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ABSTRACT 

Temperature is one of the most critical environmental factors that can influence 

an organism’s metabolism as well as impact toxicokinetics and toxicodynamics. Most 

studies investigating the effects of temperature on toxicity do not incorporate realistic 

daily temperature fluctuations. These fluctuations may be important for high 

elevation/arid aquatic ecosystems, which experience large changes in daily temperatures. 

Temperature and contaminants can also affect important ecosystem processes like 

organic matter decomposition via impacts on microbial communities and the shredding 

invertebrates responsible for breakdown of this material. The objectives of this research 

were to: 1) assess how realistic daily temperature fluctuations, based on field collected 

playa wetland temperatures, impact toxicity of pesticides to aquatic invertebrates, 2) 

determine how pharmaceutical-fungicide mixtures and temperature regimes affect leaf 

decomposition processes, 3) examine toxicity of the fungicide pyraclostrobin to the 

shredding amphipod Hyalella azteca and effects on leaf processing and the microbial 

community, and 4) assess how daily temperature regimes impact growth and 

development of larval Mexican spadefoot toads (Spea multiplicata).  

Results indicated that toxicity of pesticides under fluctuating daily temperature 

cycles can differ compared to a constant temperature or a temperature regime altered 

based on climate change predictions. There was no clear trend of mixture effects for 

triclosan, ciprofloxacin, or chlorothalonil, on H. azteca or leaf processing, but 

ciprofloxacin may have the greatest effect. Pyraclostrobin was toxic to H. azteca and 

caused reductions in leaf processing, and some effects also depended on temperature 
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regime. However, at environmentally relevant concentrations of pyraclostrobin there 

were limited effects on H. azteca, fungal biomass and microbial community function. In 

general growth of S. multiplicata did not differ between temperature regimes, and this 

may indicate natural adaptation to thermally heterogeneous environments. Therefore, 

effects of realistic daily temperature fluctuations on ecologically relevant responses may 

be complex, but are important for assessing how risk of contaminants may be altered 

under future climate change scenarios, especially for organisms that inhabit thermally 

variable environments. 
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CHAPTER 1 

 

EFFECTS OF ENVIRONMENTALLY REALISTIC DAILY TEMPERATURE 

VARIATION ON PESTICIDE TOXICITY TO AQUATIC INVERTEBRATES 
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 Abstract 

Toxicity of several agricultural chemicals to aquatic invertebrates has been shown 

to be temperature dependent, but the role of daily temperature variation has rarely been 

examined. We simulated a natural daily temperature pattern (a fluctuating cycle of 21 to 

31°C over a 24 h period) based on field-collected data from Southern High Plains 

wetlands and have conducted a series of experiments comparing responses from this 

exposure scenario to a constant 24 ± 1°C exposure. Results indicate alterations in 

pesticide toxicity under the fluctuating temperature regime compared to the constant 

temperature exposure. There was a significant interaction of temperature regime and 

bifenthrin on Chironomus dilutus survival and C. dilutus ash-free dry mass was lower in 

the fluctuating temperature treatment. The 10 d median lethal concentration (LC50) for 

Hyalella azteca exposed to chlorothalonil was lower under the fluctuating temperature 

regime compared to the constant temperature regime. For Daphnia magna exposed to 

malathion, main effects of temperature regime and malathion were observed on 

cholinesterase (ChE) activity. This study demonstrates how environmentally relevant 

daily temperature variation influences contaminant effects on aquatic invertebrates.   
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Introduction 

For many aquatic organisms temperature is an important environmental variable 

that can influence physiological mechanisms at enzymatic and cellular levels, resulting in 

alterations of metabolic rates (Cairns et al., 1975; Ward and Stanford, 1982). Such 

temperature effects may modify an organism’s ability to detoxify xenobiotics by altering 

contaminant uptake, elimination, or biotransformation rates (Cairns et al., 1975; Hooper 

et al., 2013; Noyes et al., 2009; Rohr et al., 2011), ultimately influencing toxicokinetic 

and toxicodynamic processes and toxicity. For example, several organophosphate (OP) 

insecticides are known to exhibit increased toxicity in invertebrates at elevated 

temperatures, whereas, pyrethroid insecticides have been shown to have increased 

toxicity at lower temperature exposures (Coats et al., 1989; Harwood et al., 2009; Lydy et 

al., 1999). Because the toxicity of several agricultural chemicals has been shown to be 

temperature-dependent, assessing temperature-contaminant interactions for such 

compounds is important. However, most studies have determined this dependence based 

upon exposures under a series of non-varying temperatures (e.g., a continuous 24°C 

exposure compared to a continuous 30°C exposure scenario) (Bao et al., 2008; 

DeLorenzo et al., 2009; Fisher, 1991; Lydy et al., 1990; Weston et al., 2009). Such 

constant temperature regimes are not necessarily reflective of many aquatic ecosystems 

where water temperatures exhibit daily fluctuations. These fluctuations may act as an 

added stressor if they approach thermal extremes and introduce significant variability into 

ecological risk estimates associated with contaminants that exhibit temperature-

dependent toxicity.  For example, in high elevation and/or arid urban and agricultural 

areas, daily water temperature fluctuations in shallow lentic systems may vary as much as 
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10°C over a 24 h period (Figure 1.1). Daily temperature variation of nearly 6°C has also 

been observed in spring-fed lotic systems in Texas (Willming, Texas Tech University, 

Lubbock, TX, USA, unpublished data). These fluctuations can span the temperature 

ranges that have been shown to affect toxicity of pesticides, but such time-integrated 

temperature variation has rarely been examined in regard to contaminant toxicity. Thus, 

risk is typically estimated from toxicity data generated under constant temperatures, 

rather than incorporating more environmentally realistic daily temperature variation. 

Additionally, understanding how daily temperature variation affects contaminant toxicity 

is a needed first step to assess how temperature shifts under predicted climate change 

scenarios may influence risk of contaminants in the environment (Landis et al., 2013). 

The present study examined toxicity and temperature effects of three agricultural 

chemicals from different chemical classes: chlorothalonil (a broad-spectrum fungicide), 

bifenthrin (a pyrethroid insecticide), and malathion (an organophosphate insecticide). 

There has been some evidence of temperature-dependent toxicity reported for 

chlorothalonil. DeLorenzo et al. (2009) observed increased chlorothalonil toxicity to the 

grass shrimp, Palaemonetes pugio, at a constant elevated temperature (i.e., 25°C versus 

35°C). Toxicity of the pyrethroid bifenthrin to Hyalella azteca has been shown to have an 

inverse relationship with temperature (Weston et al., 2009). Additionally, many aquatic 

organisms are highly sensitive to pyrethroids and slight changes in toxicity due to 

ambient temperature could potentially affect sub-lethal responses such as growth 

endpoints (Liber et al., 1996; Maul et al., 2008). Finally, malathion along with other OP 

insecticides has generally been shown to exhibit increased toxicity at elevated 
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temperatures (Cairns et al., 1975; Harwood et al., 2009; Lydy et al., 1999; Lydy et al., 

1990).  

The objective of the present study was to assess the toxicity of these agricultural 

chemicals to three aquatic invertebrates under two different temperature regimes: (1) a 

fluctuating daily temperature pattern modeled on field collected temperature data and (2) 

a single, constant temperature commonly used in standardized aquatic toxicity testing. 

The amphipod Hyalella azteca was exposed to chlorothalonil to determine alterations in 

toxicity due to temperature regime and effects on growth, survival, and leaf processing. 

Chlorothalonil exposure may be both directly toxic to these organisms and also indirectly 

toxic by targeting their food resources (i.e., leaf-associated fungi and bacteria) as has 

been found with other classes of fungicides (Bundschuh et al., 2011). The midge 

Chironomus dilutus was exposed to bifenthrin under the two temperature regimes to test 

for effects on growth and survival. Finally, Daphnia magna was exposed to malathion 

under both temperature regimes, and inhibition of cholinesterase activity was measured to 

provide insight into potential mechanisms of the effect of temperature on OP toxicity as a 

biomarker of exposure.  The organisms selected for these experiments represent a range 

of invertebrate functional groups (e.g., a benthic shredder, benthic collector/gatherer, and 

planktonic filter feeder) which allows for an assessment of possible temperature effects 

across a variety of ecological conditions. Corresponding pesticides of various classes 

were chosen in order to provide relevant species-specific exposure scenarios, since 

organism-contaminant interactions will differ based upon ecological function. 
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Materials and methods 

Daily temperature regimes 

Daily temperature data from an urban playa wetland within the city of Lubbock, 

TX were collected continuously every 1 min for 14 d using temperature loggers (HOBO 

Pro v2). Playa wetlands are shallow, ephemeral wetlands located across the Southern 

High Plains. Urban playas are often modified to serve as catchments for storm water run-

off and may continuously retain water. Loggers were deployed from June 6 to June 20, 

2009. The loggers were secured to bricks and floated roughly 10 cm above the sediment 

in a water depth of approximately 76 cm. The daily temperature range of 21-31°C 

measured from the lows occurring between June 8 and 9th, 2009 was chosen as a model 

for these experiments (Fig. 1.1A).  

To control temperature regime in the laboratory, all experimental chambers were 

placed in water baths with a water depth of approximately 8 cm. Temperature was 

controlled using a heated/refrigerated bath-circulator. Temperature treatments were 

conducted simultaneously, with one water bath at a relatively constant temperature of 

24.1°C (range over 24 h period = 23.1 – 25.0) and another programmed to simulate a 24 

h daily temperature fluctuation in playas targeting a low of 21°C peaking to a high of 

31°C and returning to the low of 21°C over a 24 h period (Fig. 1.1B). The average 

temperature for a 24 h cycle in the fluctuating temperature treatment was 24.8°C (actual 

range = 20.9 – 31.4) calculated from the temperature recorded each minute. Experimental 

conditions in both water baths were identical, except for temperature. Temperature was 
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monitored throughout all experiments using continuous temperature loggers (HOBO Pro 

v2). 

Chlorothalonil and Hyalella azteca 

Hyalella azteca were reared in laboratory cultures using maple (Acer saccharum) 

leaves. A random subset of this population was collected and gently sieved. Organisms 

that passed through a 500 µm (U.S. Standard #35) sieve but were retained on a 355 µm 

sieve (U.S. Standard #45) were used in the experiment to reduce variability associated 

with age and size. This cohort corresponded to approximately 7-14 d old organisms 

(USEPA, 2000). After sieving, H. azteca were held for 24 h to eliminate organisms 

injured during handling. Forty organisms from this group were randomly selected and 

preserved in 10% formalin for initial length and mass measurements. Leaf disks (2.3 cm 

diameter) were cut from dried Acer saccharum leaves and dried for 24 h at 60°C to 

remove any moisture before determining an initial dry mass using a microbalance with 

0.001 mg precision (Cahn C-33, Cahn Instruments). Of the dried leaf disks, 35 were 

ashed at 550°C for 45 min to estimate leaf ash-free dry mass (AFDM). 

