa. Similar to this study, prior studies 

have found that amphipods can quickly reach high densities when flow diminishes and detritus is 

abundant (Covich et al. 2003). 

The fact that Chironomidae was not associated with either axis is likely due to its high 

abundance throughout macrohabitats.  Separation of the Tanypodinae from Chironomidae for 

CA would likely produce a different result as Tanypodinae densities in connected pools were 2-3 

times greater than in other macrohabitats.  Identification of Chironomidae to the generic level 

may provide taxonomic sufficiency to discern differences among macrohabitats by that typically 

speciose family alone, but identification of larvae to genus was beyond the scope of this study. 

The large cobble substrates of the headwater riffles of Ash Creek contained thick mats of 

periphyton and algae that supported specialized scraper taxa including five genera of Dryopoidea 

beetles from the families Elmidae, Lutrochidae and Dryopidae. Microcylloepus sp., Stenelmis 

sp., Heterelmis sp., Lutrochus sp. and Helichus sp. were commonly collected and Microcylloepus 

sp. larvae and adults were abundant in perennial riffles and connected pools throughout the 

drought and their dominance is thought to be tied to the high water quality and constancy of 

flow. Their presence in shaded disconnected pools 3 weeks and again at 3 months after these 

pools lost surface flow was unexpected. Helicopsyche sp. larvae were also rarely collected from 

shaded disconnected pools throughout the drought. Helicopsyche sp. cases are resistant to being 

crushed and larvae have been collected to depths of 30 cm in hyporheic substrates (Williams and 

Hynes 1974).This genus is reported to be able to survive in low oxygen environments (Williams 
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et al. 1983) and have a high thermal tolerance (Wiggins 2009). However, the presence of 

Helicopsyche sp. larvae from benthic substrates at the height of summer (August 2006) in pools 

with no surface flow demonstrates the importance of these habitats as refugia for lotic taxa. 

Planorbidae were the most dominant scraper taxa in shaded disconnected pools. Gastropoda was 

found to reach high densities in Sycamore Creek in years with low flow likely due to these taxa’s 

adaptations to higher temperature and reduced dissolved oxygen (Sponseller et al. 2010, Stanley 

et al. 1997). 

Shaded groundwater-dependent disconnected pools were important refugia for 13 lotic 

taxa. Further work is needed to understand the apparent physiological adaptations present in lotic 

taxa collected from shaded disconnected pools. Adaptations appear to have developed that allow 

certain lotic taxa to survive in habitats with less hospitable environmental conditions when 

compared to populations that occur in cooler, more temperate regions. Although many of the 

invertebrate taxa present in these systems are known to possess life-history or physiological 

adaptations to persist or escape periods of environmental stress, presence of persistent aquatic 

habitats are also providing critical refugia to support a diverse invertebrate community during a 

supra-seasonal drought. Groundwater-dependent habitats, acting as a source of aquatic insect 

propagules, are likely key to maintaining a diverse metapopulation of aquatic invertebrates over 

temporal and spatial scales to intermittent streams. Resumption of flow did not occur until 16 

October 2006 at the downstream site of Ash Creek and the downstream site of Silver Creek did 

not regain flow until the end of January 2007. Nearby regional streams are characterized as 

having minimal groundwater contribution and lacked persistent pool macrohabitats during the 

supra-seasonal drought. Regional streams were not observed to regain flow until early February 

2007.  
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Future Research Needs 

This research contributes to our understanding of the role springs and permanent pools 

play as refugia to a variety of invertebrates during periods of extreme drought and the likely role 

they play in providing adult aerial colonists to regional intermittent streams once these streams 

regain flow.  This research challenges what is known about the physiological tolerances of many 

lotic taxa and their classification as having low resistance to surviving drought. Larvae and 

pupae of caddisflies Marilia sp., Oecetis sp., Helicopsyche sp., and Microcylloepus sp. larvae 

and adults demonstrated resistance to drought by their presence in shaded disconnected pools 

that lacked surface flow for over a month. Shaded disconnected pools served as refugia for these 

lotic taxa and the habitat supported their development to aerial adults. 

Further studies to investigate the extent of gene flow or alternatively genetic isolation 

between Ash Creek populations with distant populations of travertine beetle (Lutrochus sp.), 

riffle beetle (Heterelmis sp.), and hydroptilids associated with springs (Mayatrichia ponta and 

Neotrichia sp.) is encouraged. Genetic analysis of disjunct populations could provide insights 

into whether adults are capable of long-distance dispersals to interbreed and if not, for how long 

these populations have been isolated from each other. Life history studies of the above taxa with 

low vagility and traits associated with low resistance to extreme disturbance is also encouraged 

in this endangered perennial setting. This study demonstrates that these species are reliant upon 

flowing water refugia during periods of extreme disturbance. Therefore, these four species are 

vulnerable to extirpation if groundwater overabstraction continues causing the few remaining 

groundwater-dependent streams and springs in the region to cease flowing.  
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Groundwater Conservation Management 

Headwater streams and springs are arguably the most varied of aquatic habitats (Meyer et 

al. 2007) and, as such, often contain rich plant and animal communities including endemic 

species. Rare taxa with low resilience, such as the travertine beetle, Lutrochus sp., caddisflies, 

Mayatrichia sp. and Neotrichia sp., would likely be displaced without the groundwater-

dependent perennial headwaters of Ash Creek. These groundwater-dependent ecosystems also 

provide a source of nutrients and freshwater to terrestrial consumers. The study area is populated 

by Meleagris gallopavo intermedia (wild turkey), Odocoileus virginianus (white-tailed deer), 

Canis latrans (coyote), Cheleydra serpentina (common snapping turtle), and Lynx rufus (bobcat) 

most of which were observed or left feathers or tracks at the sites evidencing their reliance on 

these groundwater dependent streams as corridors and sources of water during an extreme 

drought.  

Predicted global climate change of more frequent and severe droughts and higher 

temperatures in semi-arid regions (Matthews and Zimmerman 1990, Covich et al. 1997) coupled 

with the escalating human demands on groundwater and surface water resources will likely have 

a detrimental impact on the remaining groundwater-dependent ecosystems in the Great Plains 

and arid southwest (Fritz and Dodds 2004, IPCC 2007b). Research that builds our understanding 

of how aquatic organisms respond to extreme environmental conditions can help water planners 

and those interested in conservation meet the demands placed on finite water resources to 

provide for future sustainability and biotic integrity (Fritz and Dodds 2004). Maintenance of 

flow, regardless of discharge, has been shown to be crucial to maintaining aquatic biodiversity in 

other studies during disturbance (Erman and Erman 1995, Walters and Post 2011) and in the 

current study. Although biodiversity of invertebrates may not be reduced during low-flow 
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periods, other studies show that reduced discharge is tied to a reduction in invertebrate biomass 

(Walters and Post 2011). Conservation of groundwater is needed to ensure the perennial nature 

of these groundwater dependent ecosystems (Brune 2002), which play a key role in maintaining 

regional biodiversity in a semi-arid landscape dominated by intermittent streams (Dodds et al. 

2004, Fritz and Dodds 2004).  
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CHAPTER 2 

RECOLONIZATION AND COMMUNITY STRUCTURE DYNAMICS OF BENTHIC 

MACROINVERTEBRATES FOLLOWING A SUPRA-SEASONAL DROUGHT IN A 

FREQUENTLY DISTURBED GROUNDWATER-DEPENDENT STREAM IN SOUTH-

CENTRAL UNITED STATES 

Introduction 

Disturbance 

Natural disturbance, most commonly floods or droughts, is a major organizing concept in 

stream ecology (reviewed by Resh et al. 1988, Lake 2000, 2003). There is no consensus among 

stream ecologists as to the definition of disturbance, but Lake (2000), Poff (1992), and Rykiel 

(1985) encourage definitions based upon the abiotic properties of disturbances. Defining 

attributes of disturbances such as timing (season), duration and intensity (peak discharge or depth 

of streambed drying) as well as climate (evapotranspiration rates and temperature) and hydrology 

of study sites provides a framework to make realistic comparisons between different types of 

disturbance within the same system or disturbance of the same type in different systems (Lake 

2000).  

The effects of a disturbance on aquatic biota depend upon the availability of a variety of 

refugia (Erman 1996, Lake 2000). Stream ecology recognizes flow as the driving force that 

structures benthic communities (Resh et al. 1988) and perennial springs are important refugia for 

a variety of invertebrate taxa due to their flow permanence (Erman and Erman 1995, Meyer, et 

al. 2003) and surviving taxa play a vital role in recolonizing proximate intermittent streams 

following periods of disturbance (Miller and Golladay 1996, Fritz and Dodds 2004). Island 

biogeography theory (MacArthur and Wilson 1967) suggests that refugia distance and area are 
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important drivers of invertebrate recolonization rates in intermittent streams following drying 

and floods (Stanley et al. 1994, Fritz and Dodds 2004). Studies in systems affected by both 

drought and floods at varying spatial and temporal scales reveal the importance of nearby 

perennial refugia to recovery of aquatic invertebrate communities at nearby intermittent sites 

(Miller and Golladay 1996, Fritz and Dodds 2004). Intermittent streams of the Great Plains 

experience seasonal drying linked to increased evapotranspiration and extended periods of little 

to no precipitation during the summer (Jewell 1927, Matthews 1988, Covich et al. 1997). Prairie 

streams are also subject to unpredictable and severe flooding due to intense, isolated 

thunderstorms. Since drying and flooding disturb prairie streams frequently, they are ideal 

systems to study how climate variability impacts lotic ecosystems (Fritz and Dodds 2004).  

  

Extreme Climatic Events 

Seasonal droughts are predictable in a given climate; organisms in these streams are more 

likely to have evolved adaptations to cope with seasonal cessation of flow. In contrast, supra-

seasonal droughts are unpredictable and build gradually in intensity over several months or years 

of below-average rainfall (Lake 2003). In groundwater-dominated systems, supra-seasonal 

drought has been shown to have the greatest impact on in-stream community structure if it 

extends over winter when groundwater aquifers are typically recharged (Armitage and Petts 

1992, Wright and Symes 1999, Wright et al. 2002). Conservation of groundwater is necessary to 

ensure the perennial nature of these groundwater-dependent ecosystems, which play a role in 

maintaining regional biodiversity in a semi-arid landscape dominated by intermittent streams.  

Stable communities are characterized by having resistance, the capacity to persist in less 

favorable conditions, and resilience, the rate of recovery after a disturbance, or both (Webster et 
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al. 1975). Prior studies on the effects of disturbance on benthic community structure have 

measured the resistance and resilience of these assemblages to provide an overview of ecological 

stability for stream ecosystems (Grimm and Fisher 1989, Boulton and Lake 1992a, Golladay et 

al. 1992, Stanley et al. 1994, Fritz and Dodds 2004). Comparisons of taxa richness and 

invertebrate densities pre- and post-disturbance can be used to assess the resistance and 

resilience of disturbed communities and recovery rates. The terms resistant and resilient are also 

used to characterize individual species’ life history in terms of physiological or behavioral 

adaptations that allow them to respond to disturbance.  

 

Prior Drought Research 

Drought effects on in-stream biota vary greatly based on duration, frequency, season, 

flow permanence, and geographical extent of the drought (Wood and Petts 1999, Lake 2000, 

Bêche et al. 2009). Invertebrate densities during drying periods may decrease (Boulton and Lake 

1992b; Fritz and Dodds 2004), increase (Extence 1981), or remain unchanged (Hynes 1975). A 

stream community recovers from disturbance when it is restored to its pre-disturbance structure 

or function (Wallace 1990). However, the effects of supra-seasonal drought in groundwater 

ecosystems are difficult to study due to lag effects in benthic community recovery, which are 

dependent on aquifer recharge and recovery of the hyporheic zone to support favorable 

conditions for detritus processing (Stubbington et al. 2009a). 

 

Invertebrate Adaptations to Drought 

Many benthic invertebrates (e.g., Ephemeroptera, Plecoptera, and Diptera) possess 

behavioral or physiological drought adaptations (Burks 1953, Williams and Hynes 1976, 
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Crosskey 1990, Stewart and Harper 1996) that enable them to persist during periods of drying or 

rapidly recolonize habitats when conditions are more favorable. Aerial colonists from nearby 

refugia (Gray and Fisher 1981), movement of surviving organisms from the hyporheos into the 

stream (Brooks and Boulton 1991), downstream drift (Williams and Hynes 1976), and 

resumption of diapausing eggs or development of aestivating nymphs (Merritt et al. 2008) 

facilitate the reestablishment of the stream invertebrate community. Most species of Trichoptera 

have adults that have flight-periods lasting 3-4 weeks; however, flight periods lasting up to three 

months are documented for some species of Limnephilidae (Crichton et al. 1978, Morrison 1978, 

Wiggins and Currie 2008). The majority of Odonata species have adults with flight periods of a 

few weeks; however, continued emergence in some species extends their ability to colonize 

habitats (Tennessen 2008). Resilient taxa, especially the Chironomidae and Ceratopogonidae, are 

important to post-disturbance recovery of stream communities. Chironomidae are among the first 

taxa to aerially re-colonize intermittent streams and, because of their rapid development, often 

dominate the benthic community immediately after a disturbance (Gray 1980). In contrast to 

temperate streams of the northeast, dormancy is not a major life history adaptation in arid and 

semi-arid streams, although it has been documented for some groups, such as Plecoptera 

(Stewart and Stark 2002, Merritt et al. 2008). However, aquatic insects in north-central Texas are 

“living on the edge” in an area between arid and semi-arid precipitation patterns, and 

invertebrate communities of prairie streams must possess life history or behavioral adaptations to 

survive harsh environmental extremes (Dodds et al. 2004).   

Research concerning semi-arid prairie streams of North America demonstrates that 

invertebrate assemblages in these systems possess low resistance to seasonal drying. However, 

they show high resilience, primarily by rapid aerial colonization of reproductive adults from 
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nearby colonist pools (Gray 1980, Stanley et al. 1994, Miller and Golladay 1996, Fritz and 

Dodds 2004). Recovery from seasonal drying and flooding to pre-disturbance measures of taxa 

richness was greatest at sites in Kings Creek on Konza Prairie that were close to upstream 

perennial water sources.  Within this subset, taxa richness and densities stabilized after 2 to 4 

weeks following resumption of water flow. Yet, density recovery was not different based on 

distance from refugia (Fritz and Dodds 2004). The rate was comparable to those reported in other 

studies of perennial streams recovering from small-scale disturbances (Lake et al. 1989, Miller 

and Golladay 1996, Johnson and Vaughn 1995). 

Although research on the effects and recovery in benthic invertebrate communities after 

floods has been well studied in the northeastern United States (e.g., Resh et al. 1988, Yount and 

Niemi 1990, Poff et al. 1997), few studies have focused on community recovery after extreme 

droughts in arid or semi-arid streams (Lake 2000, Humphries and Baldwin 2003, Sponseller et 

al. 2010). Furthermore, no studies exist that examine the effects of supra-seasonal drought on 

invertebrate communities in groundwater-dependent streams of North America with a semi-arid 

climate. Studies of groundwater-dependent ecosystems in temperate regions of Europe indicate 

that invertebrate assemblages of these systems take a year or longer to recover from supra-

seasonal droughts (Wood and Armitage 2004, Wood et al. 2010). Groundwater-dependent 

headwaters are imperiled ecosystems that provide a range of ecosystem services (Boulton et al. 

2008) and with the additional stressors of predicted climate change and unsustainable 

groundwater abstraction these systems are at risk for passing a critical threshold and changing to 

a less desired state with a diminished capacity to deliver ecosystem services and recover from 

disturbances (Folke et al. 2004). 
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Study Objectives 

While prior studies of  benthic invertebrate community recolonization from seasonal 

drying in North American streams have been conducted, no studies of benthic community 

recovery exists for perennial streams impacted by supra-seasonal drought in a semi-arid 

environment. Additionally, the study area climate, geomorphology, habitat and hydrology are 

quite different from previously studied systems in North America, such as desert streams, 

temperate streams at higher latitudes, or Mediterranean-climate streams of California. Centrally 

located in the southern United States there are no comparable studies at this latitude that have 

studied benthic community recolonization following a supra-seasonal drought at an intermittent 

site downstream from a perennially-flowing stream reach in a groundwater-dependent stream 

system. This study investigated the recovery and trophic dynamics of a seasonal community 

assemblage to an extreme disturbance. The objectives of this study were to 1) determine the 

recolonization rate of benthic macroinvertebrates following a supra-seasonal drought that 

extended over two winters in a groundwater-dependent ecosystem and 2) determine if the 

perennial headwaters’ flow permanence supports a stable and productive benthic community as 

indicated by trophic structure. I hypothesized that sites with permanent flow throughout the 

drought would support higher taxa richness and densities of benthic macroinvertebrates 

throughout the study period, and that due to effects of extreme drought, recolonization and 

recovery of benthic macroinvertebrates at an intermittent site would take longer than periods 

reported for other intermittent streams. Further, I hypothesized that highly resilient taxa would 

characterize early recolonization, as demonstrated in other studies (Gray 1980, Stanley et al. 

1994, Miller and Golladay 1996). Perennial habitats were predicted to contain taxa with low 

resistance and/or resilience dependent on perennial flow. This is the first study of 
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macroinvertebrate recolonization following a supra-seasonal drought in groundwater-dependent 

perennial stream ecosystem in a semi-arid region, and the findings provide valuable information 

on the resistance or resilience of these invertebrate communities. Rapid recovery of benthic 

macroinvertebrate communities from disturbance is important because these communities are 

integral components of aquatic and terrestrial food webs. As a high quality food resource, 

benthic macroinvertebrates support higher trophic levels not only within aquatic habitats (fishes 

and anurans), but emerging aquatic insect adults also export nutrients to riparian corridors to 

migratory and native birds, bats, spiders, and aerial adult aquatic insects such as dragonflies. 

 

Materials and Methods 

Study Site Description 

Ash Creek is located in the Western Cross Timbers ecoregion of north-central Texas, 

USA (Fig. 2.1). The stream is 20.8 km long, originates in northeastern Parker County, runs 

easterly, and empties into Eagle Mountain Lake. Historically, numerous springs and several 

perennial streams existed in this area, but the vast majority have disappeared due to groundwater 

over-abstraction and sediment infilling (Brune 2002). Ash Creek is an upland, groundwater-

dependent stream receiving groundwater from the Paluxy Group of the Trinity Aquifer (Brune 

2002). Two sites with perennial flow and one downstream intermittent site were selected for this 

study. The headwater site was located far enough downstream of the spring source to have 

formed a sequence of alternating pools and riffles making it comparable in habitat to the other 

two sites. The intermittent site is located 3.0 km downstream of the mid-stream perennial site. 

Habitat features unique to the perennial headwater site include sandstone-exposed faces 

indicative of aquifer recharge, narrow and deeply incised channels, and high sinuosity. 
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Predominant surrounding land uses include livestock grazing, hay production, and exploration of 

Barnett Shale natural gas. Ash Creek headwater substrates consist of coarse gravel, large cobble, 

and a mixture of clay and sand with intermixed clay and shale lenses underlying the benthic 

sediments. Riparian zones along Ash Creek headwaters and the mid-reach site exceed 20 m. 