A stock solution of chlorothalonil (99.3% purity, ChemService) was prepared in 

pesticide grade acetone. Chlorothalonil concentrations were determined based on range 

finding tests. Nominal concentrations selected were 0, 40.96, 51.20, 64, 80, and 100 

µg/L.  Test solutions were prepared using aged tap water diluted with deionized water to 

a conductivity of approximately 350 µS and pH of 7-8. Experimental chambers consisted 

of 400 mL beakers and contained 250 mL of test solution with four replicates at each 

exposure concentration. Each replicate contained four H. azteca and a single leaf disk. 
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Experimental chambers were randomly placed in the temperature-controlled water baths 

previously described. Test conditions consisted of a 16:8-h light:dark photoperiod, and all 

experimental chambers were aerated continuously. Mortality in each experimental 

chamber was recorded every 48 h for 10 d to determine median lethal concentration 

(LC50). 

After 10 d, surviving organisms from each experimental chamber were preserved 

in 10% formalin to determine length and mass. Leaf disks were removed and dried for 3 

d at 60°C before dry mass was determined using a microbalance. Dry leaf disks were 

ashed at 550°C for 45 min to determine AFDM. Digital photographs of preserved 

organisms were taken using a Leica MZ9.5 stereomicroscope (Leica Microsystems). 

Length was measured from the base of the third uropod to the base of the first antennae 

(USEPA, 2000), using ImageJ software (Ver 1.43u; National Institutes of Health, USA; 

rsbweb.nih.gov/ij/). After being photographed, individual organisms were dried for 3 d at 

60°C and dry mass was determined using a microbalance. 

Using initial and final lengths and masses, instantaneous growth rates (IGR) were 

calculated using the following equation 

IGRg = [ln(gf / gi)] / d 

where g is a growth endpoint (either dry mass or total organism length), gf is the 

final measured dry mass or length, gi is the initial measurement from the subset of 

organisms at the start of the experiment, and d = 10 (length of growth period in days). 

This endpoint has been used successfully to assess environmental stress on aquatic 

invertebrates (Benke, 1996; Hutchens et al., 1997; Maul et al., 2008). 
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Bifenthrin and Chironomus dilutus 

Toxicity tests were conducted following standardized methods (USEPA, 2000) to 

examine the potential effects of bifenthrin and temperature regime on survival and 

growth of the benthic invertebrate, C. dilutus. Third instar organisms (head capsule width 

= 0.39 ± 0.04 mm) were obtained from laboratory cultures and used for the experiment. 

An initial subset of C. dilutus larvae (n = 24) were used to determine the body length, 

head capsule width, dry mass, and AFDM at the beginning of the exposure period (i.e., 

time zero) (USEPA, 2000). Organisms were exposed for 10 d to bifenthrin concentrations 

of 0.00, 0.52, and 1.04 µg/L. Test solutions were prepared in synthetic moderately hard 

(MH) water (USEPA, 2000). There were six replicate experimental units for each 

concentration at both temperature treatments. Experimental units consisted of 400 mL 

beakers with 300 mL of solution and about 40 mL of clean sand. At the beginning of the 

experiment, six organisms were randomly selected and distributed into each beaker.  

Experimental units were first acclimated to room temperature (21-23°C) for 2 d. 

Following acclimation, they were randomly placed in the temperature controlled water 

baths at the corresponding temperature treatment. Water quality parameters including 

dissolved oxygen, conductivity, and pH were recorded at the beginning and the end of the 

experiment, using an Accumet XL 60 dual channel meter and an Orion 3-Star benchtop 

conductivity meter. At day 0, a 100 µL aliquot of 100 g/L Tetrafin flake fish food 

solution (Tetra Holding, Inc.) was added to each experimental chamber. From day 2 to 

day 10, a 50 µL aliquot of 100 g/L Tetrafin solution was added to each unit each day. 

Water levels in experimental chambers were marked at the beginning of the experiment 

and DI water was added as needed to compensate for evaporation. Test conditions 
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consisted of a 16:8-h light:dark photoperiod, and all experimental chambers were aerated 

continuously.  

After 10 d of exposure (including the first two days of acclimation), organisms 

were collected by gently passing water and sand though a 500 µm sieve while retaining 

organisms. After recording the number alive, organisms were preserved in 10% formalin 

for growth measurements. Digital pictures of organisms were taken using a Leica MZ9.5 

stereomicroscope and body length and head capsule width were measured using ImageJ 

software. Organisms were dried at 60°C for 3 d and after cooling in a desiccator, dry 

mass was obtained using a microbalance (Cahn C-33). Organisms were then ashed in a 

muffle furnace at 550°C for 3 h and ash-free dry mass (AFDM) was determined using a 

microbalance. 

Malathion and Daphnia magna 

Mechanism of toxicity for malathion is to inhibit the enzyme cholinesterase, and 

monitoring this enzyme’s activity is a sensitive biomarker of organophosphate exposure 

in aquatic invertebrates (Bond and Bradley, 1997; Day and Scott, 1990). Therefore, 

understanding this mechanism of action may provide information on metabolic-level 

changes and alterations of toxicity due to temperature regime. A 2 × 4 factorial design 

was used to examine the individual and combined effect of malathion and daily 

temperature, with three chemical levels (0, 0.43, and 0.64 µg/L) and two temperature 

levels (constant 24±1°C and a temperature fluctuation of 21-31°C). Test solutions were 

prepared in synthetic moderately hard (MH) water. Each treatment had four replicates 

and each replicate consisted of a 250 mL glass jar with 200 mL of solution and 35 5-6 d 
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old D. magna. Experimental chambers were placed in the water baths with the previously 

described temperature treatments. Exposure was conducted under a 16:8-h light:dark 

photoperiod and organisms were not fed during the experiment. After 24 h of exposure, 

living organisms were collected for determination of cholinesterase activity. 

Cholinesterase activity assays were performed using 96-well plates following 

methods described in Duquesne (2006). After exposure, organisms were collected by 

plastic pipettes and blotted dry. Samples were then homogenized using a sonic 

dismembrator (Fisher Scientific, model 100) in an appropriate amount of ice-cold pH 7.4 

Tris buffer to make a 1:20 (w/v) dilution and 0.1% (v/v) of Triton X-100. The sample 

was then centrifuged at 10,000 × g for 1 min at 4°C. The supernatant was immediately 

used for the ChE activity assay. In the assay, 170 µL of ice-cold pH 8.0 Tris buffer was 

added to each well, followed by 30 µL of supernatant, 20 µL DTNB, and 30 µL AThCh. 

Each sample and blank had triplicate wells. Immediately following the AThCh addition, 

total ChE activity in the mixture was measured on an ELx808 absorbance microplate 

reader (BioTek Instruments, Inc.) at λ = 412 nm over a period of 10 min. Horse serum  

was used as a standard to determine consistency of the assay. Coefficients of variation 

(CVs) of triplicate wells were calculated and only those data with CVs less than 5% were 

used for the final calculation. Protein concentration of the supernatant was determined 

using the Lowry Method (Lowry et al., 1951) with a Bio-Rad DC protein assay kit (Bio-

Rad Laboratories, Inc.). The activity of ChE was expressed as mole AThCh 

hydrolized/min/mg protein. 
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Chemical analyses 

Bifenthrin and malathion stock concentrations were analyzed following 

methodology reported previously using an Agilent 6890 series gas chromatograph (Qin et 

al., 2011). Briefly, for malathion, a Phenomenex ZB-5 column (30 m × 0.32 mm × 0.25 

µm) and a flame photometric detector was used. For bifenthrin, an Alltech EC-5 column 

(30 m × 0.32 mm × 0.25 µm) and a microcell electron capture detector (µECD) was used. 

For both the malathion and bifenthrin method, He was used as the carrier gas with a flow 

rate at 60.0 mL/min. The injection volume was 2 µL and inlet was set to the splitless 

mode. Oven temperature was ramped from 60°C to 26 °C at a rate of 20°C/min and then 

held for 2 min. 

Chlorothalonil stock solution was analyzed using an Agilent 6890 series gas 

chromatograph equipped with a DB-5 column (30 m × 0.32 mm × 0.25 µm) and µECD. 

Helium was used as the carrier gas and argon-methane (5%) as the makeup gas, with a 

combined flow rate of 60.0 mL/min. The injection volume was 1 µL and inlet was set to 

splitless mode. Oven temperature was 60 °C initially, heated to 280°C at a rate of 

20°C/min, and held for 1 min. 

For each pesticide, five external standards were used for linear calibration. 

Standards were run before each set of blanks and samples. Concentrations reported 

throughout are nominal aqueous exposure concentrations adjusted for measured stock 

concentrations. 
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Statistical analyses 

For the chlorothalonil-Hyalella experiment, LC50s were estimated for each 

temperature treatment with logistic regressions using a generalized linear model with a 

logit link function, binomial probability distribution, and a maximum likelihood 

estimation method (Wheeler et al., 2006) using JMP Statistical Analysis Software 

(version 9.0.0). Based on these logistic regressions, the LC50 ratio test (Wheeler et al., 

2006) was used to compare LC50s from the constant temperature treatment to the 

fluctuating daily temperature regime. For the LC50 ratio test, slopes, intercepts, and 

variance estimates from the concentration-response relationship were used to calculate 

standard errors of the ratio. A z test statistic was derived from the difference between 

LC50s and the standard error of the ratio and compared to a Z score table to estimate p 

values (Wheeler et al., 2006). Furthermore, parameters from the logistic regressions (i.e., 

slope and intercept) were used to test the equivalence of concentration-response 

relationships between the two temperature treatments by generating likelihood ratio test 

statistics that were then compared to a table of χ2 values (Oris and Bailer, 1997). It should 

be noted that the approach used to compare LC50s in the present study (LC50 ratio test) 

may not be the most conservative approach (e.g., confidence interval overlap approach) 

and should be considered when interpreting the results of the present study. 

For an initial subset of 35 leaves the correlation between ash-free dry mass 

(AFDM) and dry mass was calculated. The initial AFDM of each experimental leaf disk 

was then estimated based on the correlation using measured dry mass. Total AFDM mass 

loss was determined by subtracting the final measured AFDM from the measured initial 

AFDM. This was then normalized for H. azteca biomass in each replicate. AFDM loss 
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for each treatment was compared using two-way ANOVA. The effects of chlorothalonil, 

temperature regime, and their interaction on H. azteca IGRs for both length and mass, 

body length, and dry mass were tested using two-way ANOVAs. The highest 

chlorothalonil concentration was excluded from these analyses due to high mortality and 

therefore low sample size in this treatment. 

Separate two-way ANOVAs were used to test for the effects of bifenthrin, 

temperature regime, and their interaction on each of the following endpoints for C. 

dilutus: survival, AFDM, head capsule width, and body length.  The effects of malathion, 

temperature regime, and their interaction on D. magna cholinesterase activity were tested 

using a two-way ANOVA. All ANOVAs were conducted using JMP Statistical Analysis 

Software (Version 9.0.0). 

Results 

Chlorothalonil and H. azteca  

Based on the LC50 ratio test (Wheeler et al., 2006), the 10 d LC50 for H. azteca 

exposed to chlorothalonil under the fluctuating temperature regime was significantly 

lower compared to organisms exposed to chlorothalonil under a constant temperature of 

24°C, although slopes and intercepts did not differ (Table 1). This indicates that under the 

daily temperature variation, toxicity to chlorothalonil was increased compared to the 

constant 24°C treatment. No difference between slopes suggests that the temperature 

treatment did not influence or alter the mechanism of action of the pesticide (Oris and 

Bailer, 1997), which could occur if degradation rates were temperature-dependent.   
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There was no significant effect on IGR based on body length or dry mass for 

chlorothalonil, temperature regime, or their interaction (p > 0.05). Additionally, there 

were no significant effects on H. azteca dry mass or length (p > 0.05). There was no 

significant interaction between temperature regime and chlorothalonil concentration on 

AFDM lost/detritivore biomass, but the main effect of chlorothalonil on AFDM was 

significant (F4,28 = 4.0, p = 0.011; Fig. 1.2). The greatest AFDM lost occurred in the 

highest concentration of chlorothalonil.  

Bifenthrin and C. dilutus 

There was a significant interaction of temperature regime and bifenthrin 

concentration on C. dilutus survival (F2,30 = 10.9, p < 0.001; Fig. 1.3A). Main effects of 

temperature treatment (F1,30 = 51.9, p < 0.001) and bifenthrin concentration (F2,30 = 

156.0, p < 0.001) were also significant. There was a significant interaction of temperature 

regime and bifenthrin on organism AFDM (F1,15 = 9.2, p = 0.008; Fig. 1.3B). The main 

effect of bifenthrin concentration was also significant (F1,15 = 70.7, p < 0.001; Fig. 1.3B), 

but there was no effect of temperature regime on organism AFDM (p > 0.05). For body 

length, the main effect of bifenthrin was significant (F1,16 = 43.1, p < 0.001; Fig. 1.3C), 

while temperature regime (p = 0.07) and the interaction (p > 0.05) were not significant. 

Only bifenthrin had a significant effect on head capsule width (F1,16 = 27.6, p < 0.001; 

Fig. 1.3D). 

Malathion and D. magna 

There was no significant interaction of temperature regime and malathion on ChE 

activity in D. magna (p > 0.05), but main effects of temperature regime (F1,17 = 18.7, p < 
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0.001) and malathion concentration (F2,17 = 4.4, p = 0.013) on ChE activity were 

significant (Fig. 1.4). Malathion significantly decreased ChE activity under both 

temperature regimes. Although the ChE response pattern to malathion concentrations was 

similar under both temperature treatments, ChE activity overall was elevated in the daily 

temperature regime. 

Discussion 

We found that environmentally realistic daily temperature variation influenced 

pesticide toxicity differently than at a constant temperature. Furthermore, the time-

weighted average of our daily temperature pattern (i.e., 24.8°C) was very similar to the 

relatively constant temperature we ran in our experiments (i.e., 24.1°C). Thus, observed 

variation in lethal and sublethal toxicity was not simply due to a difference in overall 

average temperature, suggesting that temperature acts as a variable stressor throughout 

daily cycles. 

Past efforts to examine effects of temperature on pesticide toxicity have mostly 

focused on comparison among treatments of constant temperatures, but this may not be 

adequate for understanding contaminant toxicity under realistic environmental conditions 

in which organisms experience variable environments. Studies using non-varying 

temperatures have, however, been valuable for temperature toxicity identification 

evaluations (TIEs), which are used for identification of contaminants, such as 

pyrethroids, known to have established patterns of temperature-dependent toxicity 

(Harwood et al., 2009; Weston et al., 2009). However, study designs involving non-

varying temperatures do not provide an assessment of how toxicity may occur in actual 
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environments with large temperature fluctuations and may not account for variation in an 

organism’s physiological response over time, particularly for ectothermic species. 

Alterations in daily temperature patterns due to future climate change are 

predicted (Easterling et al., 1997; Knappenberger et al., 1996), and based upon our 

results, this may affect toxicity endpoints. This research provides an important first step 

in assessing the interaction of environmentally realistic temperature patterns and 

contaminant toxicity. However, further investigation into the specific effects of climate 

change induced shifts in daily temperature variation is required to establish clearer links 

of its influence on contaminant toxicity.  For example, the shape of the daily temperature 

pattern and its range described in Figure 1.1 may not simply be shifted up several degrees 

to simulate future climate changes. It has been suggested that daily lows will increase at a 

faster rate than daily highs, altering the shape of the daily temperature pattern (Easterling 

et al., 1997; Karl et al., 1993). 

Significant temperature effects on lethal and sublethal responses were observed 

for both H. azteca and C. dilutus, which may have important ecological implications for 

these species. We observed that the toxicity of chlorothalonil to H. azteca increased 

under the daily temperature variation treatment, as demonstrated by the different LC50 

values. Differences in the LC50 values could be attributed to the previously reported 

temperature-dependent toxicity of chlorothalonil (Bao et al., 2008; DeLorenzo et al., 

2009). Additionally, there was a significant effect of chlorothalonil on leaf processing of 

H. azteca. Increased processing at 80 µg/L may indicate fungicide-induced reductions of 

microbial food resources or alterations in microbial species composition, causing the 

amphipods to increase leaf shredding rates to obtain sufficient food resources. Both this 
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indirect toxicity as well as direct toxicity of chlorothalonil to H. azteca most likely are 

simultaneously responsible for effects on leaf processing (Bundschuh et al., 2011; Zubrod 

et al., 2010). Such alterations in detrital processing have the potential to affect energy and 

nutrient transfer through food webs (Anderson and Sedell, 1979; Wallace et al., 1997) 

and suggest future work should explore contaminant effects on functional endpoints and 

ecosystem processes. 

For chironomids, we observed significant main and interaction effects on survival 

and growth endpoints, including reductions in AFDM, body length, and head capsule 

width as a result of bifenthrin exposure and temperature regime. The interaction of 

temperature regime and bifenthrin concentration on survival indicates that toxicity was 

altered under a fluctuating temperature regime. Reductions in larval growth of these 

organisms have been correlated with reduced emergence, which may directly lead to 

negative population-level consequences (Liber et al., 1996; Maul et al., 2008; Sibley et 

al., 1997). Additionally, in dipterans there may be a body mass threshold below which 

emergence does not occur (Liber et al., 1996). Non-emergent individuals are essentially 

removed from the reproducing population, and therefore cannot contribute to overall 

population growth (Sibley et al., 1997). Dipteran growth and development endpoints have 

been shown to be very sensitive to some pesticides, such as pyrethroids (Maul et al., 

2008), as well as temperature (Mackey, 1977; Stevens, 1998). Thus, exploring 

interactions of pesticides and realistic temperature regimes clearly has important 

consequences for ecologically-relevant response variables.   

Effects on ChE activity in D. magna demonstrated mechanistic effects of 

temperature regime on toxicity, and indicated that contaminant exposure at the metabolic 
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level can be affected by alterations in temperature regime. Both temperature regime and 

malathion concentration affected ChE levels in D. magna, although there was no 

significant interaction. The elevated levels of ChE in the fluctuating temperature 

treatment could be caused by induction of heat-shock proteins at elevated temperatures, 

which has been shown to reduce malathion toxicity in D. magna (Bond and Bradley, 

1995, 1997). Bond and Bradley (1995) reported less inhibition of ChE activity in heat-

shocked organisms exposed to malathion than those exposed at a standard temperature. 

Our results indicate that temperature-associated changes in metabolic processes may 

mediate toxicity when using an environmentally realistic temperature scenario. This helps 

to establish a more holistic view of the role of temperature in pesticide toxicity. 

Further research is required to understand how such time-integrated temperature 

fluctuations drive the pattern of toxicity, especially when temperature regime is on both 

the lower and upper end of standardized constant temperatures, and specifically, if one 

temperature extreme is more responsible for the pattern. We hypothesize that bifenthrin 

toxicity elicited at the lower temperature extreme drives the difference from constant 

temperature, since pyrethroids have a negative relationship with temperature, and toxicity 

was increased in the daily temperature cycle treatment. Quantifying this pattern could be 

important for better understanding the risk of pesticides in variable environments.  

Understanding the role of environmentally realistic temperature scenarios has 

important implications for establishing how organisms respond to multiple stressors. 

Organisms that are adapted to environments which experience large daily temperature 

fluctuations could potentially be more susceptible to additional stressors (e.g., pesticides) 

due to greater energy costs for coping with a continually fluctuating environmental 
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variable (DuRant et al., 2007; Heugens et al., 2001; Heugens et al., 2006). It will also be 

important to consider an organism’s thermal limits when examining environmentally 

realistic temperature scenarios. If a fluctuating temperature regime reaches these limits, it 

may increase thermal stress on the organism and as a result a contaminant stressor may 

have greater toxicity at these limits. 

Though the present study only considered short temporal-scale effects that 

occurred during growth and development periods of the organisms studied, this was still a 

relevant exposure scenario for organisms that live in high elevation and arid 

environments where water bodies (e.g., playa lakes) are often ephemeral. In these 

systems, which can be agricultural or urban intensive landscapes, organisms are 

potentially faced with large daily temperature variation as well as pesticide stressors, 

making the results of the present study highly relevant for the Southern High Plains. 

Future work examining longer-term exposure scenarios would be useful, especially in 

regards to temperature variation effects since this may have even greater impacts on 

adaptation to temperature stress. Additionally, modeling longer-term temperature 

exposure scenarios would present information on potential changes in risk of these 

chemicals under future climate-altered scenarios.  

In conclusion, the present study demonstrated that daily temperature variation 

affected the toxicity of some pesticides relative to a non-varying temperature regime 

(similar to the time-weighted average of the variable temperature treatment) on both 

population- and mechanistic-level endpoints. Specific mechanism of action may play an 

important role in understanding temperature related toxicity, especially in contaminants 

with temperature-dependent toxicities. Finally, incorporation of realistic daily 
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temperature fluctuations will provide a more environmentally relevant assessment of risk 

of contaminants and could be important for predicting toxicity under future climate 

change scenarios. 
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Table 1.1.  Hyalella azteca LC50s (µg/L) and associated 95% confidence intervals (CI) 
and slopes (β1) (± SE) and intercepts (β0) (± SE) from logistic regressions for 
chlorothalonil in exposures conducted under two temperature regimes: a continuous 24°C 
and a daily temperature fluctuation representing water temperature variability in urban 
playa wetlands in Lubbock, TX. The Z test statistic (ZT) from the LC50 ratio test, the 
maximum likelihood ratio test statistics (LRT) from the slope-intercept equivalence test, 
and p values are provided for the comparisons of exposure-response relationship 
parameters between the two temperature regimes. Each LC50 was estimated from five 
chlorothalonil concentration levels with four replicate experimental units per 
concentration.  