Emergent aquatic vegetation includes Rorippa nasturtium-aquaticum (watercress), Equisetum 

hyemale ssp. Affine (horsetail reed), and Mentha aquatica (aquatic mint). Overhanging 

vegetation includes Adiantum capillus-veneris (maidenhair ferns), sedges, rushes, and grasses. 

Pools often contain Chara sp. (muskgrass). The intermittent site on Ash Creek has a riparian 

width of less than 10 m. Substrate consists of coarse gravel, coarse sand, and silt. Riffles contain 

large rocks and larger cobble with coarse gravel and sand. Emergent aquatic vegetation at the 

intermittent downstream sites is limited to Equisetum hyemale ssp. affine, patches of Rorippa 

nasturtium-aquaticum, Potamogeton sp. (pond weed), and grasses, sedges, and rushes. 

North-central Texas has a semi-arid climate, typically receiving 882 mm of precipitation 

annually (NOAA, National Weather Service 2006). From 1975-2005, the average annual 

precipitation in Parker County was is 881 mm, with the wettest months being May, June, and 

October (average of 121, 100, and 106 mm of rain, respectively; NOAA, National Weather 

Service 2006). Variation in annual precipitation can be substantial in the region due to its 

geography: Areas immediately west of the area are much more arid and areas to the east receive 

considerably more annual rainfall. From fall 2005 to winter 2007 the study area experienced a 

supra-seasonal drought. For more information refer to Chapter 1.  
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FIG. 2.1.  Study Site locations on Ash Creek in north-central Texas, USA.  

 

Supra-Seasonal Drought 2005-2006 and Spring Spates of 2007 

The study area experienced one of the worst droughts on record during 2005 to 2006. In 

2005, rainfall for Parker County was 428 mm, the driest year on record dating back to 1891 

(NOAA, National Weather Service 2006). In December 2005, the Palmer long-term drought 

severity index (PDSI) classified the area as in a severe drought; by the end of September 2006, 



 

43 

the drought intensified and was classified as extreme (NOAA 2006). Total gains in lake volume 

from precipitation at Eagle Mountain Lake during 2005 and 2006, the lake into which Ash Creek 

empties, were 12,039 and 14,488 acre-feet, respectively, and total evaporation from Eagle 

Mountain Lake in 2005 and 2006 was 39,033 and 38,085 acre-feet, respectively (Tarrant 

Regional Water District 2009). Evaporative losses during the supra-seasonal drought of 2005 to 

early 2007 were roughly three times the gain from precipitation, demonstrating the extreme 

impact to small water bodies, such as streams and springs as discussed in Chapter 1. Conversely, 

the extreme two-year hydrologic drought was followed by one of the wettest springs on record. 

May, June, and October are normally the wettest months, averaging 116.6 mm, 115.8 mm, and 

101.6 mm, respectively (National Weather Service 2011). In 2007, the combined rainfall for the 

study area for the months of May, June, and July was 547.9 mm (62% of the average annual 

precipitation), and annual precipitation was 1,143.5 mm (National Weather Service 2011).  

 

Field and Laboratory Methods 

 Stream macroinvertebrates were sampled from riffles using a Surber sampler (0.09m2) 

fitted with a 250 µm mesh net. Riffles at the headwater site and second-order intermittent site 

were sampled monthly from August 2006 to July 2007 and again in April 2008. Sampling was 

more frequent at the headwaters and intermittent site after the return of flow, with sampling 1 

day, and then 1, 3, and 6 weeks after the return of flow on 17 October 2006. The middle 

perennial site was sampled in November 2006 and March 2007. Throughout the entire study, 

both the headwaters and downstream perennial site maintained modest flow.  The intermittent 

site was without surface flow from mid-July 2006 to mid-October 2006. Three replicate samples 

were taken at each sampling event using a hand trowel to disturb riffle sediments to an 
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approximate depth of 10 cm for 1 minute. Large cobble was picked up and brushed by hand to 

dislodge organisms. Samples were preserved in the field with 80% ethanol. Samples were rinsed 

through a Number 80 (180 µm) sieve, sorted under a dissecting microscope, identified, and 

labeled. Aquatic insects were identified to the lowest practical taxonomic level, typically to 

genus based on larval developmental stage and specimen condition. Chironomidae larval 

identifications were limited to the subfamily level of Tanypodinae and non-Tanypodinae, which 

include Chironominae and Orthocladiinae. Non-insect taxa identifications were identified at least 

to Phylum. 

Environmental parameters (dissolved oxygen, conductivity, water temperature, velocity, 

and pH) were measured twice monthly at the headwater and intermittent site and at the time of 

sampling only for the mid-stream perennial site. Stream velocities were measured using a Marsh-

McBirney Flo-Mate™ (model 2000) flow meter, and discharge was calculated from 

measurements of cross-sectional area and velocities. A YSI® Model 85™ was used to measure 

dissolved oxygen (mg/l), instream water temperature (°C), and conductivity (µS/cm standardized 

to 25 °C). Stream pH (s.i.) was determined using a pen-style pH probe (YSI® model number 

pH10A™). Following standard methods, grab samples were taken for determining alkalinity and 

hardness during winter 2006 at both the headwaters and intermittent site and titrated manually 

(APHA 1992). 

 

Data Analyses 

Analyses of variance (PROC GLM) were used to compare mean taxa richness, evenness, 

and Shannon’s Diversity (Log2) of benthic communities among seasons. A Shapiro-Wilks test 

was used to confirm normality of the data, and Sattherwaite’s degrees of freedom were used 
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when variances were unequal. Benthic invertebrate densities were log10 (x+1) transformed to 

meet assumptions of normality, and a Shapiro-Wilks test was used to confirm normality of 

transformed values. Post-hoc seasonal comparisons among sample mean indices, densities, and 

taxa richness were performed using the Student-Newman-Keuls multiple range test. Alpha level 

for significance for all statistical tests set at 0.05. Analysis of variance tests and multiple range 

comparison tests performed using SAS® (version 9.2 SAS Institute Inc., Cary, NC, USA). 

Functional feeding groups (FFG) were assigned to benthic macroinvertebrates using 

methods described in Merritt et al. (2008) and by the Texas Commission on Environmental 

Quality (TCEQ 2007). Samples were pooled by site and season for analysis to reveal seasonal 

changes in trophic resources and community stability. FFG are useful for determining the trophic 

resources available to benthic macroinvertebrates and FFG ratios reveal trophic dynamics within 

communities (Merritt et al. 2008). 

 Recovery of the benthic community following the resumption of flow was determined by 

monitoring taxa richness and density over time at the intermittent site. Since pre-drought data did 

not exist for this system, data from the perennial headwaters were used as a benchmark. Ash 

Creek was judged to be an adequate reference stream for this purpose. The headwater site 

maintained flow throughout the study period, and had similar habitat, geology and groundwater 

characteristics. Ash Creek was the only stream within approximately 20 km radius with 

permanent flow during the drought. In addition, at distances beyond 20 km of the study area 

differences in drought intensity and duration, habitat, groundwater characteristics and geology 

were introduced. The intermittent site had a robust and diverse benthic community prior to the 

loss of flow, and it was assumed that streambed drying at the intermittent site, lasting from July 

to October 2007, impacted benthic assemblages severely. Rate of recovery was measured from 
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the point of flow resumption at the intermittent site. Recovery at the intermittent site was defined 

as the date when no significant differences in densities, richness, and other community metrics 

between the perennial headwaters and the intermittent site were observed.    

 

Results 

Environmental Parameters 

Hydrologic regimes between the headwaters and intermittent site differed in terms of 

flow permanence, flashiness, and discharge (Table 2.1). Surface flow was restored at the 

intermittent site following rain events in mid-October 2006. Spates occurred at Ash Creek in 

November 2006, and a series of spates occurred from late April to July 2007 (Burk 2006, 2007 

personal observation).The intermittent site maintained flow until summer 2008, and once flow 

returned, stream water pH, temperature, and dissolved oxygen were similar among study sites 

(Table 2.1). Discharge varied considerably at all sites over the course of the study. Base flow 

from groundwater effluent at the height of the drought in August 2006 at the headwaters was 2.3 

l/s. Peak discharge occurred following the 2006 November seasonal flood. Alkalinity and 

hardness were measured from Ash Creek during the winter and spring, when both streams 

flowed. The perennial headwaters had an average alkalinity and hardness of 262 and 286 (mg/l 

CaCO3), respectively, while the downstream intermittent site’s average alkalinity and hardness 

were slightly lower at 240 and 257 (mg/l CaCO3), respectively. 

Flow permanence was a key driver in supporting higher benthic diversity and densities.At 

the headwater site, 21,802 individuals (n = 33) and 81 benthic macroinvertebrate taxa were 

collected from August 2006 to April 2008; at the downstream intermittent site 7,956 individuals 

(n = 27) and 72 macroinvertebrate taxa were collected from October 2006 to April 2008. 
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TABLE 2.1.  Environmental instream variables based on periodic point measurements in Ash Creek at Study Sites 1 and 2 (perennial) 
and Study Site 3 (intermittent) from August 2006 to July 2008. (“-” = no data available). 

 
 
 

Dissolved oxygen 
(mg/l) 

Conductivity 
(µS/cm) 

Temperature (°C) pH Discharge 

Date S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 

25 Aug 5.2 - - 435 - - 26.2 - - 8.0 - -  2.3 - 0 
22 Sep - - 4.3 - - 816 - - 24.8 - - 8.2 - - 0 
25 Sep 9.7 - - 464 - - 23.1 - - 8.3 - - 2.3 - 0 
13 Oct 9.8 - - 413 - - 22.0 - - - - - 3.1 - 0 
17 Oct - - 6.7 - - 556 - - 19.0 - - 8.2 - - 9.3 
24 Oct 10.4 - 9.4 - - 539 15.6 - 15.0 8.3 - 8.2 7.6 - 8.2 
31 Oct 8.7 - - 498 - - 16.6 - - - - - 5.4 - - 
7 Nov 8.8 - 8.7 536 - 531 17.5 - 13.6 8.2 - 8.3 10.8 - 17.8 
21 Nov - - - - - - - - -  -  - - 53.2 
28 Nov 7.3 5.7 7.3 527 589 359 18.8 17.8 17.2 7.9 7.7 7.7 959.9 952.0 1150.2 
16 Dec 9.5 - 9.3 533 - 551 16.1 - 13.4 7.9 - 7.9 7.4 - 21.8 
28 Dec 10.5 - 10.9 499 - 572 11.9 - 10.8 7.6 - 7.8 4.0 - 19.5 
10 Jan 11.6 - 12.0 358 - 571 9.6 - 6.4 7.8 - 7.5 4.5 - 17.6 
24 Jan 13.0 - 12.8 560 - 543 8.2 - 5.4 7.6 - 7.5 5.4 - 22.6 
13 Feb 12.0 - 11.5 540 - 581 11.2 - 9.6 8.0 - 8.3 5.1 - 17.3 
26 Feb 9.8 - 9.9 525 - 573 18.0 - 12.6 8.1 - 8.2 7.6 - 24.1 
12 Mar 10.5 - 9.5 529 - 554 18.5 - 18.6 7.8 - 8.1 5.4 - 24.9 
21 Mar - 6.7 - - 601 - - 18.6 - - 7.7 - - 23.8 - 
26 Mar 9.8 - 8.3 548 - 568 18.1 - 19.1 8.0 - 8.1 4.2 - 28.9 
11 Apr 10.6 - 11.7 540 - 615 20.5 - 20.1 7.9 - 8.0 3.4 - 37.4 
28 Apr 8.0 - 7.9 567 - 632 22.7 - 22.3 8.1 - 8.2 21.2 - 65.1 
9 May 10.3 - 9.4 578 - 587 22.2 - 23.6 8.3 - 8.4 38.8 - 84.1 
25 May 8.6 - 9.1 495 - 588 20.7 - 21.7 8.4 - 8.4 33.1 - 96.2 
12 Jun 8.5 - 7.8 531 - 619 27.1 - 25.6 8.2 - 8.5 36.0 - 90.0 
19 Jul 8.4 9.4 8.0 514 578 580 26.7 26.6 25.2 8.6 8.7 8.9 30.3 - 87.5 
17 Aug 5.7 - - 241 - - 25.6 - - 7.7 - - 7.1 - - 
05 Apr 10.2 - 9.3 514 - 556 18.7 - 20.6 8.8 - 8.6 70.2 - 149.8 
14 Jul 8.2 - 6.4 464 - 420 27.1 - 29.5 7.7 - 7.8 3.1 - 0.6 
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Samples taken from the mid-stream perennial site in November 2006 (n = 3) and March 2007 (n 

= 3) contained 5,828 individuals and 60 macroinvertebrate taxa. Since Oligochaeta were 

identified to class and Chironomidae were identified as Tanypodinae or non-Tanypodinae 

estimates of taxa richness are conservative. There were no taxa collected regularly at the 

intermittent site that did not occur at the perennial sites. Ten taxa exclusively collected from 

perennial habitats included Hirudinea, Hexagenia sp., mayfly Isonychia sp., winter stoneflies 

Allocapnia cf. granulata and Zealeuctra cf. hitei, travertine beetle Lutrochus cf. luteus, riffle 

beetle Heterelmis sp., micro-caddisfly Mayatrichia ponta, Athericidae, and stratiomyid fly 

Caloparyphus sp. Of these, only Caloparyphus sp. was collected in greater than 50% of samples.  

Core taxa collected during 2006 to 2007, defined as those with annual abundances greater 

than 1% (Miller and Golladay 1996), differed between the headwater study site and the 

intermittent site (Fig. 2.2). Among the 25 core taxa, many reflected distinct abundance patterns 

between perennial and intermittent sites. Post-flow Study Site 2 had dense populations of 

resilient taxa, such as Physidae, non-Tanypodinae chironomids, and Simuliium sp., while 

Baetidae, Stenelmis sp., and Cheumatopsyche sp. were more abundant at the intermittent Study 

Site 3. In contrast, 17 of the 25 core taxa had higher abundances at the perennial headwaters 

compared to the intermittent site. Examples of perennial core taxa with higher annual 

abundances than at the intermittent site included Platyhelminthes, Odonata (Argia sp. and 

Gomphidae), Ephemeroptera (Tricorythodes sp.), Coleoptera ( Microcylloepus sp.), Trichoptera 

(Helicopsyche sp., Hydroptilidae, Marilia sp.), and Diptera (Culicoides sp., Dasyhelea sp., 

Ceratopogon sp., Tanypodinae, and Tipulidae).  

Access to the downstream perennial Study Site 2 was limited. However, since Study Site 

2 diversity and density values were comparable to Study Site 1, Study Site 1 was used as a 
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recovery benchmark for comparison to Study Site 3 (Figs. 2.3 and 2.4). 

 

FIG. 2.2.  Annual percent distribution of core taxa (comprising >1% of total benthic 
macroinvertebrate abundance in riffles) in Ash Creek from August 2006 to July 2007. 

 
Taxa richness was significantly lower at the intermittent site in comparison to the perennial study 

sites until the summer 2007 (Table 2.2, Fig. 2.3). The intermittent site exhibited faster recovery 

in density with no significant differences between perennial sites and the intermittent site 
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occurring by spring 2007 (Table 2.2, Fig. 2.4). Diversity and evenness exhibited the same pattern 

as density with no significant differences between the intermittent and perennial site detectable 

by spring 2007.  

TABLE 2.2.  Mean (±1 SE) taxonomic richness, density [log10 (x+1)], diversity, and evenness of 
macroinvertebrates in riffles of Ash Creek in north-central Texas from fall 2006 to summer 
2007 and spring 2008. Study Sites 1 and 2 were perennial and Study Site 3 was intermittent 
with flow returning mid-October 2006. Post-hoc Student-Newman Keuls (SNK) multiple 
range tests were used in groupings for significant models. Bold values indicate significance (α 
= 0.05). 

 

Variable Site 1 Site 2 Site 3 ANOVA SNK groups 

    F P  
Fall 2006       
Taxa Richness 30.3(0.96) 39.3(3.38) 19.5(1.09) 43.335 < 0.001 2 > 1 > 3 
Log Density  3.59 (0.05) 4.06 (0.13) 3.11 (0.11) 16.31 < 0.001 2 > 1 > 3 
Diversity  3.60 (0.07) 3.87 (0.13) 3.02 (0.15) 9.52 < 0.001 2 = 1 > 3 
Evenness 0.73 (0.02) 0.73 (0.02) 0.71 (0.04) 0.14 0.87  
Winter 2007       
Taxa Richness 34.2(1.92)  17.0(0.58) 36.56 < 0.001 1 > 3 
Log Density  3.97 (0.15)  3.24 (0.06) 10.47 0.01 1 > 3 
Diversity  3.74 (0.11)  2.85 (0.16) 22.43 0.002 1 > 3 
Evenness 0.74 (0.02)  0.69 (0.04) 1.22 0.30  
Spring 2007       
Taxa Richness 26.8(1.80) 32.3(1.86) 18.0(0.86) 20.22 < 0.001 2 > 1 > 3 
Log Density  3.67 (0.09) 3.93 (0.05) 3.58 (0.09) 3.09 0.08  
Diversity  3.36 (0.16) 3.19 (0.39) 2.53 (0.27) 3.42 0.06  
Evenness 0.71 (0.03) 0.64 (0.07) 0.61 (0.06) 1.22 0.33  
Summer 2007       
Taxa Richness 22.7(1.76)  21.7(3.18) 0.08 0.80  
Log Density  3.92 (0.08)  3.78 (0.07) 1.85 0.25  
Diversity  2.67 (0.07)  2.90 (0.08) 4.99 0.09  
Evenness 0.59 (0.01)  0.66 (0.01) 18.68 0.01 3 > 1 
Spring 2008       
Taxa Richness 24.0(2.89)  25.0(0) 0.12 0.75  
Log Density  3.39 (0.12)  3.53 (0.08) 0.92 0.39  
Diversity  3.60 (0.16)  3.52 (0.11) 0.15 0.72  
Evenness 0.79 (0.03)  0.76 (0.02) 0.65 0.47  
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A difference in diversity was close to significance in spring 2007 (ANOVA, F = 3.42, P = 0.06). 

Following unusual floods in spring 2007, evenness was significantly higher at the intermittent 

site than the headwaters summer 2007 (ANOVA, F = 18.68, P = 0.01). By spring 2008, both 

intermittent and headwater study sites were comparable in terms of taxa richness, density, 

diversity, and evenness with no significant differences detected (Table 2.2). 

 

 
FIG. 2.3.  Boxplots of seasonal taxa richness of macroinvertebrates from Study Sites 1, 2, and 

3 of Ash Creek. 
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FIG. 2.4.  Boxplots of seasonal log-transformed densities of macroinvertebrates from Study 
Sites 1, 2, and 3 of Ash Creek.  

 

Seasonal Changes in Trophic Structure 

Macroinvertebrates defined as gathering collectors, followed by predators and scrapers, 

were consistently the dominant FFGs at the perennial headwaters (Table 2.3, Tables 2.5-2.8). 

Filtering collectors at the headwaters maintained seasonal abundance below 10% of the total 

collected, except for summer 2007 when filtering collectors were 39.6% of the total collected 

and were represented by Cheumatopsyche sp. (17.4%), Simuliium sp. (11.7%), and Chimarra sp. 