Parameter 24ºC 21-31ºC ZT RT p 

LC50 (95% CI) 80.1 (71.6 – 92.3) 70.4 (62.7 – 79.5) 3.41 --- < 0.001 

Slope [β1] (± SE) 0.065 (± 0.015) 0.073 (± 0.016) --- 0.04 > 0.05 

Intercept [β0] (± SE) -5.20 (± 1.13) -5.19 (± 1.12) --- 0.01 > 0.05 
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Fig. 1.1. Daily water temperature from an urban playa wetland in Lubbock, TX collected 
every 1 min 10 cm above the sediment from 6 June to 20 June, 2009 (A). Lows occurring 
between June 8th and 9th were chosen as a model range for a laboratory modeled daily 
temperature program (21-31°C) within experimental water baths (B).  
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Fig. 1.2. Ash-free dry mass (AFDM) loss of leaf material normalized for Hyalella azteca 
biomass at each concentration of chlorothalonil under two temperature regimes: a 
continuous 24°C and a daily temperature variation regime (21-31°C) representing water 
temperature fluctuation in urban playa wetlands in Lubbock, TX. Error bars represent ± 
SE of the mean. 
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Fig. 1.3. Chironomus dilutus survival (A), ash-free dry mass (B), body length (C), and 
head capsule width (D) after 10-d exposure to two concentrations of bifenthrin and at two 
temperature regimes: a continuous 24°C and a daily temperature fluctuation representing 
water temperature variability in urban playa wetlands in Lubbock, TX. Error bars 
represent ±SE of the mean. 
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Fig. 1.4. Cholinesterase activity in D. magna after exposure to malathion at two 
temperature regimes: a continuous 24°C and a daily temperature fluctuation representing 
water temperature variability in urban playa wetlands in Lubbock, TX. Error bars 
represent ±SE of the mean.  
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CHAPTER 2 

 

EFFECTS OF PHARMACEUTICAL-FUNGICIDE MIXTURES ON SHREDDING 

DETRITIVORE RESPONSES UNDER VARYING TEMPERATURE REGIMES 
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Abstract 

The presence of pharmaceuticals and fungicides in aquatic environments may 

impact non-target bacterial and fungal communities and the invertebrate detritivores 

responsible for the decomposition of allochthonous organic matter, a major energy source 

for many aquatic ecosystems. Additionally, in some aquatic systems daily water 

temperature fluctuations may influence these processes and alter contaminant toxicity, 

but such daily temperature regimes are rarely examined in conjunction with 

contaminants. In this study, the amphipod Hyalella azteca served as a model shredding 

detritivore and organisms were exposed to the pharmaceuticals, triclosan and 

ciprofloxacin, and the fungicide, chlorothalonil, at near environmentally relevant 

concentrations both individually and in mixture. Experiments were performed at a 

constant temperature (21°C), a variable daily temperature regime (20-26°C), and a 

variable daily temperature regime (22-27°C) adjusted based on possible climate change 

predictions. Endpoints included organism growth and leaf processing. There was no 

interaction between temperature and contaminant treatments. Contaminant effects were 

greater than temperature effects, and ciprofloxacin appeared to have the greatest effects 

on leaf decomposition and growth. This work provides information on the influence of 

environmentally realistic temperature scenarios on contaminant effects in aquatic 

systems, which is an important initial step for understanding how future temperature 

alteration due to climate change may influence the assessment of ecological risk of 

contaminants. 
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Introduction 

In many aquatic ecosystems leaf shredding invertebrates such as the amphipod 

Hyalella azteca are responsible for much of the breakdown of allochthonous organic 

matter (Vannote et al., 1980). This breakdown, also facilitated by bacteria and fungi, is 

integral for carbon and nutrient cycling in aquatic food webs (Cummins and Klug, 1979; 

Graca, 2001). Shredding detritivores, like H. azteca, are known to preferentially feed on 

microbially conditioned leaf material because bacteria and fungi increase palatability of 

organic matter and serve as an important food resource (Arsuffi and Suberkropp, 1989; 

Hieber and Gessner, 2002). However, both shredding invertebrates and these microbial 

communities may be impacted by the presence of contaminants (Forrow and Maltby, 

2000). Pharmaceuticals (e.g., antibiotics and antimicrobials) or fungicides in the aquatic 

environment may target these beneficial bacteria and fungi, thereby reducing palatability 

of leaf material for detritivores (Bundschuh et al., 2011). These compounds have also 

been shown to be directly toxic to shredding invertebrates (Dietrich et al., 2010; Dussault 

et al., 2008; Morrison et al., 2013). Such direct or indirect toxicity may lead to reductions 

in detritivore leaf decomposition and growth due to lowered food resource availability or 

quality (Forrow and Maltby, 2000). Additionally, exposure to mixtures of these 

contaminants may have greater effects than individual chemicals, as mixtures will more 

broadly impact the microbial community of leaf material, and could eliminate the 

functional redundancy of both bacteria and fungi. Mixture effects are also often 

synergistic relative to effects of individual chemicals (Cleuvers, 2003; Zubrod et al., 

2014). Incorporation of contaminant mixtures represents a more environmentally realistic 
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exposure scenario, since organisms are rarely exposed to single stressors or contaminants 

in the environment.  

We investigated the individual and mixture effects of ciprofloxacin, a 

fluoroquinolone antibiotic; triclosan, a broad-spectrum antimicrobial; and chlorothalonil, 

a fungicide, on leaf processing of H. azteca. Ciprofloxacin, has been detected in the 

aquatic environment at concentrations up to 0.03 µg/L (Kolpin et al., 2002) in surface 

waters and up to 0.106 µg/L in wastewater effluents (Golet et al., 2002). It has been 

shown to alter the microbial communities of leaf material (Maul et al., 2006), and 

mixtures of antibiotics have affected leaf shredding of the amphipod Gammarus fossarum 

(Bundschuh et al., 2009). Triclosan, an antimicrobial commonly found in a wide range of 

personal care products, is one of the most widely detected organic wastewater 

contaminants and has been measured in surface waters at concentrations up to 2.3 µg/L 

(Kolpin et al., 2002). Chlorothalonil, a broad-spectrum fungicide, is used on agricultural 

crops, golf courses, and in residential applications and has been detected in surface 

waters up to 0.228 µg/L (Reilly et al., 2012) or 7 µg/L (Papadopoulou-Mourkidou et al., 

2004) and measured as high as 48 µg/L during turf runoff events (King and Balogh, 

2010). Based on usage patterns and relative persistence in the environment, all three 

compounds have the potential to be present simultaneously in aquatic ecosystems and are 

able to adsorb to organic matter such as leaf material (Belden et al., 2007; Cardoza et al., 

2005; Caux et al., 1996; Orvos et al., 2002). However, few studies have investigated 

mixtures of both pharmaceuticals and fungicides in the context of organic matter 

processing. Since leaf-associated bacteria and fungi have been shown to competitively 

interact throughout the conditioning process (Belden et al., 2007), eliminating one 
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component of the microbial community via a single type of contaminant may allow for a 

competitive advantage for one group of decomposers. For example, fungi may dominate 

if bacterial composition is affected by antimicrobials, and vice versa for fungicides, thus 

making the combination of chemical classes examined here highly relevant. 

Additionally, incorporation of realistic daily temperature regimes may also impact 

the toxicity of these compounds to H. azteca and alter leaf processing. Willming et al. 

(2013) demonstrated that toxicity of chlorothalonil to H. azteca was increased under an 

environmentally realistic fluctuating daily temperature regime compared to a constant 

temperature. However, few toxicity studies have examined the influence of 

environmentally relevant temperature regimes on contaminant toxicity, even though 

temperature can greatly influence toxicokinetics and toxicodynamics (Cairns et al., 1975; 

Landrum, 1988), as well as microbial activity (Batista et al., 2012; Dang et al., 2009). 

Fluctuating daily temperatures may especially be relevant for organisms in high elevation 

or arid environments which experience large differences in daily minimum and maximum 

temperatures. Daily temperature fluctuations are predicted to shift due to climate change 

(Easterling et al., 1997) and could act as an additional stressor for aquatic organisms 

(Paaijmans et al., 2013). The objective of the present study was to examine how realistic 

daily temperature fluctuations and potential temperature shifts due to climate change may 

influence leaf decomposition and H. azteca growth responses to individual and mixtures 

of pharmaceuticals and fungicides at environmentally relevant concentrations.  
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Materials and methods 

Temperature regimes 

Water temperature data were recorded every 3 minutes from 22 June to 7 July, 

2011 in the South Llano River near Junction, Texas at the Texas Tech University Field 

Station (Fig. 2.1A) using continuous temperature loggers (HOBO ProV2). The logger 

was secured to a cinder block and placed in approximately 45 cm of water in an 

unshaded, continuously flowing portion of the river. The logger was floated within 5 cm 

of the stream bed. Based on river temperature data, two fluctuating daily temperature 

regimes were selected for use in the experiment: 20-26°C and 22-27°C (Fig. 2.1B; Table 

2.1). The 20-26°C regime corresponded to a daily temperature fluctuation of 5-6°C based 

on the estimated difference between minimum and maximum temperatures over 24 h 

periods observed in the field collected data, and the 20-27°C regime represented a 

temperature pattern adjusted based on climate change predictions. Easterling et al. (1997) 

and Qu et al. (2014) have indicated that due to climate change, global daily minimum 

temperatures have increased at a greater rate than daily maximum temperatures, reducing 

the daily temperature range, but increasing the overall average daily temperature.  

Temperature regimes in the laboratory were controlled using programmable 

heating/refrigerating bath circulators connected to water baths filled approximately 8 cm 

deep with water. A constant 21°C temperature treatment was also included because it was 

similar to the average temperature (21.5°C) of the 20-26°C fluctuating regime (Table 2.1) 

and can be used to compare to standardized toxicity testing temperature. Any differences 
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in toxicity between these regimes would indicate an effect of the variable temperature 

regime and not solely differences in average temperature.  

Experimental design 

Leaf disks (2.3 cm diameter) were cut from sugar maple (Acer saccharum) leaves 

and weighed to determine initial dry mass using a microbalance. Disks were conditioned 

for 21 d at 21°C in stream water collected from the South Llano River at the Texas Tech 

University Field Station in Junction, Texas. The conditioning period allowed for 

colonization of bacteria and fungi on the leaf material. A subset of 15 disks was removed, 

dried at 60°C, and weighed. Disks were then ashed in a muffle oven at 550°C for 1 h, 

cooled, and reweighed to determine initial ash-free dry mass (AFDM) of the leaf disks. 

After the conditioning period, one disk was added to each experimental chamber. 

Experimental chambers consisted of 400 mL beakers containing 250 mL of test solution. 

 Stock solutions of chlorothalonil (99.3% purity; Chem Service) and triclosan 

(sold as Irgasan; 97.0% purity; Sigma-Aldrich) were prepared in analytical grade acetone. 

The ciprofloxacin (98.0% purity; Sigma-Aldrich) primary stock solution was prepared in 

deionized water acidified with acetic acid at a concentration of 0.5% to increase solubility 

of ciprofloxacin. Total acetic acid concentration in experimental chambers was less than 

5x10-8% by volume and would not influence pH at this concentration. Treatment 

concentrations selected were 1 µg/L chlorothalonil, 2 µg/L triclosan, and 0.1 µg/L 

ciprofloxacin, based on near maximum environmentally relevant levels reported in the 

literature for each compound. Test solutions were prepared from stock solutions using 

reformulated moderately hard water (RMHW) (Smith et al., 1997). Chemical treatment 
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combinations included a control (RMHW only), each of the 3 chemicals individually, the 

3 binary combinations of chemicals, and the tertiary combination for a total of 8 different 

chemical treatments. Each individual chemical concentration was the same for each 

corresponding mixture treatment.  

Hyalella azteca were collected from laboratory cultures by gently sieving animals 

and collecting those passing through a 500 µm sieve and retained on a 355 µm sieve, 

which corresponded to approximately 5 to 10 d-old organisms (USEPA, 2000). Animals 

were held for 24 h to remove those injured due to handling. Five H. azteca were 

randomly pipetted into each experimental chamber. There were 5 replicates for each 

chemical treatment combination at each of the 3 temperature treatments (constant 21°C, 

and the fluctuating regimes 20-26°C and 22-27°C). Replicates were randomly placed into 

the corresponding temperature controlled water baths and temperature was monitored 

continuously throughout the experiment using temperature loggers (HOBO Pendant). 

Besides temperature, conditions in each water bath were identical. Exposure occurred 

under a 16:8 h light:dark cycle for 4 d.  

After the exposure period, H. azteca were removed from each replicate, preserved 

in ethanol, and then photographed using a Leica MZ 9.5 stereomicroscope (Leica 

Microsystems) for growth measurements. Organism length was measured from the base 

of the first antennae to the base of the third uropod (USEPA, 2000) using ImageJ 

software (Ver 1.43u; National Institutes of Health). After measurement, all animals from 

a single replicate were pooled, placed in pre-weighed foil cups, dried at 60°C for 3 d, and 

then weighed to determine final dry mass. Leaf disks were also removed from 

experimental chambers, placed in pre-weighed foil cups, dried at 60°C for 3 d, and then 
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weighed to determine final dry mass. Disks were then ashed in a muffle oven for 1 h at 

550°C and reweighed to determine AFDM for each disk.  

Statistical analyses 

The linear relationship between initial dry mass (DM) and AFDM of the leaf 

disks was calculated for the initial subset of 15 leaf disks (AFDM=0.835*DM+0.798; 

r2=0.988). Based on the regression equation, the initial AFDM of each leaf disk used in 

the experiment was calculated using its measured dry mass. Total AFDM loss was then 

determined by subtracting the final measured AFDM for each disk from the estimated 

initial AFDM. AFDM loss was then normalized for organism dry mass in each replicate. 

These data were log(x+1) transformed to meet assumptions of equal variance and normal 

distribution for ANOVA. A two-way ANOVA was used to test for an interaction between 

contaminant treatment and temperature regime. H. azteca body length was also analyzed 

using two-way ANOVA. When significant main effects for chemical treatment were 

detected, Dunnett’s test was used to determine individual differences in chemical 

treatments compared to controls for both AFDM loss and body length. Analyses were 

performed using JMP Statistical Analysis Software (version 10.0; SAS Institute), and 

results were considered significant at α=0.05.  

Results 

Mean H. azteca survival for each treatment at the end of the exposure was greater 

than 92%. There was no significant interaction between temperature and chemical 

treatment on AFDM loss normalized for H. azteca biomass (F14,96=0.46, p=0.947; Fig. 

2.2A). However, there was a significant main effect of contaminant treatment (F7,96=5.42, 
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p<0.001) with significantly increased leaf shredding in only the Cipro and All treatments 

compared to the control. The main effect of temperature was not significant (F2,96, 

p=0.963). For H. azteca body length, there was no significant interaction of temperature 

and chemical treatment (F14,96=1.2, p=0.292; Fig. 2.2B). The main effect of chemical 

treatment was significant (F7,96=14.62, p<0.001) with reduced body lengths in the Tri, 

Cip, Chl/Cip, and All treatments compared to the control. The main effect of temperature 

was not significant (F2,96=1.13, p=0.326). There was no clear trend of increased toxicity 

on leaf shredding or body length with increased complexity of mixtures.  

Discussion 

Results of this study indicate that overall contaminant effects were greater than 

temperature effects on leaf shredding and H. azteca growth, and there was no interaction 

of chemical and temperature treatments on these endpoints. We did not observe a clear 

trend of increased toxicity with increasing complexity of chemical mixtures. However, 

several of the chemical treatments containing ciprofloxacin impacted leaf shredding and 

H. azteca growth. The ciprofloxacin individual treatment and tertiary combination 

chemical treatment (All treatment) significantly increased leaf mass loss compared to 

controls. The two binary chemical combination treatments containing ciprofloxacin 

(Chl/Cip and Tri/Cip) did not cause significant effects on this endpoint, which makes it 

unclear if a single chemical is driving the effect. This increase in leaf processing could be 

due to higher feeding rates of H. azteca as a result of lowered microbial food resource 

availability. Direct toxicity to the microbial community could lead to higher leaf 

shredding rates in order for H. azteca to obtain sufficient food resources. Bundschuh et 
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al. (2009) reported that the amphipod Gammarus fossarum preferentially fed on leaf 

disks conditioned in a mixture of 200 µg/L antibiotics compared to control disks. In that 

study, increased leaf shredding of the antibiotic treated disks was attributed to potential 

shifts in the fungal community based on an increase in fungal biomass of treated disks, 

while bacterial abundance did not differ between treatments. In the present study it is not 

clear why the Chl/Cip and Tri/Cip treatments did not affect leaf processing, if 

ciprofloxacin is responsible for observed effects. Potentially, the combination of these 

chemicals may cause changes in the microbial community, giving a competitive 

advantage to certain microbiota, such that overall palatability or nutritional quality of leaf 

material for detritivores is not affected. The greater variation in leaf processing associated 

with the Cip and All treatments (Fig. 2.2A) also could indicate that due to diversity in the 

leaf-associated microbial community, toxicity was not uniform in these treatments and H. 

azteca food resources were variable.   

Based on our study design, significant effects of contaminants could be due to 

direct toxicity of chemicals to H. azteca or indirectly via alterations in the leaf associated 

microbial community, since both leaf material and invertebrates were exposed 

simultaneously. For example, ciprofloxacin at concentrations of 100 µg/L caused changes 

in the bacterial community function associated with leaf material, but Gammarus spp. 

body condition was not affected (Maul et al., 2006).  Also, ciprofloxacin has been shown 

to be toxic to bacterial genera similar to those found in the gut of H. azteca (Chalkley and 

Koornhof, 1985; Harris, 1993), which may limit nutrient uptake and assimilation in these 

organisms leading to the observed reductions in body length for some treatments. Several 

fungicides have also been identified as directly impacting fungal biomass and species 
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composition of leaf associated fungal communities causing reduced detritivore feeding 

(Bundschuh et al., 2011). However, the environmentally relevant concentrations used in 

the present study are below acute toxicity thresholds for similar invertebrates (Dussault et 

al., 2008; Ernst et al., 1991; Nentwig, 2008); therefore, direct toxicity to H. azteca may 

play a minor role.  Because our study did not measure direct effects on the microbial 

community of leaf material, we cannot explicitly contribute specific changes to bacteria 

or fungi of leaf material to effects observed on H. azteca.  

There were no significant effects of temperature observed in the present study on 

either leaf AFDM lost or H. azteca body length. While chlorothalonil has shown 

evidence of temperature dependent toxicity (DeLorenzo et al., 2009; Willming et al., 

2013), to our knowledge there are no current studies indicating temperature dependent 

toxicity for ciprofloxacin or triclosan. In general few studies have investigated 

temperature-toxicity relationships for pharmaceuticals. Kim et al. (2010) reported that 

some pharmaceuticals (i.e., acetaminophen, chlortetracycline, and enrofloxacin) had 

increased toxicity to Daphnia magna at higher temperatures, but ciprofloxacin toxicity 

did not differ across temperatures. Even though increased temperature may alter 

metabolic rates and lead to increased contaminant uptake and potentially toxicity, 

temperature may not have a large influence on the contaminants used in this study under 

these specific temperature patterns. The overall mean temperatures of the two fluctuating 

daily temperature regimes only differed by approximately 2°C. While this difference 

represents environmentally realistic daily temperature patterns and temperature shifts 

based on predicted effects of climate change, this difference may be too small to detect 

significant effects on the endpoints measured. Previous literature reporting temperature 
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dependent-toxicities (Cairns et al., 1975; DeLorenzo et al., 2009; Harwood et al., 2009) 

or effects of temperature on leaf processing in laboratory studies (Fernandes et al., 2012; 

Ferreira and Chauvet, 2011; Gonçalves et al., 2013) generally use a range of single, 

constant temperatures often spanning environmental extremes. At such temperature 

extremes, temperature may act as a much greater stressor for organisms resulting in 

greater observed effects.   

Additionally, the lack of clear mixture effects as well as temperature effects could 

be due to the relatively short experimental exposure period. The 4 d exposure duration 

may not be long enough to result in measurable shifts in the microbial community or 

greatly impact H. azteca growth. Longer exposure durations spanning growth and 

developmental stages of H. azteca would also have even greater environmental relevance, 

since in natural aquatic ecosystems chemical and temperature stressors would likely 

occur throughout the entire lifespan of these organisms. Dang et al. (2009) observed 

significant changes in the fungal community of leaf material exposed to various 

fluctuating temperature regimes and found increased leaf litter decomposition under 

higher mean temperatures, but these changes were measured after more than 60 d.  

In general, results from previous literature are variable in regards to clear effects 

of contaminant mixtures on detritivore feeding and leaf decomposition, especially at 

environmentally relevant concentrations. In a study by Borgmann et al. (2007), a mixture 

of seven pharmaceuticals at environmentally relevant concentrations had no significant 

effects on survival, growth, or reproduction of H. azteca after multiple generations. Other 

research has indicated environmentally relevant concentrations of pharmaceutical 

mixtures influenced molting behavior of Gammarus fossarum, but not energy storage or 
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reproduction (Dietrich et al., 2010). Mixtures of organic fungicides were found to act 

synergistically on feeding of G. fossarum resulting in lowered leaf decomposition at a 

total mixture concentration of 160 µg/L (Zubrod et al., 2014). Currently no studies have 

examined the combined effects of both antibiotics/antimicrobials and fungicides on 

detritivores or leaf decomposition.  