(10.4%) (Tables 2.3, 2.6) . With summer 2006 stream discharges as low as 2.3 l/s, the 
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headwaters supported a population of filtering collectors (Sphaeridae, 2.6%: 76.8/m2) and a 

relatively high percentage of shredders (10.9%; Tables 2.3 and 2.8). Perennial headwater 

summer populations of Marilia sp. (8.4%: 244.5/m2) and Tipula sp. (2.5%: 73.7/m2) represented 

the shredder FFG (Table 2.8). The dominant scraper taxon in all seasons at the headwater site 

was Microcylloepus sp., followed by Helicopsyche sp. by a wide margin. 

TABLE 2.3.  Relative abundance (%) values of macroinvertebrate functional feeding groups 
(FFG) at Study Site 1 (perennial headwaters) during the study. Filtering-collectors (FC), 
gathering-collectors (GC), predators (PR), scrapers (SCR), and shredders (SHR). 
 

FFG Summer 
2006 
n = 3 

Fall 
2006 

n = 12 

Winter 
2007 
n = 6 

Spring 
2007 
n = 6 

Summer 
2007 
n = 3 

Spring 
2008 
n = 3 

FC  2.7 7.7 9.5 3.2 39.6 5.3 
GC 33.3 36.7 45.1 39.2 51.0 34.3 
PR 27.5 28.4 22.9 23.0 6.6 26.2 
SCR 25.5 22.4 19.4 33.2 2.6 11.7 
SHR 10.9 4.8 3.1 1.4 0.2 22.5 

  
TABLE 2.4.  Relative abundance (%) values of macroinvertebrate functional feeding groups 
(FFG) at Study Site 3 during the study. Riffles were dry during summer 2006. Filtering-
collectors (FC), gathering-collectors (GC), predators (PR), scrapers (SCR), and shredders (SHR).  
 

FFG Summer 
2006 
n = 0 

Fall 
2006 

n = 12 

Winter 
2007 
n = 3 

Spring 
2007 
n = 6 

Summer 
2007 
n = 3 

Spring 
2008 
n = 3 

FC  21.5 14.7 25.5 36.0 10.0 
GC  41.0 30.2 49.0 48.0 25.4 
PR  9.7 6.5 12.2 3.8 10.3 

SCR  27.3 48.0 13.2 12.0 38.2 
SHR  0.4 0.6 <0.1 0.2 16.1 

 

Trophic structure varied widely throughout the study at the intermittent site (Table 2.3, Tables 

2.5-2.8). During early recolonization in fall 2006, a few taxa dominated the intermittent site: 

non-Tanypodinae chironomids, Simuliium sp., Microcylloepus sp., and Physidae (listed in order 

of density). Several taxa appeared as early instars in low numbers (fewer than 5 individuals) in 

fall 2006 samples but did not appear in winter 2006 samples.  
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TABLE 2.5.  Mean standardized densities (D; no./m2) and relative abundances (RA) of 
invertebrate taxa with seasonal abundances >0.3% at Study Sites 1 and 3 during the 2005-
2007 supra-seasonal drought in north-central Texas. Bold text indicates the five most 
abundant taxa within each study site. Functional feeding groups (FFG) are filtering collectors 
(FC), gathering collectors (GC), predators (PR), scrapers (SCR), and shredders (SHR). 

Fall 2006 Winter 2006-2007 
   Site 1 

n = 12 
Site 3 
n = 12 

Site 1 
n = 6 

Site 3 
n = 3 

FFG Taxa  D RA D RA D RA D RA 

FC Corbiculidae Corbicula sp. 0 0 6.0 0.3 9.0 <0.1 21.5 1.2 
 Sphaeridae  215.6 5.2 1.0 <0.1 80.7 0.7 0 0 
 Philopotamdiae Chimarra sp. 15.5 0.4 0 0 25.1 0.2 0 0 
 Simuliidae Simuliium sp. 90.3 2.2 361.5 21.1 1049.0 8.6 240.3 13.5 
GC Nematoda  4.1 0.1 45.1 2.6 35.9 0.3 32.3 1.8 
 Oligochaeta  115.3 2.8 84.7 4.9 753.2 6.1 182.9 10.3 
 Amphipoda  17.5 0.4 0 0 19.7 0.2 0 0 
 Baetidae  138.2 3.3 8.6 0.5 975.6 8.0 43.0 2.4 
 Leptohyphidae Tricorythodes sp. 243.3 5.8 1.0 <0.1 1458.0 11.9 0 0 
 Elmidae Dubiraphia sp. 17.0 0.4 0 0 10.8 0.1 3.6 0.2 
 Ceratopogonidae Dasyhelea sp. 133.4 3.2 34.8 2.0 77.1 0.6 0 0 
 Chironomidae Non-Tanypodinae 831.5 19.9 497.6 29.0 2055.2 16.8 269.0 15.1 
 Stratiomyidae Caloparyphus sp. 16.0 0.4 0.9 <0.1 114.8 0.9 0 0 
PR Platyhelminthes Turbellaria 117.0 2.8 0.5 <0.1 288.7 2.4 3.6 0.2 
 Hydracarina  47.4 1.1 25.9 1.5 150.6 1.2 7.2 0.4 
 Zygoptera Immature 91.9 2.2 6.0 0.4 193.7 1.6 0 0 
 Coenagrionidae Argia sp. 66.9 1.6 0 0 129.1 1.1 0 0 
 Gomphidae Immature 99.8 2.4 0 0 156.0 1.3 0 0 
 Perlidae Perlesta decipiens 25.6 0.6 36.4 2.1 299.5 2.4 43.0 2.4 
 Perlodidae Hydroperla crosbyi 0 0 0 0 0 0 10.8 0.6 
 Dytiscidae  0 0 9.6 0.6 0 0 28.7 1.6 
 Hydrophilidae  4.3 0.1 15.3 0.9 1.8 <0.1 7.2 0.4 
 Ceratopogonidae Bezzia/Palpomyia sp. 31.7 0.8 1.0 <0.1 28.7 0.2 0 0 
 Ceratopogonidae Ceratopogon sp. 52.2 1.3 3.4 0.2 111.2 0.9 0 0 
 Ceratopogonidae Culicoides sp. 330.8 7.9 8.1 0.5 970.2 7.9 0 0 
 Chironomidae Tanypodinae 259.3 6.2 50.0 2.9 294.1 2.4 14.3 0.8 
 Ceratopogonidae Probezzia sp. 15.5 0.4 6.1 0.3 96.8 0.8 0 0 
 Tabanidae T.W.A. sp. 22.4 0.5 1.4 <0.1 55.6 0.5 0 0 
SCR Gastropoda Physidae 3.6 0.1 177.4 10.3 10.8 0.1 699.4 39.3 
 Gastropoda Planorbidae 7.2 0.2 32.6 1.9 5.4 <0.1 17.9 1.0 
 Elmidae Microcylloepus sp. 814.8 19.5 227.2 13.2 1981.6 16.2 104.0 5.8 
 Elmidae Stenelmis sp. 4.8 0.1 19.7 1.1 68.2 0.6 21.6 1.2 
 Helicopsychidae Helicopsyche  21.6 0.5 0 0 114.8 0.9 0 0 
 Hydroptilidae Hydroptila sp.  48.4 1.2 0 0 122.0 1.0 0 0 
 Hydroptilidae Neotrichia sp. 9.1 0.2 0 0 48.4 0.4 0 0 
SHR Odontoceridae Marilia flexuosa 145.8 3.5 1.9 0.1 247.5 2.0 10.8 0.6 
 Tipulidae Tipula sp. 55.9 1.3 1.8 0.1 134.5 1.1 0 0 
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Table 2.6.  Mean standardized densities (D; no./m2) and relative abundances (RA) of invertebrate 
taxa with seasonal abundances >0.3% at Study Sites 1 and 3 spring 2007 and spring 2008 
following the 2005-2007 supra-seasonal drought in north-central Texas. Bold text indicates 
the five most abundant taxa within each study site. Functional feeding groups (FFG) are 
filtering collectors (FC), gathering collectors (GC), predators (PR), scrapers (SCR), and 
shredders (SHR). 

 
.

Spring 2007 Summer 2007 
   Site 1 

n = 6 
Site 3 
n = 6 

Site 1 
n = 3 

Site 3 
n = 3 

FFG Taxa  D RA D RA D RA D RA 

FC Corbiculidae Corbicula sp. 3.6 <0.1 0 0 0 0 3.6 <0.1 
 Sphaeridae  9.0 0.2 0 0 0 0 0 0 
 Philopotamdiae Chimarra sp. 0 0 7.2 0.2 893.1 10.4 369.4 6.0 
 Hydropsychidae Cheumatopsyche sp. 5.4 0.1 34.1 0.8 1499.2 17.4 1355.8 21.9 
 Simuliidae Simuliium sp. 139.9 2.8 1029.4 24.6 1011.4 11.7 495.0 8.0 
GC Nematoda  5.4 0.1 0 0 0 0 39.4 0.6 
 Oligochaeta  297.7 6.0 116.6 2.8 68.1 0.8 46.6 0.8 
 Amphipoda  3.6 <0.1 55.6 1.3 0 0 0 0 
 Ephemeroptera Immature 0 0 0 0 0 0 0 0 
 Baetidae  120.2 2.4 457.3 10.9 3705.0 43.0 2080.2 33.7 
 Caenidae  0 0 10.8 0.3 0 0 0 0 
 Leptohyphidae Tricorythodes sp. 331.8 6.7 0 0 304.9 3.5 7.2 0.1 
 Elmidae Dubiraphia sp. 1.8 <0.1 1.8 <0.1 0 0 0 0 
 Ceratopogonidae Dasyhelea sp. 78.9 1.6 9.0 0.2 3.6 <0.1 0 0 
 Chironomidae Non-Tanypodinae 982.8 19.9 1400.6 33.4 304.9 3.5 469.8 7.6 
PR Platyhelminthes Turbellaria 43.0 0.9 7.2 0.2 75.3 0.9 0 0 
 Hydracarina  12.6 0.3 32.3 0.8 7.2 <0.1 7.2 0.1 
 Zygoptera Immature 0 0 0 0 3.6 <0.1 0 0 
 Coenagrionidae Argia sp. 35.9 0.7 5.4 0.1 57.4 0.7 50.2 0.8 
 Gomphidae Immature 40.1 0.7 1.8 <0.1 3.6 <0.1 3.6 <0.1 
 Libellulidae Immature 3.6 <0.1 0 0 25.1 0.3 3.6 <0.1 
 Perlidae Perlesta decipiens 91.5 1.9 55.6 1.3 0 0 0 0 
 Dytiscidae  0 0 9.0 0.2 0 0 0 0 
 Hydrophilidae  1.8 <0.1 25.1 0.6 0 0 0 0 
 Ceratopogonidae Bezzia/Palpomyia sp. 35.9 0.7 9.0 0.2 0 0 3.6 <0.1 
 Ceratopogonidae Ceratopogon sp. 138.1 2.8 5.4 0.1 17.9 0.2 3.6 <0.1 
 Ceratopogonidae Culicoides sp. 177.5 3.6 12.6 0.3 0 0 0 0 
 Chironomidae Tanypodinae 530.8 10.8 344.3 8.2 319.2 3.7 107.6 1.7 
 Tabanidae T.W.A. sp. 37.7 0.3 1.8 <0.1 3.6 <0.1 10.8 0.2 
SCR Gastropoda Physidae 23.3 0.5 276.2 6.6 0 0 0 0 
 Gastropoda Planorbidae 9.0 0.2 14.3 0.3 0 0 0 0 
 Heptageniidae Stenonema sp. 16.1 0.3 3.6 <0.1 32.3 0.3 0 0 
 Elmidae Microcylloepus sp. 1406.0 28.5 195.5 4.6 161.4 1.9 165.0 2.7 
 Elmidae Stenelmis sp. 37.7 0.8 61.0 1.5 0 0 491.4 8.0 
 Lutrochidae Lutrochus cf. luteus 12.6 0.3 0 0 10.8 0.1 0 0 
 Helicopsychidae Helicopsyche  62.8 1.3 0 0 46.6 0.5 32.2 0.5 
 Hydroptilidae Hydroptila sp.  37.7 0.8 0 0 3.6 <0.1 32.0 0.5 
 Hydroptilidae Neotrichia sp. 23.3 0.5 1.8 <0.1 3.6 <0.1 7.2 0.1 
SHR Odontoceridae Marilia flexuosa 50.2 1.0 0 0 3.6 <0.1 3.6 <0.1 
 Tipulidae Tipula sp. 16.1 0.3 1.8 <0.1 10.8 0.1 0 0 
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TABLE 2.7.  Mean standardized densities (D; no./m2) and relative abundances (RA) of 
invertebrate taxa with seasonal abundances >0.3% at Study Sites 1 and 3 spring 2007 and 
spring 2008 following the 2005-2007 supra-seasonal drought in north-central Texas. Bold text 
indicates the five most abundant taxa within each study site. Functional feeding groups (FFG) 
are filtering collectors (FC), gathering collectors (GC), predators (PR), scrapers (SCR), and 
shredders (SHR). 

 

Spring 2007 Spring 2008 
   Site 1 

n = 6 
Site 3 
n = 6 

Site 1 
n = 3 

Site 3 
n = 3 

FFG Taxa  D RA D RA D RA D RA 

FC Corbiculidae Corbicula sp. 3.6 <0.1 0 0 0 0 0 0 
 Sphaeridae  9.0 0.2 0 0 3.6 0.1 0 0 
 Philopotamdiae Chimarra sp. 0 0 7.2 0.2 46.6 1.8 71.7 2.1 
 Hydropsychidae Cheumatopsyche sp. 5.4 0.1 34.1 0.8 28.7 1.1 251.0 7.2 
 Simuliidae Simuliium sp. 139.9 2.8 1029.4 24.6 57.4 2.2 28.6 0.8 
GC Nematoda  5.4 0.1 0 0 3.6 0.1 7.2 0.2 
 Oligochaeta  297.7 6.0 116.6 2.8 14.3 0.6 35.8 1.0 
 Amphipoda  3.6 <0.1 55.6 1.3 25.1 1.0 93.2 2.7 
 Ephemeroptera Immature 0 0 0 0 0 0 0 0 
 Baetidae  120.2 2.4 457.3 10.9 301.3 11.7 602.6 17.2 
 Caenidae  0 0 10.8 0.3 0 0 32.2 0.9 
 Leptohyphidae Tricorythodes sp. 331.8 6.7 0 0 254.7 9.9 14.4 0.4 
 Elmidae Dubiraphia sp. 1.8 <0.1 1.8 <0.1 0 0 0 0 
 Ceratopogonidae Dasyhelea sp. 78.9 1.6 9.0 0.2 0 0 0 0 
 Chironomidae Non-Tanypodinae 982.8 19.9 1400.6 33.4 279.8 10.8 93.3 2.7 
PR Platyhelminthes Turbellaria 43.0 0.9 7.2 0.2 50.2 1.9 46.6 1.3 
 Hydracarina  12.6 0.3 32.3 0.8 14.3 0.6 10.8 0.3 
 Zygoptera Immature 0 0 0 0 0 0 0 0 
 Coenagrionidae Argia sp. 35.9 0.7 5.4 0.1 71.7 2.8 48.2 1.4 
 Gomphidae Immature 40.1 0.7 1.8 <0.1 7.2 0.3 7.2 0.2 
 Libellulidae Immature 3.6 <0.1 0 0 3.6 0.1 7.2 0.2 
 Perlidae Perlesta decipiens 91.5 1.9 55.6 1.3 10.8 0.4 39.4 1.1 
 Dytiscidae  0 0 9.0 0.2 0 0 0 0 
 Hydrophilidae  1.8 <0.1 25.1 0.6 0 0 0 0 
 Ceratopogonidae Bezzia/Palpomyia sp. 35.9 0.7 9.0 0.2 0 0 0 0 
 Ceratopogonidae Ceratopogon sp. 138.1 2.8 5.4 0.1 139.9 5.4 18.0 0.5 
 Ceratopogonidae Culicoides sp. 177.5 3.6 12.6 0.3 136.3 5.3 14.4 0.4 
 Chironomidae Tanypodinae 530.8 10.8 344.3 8.2 233.1 9.0 150.6 4.3 
 Tabanidae T.W.A. sp. 37.7 0.3 1.8 <0.1 3.6 0 0 0 
SCR Gastropoda Physidae 23.3 0.5 276.2 6.6 10.8 0.4 3.6 0.1 
 Gastropoda Planorbidae 9.0 0.2 14.3 0.3 3.6 0.1 0 0 
 Heptageniidae Stenonema sp. 16.1 0.3 3.6 <0.1 0 0 3.6 0.1 
 Elmidae Microcylloepus sp. 1406.0 28.5 195.5 4.6 161.4 6.3 563.0 16.1 
 Elmidae Stenelmis sp. 37.7 0.8 61.0 1.5 21.5 0.8 286.9 8.2 
 Lutrochidae Lutrochus sp. 12.6 0.3 0 0 0 0 0 0 
 Helicopsychidae Helicopsyche  62.8 1.3 0 0 100.4 3.9 469.9 13.4 
 Hydroptilidae Hydroptila sp.  37.7 0.8 0 0 3.6 0.1 3.6 0.1 
 Hydroptilidae Neotrichia sp. 23.3 0.5 1.8 <0.1 0 0 0 0 
SHR Odontoceridae Marilia flexuosa 50.2 1.0 0 0 39.5 1.5 7.2 0.2 
 Tipulidae Tipula sp. 16.1 0.3 1.8 <0.1 538.0 20.8 555.9 15.9 
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TABLE 2.8.  Mean standardized densities (D; no./m2) and relative abundances (RA) of 
invertebrate taxa with seasonal abundances >0.3% at Study Sites 1 and 3 summer2007 and 
summer 2008 following the 2005-2007 supra-seasonal drought in north-central Texas. Bold 
text indicates the five most abundant taxa at each site. Functional feeding groups (FFG) are 
filtering collectors (FC), gathering collectors (GC), predators (PR), scrapers (SCR), and 
shredders (SHR). 