 In conclusion, environmentally relevant concentrations of chlorothalonil, 

ciprofloxacin, and triclosan may have effects on leaf processing and growth of shredding 

detritivores. However, there were no clear effects of increasing toxicity with increased 

complexity of mixtures for these specific contaminants. Ciprofloxacin may have the 

strongest effects among the chemicals studied, but further work on the impacts of 

pharmaceuticals and fungicides and their mixtures on both bacterial and fungal 

communities is necessary to identify possible shifts in community structure and function 

that could lead to changes in organic matter processing. Longer-term exposure scenarios 

under varying temperature regimes may be necessary to elucidate potential effects and 

changes in risk of these contaminants under daily temperature variation or alterations in 

temperature patterns due to climate change.                                                                                                  
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Table 2.1: Temperature parameters for laboratory-based water bath temperature regimes 
recorded during the experiment. Mean represents the average temperature calculated 
from the temperature recorded each minute. Min/Max represent minimum or maximum 
temperature reached during the exposure period.  

Temperature regime Mean Min Max 

21°C 20.9°C 20.3°C 21.3°C 

20-26°C 21.5°C 18.0°C 25.6°C 

22-27°C 23.9°C 1.8°C 27.0°C 
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Fig. 2.1. (A) Daily water temperature data from the South Llano River near Junction, TX 
collected every 3 min from 22 June to 7 July 2011. (B) Laboratory based fluctuating daily 
temperature regimes recorded during experimental exposure period modeled after the 
field-collected temperature data. The 22-27°C temperature regime represents a 
temperature regime shifted based on climate change predictions.  
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Fig. 2.2. Mean ash-free dry mass (AFDM) of leaf material lost normalized for H. azteca 
biomass (A) and H. azteca body length (B) at each chemical treatment and temperature. 
Con=control; Chl=chlorothalonil; Cip=ciprofloxacin; Tri=triclosan; 
Chl/Cip=chlorothalonil and ciprofloxacin; Tri/Chl=triclosan and chlorothalonil; 
Tri/Cip=triclosan and ciprofloxacin; and All=all three chemicals present. Asterisks 
indicate significant difference between chemical treatment and control (p<0.05). Error 
bars represent ± standard error of the mean.  
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CHAPTER 3 

 

TOXICITY OF THE FUNGICIDE PYRACLOSTROBIN TO HYALELLA AZTECA 

AND EFFECTS ON LEAF PROCESSING UNDER REALISTIC DAILY 

TEMPERATURE REGIMES 
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Abstract 

Contaminants such as fungicides in aquatic environments may impact non-target 

bacterial and fungal communities and the invertebrate detritivores responsible for the 

decomposition of allochthonous organic matter. Additionally, in some aquatic systems 

daily water temperature fluctuations may influence these processes and alter contaminant 

toxicity, but such temperature fluctuations are rarely examined in conjunction with 

contaminants. In this study, Hyalella azteca served as a model shredding detritivore and 

organisms were exposed to the fungicide pyraclostrobin. Experiments were performed at 

a constant temperature (23°C), a fluctuating temperature regime (18-25°C) based on 

field-collected data from the S. Llano River, Texas, or a fluctuating temperature regime 

(20-26°C) adjusted based on possible climate change predictions. Endpoints included 

mortality, organism growth and leaf processing. Pyraclostrobin significantly reduced leaf 

shredding and increased mortality at concentrations of 40µg/L or greater at a constant 

23°C and decreased leaf shredding at concentrations of 15 µg/L or greater in the 

fluctuating temperatures. There was a significant interaction between temperature 

treatment and pyraclostrobin concentration on H. azteca mortality, body length, and dry 

mass. In an indirect exposure scenario, H. azteca did not preferentially feed on 

pyraclostrobin treated leaf disks compared to controls. This study provides information 

on the influence of realistic temperature variation on contaminant effects in aquatic 

systems, which is important for understanding how future alterations in temperature due 

to climate change may influence the assessment of ecological risk of contaminants.  
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Introduction 

Decomposition of organic matter is an essential ecosystem process in many 

aquatic environments (Vannote et al., 1980). Microbes including bacteria and fungi as 

well as macroinvertebrate shredders are responsible for much of the breakdown of this 

material, releasing nutrients and carbon into aquatic food webs (Cummins and Klug, 

1979; Hieber and Gessner, 2002). Shredding invertebrates, such as the amphipod 

Hyalella azteca often preferentially feed on microbially conditioned leaf material, 

consuming the fungi and bacteria colonizing this organic matter as a food resource 

(Arsuffi and Suberkropp, 1989). However, fungicides entering aquatic ecosystems via 

agricultural applications may impact these beneficial fungi, potentially reducing 

microbially mediated decomposition as well as limiting food resources for shredding 

detritivores (Forrow and Maltby, 2000). These compounds may enter aquatic 

environments via spray drift, overspray, or run-off, and few studies have investigated the 

ecotoxicity of fungicides on non-target aquatic organisms. Previous literature has 

demonstrated fungicide toxicity to shredding invertebrates and impacts on leaf processing 

via alterations in leaf fungal and microbial biomass (Flores et al., 2014; Zubrod et al., 

2014; Zubrod et al., 2010). 

Despite potential ecological impacts, the number of fungicides applied and the 

frequency of detections in the environment has rapidly increased. In the United States, 

agricultural usage of the strobilurin fungicide, pyraclostrobin, has increased from 

approximately 0.25 million lbs of active ingredient (a.i.) applied in 2002 to over 2 million 

lbs a.i. applied in 2010 (USGS, 2011). Reilly et al (2012) detected at least one fungicide 

in 75% of surface water samples with pyraclostrobin being the fourth most frequently 
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detected fungicide with detections in 40% of samples. In a survey by Smalling et al 

(2013) pyraclostrobin was also the most frequently detected fungicide in sediments and 

suspended solids. Maximum environmental concentrations of pyraclostrobin detected in 

surface waters range from 0.054 µg/L (Battaglin et al., 2011) to 0.239 µg/L (Reilly et al., 

2012), but concentrations of 150 µg/L have been predicted after overspray of surface 

waters based on label application rates (Belden et al., 2010). Because this fungicide 

inhibits cellular respiration in mitochondria by blocking electron transfer and reducing 

energy production, it may also impact non-target organisms (Bartlett et al., 2002). 

Pyraclostrobin and its formulations have also demonstrated toxicity to amphibians as well 

as aquatic invertebrates. Morrison et al (2013) estimated a 96-h median lethal 

concentration (LC50) for an aqueous exposure of pyraclostrobin to Hyalella azteca to be 

25.1 µg/L, and Hooser et al (2012) determined a 72-h LC50 of 10.0 µg/L for 

pyraclostrobin exposure to Bufo cognatus tadpoles. Presently, no studies have 

investigated its toxicity on endpoints associated with functional ecosystem processes, 

such as organic matter breakdown. 

To our current knowledge no studies have investigated the effects of temperature 

on toxicity of pyraclostrobin and few data exist for temperature effects on toxicity of 

fungicides in general (Seeland et al., 2012). Temperature is an important environmental 

variable responsible for altering metabolic rates as well as contaminant toxicokinetics and 

toxicodynamics. Numerous studies have identified other pesticide classes as having 

temperature-dependent toxicity (Cairns et al., 1975; Harwood et al., 2009; Lydy et al., 

1999). Willming et al (2013) found that a daily temperature fluctuation (21-31°C) over a 

24 h period altered the toxicity of the fungicide chlorothalonil to H. azteca compared to a 
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constant 24°C. Therefore, for one experiment in the present study, we investigated the 

effects of realistic daily temperature patterns on the toxicity of pyraclostrobin. 

Additionally, climate change is predicted to increase global temperatures approximately 

2-4°C (IPCC, 2013), and may shift the pattern of daily temperature fluctuation by 

increasing daily minimums at a higher rate than daily maximum temperatures (Easterling 

et al., 1997). We compared two fluctuating temperature regimes based on field collected 

data from a river in Texas. One temperature treatment represented a daily temperature 

fluctuation observed in the field (18-25°C), and the other was based on temperature shifts 

predicted under a climate change scenario (20-26°C). Ectotherms experiencing realistic 

temperature fluctuation may have altered fitness and become more sensitive to effects of 

climate change or other stressors compared to a constant temperature (Paaijmans et al., 

2013). 

The objectives of the present study were to assess the direct and indirect toxicity 

of pyraclostrobin to Hyalella azteca and effects on leaf processing. H. azteca was chosen 

as a model species because it is a common toxicity testing organism and is also 

representative of shredding detritivores, which are responsible for the breakdown of 

organic matter. Toxicity and leaf decomposition were also assessed under varying daily 

temperature patterns to determine possible interactions of temperature regime and 

fungicide concentration under a more environmentally realistic scenario.  
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Materials and methods  

Experiment 1: Preliminary exposure 

Leaf disks (2.0 cm diameter) were cut from rewetted Acer saccharum (sugar 

maple) leaves, placed in a drying oven at 60°C for 24 hours, and then initial dry mass was 

measured using a microbalance. After weighing, individual leaf disks were placed in 

numbered, plastic tissue cassettes. These cassettes allowed each leaf disk to be 

individually identified and still permit water flow to the disk allowing establishment of a 

microbial community on all disks during conditioning. All tissue cassettes were 

conditioned in a 9.5 L tank in aerated, reformulated moderately hard water (RMHW) 

(Smith et al., 1997) with whole leaf material pre-conditioned in stream water used as an 

inoculum for the microbial community. Stream water was collected from the South Llano 

River, near Junction, Texas. Conditioning lasted 16 d at a constant 23°C.  

Hyalella azteca obtained from laboratory cultures were sieved to collect animals 

passing through a 710 μm sieve and retained on a 500 μm sieve, which corresponded to 

approximately 7 to 14 d old animals (USEPA, 2000). Cultures were maintained on A. 

saccharum leaves and Tetramin flake food. Sieved organisms were held for 24 h to 

eliminate any animals injured during handling.  

Test solutions were made from a stock solution of pyraclostrobin (99.9% purity, 

Sigma-Aldrich) dissolved in analytical grade acetone. All test solutions were made using 

RMHW with the control consisting of RMHW only. Nominal test concentrations of 

pyraclostrobin were 0, 20, 40, and 80 μg/L pyraclostrobin with six replicates at each 

concentration. Static exposures were conducted in 400 mL beakers containing 200 mL of 
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test solution. Five H. azteca were pipetted into each experimental chamber and a single 

conditioned leaf disk was added to each replicate. Experimental chambers were placed in 

a temperature controlled water bath at a constant 23°C for five days with a 16:8 hr 

light:dark cycle. Endpoints included H. azteca mortality and leaf mass loss. At the end of 

the exposure period, leaf disks were removed from beakers, dried at 60°C for 24 h, and 

weighed to determine final dry mass. Leaf ash-free dry mass (AFDM) was determined by 

ashing dried leaf disks in a muffle furnace for 1 h at 500°C and weighing remaining 

mass. Total number of surviving H. azteca in each replicate was recorded.  

Experiment 2: Leaf choice 

In order to assess if H. azteca would preferentially shred a leaf disk conditioned in 

a control medium versus a disk exposed to pyraclostrobin, animals were given a choice of 

two leaf disks to shred. Pyraclostrobin may impact H. azteca food resources by targeting 

the fungi found on leaf material and reducing fungal biomass. Therefore, pyraclostrobin 

treated disks may represent a lower quality food resource for H. azteca, and animals may 

preferentially feed on the untreated leaf disk, which may contain more abundant food 

resources and represent a more labile form of organic matter to shred (Bundschuh et al., 

2011). This experiment would allow for assessment of effects on shredding without direct 

aqueous toxicity to H. azteca. Additionally, because pyraclostrobin has a reported log Koc 

of 4.0 (Bartlett et al., 2002), it is likely to bind to organic matter. Given the choice 

between two leaf disks, H. azteca may exhibit a chemical avoidance behavior by 

choosing to feed on the untreated disk.  
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All leaf disks were cut, dried, and weighed as in Experiment 1. Leaf disks were 

cut in pairs from the same leaf in order to minimize variability between the disks offered 

as a choice to H. azteca.  Disks were placed in individually numbered tissue cassettes and 

all disks conditioned as previously described in a 9.5 L aquarium for 17 days. After this 

conditioning period, tissue cassettes were removed and transferred to the pyraclostrobin 

treatments. Pyraclostrobin conditioning chambers consisted of 500 mL jars with 400 mL 

of treatment solution. Nominal pyraclostrobin concentrations selected were 0, 20, 40, 80 

μg/L. The control disks, serving as the untreated choice, were placed in RMHW only. 

This treatment conditioning period lasted for four days, after which disks were removed 

from the tissue cassettes to be used in the choice experiment. 

For the leaf choice test, experimental chambers consisted of 500 mL glass jars 

with two drops of silicone aquarium sealant attached to the bottom of the jar 

approximately 3.5 cm apart. Each replicate jar contained a control conditioned disk and a 

pyraclostrobin treated disk cut from the same leaf with six replicate jars at each 

concentration. Disks were attached to the jar by pinning an individual disk to each 

silicone drop using a stainless steel pin. Experimental chambers were filled with 200 mL 

of RMHW and 10 H. azteca were added to each jar. H. azteca were selected as described 

previously. The experiment was conducted for four days at 23°C in a temperature 

controlled water bath. At the end of the experiment, each leaf disk was removed and 

dried at 60°C for 48 h, weighed to determine a final mass, then ashed for one hour at 

500°C to determine AFDM. All H. azteca were removed, dried and weighed to determine 

a final pooled dry mass for each replicate.  
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Experiment 3: Fluctuating temperatures 

Temperature regimes 

Environmental water temperature data were collected from the South Llano River 

in Junction, Texas at the Texas Tech University Llano River Field Station. Continuous 

temperature loggers (HOBO Pro V2) were secured to cinder blocks and placed in 

approximately 45 cm of water in a continuously flowing and unshaded reach of the river 

with the logger floating less than 5 cm above the streambed. Temperature was recorded 

every 3 min from 22 June to 7 July, 2011 (Fig. 1A).  

Temperature was controlled in water baths using programmable 

heating/refrigerating circulators similar to those described in Willming et al (2013). One 

water bath was programmed with a temperature fluctuation of 18-25°C over a 24 h period 

based on the field collected temperature data and the other programmed to a 20-26°C 

fluctuation representative of a climate change scenario (Fig. 1B). These daily fluctuations 

of approximately 6-7°C represent a similar range of fluctuations observed in the field 

collected temperature data. Water bath temperatures were monitored continuously using 

temperature loggers (HOBO Pendant). During the experiment, the mean temperature for 

the 18-25°C regime was 21.4°C and the mean temperature for 20-26°C regime was 

23.1°C. Besides temperature, conditions in the water baths were identical. 

Experimental design 

Leaf disks were conditioned and H. azteca selected as described in Experiment 1. 

Disks were conditioned for a total of 15 d. Nominal pyraclostrobin concentrations 

selected were 0, 7.5, 15, 30, and 60 μg/L. Experimental chambers consisted of 400 mL 
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beakers with 200 mL of test solution made using RMHW with controls containing 

RMHW only. There were six replicates at each concentration with five H. azteca per 

replicate. Experimental chambers were placed in temperature controlled water baths 

under a 16:8 h light:dark cycle. After eight days, leaf disks were removed from beakers, 

dried at 60°C, and weighed. AFDM of leaf disks was determined as previously described. 

Survival of H. azteca in each replicate was recorded and surviving animals were removed 

and preserved in ethanol for growth measurements. H. azteca body length was measured 

from digital photographs taken using a Leica MZ9.5 stereomicroscope (Leica 

Microsystems) using ImageJ software (Ver 1.43u; National Institutes of Health). Body 

length was measured from the base of the first antennae to the base of the third uropod 

(USEPA, 2000). After measurement, organisms from each replicate were pooled, placed 

in pre-weighed foil cups, and dried at 60°C for 48 h to determine dry mass.  

Statistical analyses 

In the preliminary experiment, one-way analysis of variance (ANOVA) was used 

to analyze differences in mortality and AFDM loss at each pyraclostrobin concentration. 

Mortality data were arcsine square root transformed to meet assumptions of one-way 

ANOVA prior to analysis. When ANOVA results were significant, the Tukey HSD test 

was used for post-hoc analyses to determine significant differences between groups. 

For the leaf choice experiment, AFDM loss for each pyraclostrobin treated disk 

was subtracted from the corresponding control disk AFDM loss in the same replicate. 

One-way ANOVA was used to analyze this difference in AFDM loss at each 

concentration. H. azteca dry mass was also analyzed using one-way ANOVA.  



Texas Tech University, Morgan Willming, December 2014 

61 

 

For the fluctuating temperature experiment, mortality, leaf AFDM loss, H. azteca 

dry mass, and body length were analyzed using two-way ANOVA in order to determine a 

possible interaction of pyraclostrobin concentration and temperature treatment on each 

endpoint. Leaf AFDM loss was determined by subtracting the final measured AFDM 

from the initial AFDM. The Pearson correlation between AFDM loss and H. azteca dry 

mass was analyzed to determine how H. azteca size may influence leaf shredding. 

Mortality data were arcsine square root transformed, and H. azteca body length data were 

log transformed prior to analyses. All analyses were conducted with JMP Statistical 

Software (ver 10.0; SAS Institute), and all tests were determined to be significant at α = 

0.05 level.  

Results 

Experiment 1: Preliminary exposure 

There was a significant effect of pyraclostrobin on mortality of H. azteca (F3,20 = 

33.9, p < 0.001; Fig. 3.2A) with mortality generally increasing with pyraclostrobin 

concentration. However, mortality in the control and 20 µg/L pyraclostrobin treatment 

did not differ significantly (p = 0.94), but there was significantly increased mortality in 

the 40 µg/L and 80 µg/L treatments (p < 0.01) with the highest mortality of 83.3% (71.0 - 

95.7; 95% confidence interval) observed at 80 µg/L . There was a significant effect of 

pyraclostrobin on leaf AFDM loss (F2,15 = 12.2, p < 0.001; Fig. 3.2B). Greater AFDM 

was lost in the control treatment compared to the 40 µg/L treatment (p < 0.001), but there 

were no significant differences between the other treatments (p > 0.05). The highest 
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pyraclostrobin concentration (80 µg/L) was excluded from AFDM loss analysis due to 

high H. azteca mortality at that concentration. 

Experiment 2: Leaf choice 

H. azteca survival in all treatments was greater than 90% at the end of the 

exposure period. There was no significant effect of pyraclostrobin treatments on the 

difference in leaf AFDM loss between the control disk and treated disk (F3,20 = 1.22, p = 

0.327; Fig. 3.3A), and there was no significant difference in H. azteca dry mass between 

pyraclostrobin concentrations (F3,20 = 0.76, p = 0.529; Fig. 3.3B). H. azteca did not 

appear to preferentially feed on one disk type over the other for all pyraclostrobin 

concentrations.  

Experiment 3: Fluctuating temperatures 

There was a significant interaction between pyraclostrobin concentration and 

temperature treatment on H. azteca mortality (F4,50 = 5.66, p < 0.001; Fig. 3.4A). The 

main effect of pyraclostrobin concentration was significant (F4,50 = 66.53, p < 0.001), but 

the main effect of temperature was not significant (F1,50 = 1.78, p = 0.187).  Mortality 

generally increased with increasing pyraclostrobin concentration with the highest 

mortality at the 60 µg/L treatment. There was significantly higher mortality in the 18-

25°C temperature regime at 60 µg/L treatment compared to the 20-26°C temperature 

regime (F1,10 = 11.7, p = 0.006). No significant differences in mortality between 

temperature treatments were observed at other pyraclostrobin concentrations (p > 0.05).   

For leaf shredding, there was no significant interaction of pyraclostrobin 

concentration and temperature treatment on AFDM loss (F3,40 = 0.57, p = 0.639; Fig. 
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3.4B). The main effect of temperature was not significant (F1,40 = 0.28, p = 0.60), but 

there was a significant effect of pyraclostrobin concentration on leaf shredding (F3,40 = 

12.9, p < 0.001). Leaf AFDM loss decreased with increasing pyraclostrobin concentration 

with the control treatment having the greatest amount of leaf mass lost. The 7.5 µg/L 

concentration was not significantly different from either the control or 15 µg/L, but the 

15 and 30 µg/L treatments were significantly different from one another. There was also 

a significant correlation between AFDM loss and H. azteca dry mass (r = 0.565, p < 

0.001). The 60 µg/L pyraclostrobin treatment was excluded from analyses due to high 

mortality in this treatment. 

For H. azteca body length, there was a significant interaction between 

temperature and pyraclostrobin treatment (F3,40 = 3.61, p = 0.021; Fig. 3.4C). The main 

effect of temperature was also significant (F1,40 = 12.8, p < 0.001), but the main effect of 

pyraclostrobin was not significant (F3,40 = 1.37, p = 0.26). Body length was significantly 

greater in the 18-25°C temperature regime compared to the 20-26°C in only the 15 µg/L 

treatment (F1,10 = 12.3, p = 0.006). The 60 µg/L pyraclostrobin treatment was excluded 

from analyses due to high mortality in this treatment.  