 

 

 

 

 

 

Summer 2006 Summer 2007 
   Site 1 

n = 3 
Site 1 
n = 3 

FFG Taxa  D RA D RA 

FC Corbiculidae Corbicula sp. 0 0 0 0 
 Sphaeridae  76.8 2.6 0 0 
 Philopotamdiae Chimarra sp. 1.0 <0.1 893.1 10.4 
 Hydropsychidae Cheumatopsyche sp. 0 0 1499.2 17.4 
 Simuliidae Simuliium sp. 0 0 1011.4 11.7 
GC Nematoda  2.0 <0.1 0 0 
 Oligochaeta  50.5 1.7 68.1 0.8 
 Amphipoda  1.0 <0.1 0 0 
 Baetidae  77.8 2.7 3705.0 43.0 
 Caenidae  7.1 0.2 0 0 
 Leptohyphidae Tricorythodes sp. 427.2 14.6 304.9 3.5 
 Elmidae Dubiraphia sp. 0 0 0 0 
 Ceratopogonidae Dasyhelea sp. 81.8 2.8 3.6 <0.1 
 Chironomidae Non-Tanypodinae 286.8 9.8 304.9 3.5 
 Stratiomyidae Caloparyphus sp. 28.3 1.0 0 0 
PR Platyhelminthes Turbellaria 70.7 2.4 75.3 0.9 
 Hydracarina  70.7 2.4 7.2 <0.1 
 Zygoptera Immature 25.3 0.9 3.6 <0.1 
 Coenagrionidae Argia sp. 100.0 3.4 57.4 0.7 
 Gomphidae Immature 76.8 2.6 3.6 <0.1 
 Libellulidae Immature 8.1 0.3 25.1 0.3 
 Naucoridae Ambrysus sp. 5.1 0.2 0 0 
 Ceratopogonidae Bezzia/Palpomyia sp. 17.2 0.6 0 0 
 Ceratopogonidae Ceratopogon sp. 36.4 1.2 17.9 0.2 
 Ceratopogonidae Culicoides sp. 73.7 2.5 0 0 
 Chironomidae Tanypodinae 284.8 9.7 319.2 3.7 
 Tabanidae T.W.A. sp. 15.2 0.5 3.6 <0.1 
SCR Gastropoda Physidae 3.0 0.1 0 0 
 Gastropoda Planorbidae 6.1 0.2 0 0 
 Heptageniidae Stenonema sp. 0 0 32.3 0.3 
 Elmidae Microcylloepus sp. 625.2 21.4 161.4 1.9 
 Elmidae Stenelmis sp. 5.0 0.2 0 0 
 Lutrochidae Lutrochus sp. 15.2 0.5 10.8 0.1 
 Helicopsychidae Helicopsyche sp. 35.4 1.2 46.6 0.5 
 Hydroptilidae Hydroptila sp.  37.4 1.3 3.6 <0.1 
 Hydroptilidae Mayatrichia ponta 9.1 0.3 0 0 
 Hydroptilidae Neotrichia sp. 9.1 0.3 3.6 <0.1 
SHR Odontoceridae Marilia flexuosa 244.5 8.4 3.6 <0.1 
 Tipulidae Tipula sp. 73.7 2.5 10.8 0.1 
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Examples of taxa collected in fall 2006 but absent until spring or summer 2007 included the 

following: Tricorythodes sp., Zygoptera, Bezzia sp., Ceratopogon, Culicoides sp., Probezzia sp., 

Tabanus sp., and Tipulidae. The winter 2006 benthic community at the intermittent site was 

depauperate in terms of both taxa richness and density in comparison to the perennial headwaters 

and was dominated by Physidae (39.3%: 699.4/m2), non-Tanypodinae chironomids (15.1%: 

269.0/m2), and Simuliium sp. (13.5%: 240.3/m2; Table 2.5, Figs. 2.3 and 2.4). 

 

Post-Spate Communities  

The benthic macroinvertebrate communities of the headwaters and intermittent site 

exhibited different trajectories in terms of densities and taxa richness from winter 2007 to 

summer 2007. A series of spates that spanned May and June 2007 reduced invertebrate densities 

and taxa richness at both sites. Following the atypical series of spates in May and June 2007, 

mean densities of benthic macroinvertebrates increased in July 2007 at the headwaters and the 

intermittent study site. Headwater mean densities of invertebrates increased from 3,780.3/m2 to 

8,615.2/m2, while intermittent densities increased slightly from 5,652.6/m2 to 6179.8/m2. Total 

richness of the combined samples at the headwater site increased from 32 taxa in May to 34 in 

July. The intermittent site experienced the largest increase in taxa richness with totals increasing 

from 23 in May to 33 in July. However, mean richness declined at the headwaters from winter 

2007 (mean = 34.2) until summer 2007 (mean = 22.7). The intermittent site exhibited a slow 

increase in mean richness over the same time period (winter mean = 17.0 to summer mean = 

21.7). Filtering collectors reached their highest seasonal abundances in summer 2007 at both 

headwater and intermittent sites, represented by Cheumatopsyche sp., Simuliium sp. and 

Chimarra sp. (Table 2.3 and 2.4). Baetidae densities also peaked in summer 2007 at the 
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headwaters (43.0%, 3,705.0/m2) and intermittent site (33.7%, 2,080.2/m2). Aside from 

Nematoda, all other gatherer-collectors were absent or had dramatic reductions in densities 

between spring and summer 2007 (Table 2.6). Spate effects on the headwater stream reduced 

habitat patches by removing macrophyte beds of watercress and algae, which is thought to 

partially explain the decline in richness seen in summer 2007. 

 

Dry Year 2006 versus Wet Year 2007 

Shedder abundances were greater at both sites following a year with above average 

rainfall compared to low shredder abundances following the extreme drought (Table 2.3, 2.4). 

Shredder abundance at the headwater site peaked in spring 2008 at 22.5%, with Tipula sp. 

comprising 20.8% and Marilia sp. 1.5% (Table 2.7). The same pattern in spring 2008 shredder 

relative abundance was observed for the intermittent site, with shredders making up 16.1% of the 

benthic community (Table 2.4). Shredder relative abundances at the intermittent site were Tipula 

sp. 15.9% (555.9/m2) and Marilia sp. 0.2% (7.2/m2) (Table 2.8). Helicopsyche sp. reached its 

highest density (100.4/m2) in spring 2008. The relative abundance of scrapers remained high 

(greater than 20%) at the intermittent site until the summer spates of 2007 when the abundance 

of scrapers declined to 2.6%. Scraper relative abundances at the headwaters in spring 2008 

(11.7%) were one-third the level obtained in spring 2007 (33.2%)(Table 2.3). The opposite trend 

was observed at the downstream intermittent site, with scraper relative abundances nearly 

tripling from 13.2% in spring 2007 to 38.2% in spring 2008 (Table 2.4). This shift in scraper taxa 

was due to Physidae decreasing in densities and increases in Microcylloepus sp., Stenelmis sp., 

and Helicopsyche sp. 
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Discussion 

This study is unique in that it is the only one that examines the effects of a supra-seasonal 

drought in a semi-arid environment in a groundwater-dependent perennial stream with high 

disturbance frequency. This study demonstrates that a supra-seasonal drought in a semi-arid 

region has a long-lasting impact upon the benthic community composition in a groundwater-

dependent stream. This indicates that groundwater-dependent ecosystems are more vulnerable to 

flow reductions and extreme drought effects. The number of groundwater-dependent springs and 

streams are rapidly declining (Brune 2002), and the few remaining perennial systems continue to 

serve as refugia for aquatic biota and provide a range of ecosystem services that are undervalued 

(Boulton et al. 2008). Even with nearby upstream perennial refugia and hyporheic refugia, 

recovery of macroinvertebrate densities took 6 months. Overall models of taxa richness and 

density were significantly higher at the perennial headwater site than the intermittent site over 

the entire study period.  

 

Initial Colonization at the Intermittent Study Site 

During the first few weeks following return of flow at the intermittent site in mid-

October, highly resilient taxa dominated the benthic community: non-Tanypodinae chironomids, 

simulids, riffle beetle larvae Microcylloepus sp., and physid snails. Except for Microcylloepus 

sp., all taxa remained among the six most dominant as determined by relative abundances until 

spring 2007. With high dispersal ability, short developmental times, and high fecundity, 

Chironomidae were important early colonizers once flow returned. The drought-resistant eggs of 

chironomids and simulids were the likely source of these populations at the intermittent site. 

Simuliidae typically establish populations upon rewetting of drought-resistant eggs in stream 
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margins (Crosskey 1990). Simuliium sp. population densities peaked 4 weeks after the return of 

flow. Taxa richness in the first few weeks after flow returned was characterized by many taxa 

occurring in low abundances (fewer than 5 individuals), early instar mayflies, caddisflies and 

other taxa that may have drifted downstream from the perennial segment but did not appear 

again until spring or summer 2007. This may have been due to the predominance of low-quality 

food sources following the extreme drought and lower amounts of conditioned detrital food 

sources and biofilms (Lake 2003). Loss of surface water and reductions in hyporheic water are 

associated with decreased breakdown rates of dry leaves and interstitial organic matter limiting 

the release of dissolved organic carbon into the water column (Lake 2003; Krause et al. 2011). 

This may explain the decline in taxa richness at the intermittent site from November to 

December 2006 as microbial activity and biofilms influence algal and benthic invertebrate 

assemblages (Feris et al. 2003). Spatial distribution of aquatic invertebrates at the intermittent 

site in winter 2006 was more homogeneous than immediately after resumption of flow in fall 

2006. One incidence that contributed to high variability in densities was a replicate, which 

contained 405 early instar chironomid larvae, taken one week after the return of flow. This 

sample likely represented a clutch of recently hatched drought-resistant eggs. Due to extreme 

patchiness in densities and species in the early stages of recolonization, densities and taxa 

richness were highly variable at the intermittent study site during fall 2006; this variability 

decreased in subsequent seasons (Figs. 2.3 and 2.4). 

Aerial colonization did not appear to be as an effective early-colonization pathway at the 

intermittent site as it was for intermittent streams in other studies (Gray 1980, Stanley et al. 

1994). This may be linked to the timing of flow resumption during a period of expected reduced 

flight activity and low abundances of well-conditioned detrital food resources for larvae. In a 
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separate study, discussed in Chapter 1, conducted in the summer of 2006, the hyporheic zone 

was a limited refugia at the intermittent site. Taxa collected from hyporheic water at the 

intermittent site when the stream was dry included ceratopogonids, chironomids, oligochaetes, 

tipulids, ostracods, and copepods.  

 

Post-winter Succession of Taxa at Intermittent Study Site 

Until July 2007, nine months after flow resumed, taxa richness was significantly lower at 

the intermittent site than it was at the perennial headwaters (Table 2.2). Using the headwater 

community as a surrogate for the highest possible taxa richness expected at this previously 

uninvestigated intermittent site, establishment of a diverse benthic community with taxa richness 

comparable to the perennial headwater site took longer than reported in previous seasonal 

drought and flood studies in arid desert streams and tall grass prairie streams of North America 

(Gray and Fisher 1981, Stanley et al. 1994, Miller and Golladay 1996, Fritz and Dodds 2004). 

The longer recovery pattern observed in the current study resembles that observed following 

supra-seasonal drought in groundwater-dependent ecosystems. Slower recovery, lasting a year or 

more, in these studies was attributed to the catastrophic nature of the drought that negatively 

impacted not only refugia for invertebrates but also conditions for the rapid succession of 

biofilms upon rewetting (Stubbington et al. 2009a). Effects of the supra-seasonal drought began 

in fall 2005 and spanned two winter seasons, 2006 and 2007, when recharge through higher 

precipitation was at its highest. Effects of supra-seasonal droughts on benthic communities may 

be greatest in groundwater-dependent ecosystems that extend over the winter, associated with the 

usual period of aquifer recharge (Wood and Armitage 2004, Stubbington et al. 2009a). 
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Dry Year and Wet Year Comparison 

Community structure differences between spring 2007 and spring 2008 were pronounced 

and reflected long-term effects of supra-seasonal drought. Taxa present in kick-net samples from 

April 2006 at the intermittent site (personal observation) that were not collected in March or May 

2007 included Tricorythodes sp., Hetaerina sp., Enallagma sp., Ambrysus sp., Corydalus 

cornutus sp., Marilia sp., Helicopsyche sp., and Leptophlebia sp. Differences between kick-net 

sampling and Surber sampling may not have captured odonates and rare occurrences of 

Corydalus cornutus; however, sampling disparities would not affect absences of mayflies 

Tricorythodes sp., Leptophlebia sp., caddisflies Marilia sp., and Helicopsyche sp. In July 2007, 

following the severe spate, Marilia sp. and Helicopsyche sp. were rarely collected (1 and 9 

individuals, respectively). In spring 2008, Marilia sp., Helicopsyche sp., Tricorythodes sp., and 

Leptophlebia sp. were present. Helicopsyche sp. was common, but fewer than five individuals of 

Tricorythodes sp., Marilia sp., and Leptophlebia sp. were collected. The FFG sampled in spring 

2008 were different than those sampled in spring 2007 with major increases in shredder densities 

at both sites (Tables 2.3, 2.4, Fig. 2.7) and with the densities of Tipulidae increasing dramatically 

from 16.1 to 538.0/m2 at the headwater site and from 1.8 to 555.9/m2 at the intermittent site. 

Sponseller et al. (2010) found tipulids to be the strongest indicator taxa in discerning 

dissimilarities between samples following wet and dry years in the desert stream Sycamore 

Creek. Other key indicator taxa associated positively with wet years were Helicopsyche sp., 

Cheumatopsyche sp., Fallceon sp., and Stratiomyidae, whereas Gastropoda reached highest 

densities following dry years. These same taxa were present at both sites in the current study and 

reflect the same patterns between dry year 2007 and wet year 2008 as demonstrated by 

Sponseller et al. (2010). Tipulidae, Helicopsyche sp., and Stratiomyidae are characterized as 
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having low resistance to extreme drought (Sponseller et al. 2010). The two abundant shredder 

taxa in Ash Creek, Marilia flexuosa and Tipulidae, play an important role in processing of 

allocthanous material and nutrient cycling. Although both are able to migrate to the hyporheos 

during high intensity spates, they are apparently dependent upon water quality and/or 

biogeochemical conditions associated with surface flow. These associated conditions are likely a 

combination of higher dissolved oxygen requirements of M. flexuosa larvae and the more 

efficient biodegradation of organic matter by bacteria and protists within oxygenated hyporheic 

sediments (Boulton et al. 2008). Multiple supra-seasonal droughts and extreme disturbances 

could have a cumulative detrimental impact on populations and produce long-range impacts on 

the benthic assemblages that may result in regional extirpation of taxa that play key roles as 

ecosystem engineers, such as M. flexuosa, Helicopsyche sp., and Tipulidae.  

 

Taxa Restricted to Perennial Habitats 

Taxa sampled exclusively from perennial sites included sensitive aquatic insect taxa with 

low resilience (e.g.  Allocapnia cf. granulata, Zealeuctra cf. hitei, Lutrochus cf. luteus, 

Heterelmis cf. vulnerata LeConte, and Mayatrichia ponta Ross). Of those sampled, only 

Allocapnia sp. and Zealeuctra sp. are known to have life history adaptations to drought. 

Allocapnia sp. early instar nymphs are capable of diapause in hyporheos (Stewart and Harper 

1996, Stewart and Stark 2002), while some Zealeuctra spp. possess drought-resistant eggs 

capable of remaining viable in a dry streambed for two or more years (Snellen and Stewart 1979, 

Stewart and Harper 1996). Lutrochus sp. and other riffle beetles pupate in terrestrial stream 

margins above the stream’s edge in moist soil or rotting wood, and upon eclosion disperse 

aerially on a nuptial flight (Merritt et al. 2008). The travertine water beetle genus, Lutrochus, is 
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represented by three species in North America and is associated with small, cool fast-flowing 

perennial groundwater springs and streams (White and Roughley 2008). The nearest reported 

population of Lutrochus sp. is approximately 275 km south of Ash Creek in the Edwards Aquifer 

region of central Texas. Unlike most adults of Elmidae, adults of Lutrochus sp. are short-lived 

and retain their ability to fly, but little is known about their life histories (Brown 1972, White and 

Roughley 2008). Lutrochus sp. occurred in low abundances in all seasons (fewer than 10 

individuals), with peak larval numbers collected in August and September. If extirpated from 

Ash Creek, it is unlikely that colonization of Lutrochus sp. from Central Texas adults would 

occur. Lutrochus luteus adults are short-lived, small-bodied, weak fliers that feed on algae and 

mine travertine (White and Roughley 2008, Brown 1972). Heterelmis sp. occurred at the 

downstream perennial site during both samplings in November 2006 and March 2007, with 

larvae collected in November and a single adult collected in March. Limited life history 

information can be gleaned due to restricted sampling at that site, but it appears that Heterelmis 

sp. depends upon perennial flow during the winter to complete its life cycle. Wang and Kennedy 

(2004) described the multi-voltine life history of Mayatrichia ponta Ross 1944 from Honey 

Creek within the Arbuckle Mountain springs of Turner Falls Park, Oklahoma, a system with an 

average perennial stream baseflow discharge of 144.4 l/s (5.1 cfs), roughly 50 times that of Ash 

Creek (Table 2.1; USGS 2011). M. ponta has two summer generations and one generation in 

each of the remaining seasons of the year (Wang and Kennedy 2004). There are six known 

species of Mayatrichia, and the genus is known to occur from northern South America to 

southern Ontario and is associated with rocks in fast-moving waters of large streams or rivers 

(Wang and Kennedy 2004, Wiggins 2009). Final instar larva construct cases of silken secretions 

often combined with soft travertine deposits (Wang and Kennedy 2004, Wiggins 2009) and at 
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least the species M. ponta is associated with permanently flowing calcium carbonate 

groundwater-dependent streams. Mayatrichia ponta was sampled from Ash Creek headwaters 

from May to September with pupae taken in July and August of 2006. Distributions of these 

three taxa represent significant range extensions from previously known distributions and 

reflects the biogeographical context of their histories and their habitat requirements. This 

research has demonstrated that a groundwater-dependent stream with a baseflow classified 

during a supra-seasonal drought as a very small seep (Brune 2002) serves as a habitat for 

sensitive aquatic invertebrates (Lutrochus sp., Heterelmis sp., and Mayatrichia sp.),  previously 

known only from much larger spring systems. This finding reveals the importance of small 

headwater spring systems as high quality aquatic habitats and their role in maintaining regional 

species diversity (Meyer et al. 2007).  

 

Flow Permanence Maintenance Temporal and Spatial Spring Refugia 

Although invertebrate diversity may not be reduced during low-flow periods, other 

studies have suggested that reduced discharge is tied to a reduction in invertebrate biomass 

(Walters and Post 2011). This reduction in biomass has dramatic impacts on terrestrial 

consumers dependent on riparian ecosystem productivity (Adams 2010, Albright et al. 2010).  

The perennial nature of Ash Creek supported a highly productive and diverse community of 

benthic invertebrates throughout the study. Perennial headwaters, such as those in this study, 

hasten the recovery of benthic communities in intermittent streams once flow returns (Fritz and 

Dodds 2004). However, proximity to perennial water sources is only one factor determining the 

rate of recolonization. Duration and intensity of extreme climatic events in addition to temporal 

differences in resumption of flow are additional important factors affecting the rate of benthic 
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community recovery. In this study, perennial habitats were important refugia for a diverse 

community that reached its highest taxa richness in late fall and winter. Conservation of 

groundwater is necessary to ensure the perennial nature of these groundwater-dependent 

ecosystems, which play a role in maintaining regional biodiversity in a semi-arid landscape 

dominated by intermittent streams.  

The unexpected result of overall decreasing taxa richness at the perennial headwater site 

from August 2006 to April 2008 is thought to reflect lag effects of supra-seasonal drought 

similar to those reported in other studies on groundwater systems (Stubbington et al. 2009a). 

Lower densities and richness in April 2008 and changes in community composition support the 

assertion that the supra-seasonal drought had a prolonged impact on the perennial headwater site. 

Macroinvertebrate communities at the intermittent site demonstrated much slower recovery than 

the 1 to 2 months reported in other arid and semi-arid streams in North America recovering from 

seasonal drying and floods. Extreme droughts in groundwater-dependent systems have more 

severe impacts when the droughts extend over winter seasons that coincide with typical periods 

of aquifer recharge (Wood and Armitage 2004). In groundwater-dependent streams, full recovery 

of the conditions in the hyporheos and aquifer are necessary before normal streamflow is 

possible and recovery in aquatic benthic communities can occur (Stubbington et al. 2009a). 

Microbial transformations of dissolved and particulate organic matter and biogeochemical 

processes in the hyporheic zone are key drivers of lotic system productivity (Pusch et al. 1998) 

and extreme drought can severely impact these processes through changes in temperature 

regimes, transport of nutrients, and dilution of metabolic wastes and contaminants (Lake 2003, 

Krause et al. 2010). The successive scouring spates of April through June contributed to the 

extreme delay in recovery of taxa richness at both sites and the stabilization of community 
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function as reflected in FFG. Seasonal flooding in November 2006 reshaped gravel beds, making 

conditioned organic material available to invertebrates, and helped to reestablish fungal and 

microbial communities necessary for effective processing of detritus at the intermittent site. 

However, due to the repeated spring spate disturbances, newly hatched benthic invertebrates at 

both sites could not be established and were killed or injured and flushed downstream. Further 

research addressing the changes during drought in biogeochemical processes in the hyporheos 

that affect microbial processes and limit this habitat as biotic refugia under varying flow regimes 

will aid in understanding recovery of stream community assemblages after disturbances. Life 

history research on taxa restricted to imperiled perennial groundwater-dependent habitats is also 

urgently needed.  

Without successful groundwater management and conservation, I think that Ash Creek 

will stop flowing and become intermittent within the next 15 years. Evidence supporting this 

comes from Silver Creek, located a few kilometers from Ash Creek in the same subwatershed. 

Silver Creek used to be perennial along its length as recently as 1955, as indicated by USGS 

topographical maps. Other streams in the same or adjacent subwatershed that were perennial in 

1955 that have since become intermittent include Mill Branch, Woody Creek, Mary’s Creek, and 

Live Oak Creek. The change of these streams from perennial to intermittent within a relatively 

short time period (approximately 50 years) has exerted a strong filter on regional biodiversity 

and greatly reduced the temporal and spatial availability of biotic refugia during periods of 

extreme drought. Brune (2002) in a follow-up survey of north-central Texas perennial springs in 

the 1970s found that the majority had failed within the preceding few decades due to over-

abstraction and sediment infilling.  

At the time of this study, the area was under extensive water mining pressures related to 
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completion of hydro-fractured Barnett Shale gas wells and over-abstraction to support residential 

developments in a formerly sparsely populated rural landscape (Burk and Kallberg 2012). Along 

with most of the state of Texas, the study area experienced another supra-seasonal drought in 

2011. A return visit to the study sites in July 2011 indicated that the formerly perennial Site 2 

had surface water but no flow. Long-term biological and hydrological monitoring of threatened 

groundwater-dependent ecosystems is needed to understand interannual variability of these 

systems in the context of extreme disturbances and to provide information on effluent trends and 

stability of the aquifer.  

Due to predicted increases in the frequency and duration of droughts due to climate 

change (IPCC 2007a), and intensifying and fierce competition by multiple-stakeholders over 

finite water resources, already imperiled freshwater habitats are projected to continue a 

precipitous decline in number and quality (Reid 2010; Strayer and Dudgeon 2010). The arid and 

semi-arid southwestern United States is predicted to experience higher rates of evaporation and 

more frequent and prolonged droughts, increasing evaporative losses from vegetation, soils, and 

surface water (IPCC 2007b). Many aquifers in the southwestern United States are already 

heavily utilized and additional stressors are expected to lead to decreased aquifer recharge (IPCC 

2007b). Climate change model simulations based on average recharge for the Edwards Aquifer 

in Texas predict decreased spring discharge or spring failure, water shortages, and negative 

environmental consequences (Loáiciga et al. 2000). Predicted global climate change leading to 

more frequent and severe droughts and higher temperatures in semi-arid regions (Matthews and 

Zimmerman 1990, Covich et al. 1997) coupled with escalating demands on groundwater and 

surface water resources will have a detrimental impact on the remaining groundwater-dependent 

ecosystems in the Great Plains and arid southwest (Fritz and Dodds 2004, IPCC 2007b). In the 
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current study, it was demonstrated that flow permanence was a key driver in supporting higher 

benthic diversity and densities. Regardless of discharge, flow maintenance is crucial for 

conserving aquatic biodiversity during disturbance (Erman and Erman 1995, Bêche et al. 2009, 

Walters and Post 2011). Effective management of groundwater resources for the maintenance of 

base groundwater-dependent ecosystem flows will help reduce the frequency and severe impact 

of extreme climatic disturbances to aquatic biota.  

Conservation of groundwater-dependent habitats is also vital as a source of water for 

wildlife. For example, the emergence of aquatic insect populations during stressful drought 

periods provides nutrients for bats, migratory birds, and other consumers that these populations 

depend upon for survival and successful reproduction and rearing of young. During droughts, 

water scarcity has detrimental impacts on deer populations, and declines in riparian insect 

emergence have been shown to limit bat and bird populations (Adams 2010, Albright et al. 

2010). 
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CHAPTER 3 

CHIRONOMIDAE COMMUNITY COMPOSITION AND EMERGENCE PHENOLOGIES 

FROM PERENNIAL AND INTERMITTENT SITES IN A GROUNDWATER-DEPENDENT 

STREAM FOLLOWING A SUPRA-SEASONAL DROUGHT 

Introduction 

The majority of streams of the arid and semi-arid United States are intermittent 

(Matthews 1988a). The aquatic biota within these streams may possess one or more 

physiological, behavioral, or life history characteristics to survive or persist through periods of 

reduced flow and intermittency. Some temporary aquatic habitats are known to support diverse 

communities with species that possess adaptations to seasonal drying, and they may contain 

endemic species (Williams 1996; Casas and Langton 2008). Intermittent streams have been 

found to support lower taxa richness (Kavanaugh 1984, Miller and Golladay 1996), higher taxa 

richness (Dieterich and Anderson 2000), or no difference in taxa richness than nearby perennial 

streams (Feminella 1996, Grubbs 2010). Freshwater habitats are critically endangered habitats 

that have suffered a precipitous decline globally over the past 50 years (Meyer et al. 2007, 

Strayer and Dudgeon 2010). Groundwater-dependent habitats are among the most threatened due 

to intensifying demands upon aquifers for drinking water and other economic interests (Reid 

2010, Strayer and Dudgeon 2010, Burk and Kallberg 2012).  

In Chapters 1 and 2, I examined the benthic macroinvertebrate assemblages of a single 

habitat, riffles and the communities of four different macrohabitats. To sample from all available 

habitat types within the stream would have been unfeasible and beyond the scope of this study. 

However, the use of Chironomidae surface floating pupal exuviae (SFPE) has many advantages 

over collection and identification of benthic samples and over identification of Chironomidae 
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larvae. Larval identifications of chironomids are time-consuming, and the larvae must be slide 

mounted to make taxonomic determinations. Unlike sampling for chironomid larvae, which is 

usually limited to a particular macrohabitat, collection of SFPE potentially represents species 

from all in-stream microhabitats, including the hyporheos, because all species must float to the 

surface to emerge. A collection of chironomid SFPE was conducted in the present study to 

provide a broader overview of stream diversity from all instream macrohabitats. SFPE 

collections require little time and exuviae are easy to sort in the laboratory. Exuviae can be 

directly mounted on slides, and diagnostic characters are readily visible due to the lack of tissues. 

SFPE are easily distinguished to the generic and oftentimes species level.  Once a reference-slide 

collection for a location is compiled, most specimens can be readily sorted and identified without 

the need for slide mounting (Ferrington et al. 2008). 

 Chironomidae are a speciose and physiologically diverse family of flies that are often a 

dominant taxon in streams and springs of North America (Ferrington et al. 2008). Chironomidae 

primarily consists of species with immature life stages associated with lotic and lentic habitats; 

however, they are also common in temporary habitats, such as recently flooded riparian 

sediments and tree holes (Ferrington et al. 2008). Because Chironomidae is a speciose family 

containing species with a wide range of physiological adaptations, they make an excellent focal 

group for studying changes in the community composition of lotic and lentic habitats 

(Blackwood et al. 1995, Ferrington et al. 1995, Ferrington 1998, 2000, Chou et al. 1999, Balci 

and Kennedy 2002), phenology (Wartinbee and Coffman 1976, Boerger 1981, Kavanaugh 1984, 

Bouchard and Ferrington 2009), biogeography (Brundin 1966), and biological monitoring 

(Barton et al. 1995, Orendt 2000, Kreutzweiser et al. 2005, Gresens et al. 2007).  
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The effects of a disturbance on aquatic biota depend upon the availability of a variety of 

refugia (Erman 1996, Lake 2000). Perennial spring pools and hyporheic zones have been shown 

to serve as refugia for a variety of invertebrate taxa (e.g., Erman and Erman 1995, Meyer and 

Meyer 2003) where surviving taxa may play a vital role in recolonizing nearby intermittent 

streams. Few studies have investigated the role of flow permanence in shaping Chironomidae 

community diversity (Kavanaugh 1984; Chou et al. 1999; Casas and Langton 2008). Prior 

studies of Chironomidae community composition suggest that slow flowing lowland streams are 

as distinct in their assemblages as are high-gradient mountain streams (Boerger 1981). Since 

Chironomidae are ubiquitous, speciose, and typically a dominant taxon and key driver of nutrient 

cycling in aquatic ecosystems, they can provide an overview of overall trophic dynamics and 

ecosystem function (Ferrington et al. 2008). 

 

Study Objectives 

This study was designed to describe the taxonomic composition and phenologies of 

Chironomidae over a 1 year period (July 2006 to July 2007) from a groundwater-dependent 

stream during and following the north-central Texas supra-seasonal drought of 2005-2006. Two 

stream reaches were sampled intensively: a perennial headwater reach and an intermittent 

downstream reach without flow from July 2006 to October 2006.  

This study consisted of four objectives: 

1) to examine the differences in chironomid community composition on a seasonal basis at 

sites of different hydrological permanence;  

2) to determine which site supported the greatest taxa richness and compare the stream’s 

overall taxa richness to prior similar studies; 
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3) to compare emergence phenologies of dominant taxa between the perennial and 

intermittent sites; and  

4) to determine the likely role of flow permanence and saturated hyporheic zones in shaping 

Chironomidae communities. 

 

Materials and Methods 

Study Site Description 

Two streams were selected for this study: Ash and Silver Creeks located in the Western 

Cross Timbers ecoregion of north-central Texas, USA (Fig. 3.1). Ash Creek is a perennial stream 

for approximately 2.0 km becoming intermittent at the lower reaches. Silver Creek is an 

intermittent stream. Ash Creek was sampled from July 2006 to July 2007 and again in September 

2008. Ash Creek is 20.8 km long, originates in northeastern Parker County, runs easterly, and 

empties into Eagle Mountain Lake. Historically, the area contained numerous springs and several 

perennial streams, but the vast majority of these have failed due to groundwater overabstraction 

and sediment infilling (Brune 2002). Ash Creek is an upland, groundwater-dependent stream 

receiving groundwater from the Paluxy Group of the Trinity Aquifer (Brune 2002). Two sites 

with perennial flow (Study Sites 1 and 2) and a downstream intermittent site (Study Site 3) were 

selected on Ash Creek. Study Site 2 is located 2.5 km downstream from the headwaters, and 

Study Site 3 is located 3.0 km downstream of the mid-stream perennial site. Throughout the 

supra-seasonal drought (defined in Chapter 1), both the headwaters and downstream perennial 

site maintained modest flow. Habitat features unique to the perennial headwater site include 

sandstone-exposed faces indicative of aquifer recharge, narrow and deeply incised channels, and 

high sinuosity. Predominant surrounding land uses include livestock grazing, hay production, 
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and exploration of Barnett Shale natural gas. Ash Creek headwater substrates consist of coarse 

gravel, large cobble, and a mixture of clay and sand with intermixed clay and shale lenses 

underlying the benthic sediments. Riparian zones along Study Site 1 (Ash Creek headwaters) and 

Study Site 2 (mid-reach site) exceed 20 m. Emergent aquatic vegetation includes Rorippa 

nasturtium-aquaticum (watercress), Equisetum hyemale subsp. affine (horsetail reed), and 

Mentha aquatica (aquatic mint). Overhanging vegetation includes Adiantum capillus-veneris 

(maidenhair ferns), sedges, rushes, and grasses. Pools often contain Chara sp. (muskgrass). 

Intermittent Study Site 3 on Ash Creek has a riparian width of less than 10 m. Study Site 3 

substrate is comprised of coarse gravel, coarse sand, and silt, and riffles contain large rocks and 

larger cobble with coarse gravel and sand. Emergent aquatic vegetation at the intermittent 

downstream sites is limited to Equisetum hyemale subsp. affine (horsetail reed) and limited 

patches of Rorippa nasturtium-aquaticum (watercress) and Potamogeton sp. (pond weed), with 

grasses, sedges, and rushes also common. Ash and Silver Creeks contain fish. 

 

Hydrological Periodicity and Sampling Dates 

 The supra-seasonal drought of 2005 lasted into the winter of 2007. Study Sites 1 and 2 

maintained perennial flow throughout the drought, which made these habitats unique to the 

region within an approximate 20 km radius as discussed in Chapter 1. Study Site 3 was without 

surface flow from15 July 2006, to 17 October 2006. This period of intermittency for Study Site 3 

was far shorter than observed for other nearby intermittent streams with less groundwater 

effluent. Flow in surrounding intermittent streams returned first to Silver Creek in mid-January 

2007 with other intermittent streams regaining flow in mid-February. Samples were taken from 

Silver Creek from isolated pools during periods of intermittency and soon after flow resumed. 
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North-central Texas has a semi-arid climate. The region typically receives 882 mm of 

precipitation annually (NOAA, National Weather Service 2006). Parker County, which contains 

Ash Creek, had an average annual precipitation of 881 mm between 1975 and 2005. The wettest 

months are May, June, and October, averaging 121, 100, and 106 mm of rain, respectively 

(NOAA, National Weather Service 2006). Variation in annual precipitation can be substantial in 

the region due to its geography. Areas immediately west are much more arid, while areas to the 

east receive considerably more annual rainfall.  

 

Chironomidae Pupal Exuviae Collection Methods and Taxonomic Determinations 

Surface floating pupal exuviae were collected with an equal sampling effort of 10 minute 

intervals using a fine-meshed (330µm) stainless steel mesh coffee filter and were rinsed into 

bottles with stream water. Sampling began downstream, proceeded upstream at each study site, 

and targeted backwater areas where surface films that characteristically entrain chironomid and 

other insect exuviae. Exuviae were sorted under a dissecting microscope the same day of 

collection, preserved in 80% ethanol, and later slide mounted using Euparol®. Seventy-seven 

percent of exuviae were slide mounted using Euparol®, and the remaining exuviae were easily 

distinguishable as belonging to Tanytarsus sp. or were taxa with high emergence (>20 

individuals) within a sample and were sorted by morphotype without necessitating slide 

mounting. Pupal exuviae were identified to genus or species group with the taxonomic keys of 

Ferrington, Berg, and Coffman (2008) and Wiederholm (1986). Leonard Ferrington, Jr. 

(Entomology Department, University of Minnesota) then verified representatives of each taxon. 

A reference collection taxonomically verified slide-mounted specimens were deposited in the 

Elm Fork Natural Heritage Museum at the University of North Texas in Denton, Texas. Pupal 
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exuviae were collected from Ash Creek Study Sites 1 and 3 every two weeks from November 

2006 to July 2007 when both streams were flowing. Collections began at the intermittent Study 

Site 3 three weeks after the resumption of flow 17 October 2006. Prior to the resumption of flow 

at Study Site 3, seven collections were taken at Study Site 1 from June 2006 to November 2006.  

 Jaccard’s coefficient of similarity was used to measure the degree of similarity of 

emergent taxa between Study Sites 1 and 3 on a seasonal and annual basis using the formula 

a/(a+b+c), where a is the number of species in common between both sites, b is the number of 

exclusive species to Study Site 1, and c is the number of exclusive species to Study Site 3. 

 
FIG. 3.1.  Study Site locations on Ash Creek in north-central Texas, USA. 
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Results 

Twenty-two exuviae collections from Ash Creek were taken from Study Site 1 and 18 

from Study Site 3. One collection was made from an isolated pool with visible accumulations of 

exuviae at Study Site 3 in September 2006. Chironomidae exuviae collections were also taken at 

Study Site 2, a perennial site located between Study Sites 1 and 3, on 28 November 2006, 21 

March 2007, and 20 July 2007. In addition, exuviae collections were made from the few 

remaining isolated pools on intermittent Silver Creek during summer and fall 2006 and 

approximately 3 and 6 weeks after it regained flow in mid-January 2007. The limited collections 

on Silver Creek added additional information about phenologies of taxa common to both streams 

and these taxa’s likely drought tolerance.  

 

Overall Chironomidae Community Composition and Taxa Richness 

Fifty-five chironomid taxa were identified from the 1,092 pupal exuviae collected over 

the entire study period that extended over a year. Taxa richness was higher at intermittent Study 

Site 3 (46 taxa) than at the perennial headwaters (37 taxa; Table 3.1). Orthocladiinae (20 taxa) 

and Chironominae (21 taxa) were comparably species rich within in each subfamily. Within 

Chironominae, Chironomini contained 12 taxa, Pseudochironomini contained 3 taxa, and 

Tanytarsini contained 6 taxa (12 taxa included tentative Tanytarsus sp. morphotypes). 

Tanypodinae was represented by 13 taxa and was rarely abundant in samples. Other 

Chironomidae subfamilies were not present. Six different morphotypes of Tanytarsus sp. were 

identified from Study Site 1, and 4 Tanytarsus sp. morphotypes were identified from Study Site 

3. All specimens identified as belonging to the genus Tanytarsus were counted as one taxon in 

the current study. Thirty species or 55.5% of total species collected were shared between Study 

Sites 1 and 3 (Table 3.1).
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TABLE 3.1.  Total samples collected, observed species richness, and community complementarity 
of Chironomidae in Ash Creek at the perennial headwaters (Study Site 1), perennial mid-
stream site (Study Site 2), and intermittent site (Study Site 3). Values in parentheses report 
data from June-September 2006 during the supra-seasonal drought when the intermittent 
Study Site 3 did not flow. Intermittent Study Site 3 regained flow 17 October 2006. 

 
Singleton taxa, those species represented by only one individual, accounted for 24.3% of taxa 

richness at Study Site 1 and 39.1% of taxa richness at Site 3. Seven species were exclusively 

collected at the perennial headwaters: four Tanypodinae (Conchapelopia sp., Fittkaumyia sp., 

Labrundinia sp. Type II, and Paramerina sp.), two Orthocladiinae (Corynoneura sp. Type II, 

collected from perennial Study Site 2 exclusively, and Parakiefferiella sp. Type II), and one 

Chironominae (Cladotanytarsus sp.) Exclusive singleton taxa collected at Study Site1 were 

Conchapelopia sp. and Parakiefferiella sp. Type II. Fourteen exclusive taxa were collected at 

Study Site 3: Tanypodinae genus Natarsia sp., six Orthocladiinae taxa (Cricotopus sp. Type III, 

Cricotopus sp. Type IV, Cricotopus sp. Type V, Limnohyphes sp., Parakiefferiella sp. Type I, 

and Pseudosmittia sp.), and seven taxa within Chironominae (Chironomus sp., Cladopelma sp., 

Cryptochironomus sp. Type II and III, Cryptotendipes sp., Einfeldia sp., and Goeldichironomus 

sp.). Of these taxa exclusive to Study Site 3, Natarsia sp., Cricotopus sp. Type IV and 5, 

Limnohyphes sp., Cladopelma sp., Cryptochironomus sp. Type II and III, and Einfeldia sp. were 

also singletons. Singleton taxa are not uncommon in pupal exuviae studies. In a 3-year 

chironomid pupal exuviae study of an intermittent stream in Kansas, Chou et al. (1999) recorded 

Variable Site 1 Site 2 Site 3 All Sites 
Total pupal exuviae collected  594 85 471  
Total samples collected 21 (25) 3 19  
Total species observed 35 (37) 24 46  
Total species: Site 1 & Site 3    54 
Total species pooling study sites    55 
Common species: Site 1 & Site 3    30 (55.5%) 
Singleton taxon 9  18  
Exclusive species 7  14  
# Exclusive spp. that are singletons 2 (28.5%)  8 (57%)  
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17 species represented by a single specimen out of 55 species, which is less than the 10 in the 

present study with 55 species. 

Undescribed species or new pupal morphotypes (L. Ferrington, personal communication) 

from Ash Creek perennial headwaters include an undescribed species of Reomyia sp. and an 

atypical form of Conchapelopia species. At the intermittent site, a new form of Crytochironomus 

identified as Cryptochironomus sp. Type II, an undescribed species of Pentaneura sp. commonly 

collected in Kansas (L. Ferrington personal communication) were collected. In addition, an 

undescribed species of Tanytarsini, and an unusual species of Paratendipes sp.were present from 

the intermittent site.  

 

Annual Chironomidae Community Composition 

Based on annual total number of exuviae collected from June 2006 to July 2007, 

Chironominae represented 47.7% of total emergence followed by Orthocladiinae (41.9%) and 

Tanypodinae (10.4%; Table 3.2). Within Chironominae, Tanytarsini was by far the dominant 

subfamily, representing 33.4% emergence. Annually, Tanypodinae emergence at the intermittent 

site accounted for less than half of that observed at the perennial headwaters, 4.7% and 10.4% 

respectively. Intermittent Study Site 3 also had a higher relative emergence of Chironominae 

compared to the perennial headwaters (58.4% vs. 47.7%); however, distinct differences at the 

tribe level were present most notably within Tanytarsini. Within the annual collections at the 

intermittent site, Chironomini (36.9%) was the dominant subfamily within Chironominae, 

followed by Tanytarsini (17.5%) and Pseudochironomini (3.9%). At the perennial headwaters, 

Chironomini comprised only 11.6% of total emergence within Chironominae, and emergence at 

this site was dominated by Tanytarsini (33.4%). spring 2007 was the season with the highest 

number of exuviae collected at Study Sites 1 and 3 (Table 3.2, Figs. 3.2 and 3.3). 
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TABLE 3.2.  Annual and seasonal Chironomidae community composition (relative and actual abundances) for Study Sites 1 and 3 from 
Ash Creek in samples collected in summer 2006 to summer 2007 and fall 2008. Numbers of exuviae collected listed on second line. 
Chironominae is subdivided into tribes Chironomini, Tanytarsini, and Pseudochironomini. 

 
Study Site Tanypodinae Orthocladiinae Chironominae Chironomini Tanytarsini Pseudochironomini 
Site 1: Annual 
July 06-07, n = 24 

10.4% 
54 

41.9% 
217 

47.7% 
247 = 518 

11.6% 
6 

33.4% 
173 

2.7% 
14 

Site 3: Annual 
Sept 06- July07, n = 18 

4.7% 
18 

36.9% 
141 

58.4% 
223 = 382 

36.9% 
141 

17.5% 
67 

3.9% 
15 

Site 1: Summer 2006, n = 3 22.8% 
22 

0.0% 
0 

77.1% 
61 = 83 

10.1% 
8 

59.5% 
47 

7.5% 
6 = 83 

Site 3:Summer 2006, n = 1 0.0% 
0 

0.0% 
0 

0.0% 
0 = 31 

96.7% 
30 

3.3% 
1 

0.0% 
0 = 31 

Site 1: Fall 2006, n = 7 10.3% 
12 

3.2% 
4 

87.0% 
107 = 123 

18.7% 
23 

65.0% 
80 

3.2% 
4 = 123 

Site 3: Fall 2006, n = 5 6.3% 
5 

43.0% 
34 

50.6% 
40 = 79 

38.0% 
30 

12.7% 
10 

0.0% 
0 = 79 

Site 1: Winter 2006, n = 5 4.0% 
3 

75.7% 
56 

20.3% 
15 = 74 

0.0% 
0 

20.3% 
15 

0% 
0 = 74 

Site 3: Winter 2006, n = 5 0.0% 
0 

83.3% 
20 

16.7% 
4 = 24 

8.3% 
2 

8.3% 
2 

0.0% 
0 = 24 

Site 1: Spring 2007, n = 6 7.4% 
16 

70.2% 
151 

22.3% 
48 = 215 

11.2% 
24 

11.2% 
24 

0.0% 
0 = 215 

Site 3: Spring 2007, n = 6 4.6% 
9 

56.4% 
110 

39.0% 
76 = 195 

14.9% 
29 

22.0% 
43 

2.0% 
4 = 195 

Site 1: Summer 2007, n = 2 18.5% 
5 

22.2% 
6 

59.2% 
16 = 27 

18.5% 
5 

25.9% 
7 

14.8% 
4 = 27 

Site 3: Summer 2007, n = 1 4.3% 
4 

19.1% 
18 

76.6% 
72 = 94 

53.2% 
50 

11.7% 
11 

11.7% 
11 = 94 

Site 1: Fall 2008, n = 1 15.4% 
10 

9.2% 
6 

75.4% 
49 = 65 

12.3% 
8 

56.9% 
37 

6.2% 
4 = 65 

Site 3: Fall 2008, n = 1 8.3% 
4 

6.3% 
3 

85.4% 
41 = 48 

12.5% 
6 

70.8% 
34 

2.1% 
1 = 48 
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FIG. 3.2. Chironomidae emergence at Study Site 1 on Ash Creek during spring 2006-fall 
2008 as determined by pupal exuviae collections by subfamily. 

 
 
FIG. 3.3. Chironomidae emergence at Study Site 3 on Ash Creek during summer 2006- fall 

2008 as determined by pupal exuviae collections by subfamily. 
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Seasonal Differences in Chironomidae Community Composition 

Seasonal emergence patterns at the subfamily/tribe level varied between Study Sites 1 

and 3 (Table 3.2, Figs. 3.4 and 3.5). Aside from a peak in emergence of Chironomus sp. from an 

isolated pool at intermittent Study Site 3 in September 2006, and a peak of the semi-terrestrial 

Hydrobaenus pilipes 3 weeks following return of flow, overall emergence remained low at this 

site through the fall and winter. Overall emergence increased during spring 2007 with the 

seasonal onset of Orthocladiinae emergence. Chironominae was the dominant subfamily at the 

perennial headwaters and intermittent study site in summers and falls. Within Chironominae at 

perennial Study Site 1, Tanytarsini was the dominant subfamily in summer and fall and had 

similar abundance to that of Chironomini in spring 2007. Tanytarsini was also the only 

Chironominae tribe emergent in winter at Study Site 1. Orthocladiinae dominated emergence at 

both the headwaters and intermittent site during winter and spring 2007; however, following the 

return of flow at the intermittent site in October, Orthocladiinae emergence exceeded that of the 

perennial site in fall 2006 with 34 vs. 4 exuviae, respectively. Emergence of Tanypodinae at the 

perennial headwaters ranged from 22.8% (summer 2006) to 4.0% (winter 2006), and peak 

numbers of Tanypodinae were collected July to September. Tanypodinae emergence was lower 

overall at the intermittent site throughout the study, and no clear seasonal patterns were detected. 

Four exuviae of Reomyia sp. were collected in March and April at intermittent Study Site 3, and 

four Labrundinia sp. exuviae were taken in July 2007 with fewer exuviae collected during other 

months. Also at Study Site 3, Pentaneura sp. had continuous emergence represented by a single 

specimen at each collection from 7-21 November 2006, and a second generation emerged 25 

May 2007. Pseudochironomini emergence was extended at the intermittent site with emergence 



 

84 

occurring in spring 2007 and summer 2007 in addition to fall 2008. Pseudochironomini 

emergence was only recorded from perennial headwaters during summers and falls. 

A comparison of the dominant taxa collected annually revealed considerable overlap in taxa 

between Study Sites 1 and 3 (Table 3.3). Seventeen taxa represented 90.1% of exuviae collected 

at Study Site 1 and 14 taxa represented 90.6% total number of exuviae collected at Study Site 3. 

Seven of the 14 dominant taxa at Study Site 3 were co-dominant at Study Site 1: Orthocladiinae 

Cricotopus sp. Type I, Orthocladius (Orthocladius), Thienemanniella sp., Chironominae 

Chironomus sp.1, Tanytarsus sp. complex, Rheotanytarsus sp., and Pseudochironomus 

richardsoni. Many of the dominant taxa are known to have one or more drought adaptations, 

which will be discussed later. 

 
 

FIG. 3.4. Chironomidae emergence at Study Site 1 on Ash Creek during spring 2006-fall 
2008 as determined by pupal exuviae collections by subfamily. 
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FIG. 3.5. Chironomidae emergence at Study Site 3 on Ash Creek during summer 2006- fall 2008 
as determined by pupal exuviae collections by subfamily. 
 

TABLE 3.3. Dominant taxa that account for 90% of total emergence at Study Sites 1 (n = 518) 
and 3 (n = 382) during summer 2006-summer 2007. Taxa with known drought adaptations: 
superscripts “l” = larval desiccation tolerance, “c” = larval cocoons that confer desiccation 
resistance, “i” = drought tolerance inferred from development times or life history information 
(timing of emergence). Taxa in bold text are dominant at both study sites. 

Site 1 Site 3 
Taxa % Taxa % 

Nanocladius sp. (Plecop.) sp. 
Type I 

13.9 Cricotopus sp. Type Ii 14.9 

Cricotopus sp. Type Ii 11.6 Dicrotendipes sp.c 13.9 
Rheotanytarsus sp.c 11.4 Chironomus sp. 1l 11.3 
Paratanytarsus (inopertus)c 9.1 Tanytarsus spp. complexc 7.8 
Tanytarsus spp. complexc 8.2 Rheotanytarsus sp.c 7.6 
Lauterborniella agrayloidesc 7.9 Thienemanniella sp. 7.1 
Orthocladius sp. (Ortho.)i 7.7 Cricotopus sp. Type III 4.7 
Cricotopus sp. Type II 3.9 Hydrobaenus sp. (pilipes)c, l 4.4 
Larsia sp. 3.3 Polypedilum sp.l 4.2 
Pseudochironomus richardsoni 2.7 Parametriocnemus sp. Type II 3.9 
Nanocladius sp. (Plecop.) Type 
II 

2.1 Orthocladius sp. (Ortho.)i 3.7 

Labrundinia sp. Type I 2.1 Cryptochironomus sp. Type I 2.9 
Ablabesmyia sp. 1.5 Pseudochironomus richardsoni 2.4 
Thienemanniella sp. 1.3 Microspectra sp. 1.8 
Pentaneura undescribed sp. 1.2  90.6% 
Polypedilum sp.l 1.2 
Chironomus sp.l 1.0 
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Emergence Phenologies of Taxa Dominant at Both Study Sites 

Many of the dominant taxa at both study sites had similar emergence patterns, yet other 

taxa had peak emergence periods that differed by 2-5 weeks between sites (Tables 3.4 and 3.5). 

Emergence of the dominant orthoclads, Cricotopus sp. Type I and Orthocladius (Orthocladius), 

was similar at both study sites (Tables 3.4, 3.5). Cricotopus sp. Type I exhibited peak emergence 

at the perennial headwaters and at the intermittent site in June 2007 with emergence extending 

into July. Emergence of Orthocladius (Orthocladius) began in early winter at both sites and 

exhibited a clear peak in emergence in February. The orthoclad Thienemanniella species’ 

emergence patterns between the two sites differed distinctly (Tables 3.4 and 3.5). At the 

perennial headwaters, Thienemanniella sp. appeared to be univoltine, with emergence observed 

in May only. At the intermittent site, two distinct emergence periods of Thienemanniella sp. 

occurred on 28 April 2007 (n = 12) and 12 June 2007 (n = 15), without any other individuals 

collected at other times.  

Chironominae emergence between Study Sites 1 and 3 was more variable than that of 

Orthocladiinae, especially within the Tanytarsini. As a group, the Chironominae also exhibited 

longer emergence periods at Study Site 1 compared to Study Site 3 (Figs. 3.4 and 3.5). 

Chironomus sp. 1 was sampled from the headwaters in 7 November 2006 (1 individual) and 25 

May 2006 (4 individuals). Chironomus sp. emergence at Study Site 3 was related to periods 

when the site lacked flow, with 22 individuals collected from an isolated pool on 22 September 

2006, and 37 total exuviae collected over three sampling events in November following the 

return of flow. Pseudochironomus richardsoni emergence at Study Site 1 extended from June to 

October 2006 and from July 2007 and September 2008. Peak emergence at Study Site 1 in July 

coincided with peak emergence at Study Site 3 for this taxon; however, at Study Site 3 
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emergence was observed only from June to July 2007. Rheotanytarsus sp. had multiple 

generations at Study Site 1, with emergence peaks noted on 25 August 2006 (7 individuals), 7 

November 2006 (16 individuals), 28 April 2007 (5 individuals), and 12 June 2007 (6 

individuals), and 26 September 2008 (5 individuals; Tables 3.4 and 3.5). Rheotanytarus sp. 

exhibited lowered emergence at the intermittent site with 3 individuals collected in November 

2006, 22 individuals collected 12 June 2007, and 4 individuals collected 19 July 2007 

TABLE 3.4.  Observed emergence patterns of Chironomidae by subfamily at all study sites as 
determined by collections of pupal exuviae. Dates in bold indicate peak emergence and 
months without dates indicate emergence over the entire month with no clear peak. Number 
of exuviae collected in superscript. Study Site 2 emergences are based upon seasonal samples 
collected 28 November 2006, 21 March 2007, and 20 July 2007 and provide comparative 
emergence and presence of chironomids between perennial headwater Study Site 1 and 
intermittent Study Site 3. 

Taxon Site 1 Site 2 Site 3 

Subfamily Tanypodinae    

Ablabesmyia sp. 
Jul1, Feb1, Apr1, May5 July3 Apr 1 & June ‘071 

Conchapelopia sp. 
Oct. 241 July1 - 

Fittkauimyia sp. 
July ‘061, Sep ‘081 - - 

Labrundinia sp.Type 1 
Jul 062 Aug5-Sep ‘062, Jul 

‘072 
- July ‘074 

Labrundinia sp. Type II 
Aug3,Oct ‘061 - - 

Larsia decolorata 
July5, Aug1, Sept6, Apr1, 

May1, Jun3, Sept ‘088 
- Nov 72, Sep ‘081 

Natarsia sp. 
- - March 261 

Paramerina sp. 
Mar1, May1, Sep ‘081 - - 

Pentaneura undescribed sp. 
Jun3-July ‘063 - Nov3 & May 252 

Procladius sp. 
(Holotanypus) 

Oct1, Jan1, Feb ‘071 
 

- Sep ‘082 

Reomyia sp. 
Oct 241 Mar1 Mar 2- Apr 2 

Tanypus sp. 
June 22 ’061 - Sept ‘081 
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 TABLE 3.4 (continued).  Observed emergence patterns of Chironomidae by subfamily at all 

study sites as determined by collections of pupal exuviae. Dates in bold indicate peak emergence and 

months without dates indicate emergence over the entire month with no clear peak. Number of exuviae 

collected in superscript. Study Site 2 emergences are based upon seasonal samples collected 28 

November 2006, 21 March 2007, and 20 July 2007 and provide comparative emergence and presence 

of chironomids between perennial headwater Study Site 1 and intermittent Study Site 3. 

 
Taxon Site 1 Site 2 Site 3 

Subfamily Orthocladiinae    

Corynoneura sp. Type I Dec1, Mar1 Nov3, Mar2 Dec 161  

Corynoneura sp. Type II - Nov3 - 

Cricotopus sp. Type I 

May8, Jun16, Jul6 
‘07 

July1 Nov 211, May14, June 
1227, Jul14 

Cricotopus sp. Type II 
Mar2, Apr 286, Jun 

1211, Sep ‘086 
Mar3 Mar1, Sep‘081 

Cricotopus sp. Type III 
- - Apr 117 Jun127, Jul 194, 

Sep.‘081 
Cricotopus sp. Type IV - - Nov 211 
Cricotopus sp. Type V - - Nov 71 
Eukiefferiella claripennis gr. Feb 261 - Nov 111 

Hydrobaenus pilipes subgroup 
- Nov1 Nov 712- Nov 282, Feb 133 

Limnohyphes sp. - - Nov 71 

Nanocladius (Plecop.) sp. Type I 
Dec1, Jan3, Feb10, 
Mar11, Apr25, May 

21  

Nov1,Mar3 Nov5, Feb 261, Apr3  

Nanocladius (Plecop.) sp. Type II 
Apr 113-Apr 288 Nov1 May 256, Sep ‘081 

Nanocladius sp. Mar 121 - Feb 261 

Orthocladius sp. (Orthocladius)  
Dec1, Jan3, 

Feb1318, Feb 2612, 
M 6  

Nov2 Nov 282, Dec 161, Feb 
132, 268, Mar121 

Parakiefferella sp. Type I - - Apr 112, Apr 281, May1  
Parakiefferiella sp. Type II Dec 161 - - 

Parametriocnemus sp. Type I 
April 282 Mar2 Feb 262, Mar 121, 263, 

Apr 114, 281, May 253, 
 1 Parametriocnemus sp. Type II - Nov10, Mar3 Nov2, Dec1, Mar 262 

Pseudosmittia sp. - - Nov 72 
Thienemanniella sp. May 95 – May 252 - Apr 2812, June 1215 
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TABLE 3.4 (continued).  Observed emergence patterns of Chironomidae by subfamily at all study sites 
as determined by collections of pupal exuviae. Dates in bold indicate peak emergence and months 
without dates indicate emergence over the entire month with no clear peak. Number of exuviae 
collected in superscript. Study Site 2 emergences are based upon seasonal samples collected 28 
November 2006, 21 March 2007, and 20 July 2007 and provide comparative emergence and presence 
of chironomids between perennial headwater Study Site 1 and intermittent Study Site 3. 
Taxon Site 1 Site 2 Site 3 
Subfamily Chironominae    
   Tribe Chironomini    

Chironomus sp. Type I 
Nov1, May 254 - Sep 2222- isolated pool, Nov21 

Nov 715- Nov 281 
Cladopelma sp. - - May 91 
Cryptochironomus sp. Type I July 191 - Apr 281 , May 256  Jun2,July1 
Cryptochironomus sp. Type II - - May 251 
Cryptochironomus sp. Type III - - May 251 
Cryptotendipes sp. - - Mar 261-Apr 111 

Dicrotendipes sp. 
Aug1, Nov1, Jul2, Sept ‘083 Mar1, 

July17 
Nov5, July 1948 

Einfeldia sp. - - Nov 111-LF id 
Goeldichironomus holoprasinus gr. - - Sep8 ‘06 pool 

Lauterborniella agrayloides 

Jul5, Aug5, Sep5, Oct15, 
Nov1, Apr3, May1, Jun10, 

Sept’085 

- Mar 261, Sep ‘086  

Paratendipes sp. July 141 - Mar 261 

Polypedilum sp. 
Apr1, May2, June3  Mar1, 

July2 
Nov3, late Mar1, Apr1, May2, 

June128, Jul1 
Stictochironomus sp. Sept1, Oct1 - Feb 262 
   Tribe Pseudochironomini    
Pseudochironomus sp. Type I June 22 ‘068 July5 May 91-July 195, Sep ‘081 

Pseudochironomus richardsoni ( II) 

Jun2, Jul4, Aug2,Sep2, Oct2, 
Jul’074,Sep’084 

July3 June3-July6 

   Tribe Tanytarsini    
Cladotanytarsus sp. Aug2, May1  - - 

Microspectra sp. 
- Mar2 Nov 211, Dec 163, Feb 261, 

Mar 262 

Paratanytarsus (inopterus gr.) 
Jul1, Aug18, Sep5, Oct11, 

Nov3, Feb1, Apr2, Sep’089 
Nov2 Apr 281 

Paratanytarsus (bituberculatus gr.) Dec1, Mar2 Mar1 Sep ‘081 

Rheotanytarsus (pellucidus gr.) 

Aug 257, Nov26 & Mar 
1212, Apr6, Jun 126, Jul 

192, Sep ‘085 

Nov2 Nov 283, June 1222, July 194 

Tanytarsus species complex 

July5, Aug11, Sep11, Oct19, 
Nov3, Apr5, May1, June3, 

July5, Sept ‘0823 

Mar10 Sep1,Nov2, Dec 1, Feb1, 
April4, Jun 1212, Jul 197, 

Sep ‘0833 
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TABLE 3.5.  Relative abundance emergence patterns of Chironomidae at Study Sites 1 and 3 on 
Ash Creek as determined by collections of pupal exuviae.  

  2006 2007 2008 
  Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Sep 

Tanypodinae 
               

Ablabesmyia sp. 
S1               
S3               

Conchapelopia sp. 
S1               
S3               

Fittkauimyia sp. 
S1               
S3               

Labrundinia sp. 
Type I 

S1               
S3               

Labrundinia sp. 
Type II 

S1               
S3               

Larsia decolorata 
S1               
S3               

Natarsia sp. 
S1               
S3               

Paramerina sp. 
S1               
S3               

Pentaneura 
undescribed sp. 

S1               
S3               

Procladius sp. 
(Holotanypus) 

S1               
S3               

Procladius sp. 
(Psilotanypus) 

S1               
S3               

Reomyia sp. 
S1               
S3               

Tanypus sp. 
S1               
S3               

                 

> 0 and < 5   ≥ 5 and ≤ 10      ≥ 10 and ≤ 20      ≥ 20  
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TABLE 3.5 (continued).  Relative abundance emergence patterns of Chironomidae at Study Sites 
1 and 3 on Ash Creek as determined by collections of pupal exuviae.  

 

> 0 and < 5   ≥ 5 and ≤ 10      ≥ 10 and ≤ 20      ≥ 20  
 

  2006 2007 2008 
  Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Sep 

Orthocladiinae                
Corynoneura sp. Type I 
 

S1               
S3               

Cricotopus sp. Type I 
S1               
S3               

Cricotopus sp. Type II 
S1               
S3               

Cricotopus sp. Type III 
S1               
S3               

Cricotopus sp. Type IV 
S1               
S3               

Cricotopus sp. Type V 
S1               
S3               

Eukiefferiella claripennis gr. 
S1               
S3               

Hydrobaenus pilipes subgr. 
S1               
S3               

Limnohyphes sp. 
S1               
S3               

Nanocladius (Plecop.) Type I 
S1               
S3               

Nanocladius (Plecop.)  Type 
II 

S1               
S3               

Nanocladius sp. 
S1               
S3               

Orthocladius (Orthocladius) 
S1               
S3               

Parakiefferiella sp. Type I 
S1               
S3               

Parakiefferiella sp. Type II 
S1               
S3               
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TABLE 3.5 (continued). Relative abundance emergence patterns of Chironomidae at Study Sites 1 
and 3 on Ash Creek as determined by collections of pupal exuviae.  

  2006 2007 2008 
  Jul Aug Sep Oct No

 

Dec Jan Feb Mar Apr May Jun Jul Sep 

Orthocladiinae                
Parametriocnemus sp. 
Type I 

S1               
S3               

Parametriocnemus sp. 
Type II 

S1               
S3               

Pseudosmittia sp. 
S1               
S3               

Thienemanniella sp. 
S1               
S3               

                
Chironominae                
Chironomini                
Chironomus sp. 1 
 

S1               
S3    nd           

Cladopelma sp.  
S1               
S3               

Cryptochironomus sp. 
Type I 

S1               
S3               

Cryptochironomus sp. 
Type II 

S1               
S3               

Cryptochironomus sp. 
Type III 

S1               
S3               

Cryptotendipes sp. 
S1               
S3               

Dicrotendipes sp. 
S1               
S3               

Einfeldia sp. 
S1               
S3               

Goeldichironomus 
holoprasinus gr. 

S1               
S3               

Lauterborniella 
agrayloides 

S1               
S3               

Paratendipes sp. 
S1               
S3               

Polypedilum sp. 
S1               
S3               

Stictochironomus sp. S1               
 S3               
                
 

> 0 and < 5   ≥ 5 and ≤ 10      ≥ 10 and ≤ 20      ≥ 20  
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TABLE 3.5 (continued).  Relative abundance emergence patterns of Chironomidae at Study Sites 
1 and 3 on Ash Creek as determined by collections of pupal exuviae.  

 
> 0 and < 5   ≥ 5 and ≤ 10      ≥ 10 and ≤ 20      ≥ 20  

 

Resumption of Flow and Emergence Phenology Differences Between Intermittent Sites  

Collection of exuviae samples after the resumption of flow at Silver Creek demonstrated 

the similar emergence patterns as two taxa present at the intermittent site of Ash Creek, which 

are known to be drought-tolerant species. Two exuviae samples collected from Silver Creek 3, 

and 6 weeks after resumption of flow in mid-January 2007, contained only drought-tolerant taxa. 

Hydrobaenus pilipes subgroup was the only taxon present, with 95 exuviae in the sample 

collected on 13 February 2007. By 26 February 2007, emergence was still dominated by 

Hydrobaenus pilipes subgroup (75 individuals), but Eukiefferiella claripennis group was also 

present (15 individuals). In contrast, Hydrobaenus pilipes subgroup exhibited peak emergence 3 

  2006 2007 2008 
  Jul Aug S

 

O

 

Nov Dec J

 

Feb Mar Apr May Jun Jul Sep 

Pseudochironomini                
Pseudochironomus sp. 
Type I 

S1               
S3               

Pseudochironomus 
richardsoni (II) 

S1               
S3               

                
Tanytarsini                
Cladotanytarsus sp. 
 

S1               
S3               

Microspectra sp. 
S1               
S3               

Paratanytarsus 
inorpertus gr. 

S1               
S3               

Paratanytarsus 
bituberculatus gr. 

S1               
S3               

Rheotanytarsus sp. 
S1               
S3               

Tanytarsus spp. complex 
S1               
S3               
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weeks following the resumption of flow at the intermittent site of Ash Creek, and a single 

individual of Eukiefferiella claripennis group was collected on 11 November 2007. Hydrobaenus 

pilipes subgroup was not collected from the headwaters of Ash Creek, but a single individual of 

Eukiefferiella claripennis group was taken on 26 February 2006.  

 

Seasonal and Overall Community Similarity of Chironomidae 

 Jaccard’s coefficients of similarity were 0.481 on an annual basis, summer 2006 to 

summer 2007, between Study Sites 1 and 3 and increased slightly overall with the inclusion of 

the September 2008 sampling, to 0.537 (Fig. 3.6).  

FIG. 3.6. Jaccard’s Coefficients of similarity between chironomid exuviae samples from Study 
Sites 1 and 3 of Ash Creek on a seasonal and annual basis. 
 

The increase in similarity was linked to the first appearance of three taxa at the intermittent site 

that were previously present at the perennial headwaters: Tanytarsini Paratanytarsus 

bituberculatus group, Tanypodinae Procladius (Holotanypus), and Tanypus species. Of these 
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three taxa, only the Paratanytarsus bituberculatus group was frequently sampled at the 

headwaters. Jaccard’s similarity was lowest in winter 2006 (0.133) but increased nearly 3-fold in 

spring 2007 (0.380) and was highest in summer 2007 (0.539). Jaccard’s similarity in fall 2006 

and fall 2008 were approximately the same (0.229 vs. 0.250, respectively). 

 

Discussion 

This study reveals that groundwater-dependent streams support diverse Chironomidae 

communities that are likely an important source of aerial adult colonists to regional intermittent 

streams with comparatively longer periods of reduced flow. Global climate change is anticipated 

to produce warmer and drier habitats that are likely to impact the aquatic biota of small prairie 

streams, and this potential decline in moisture will be intensified by human demands upon 

surface reservoirs and groundwater resources (Matthews and Zimmerman 1990, Covich et al. 

1997). Research during extreme climatic events, such as the present study that occurred during 

the worst drought in Parker County’s 123-year record (National Weather Service 2006), builds 

upon our understanding of how aquatic organisms respond to variable environmental conditions.  

Higher species richness at the intermittent site may be related to a more extensive 

floodplain, a short period of intermittency (3 months), and a more temporally heterogeneous 

habitat that changed over the course of this study from a saturated hyporheic zone stream bed 

with coarse gravel substrate to isolated pools and then to riffles and deeper connected pools. The 

issue of scale also likely explains the higher richness at the downstream intermittent site. Prior 

studies have shown that in spring systems, taxa richness increases over distance from the spring 

source as habitat heterogeneity increases as the stream forms alternating riffle and pool 

sequences (Ferrington et al. 1995). Scale-dependent characteristics of increasing stream order 
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with associated increases in habitat heterogeneity combined with the constantly saturated 

hyporheic zones are probably the important factors explaining higher taxa richness. From the 

headwaters to the intermittent site, stream discharge increases as the stream receives increasing 

amounts of groundwater, and higher species richness is typically reported for third order streams 

(Minshall et al. 1985, Coffman 1989). One taxon present only from isolated pools in September 

2006 at the intermittent site was Goeldichironomus sp. Three semi-terrestrial species exclusively 

collected from the intermittent site included Limnohyphes sp., Cryptotendipes sp., and 

Pseudosmittia sp.. 

Annual community composition of Chironomidae at Ash Creek differed from other 

studies with slightly higher relative species composition of Chironominae at both sites (Table 

3.6). Remarkably, Tanypodinae of Ash Creek headwaters made the highest overall relative 

contribution to species richness reported in known studies. At the perennial headwaters, 

Tanypodinae contained 12 species (32% of taxa collected), and Study Site 3 contained 8 species 

(17% of taxa collected). Numerically, Tanypodinae represented 10.4% and 4.7% of total exuviae 

collected from Study Sites 1 and 3, respectively.   

 Chironominae are typically associated with warmer, slower moving streams or lentic 

habitats, while Orthocladiinae are more cold-water adapted and found at higher abundances in 

streams of increasing altitude and latitude (Boerger 1981). Chironominae relative abundance was 

higher at Study Site 3 than at Study Site 1, 58% compared to 48%, respectively. Species richness 

of Chironominae was comparable at both study sites. At Study Site 1, Chironominae comprised 

38% of the species and at Study Site 3 it represented 43%. The small differences of 

Chironominae abundances and richness are comparable to other studies of intermittent and 

perennial habitats in prairie ecosystems (Table 3.6; Chou et al. 1999, Ferrington et al. 1995).
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TABLE 3.6. Summary of comparable Chironomidae studies and reported community compositions by subfamily/tribe and species 
richness. 

Stream permanence 
Study duration/Author yr./Location & site/total species 

Tanypodinae Orthocladiinae Chironominae Chironomini Pseudochironomini Tanytarsini 

Temporary 
 

      
1 yr./Kavanaugh 1984/Konza Prairie, KS, Sites A&E/ 35&31 
spp. 

3-4% 
 

62% 33-35% 9-11% 0% 22-26% 

Intermittent       
1 yr./Burk & Kennedy 2012/Ash Creek, Study Site 3, north TX/ 
46spp. 
With 4 Tanytarsini spp. = 50 spp. 

17%(8) 
16% 

39%(18) 
36% 

43%(20) 
48%(24) 

28%(13) 
26% 

4%(2) 
4% 

11%(5) 
18%(9) 

3 yrs. With variable hydroperiod/Chou et al. 1999/eastern KS-
woodland/55 spp.  

9% 47% 44% 26% 0% 18% 

1 yr./Kavanaugh 1984/Konza Prairie, KS, Site F&G/39spp & 
44spp. 

2-6% 
 

70-24% 29-70% 1-19% 0% 28-51% 

2 yr.w/ 3 seasonal collections per yr/Alvarez et al. 2010/14 Sites, 
7 streams, Majorca Island, Spain, 52 spp./flow period of 8-4 
months. 

13% 58% 29%    

Permanent       
1 yr./Burk & Kennedy 2012/Ash Creek, Study Site 1, 1st order 
headwaters, north TX/ 37spp. 
With 6 Tanytarsini spp. = 43 spp. 

32%(12) 
29% 

30%(11) 
27% 

38%(14) 
44%(18) 

19%(7) 
17% 

 

5%(2) 
5% 

14%(5) 
22%(9) 

Kavanaugh 1984/ Konza Prairie, KS, Site B/50 spp. 3% 74% 23% 2% 0% 21% 

2 yr.-7 sampling dates/Ferrington et al. 1995/Big Springs, KS, 5 
distinct spring-fed habitats/ 66 spp. total/45 spp. pool, 20 spp. 
spring run, 13 spp. in springs source and splash zone, 11 spp. in 
saturated soils & seeps 

14%(9) 33%(22) 
 

53%(35) 47%(31) 0% 6%(4) 

1 yr./Coffman 1973/Linesville Creek, PA 1km stretch, 143 spp. 10% 58% 32% 17% 0% 15% 

1 yr./Boerger 1981/Bigoray River, 3rd order slow flowing, brown 
water vegetation choked, Alberta, 112 spp. 

18%(20) 43%(44) 39% 20%(23) 0% 19%(21) 

1 yr./Roback 1953/Savannah River, S. Carolina, 69 spp. 19%(13) 33%(23) 48%(33) 39%  9% 
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Annually at the headwaters of Ash Creek, Orthocladiinae represented 42% of exuviae 

collected at Study Site 1 and 30% of the species. At Study Site 3, Orthocladiinae represented 

37% of exuviae collected and 39% of species. Similar Orthocladiinae richness was reported for 

five distinct spring habitats within Big Springs in high central plains of Kansas, 66 species were 

sampled with Orthocladiinae comprising 33% of the total species collected and Tanypodinae and 

Chironominae representing 14% and 53%, respectively (Ferrington et al. 1995).  Other studies 

conducted in higher latitudes report higher species richness for Orthocladiinae. In Linesville 

Creek, Pennsylvania, Orthocladiinae represented 58% of chironomid taxa (Coffman 1973). 

Although the studies by Roback (1953) of chironomid communities of the Savannah River in 

South Carolina, and by Boerger (1981) in the Bigoray River of Alberta are from third order 

rivers and report higher total taxa richness than that of Ash Creek, their community compositions 

are most similar to Ash Creek. The Tanypodinae, Orthocladiinae, and Chironominae of 

Savannah River and Bigoray River represented 19%, 33%, 48% and 18%, 43%, 39% of the taxa 

collected, respectively, which is similar to values reported for the Ash Creek headwaters and 

second-order intermittent site (32%, 30%, 38% and 17%, 39%, 43%, respectively).  

The higher relative taxa richness of Tanypodinae at the headwaters is the highest relative 

species richness among studies reviewed including and following Boerger’s (1981) extensive 

review of chironomid studies (Kavanaugh 1984; Ferrington et al. 1995; Chou et al. 1999). This is 

thought to be related to flow permanence and habitat heterogeneity (abundant beds of emergent 

and submerged macrophytes, complex geology, and coarse substrate hyporheos). Another 

possible driver of higher Tanypodinae taxa richness is possibly top-down competition due to the 

presence of a variety of fishes. Groundwater is thought to support conditions favorable for the 

breakdown of organic matter by a variety of microbes, fungi, and protists. Invertebrate 
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consumers may derive 10-100% of their carbon from bacteria, as determined by amorphous 

detritus gut content analysis (Hall and Meyer 1998). This nutrient resource base, in turn, likely 

supports the diverse and dense macroinvertebrate community as reported in Chapters 1 and 2, 

temporally and spatially which in turn is a constant source of prey for Tanypodinae. 

Additionally, two Tanypodinae species (Procladius (Holotanypus) and Tanypus sp.) new to the 

intermittent site but previously sampled from the perennial headwaters appeared in September 

2008. Although the relative species richness of Tanypodinae was higher than reported in other 

studies, its relative abundance by exuviae collected is comparatively low at the headwaters at 

10.4% versus 4.7% at the intermittent sites. In comparison, two of the five Tanypodinae species 

in a 3-year study of an intermittent stream in Kansas represented 26% of total emergence. 

 This study was designed to detect Chironomidae community composition changes and 

emergence differences at sites with varying permanence and did not include attempts to 

determine specific mechanisms of drought-adaptations. However, it is possible by reviewing 

prior literature in combination with site knowledge to speculate on which taxa are likely to 

possess characteristics for surviving through periods of intermittency in the hyporheos or 

desiccation-resistant life stages.  

 The majority of dominant taxa collected from the perennial headwaters and intermittent 

site are known to possess one or more adaptations that confer resistance to drought (Table 3.3). 

Construction of larval cocoons is a wide-spread behavioral adaptation among chironomid genera 

that is thought to confer desiccation-resistance in humid substrates and aid in successfully 

overwintering in temperate and arctic climates; however, in intermittent streams this adaptation 

likely confers desiccation-resistance in diapausing larvae when a stream is without flow (Pinder 

1995, Chou et al. 1999). Cocoon building exists in Hyrobaenus pilipes (Grodhaus 1980), 



 

100 

Eukiefferiella claripennis (Madder et al. 1977), Tanytarsus sp. (Grodhaus 1980), Dicrotendipes 

sp. (Danks and Jones 1978), Paratanytarsus sp., Stictochironomus sp., and Parakiefferiella sp. 

(Hudson 1971). In addition to behavioral adaptations, some of the aforementioned taxa likely 

possess physiological adaptations to intermittency. For example, Tanytarsus sp. and 

Paratanytarsus sp. larvae have been collected from dry temporary pools (Grodhaus 1980).  

Within two days upon rewetting, second and third instar larvae of Hydrobaenus pilipes, 

Paratanytarsus, and Tanytarsus sp. (reported as Calospectra sp.) that were encased in cocoons 

were active and could be reared to adult (Grodhaus 1980).  Summer diapauses or aestivation 

may be induced by high summer temperatures instead of desiccation, as observed in larvae of 

Hydrobaenus pilipes in cocoons collected from vernal pools in California prior to habitat drying 

(Grodhaus 1980). Reductions in temperature (from 23 to 3°C) and photoperiod (from 15.5 to 10 

h) ended aestivation in Hydrobaenus pilipes (Hudson 1971). An exceptional example of larval 

drought-resistance is known in Polypedilum vanderplanki, which can survive in a dehydrated 

state for as long as 10 years (Hinton 1960). 

Although cocoon building exists in Orthocladiinae and Chironominae, Tanypodinae 

apparently lacks this adaptation (Danks 1971), and no drought tolerant adaptations are known for 

this group. Tanypodinae richness was highest at the perennial headwaters, and this may be in 

part a function of flow permanence and a constant prey base. The abundances of Tanypodinae as 

reported in Chapter 2 increased sharply from fall 2006 (means: 50/m2 and 2.9%) to spring 2007 

(means: 344/m2 and 8.2%) at the intermittent site, which was a function of continuous flow 

permanence that supported nutrient cycling and conditions favorable for effective invertebrate 

recolonization. It is likely that a change from perennial to intermittent would eliminate several of 

the Tanypodinae species of Ash Creek. 
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In general Jaccard’s coefficient of similarity was highest between sites in spring 2007 and 

summer 2007, 0.375, and 0.539 respectively. Community similarity increased over the course of 

the study as the intermittent stream sustained flow from October 2006 to September 2008 and 

became more similar to the perennial headwater community as taxa previously restricted to the 

headwaters were sampled at the intermittent site. Taxa associated with aquatic macrophytes, such 

as Paratanytarsus and Tanytarsus (eminulus) gr. and Lauterborniella agrayoiloides, which first 

occurred in September 2008 at the intermittent site, were similar to those found at the 

headwaters. The overall Jaccard’s coefficient of similarity of 0.482 between Study Sites 1 and 3 

from summer 2006 to summer 2007 falls between values for harsh intermittent prairie streams 

and southeastern intermittent streams. For a 3-year sampling period of an intermittent prairie 

stream in Kansas, Jaccard’s similarity was 0.223 (Chou et al. 1999). Compared to values 

reported for perennial streams, the Jaccard’s coefficient of similarity of 0.482 on annual basis 

was less. Jaccard’s similarity values for benthic invertebrate communities in the intermittent and 

perennial streams of Talladega National Forest, Alabama, ranged from 60-65%, somewhat 

higher than observed in our study (Feminella 1996). Faunistic similarities and Jaccard’s 

coefficients of similarity were comparable to values reported for intermittent and permanent 

streams in Western Oregon (Dieterich and Anderson 2000). Eight percent of all invertebrate 

species were sampled exclusively from permanent headwaters, versus 13 % of Chironomidae 

species confined to Ash Creek’s headwaters. Twenty-five percent of total species collected were 

limited to the summer dry streams, with 67% species occurring in both headwaters and 

intermittent streams and seeps compared to 25% unique to intermittent Study Site 3 and 56% 

shared species between the two sites (Dieterich and Anderson 2000). Studies of the River 

Lathkill region reported high Jaccard’s similarity values in groundwater-dependent limestone 
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springs and streams, with coefficients varying between 72-78% in perennial springs at low flow 

and 93-97% for all sites during periods of high flow (Wood et al. 2005). From the River Wye 

catchment within the English Peak district, a study of five perennial springs showed lower 

Jaccard’s similarity coefficients between springs of varying permanence with average similarity 

between sites of 41% despite close geographic proximity. The highest similarity between two 

springs was 61%, and this was attributed not to differences in habitat but to their flow 

permanence, temperature variability, and higher volume of leaf litter (Smith et al. 2003). Habitat 

associations of chironomids in prior studies from springs revealed few taxa are associated with 

only one particular habitat type and that Chironomidae typically are generalists capable of 

occupying a wide range of niches in heterogeneous habitats (Ferrington et al. 1995).  

Conservation of groundwater is important to maintain groundwater-dependent habitats in 

a region dominated by intermittent streams that typically lack flow from June to November or 

early winter. As discussed in Chapters 1 and 2, maintenance of groundwater supports regional 

biodiversity by maintaining diverse macrohabitats that serve as potential sources of colonists to 

intermittent streams once they regain flow. Although emergence of Chironomidae was highest 

during the spring at both sites, this study demonstrates that groundwater-dependent habitats of 

Ash Creek support year-round export of Chironomidae, primarily Tanytarsini, which are an 

important food resource to many terrestrial consumers, such as birds, bats, spiders, and predatory 

terrestrial insects that are also fed upon by all of the above. The knowledge of regional 

biodiversity and the relative importance of different aquatic habitats within the catchment are 

fundamental to effective watershed management (Schneiders and Verheyen 1998). 

Use of Chironomidae pupal exuviae is a cost-effective method of gauging biotic diversity 

from all instream habitats and due to its low sampling and processing requirements could enable 
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researchers to sample more frequently and at a greater scale. Its increased use is encouraged in 

biological monitoring programs and further testing of ecological phenomenon. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

This dissertation consisted of three overall objectives: first, to study the relative 

contributions of groundwater-dependent habitats of varying hydrology and riparian cover as 

refugia to benthic macroinvertebrates during a supra-seasonal drought; second, to test the 

hypotheses that groundwater-dependent perennially flowing habitats support higher taxa richness 

and densities of benthic invertebrates; and third, to determine the recovery rates in benthic 

communities at an intermittent site following extreme drought. 

Chapter 1 was initiated at the height of the supra-seasonal drought of 2006 and examined 

the role of spring-fed macrohabitats of varying flow permanence and riparian cover as refugia to 

benthic macroinvertebrates. Macrohabitats consisting of perennial riffles, connected pools with 

surface flow, disconnected shaded pools, and disconnected full sun pools were investigated at 

Ash and Silver Creeks in north-central Texas. Riffles were a distinct habitat type and 

characterized by higher taxa richness, evenness, diversity, and proportion of lotic taxa, 

supporting the hypothesis that they serve a unique role as high quality refugia during periods of 

extreme drought. Full sun disconnected pools had significantly lower taxa richness, diversity, 

and evenness and contained significantly less lotic taxa than all other macrohabitat types. Shaded 

disconnected pools and perennial connected pools were comparable in terms of taxa richness and 

other indices, as well as in the proportion of lotic taxa that they supported; however, many 

differences existed between the lotic taxa each supported. Shaded disconnected pools supported 

various life stages of lotic taxa sensitive to low dissolved oxygen, demonstrating that these 

habitats were favorable to the completion of these taxa’s lifecycles. Another likely possibility 

was that the groundwater upwelling into these habitats, in association with riparian cover, was 
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sufficient to reduce evaporative losses, which helps moderate the concentration of dissolved 

solids and salts and prevents stagnant conditions by transporting dissolved nutrients downstream 

through the hyporheic zone. A contributing factor to the comparable proportion of lotic taxa 

between perennial connected pools and shaded disconnected pools was the preferential use of 

riffles over connected pools by lotic taxa at the perennial headwaters. Conservation of 

groundwater is therefore critical to maintaining this patchwork of temporal and spatial biotic 

refugia.  

These regionally unique persistent macrohabitats are thought to play a vital role in 

supporting biodiversity on a broad regional scale. The study area is dominated by intermittent 

streams observed to have annual flow periods lasting 4-6 months longer than the 3 months for 

the downstream intermittent sites of Ash Creek and Silver Creeks during periods of extreme 

drought. Intermittent streams surveyed were without flow from June 2006 to February 2007, as 

compared to periods of intermittency for Silver Creek from June 2006 to October 2007 and for 

the downstream intermittent site of Ash Creek from mid-July to mid-October 2006. Evaporative 

losses during the supra-seasonal drought were 3 times greater than precipitation (Tarrant 

Regional Water District 2009), and these climatic trends of increasing evaporative losses 

combined with more frequent and severe droughts are forecasted to intensify with global climate 

change. This will exacerbate the intensifying pressures on the Trinity Aquifer, which has a slow 

annual recharge rate of 2.5cm/year (Texas Water Development Board 1990). 

Chapter 2 investigated the recolonization of benthic macroinvertebrates at a downstream 

intermittent site and tracked structural and functional changes in seasonal community 

composition between the perennial headwaters and intermittent site. In the absence of pre-

drought data, the perennial headwater community was used to track the reestablishment of 
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benthic macroinvertebrates at the intermittent site. Early recolonization at the downstream site 

following the resumption of flow in mid-October 2006 was dominated by highly resilient taxa: 

Chironomidae, Simuliidae, and Physidae. Although drift was not measured, it may have been the 

source of several newly hatched early instars. However, these taxa appeared in low abundances 

(<5 individuals) within six weeks after flow resumption, were apparently unable to establish 

populations at the site, and were not sampled through the winter. Over the entire study, mean 

taxa richness was higher at the perennial headwaters. However, mean taxa richness declined at 

the headwaters over the course of the study, and by July 2007 differences between taxa richness 

at the headwaters and intermittent site were not detectable. Late spring 2007 was characterized 

by repeated intense spates, as one of the driest years on record was followed by one of the 

wettest years on record. Multiple spates from April through June were observed and caused 

major habitat changes in bed morphology, destruction of habitat patches (aquatic macrophytes 

watercress and Ludwigia sp., Chara sp), scouring of periphyton, and deposition of fine sediment 

and allocthanous material.  

Other comparable studies of streams in arid and semi-arid climates report recovery post-

disturbance (spates and drought) of 1-2 months for taxa richness and densities (Gray 1981, 

Miller and Golladay 1996, Fritz and Dodds 2004). Densities were not different by spring 2007 

between the two sites after 6 months (4-5 months greater than in prior studies) following the 

resumption of flow. The undetectable difference in mean taxa richness by July 2007 between the 

intermittent and perennial site was due to the persistent decline in taxa richness at the headwaters 

from winter 2007 to summer 2007 and not an increase in taxa richness at the intermittent site. 

Therefore, the highly frequently disturbed nature of this groundwater-dependent ecosystem was 

unlike other studied systems and more closely resembled the pattern of prolonged (>1 yr.) 
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recovery reported in France and in the UK for a temperate karst river (Mouthon and Daufresne 

2006, Stubbington et al. 2009b). Community structure and function as determined by functional 

feeding group analysis also revealed that the intermittent site remained functionally different 

from the perennial headwaters, reflecting the differences between instream food resources at the 

two sites. Flow was maintained at both sites from July 2007 to April 2008, and at this time both 

communities were characterized as having >10% of predators and shredders, which was 

dependent upon well-conditioned detritral sources reaching their highest abundances at the 

intermittent site. The extreme and prolonged effects of supra-seasonal drought combined with 

the intense spates could not be clearly distinguished in the present study, and longer-term studies 

are encouraged. Other researchers have observed that supra-seasonal drought may produce lag-

effects in benthic communities, especially if these extreme climatic events extend over winter, 

which is typically when aquifers receive the most recharge through precipitation (Wood and 

Armitage 2004). In contrast to seasonal droughts that last less than a year, supra-seasonal 

droughts are more likely to result in persistent changes to habitat, extirpation of sensitive aquatic 

species due to a lack of suitable habitat, and reduced pools of potential colonists to nearby 

streams (Lake 2003). In combination with predicted frequency of extreme droughts and 

increased rates of evapotranspiration in southwestern and south-central United States as well as 

increasing demands upon groundwater resources to meet human needs and economic interests, 

the few remaining groundwater-dependent ecosystems will continue to decline sharply. The 

objectives of Chapter 3 were to examine differences in Chironomidae community composition 

and emergence phenologies of perennial headwaters and an intermittent site of Ash Creek to test 

the hypothesis that flow permanence supports higher diversity. Overall, the intermittent site 

supported higher taxa richness on an annual basis, which was contrary to prior studies of benthic 
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invertebrates in intermittent and perennial streams (Miller and Golladay 1996) and in studies 

specific to Chironomidae (Kavanaugh 1984) from perennial and intermittent systems. However, 

the overlap in taxa at 55% between the intermittent and perennial headwaters was lower than 

expected, and each site contained several unique taxa. The majority of taxa as reported in the 

literature possess one or more adaptations to survive in frequently disturbed streams or to persist 

during droughts. Drought adaptations common in taxa of Ash Creek include behavioral 

(construction of larval cocoons thought to reduce desiccation), physiological (drought resistant 

eggs or larvae), and life history adaptations (emergence prior to late summer). Despite the 

common occurrence of adaptations that are thought to confer desiccation resistance to 

Chironomidae of Ash Creek, the maintenance of a saturated hyporheic likely aids in survival of 

aestivating larvae in sediments during the height of the drought. Timing of resumption of flow is 

another key factor in the successful completion of some taxa’s life cycles. Taxa emerging in late 

winter or early spring may be dependent upon winter flow to complete their life cycle within the 

conditions that these taxa require (lower temperature and higher dissolved oxygen). If flow 

resumes in winter or early spring, it is likely that taxa, such as Nanocladius (Plecopterathus) sp. 

Type I and II and Orthoclaius (Orthocladius) sp., would not be able to complete their life cycle. 

In addition, many late winter or early spring emerging taxa also possess phoretic and/or parasitic 

relationships with other benthic macroinvertebrates, such as Perlidae stoneflies that possess life 

histories synced with development in cooler waters. Further taxonomic work will be conducted 

to determine which species of Nanocladius (Plecopterathus) sp. inhabit Ash Creek, which will 

clarify the taxon’s ecological relationships with benthic macroinvertebrates in Ash Creek. The 

relative abundance of Nanocladius (Plecopterathus) sp. corresponds to the relative abundance of 

Perlesta decipiens nymphs with higher abundances of both at the perennial headwaters.  
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Research Implications and Challenges to Groundwater Conservation 

Taken together, Chapters 1, 2 and 3 reveal the ecological significance of groundwater-

dependent habitats as refugia to aquatic biota and as an important source of food, drought refugia 

and water to terrestrial wildlife. Critical to these habitats’ conservation, given the unsustainable 

groundwater overabstraction, urban sprawl, and fiercely competitive economic interests, is the 

development, implementation and enforcement of sustainable groundwater conservation policies. 

Conservation of groundwater to ensure the continued perennial flow of these springs will also 

parallel efforts to ensure that the approximately 59% of residents within the Upper Trinity 

Groundwater Conservation District (UTGCD) who rely upon groundwater for their drinking 

water will continue to have a sufficient quantity of high-quality water (UTGCD 2011, email 

communication). Thirty years ago it was known that the overabstraction of groundwater in north 

Texas combined with low rates of aquifer recharge and the high costs of converting to a surface 

water distribution net would result in rural areas facing water shortages by 2010 (Texas Water 

Development Board1990). The efforts of the UTGCD, whose need for existence was 

acknowledged in the 1990s by the Texas Water Development Board and Texas Commission on 

Environmental Quality due to water quality and quantity problems, have been admirable and 

ambitious since its inception in 2007. It was the first groundwater conservation district in Texas 

able to assess groundwater usage fees for wells related to supplying hydraulic fracturing 

operations. However, the financial resources needed to perform an urgently needed 

comprehensive study of the upper Trinity Aquifer are non-existent, since the district is self-

funded. Such a report is necessary to provide the scientific basis for decision making related to 

well spacing and pumping as the district struggles to justify restricting groundwater to those who 

stand to gain financially from its overabstraction. With escalating population growth, fierce 
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competition for groundwater to support billions of dollars worth of proto-urban real estate 

developments and hydraulic fracturing of Barnett Shale wells, the district faces tough challenges 

to meeting its mandate of groundwater conservation and protection for future generations (Burk 

and Kallberg 2012).  

Urban sprawl—the change of land use from rural, agriculture to mixed-use urbanized 

land—has been significant in north Texas for the last 20 years, and new developments are being 

established continuously. Encompassing the 20 counties that form the Dallas-Fort Worth (DFW) 

metropolitan area, the DFW metroplex is expected to increase from 6.6 million to 9.2 million 

inhabitants in 2030; by 2060, the population is projected to reach 13 million (Texas Water 

Development Board 2011; Griffin 2011). The potential risk for severe water scarcity in north 

Texas is expressed in reoccurring droughts, rapid urbanization, and fierce competition for water. 

From January to August 2011, Texas faced near to record low precipitation, and July had the 

highest temperature since data collection began in 1895 (Texas Tribune 2011).  

Urbanization in rural, southwest areas is dependent largely on water resource availability 

(Foster 2001, Wagner and Kreuter 2004, Schlager 2005, Collins and Bolin 2007), and water 

rights are emerging contentiously as access becomes limited. Surface water in many regions of 

the arid and semi-arid southwest are over-allocated (Schlager 2005); in the cultural-pioneering 

mindset embedded in the culture, strong property rights make groundwater conservation 

challenging (Rainwater et al. 2003,Schlager 2005). Construction of surface reservoirs is 

politically, financially, and legally arduous (Schlager 2005). Even if ample surface water 

reservoirs exist in groundwater-dependent regions, construction of distribution networks is a 

major capital investment that takes years to erect.  
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 Groundwater overdraft is listed commonly as a short-term solution to water demand as 

newly formed groundwater conservation districts—or others charged with groundwater 

management—grapple with the tasks of understanding present and future water needs. Water 

managers often have limited financial, scientific, and institutional support and resources on 

which to base decisions to manage groundwater resources (Rainwater et al. 2003). Groundwater 

overdraft damages groundwater-dependent ecosystems (Brune 2002) and has major socio-

economic impacts through land subsidence (Wagner and Kreuter 2004, Zekster et al. 2005).  

 

Cultural Path Dependency 

Policy is created in the context of how political institutions, constituencies, and 

proponents perceive the environment and framework in which they act. In English common law 

tradition, Texas property rights are upheld historically and guarded strongly (Frownfelter 2009). 

The extent of property rights in Texas was established over a hundred years ago, including water 

laws: Both were established largely by precedence (Frownfelter 2009) and confirmed in such 

landmark cases as East vs. Houston & T.C. Ry. Co. (1904). A strong defense for the right of a 

deeded owner to do whatever he/she pleases with their land is a legal-cultural arrangement that 

collides with the interests of modern land and water resource management. Cultural values 

survive changes in demographics, living conditions, and lifestyle (Almond and Verba 1989), but 

this crossroad is where many rapidly urbanizing areas find themselves in conflict with increasing 

demands for a finite water supply.  

Accurate knowledge of regional biodiversity associated with groundwater-dependent 

habitats is needed to inform groundwater conservation efforts and understand the range of 

ecosystem services provided by groundwater-dependent ecosystems. Through knowledge of 
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benthic macroinvertebrates, water planners can understand the antecedent hydrologic and water 

conditions of aquatic habitats. Benthic macroinvertebrate communities reveal characteristics of 

water quality, flow permanence, instream productivity, and nutrient dynamics of aquatic habitats. 

The process of crafting required future planning documents that shape public policy run the risk 

of not realistically evaluating the diversity of aquatic life in their area and these communities’ 

food webs. Aquatic habitats and benthic invertebrate communities contribute to regional 

biodiversity on a landscape scale by providing habitat and food for recreational fishes, and 

important food for migratory and native birds, and other terrestrial consumers such as bats and 

spiders (Meyer et al. 2007, Adams 2010, Albright et al. 2010). In addition, these groundwater-

dependent habitats serve as a critical corridor and water source for wildlife that sustains these 

populations during extreme drought.
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