There was a significant interaction of pyraclostrobin concentration and 

temperature treatment on H. azteca dry mass (F3,40 = 4.95, p = 0.005; Fig. 3.4D). The 

main of effect of pyraclostrobin was significant (F3,40 = 7.35, p < 0.001), as well as the 

main effect of temperature (F1,40 = 4.98, p = 0.031). At 15 µg/L pyraclostrobin, H. azteca 

dry mass was significantly greater in the 18-25°C temperature regime compared to the 

20-26°C temperature regime (F1,10 = 25.26, p < 0.001), but there were no significant 

differences in dry mass between temperature treatments at other pyraclostrobin 
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concentrations. H. azteca dry mass was overall increased under the 18-25°C temperature 

regime. Additionally, dry mass and body length were significantly correlated (r = 0.486, 

p < 0.001). The 60 µg/L pyraclostrobin treatment was excluded from analyses due to high 

mortality in this treatment.  

Discussion 

Pyraclostrobin was toxic to H. azteca and impacted leaf processing and organism 

growth responses. This has important ecosystem-level implications due to changes in 

organic matter decomposition in aquatic environments exposed to fungicides. Exposure 

to pyraclostrobin resulted in decreases in leaf processing by H. azteca most likely via 

direct toxicity to shredding organisms. Toxicity was also altered under two 

environmentally relevant fluctuating daily temperature regimes. To our knowledge no 

studies have examined such functional ecosystem endpoints after exposure to 

pyraclostrobin nor have any assessed temperature effects on the toxicity of strobilurin 

fungicides in general. Understanding how realistic temperature patterns interact with 

contaminant toxicity is important for understanding how organisms may deal with 

multiple stressors and changes in daily temperature patterns due to climate change.  

In the preliminary experiment we observed significant increases in H. azteca 

mortality at the two highest concentrations of pyraclostrobin compared to the control at a 

constant 23°C. Mortality was 37% and 83% at 40 and 80 µg/L, respectively. These 

toxicity results were similar in the fluctuating temperature experiment with 37% 

mortality at 30 µg/L and the greatest mortality of 97% under the 18-25°C treatment at 60 

µg/L. Morrison et al (2013) calculated a 96-h LC50 of pyraclostrobin for H. azteca to be 
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22.0 µg/L (95% CI = 17.2 - 28.2) with 100% mortality at concentrations >70 µg/L. In a 

sediment/water exposure scenario the authors also reported an LC50 of 85.5 µg/L (58.7-

134.1) with greater than 40% mortality at 107 µg/L and 100% mortality at 284 µg/L for a 

pyraclostrobin formulation. The results of the present study closely align with these 

previously reported toxicity values. Due to the inclusion of leaf material in our study, it is 

likely that some pyraclostrobin partitioned to the organic leaf matter, but greater 

partitioning out of the water column would be expected in an exposure scenario with 

sediment (Bartlett et al., 2002), reducing overall toxicity to H. azteca. Therefore, our 

observed toxicity falls in the range of these previously reported values. 

In the leaf choice experiment we did not observe any significant differences in H. 

azteca feeding preference for pyraclostrobin treated versus untreated leaf material. While 

previous literature has identified changes in shredder leaf choice preference, these 

changes have generally occurred under greater contaminant concentrations not often 

observed in the environment. Bundschuh et al. (2011) found that the amphipod 

Gammarus fossarum preferred feeding on control disks versus disks treated with the 

fungicide tebuconazole at concentrations of 50 or 500 µg/L. However, reductions in leaf 

fungal biomass were only observed at 500 µg/L. A similar study examined G. fossarum 

feeding preference for leaf disks exposed to a mixture of antibiotics at total 

concentrations of 2 or 200 µg/L versus  control disks (Bundschuh et al., 2009). G. 

fossarum preferred the treated disk, but only at 200 µg/L antibiotics, and this preference 

may have been due to increased fungal biomass of the treated disks. In the present study 

it is possible the four day conditioning period when disks were exposed to pyraclostrobin 

may not have been long enough to greatly impact the leaf associated fungal community to 
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cause significant changes in shredder feeding preference (Forrow and Maltby, 2000). In 

the previously described studies disks were exposed to contaminants from 12-22 d. 

However, our study still represents an environmentally realistic exposure scenario. 

Fungicide run-off often occurs as a pulse event where leaf material may only be exposed 

for a narrow window of time after a microbial community has already been established 

on leaf material. Additionally, there were no significant effects on shredder body mass in 

this experiment. It appears that at all treatments H. azteca were able to obtain similar 

food resources and growth may not have been affected. Because we did not directly 

measure the leaf associated microbial communities on the leaf material, we cannot assess 

direct effects on H. azteca food resources. Since the microbial community present on leaf 

material represents a diverse set of fungal and bacterial species, it is possible that due to 

the functional redundancy of this community, exposure to a single fungicide may only 

have targeted a limited number of microbes (Dijksterhuis et al., 2011). Unaffected fungal 

species may have still been able to survive, ultimately maintaining adequate food 

resources for H. azteca.  

Exposure to pyraclostrobin also resulted in reductions in leaf processing at 

concentrations greater than 40 µg/L in the preliminary experiment and 15 µg/L in the 

fluctuating temperature experiment. It appears that this is most likely due to direct 

toxicity of the fungicide to H. azteca. When H. azteca were indirectly exposed in the leaf 

choice experiment, we did not identify any differences in feeding preference or 

alterations in body mass. However, in the preliminary and temperature experiments, 

when H. azteca and the leaf material were simultaneously exposed to the fungicide, we 

saw decreases in leaf AFDM loss with increasing pyraclostrobin concentration. Flores et 



Texas Tech University, Morgan Willming, December 2014 

67 

 

al. (2014) found that effects on leaf processing due to direct exposure of the fungicide 

imazalil to a shredding amphipod were greater than indirect exposures, and that effects on 

leaf shredding increased under longer exposures. Exposure to tebuconazole was also 

associated with shifts in the microbial community of leaf litter and reduced leaf 

decomposition (Artigas et al., 2012). These results indicate that organic matter processing 

may be negatively impacted within environments in which fungicides are present. 

Toxicity of pyraclostrobin to H. azteca was altered under the two fluctuating daily 

temperature regimes. At the highest pyraclostrobin concentration, mortality was greater 

under the lower temperature regime (18-25°C). The significant interaction between 

temperature and concentration appears to be driven by differences in mortality at 60 

µg/L, as mean mortality was similar under each temperature regime at the other 

concentrations. This difference may possibly be a result of the daily temperature 

differential in each regime. The greater 7°C differential in the 18-25°C treatment 

compared to 6°C in the 20-26°C treatment may have caused greater thermal stress for H. 

azteca facing an elevated fungicide concentration. Coping metabolically with these 

stressors simultaneously may have caused the increased mortality at this concentration 

(Broomhall, 2002; Paaijmans et al., 2013). Toxicity of the fungicide chlorothalonil to H. 

azteca was also increased under a fluctuating daily temperature regime compared to a 

constant temperature, indicating that changing temperature may have acted as an 

additional stressor (Willming et al., 2013). The different temperature treatments may also 

have affected the fungal community of the leaf material and impacted leaf processing by 

H. azteca. Dang et al. (2009) found that leaf litter decomposition was altered under 
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fluctuating temperature treatments and shifts in temperature regimes altered aquatic 

fungal community structure. 

There were also significant interactions with temperature and fungicide 

concentrations for H. azteca growth responses. Reductions in body mass with increasing 

fungicide concentration could indicate the organisms were under stress due to exposure to 

pyraclostrobin. Similarly, tebuconazole exposure lead to reduced dry weights of 

amphipods due to reduced assimilation of organic matter caused by increased stress and 

lowered feeding rates (Zubrod et al., 2010). The significant correlation of body mass with 

leaf mass loss in the present study further indicates that organisms were experiencing 

toxicity which may have affected their feeding rate and nutrient assimilation. Under the 

18-25°C treatment H. azteca body length was overall slightly increased, but there were 

no significant main effects of pyraclostrobin. The body condition of H. azteca may have 

decreased because length was greater in the lower temperature treatment, but mass 

appears to have been more affected by pyraclostrobin than the temperature treatment, 

which may further indicate contaminant stress. Additionally, a longer exposure scenario 

may have resulted in greater effects on body length, as organisms would have more time 

for growth and development. Because there are no additional studies investigating the 

temperature toxicity relationship for most fungicides, and none for pyraclostrobin 

specifically, it is uncertain if toxicity to this compound may have a positive or negative 

relationship with temperature. For example, we observed increased mortality under the 

18-25°C temperature regime at high concentrations of pyraclostrobin, but in contrast, 

body length was also greater in this same temperature treatment compared to the 20-26°C 

treatment. Therefore, based on these results, the interaction of pyraclostrobin and 
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temperature is not clear, but does indicate that incorporating realistic daily temperature 

regimes is important for understanding toxicity of fungicides because responses of 

ecologically relevant endpoints may be complex.  

With increasing agricultural usage of pyraclostrobin, as well as other classes of 

fungicides, it is becoming necessary to assess the ecotoxicological effects of these 

compounds on non-target organisms and functional ecosystem responses. We have 

demonstrated that pyraclostrobin exposure to a leaf shredding invertebrate can result in 

direct toxicity and reductions in leaf processing. Further investigation incorporating 

longer duration fungicide exposure at environmentally relevant levels, as well as 

identification of direct effects on the fungal and bacterial community of leaf material is 

necessary to achieve a more complete assessment on environmentally relevant endpoints. 

Furthermore, potential temperature-toxicity interaction of fungicides should also be 

explored for both lethal and sublethal impacts. Incorporation of realistic fluctuating daily 

temperature regimes may be important for assessing how risk of contaminants could be 

altered under future climate change scenarios, especially for organisms that inhabit 

thermally variable environments. 
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Fig. 3.1. Daily temperature data collected every 3 min from the South Llano River near 
Junction, Texas from 22 June to 7 July, 2011 (A). Example laboratory-based fluctuating 
daily temperature regimes (18-25°C and 20-26°C) used in Experiment 3 (B). 
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Fig. 3.2.  Percent mortality of Hyalella azteca (A), and leaf shredding of H. azteca based 
on ash-free dry mass (AFDM) loss (B) at each concentration of pyraclostrobin. Error bars 
represent ± standard error of the mean. Different letters indicate significant differences in 
means. The 80 µg/L treatment was excluded from analysis of AFDM loss due to high 
mortality. 
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Fig. 3.3.  Difference in ash-free dry mass (AFDM) loss between control and 
pyraclostrobin treated leaf disks (A), and Hyalella azteca dry mass pooled for each 
replicate at each pyraclostrobin treatment (B) for leaf choice feeding experiment. Error 
bars represent ± standard error of the mean.  
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Fig. 3.4. Percent mortality of Hyalella azteca (A), leaf shredding of H. azteca based on 
ash-free dry mass (AFDM) loss (B), H. azteca body length (C), and H. azteca dry mass 
(D) at each concentration of pyraclostrobin and each fluctuating temperature regime. 
Error bars represent ± standard error of the mean. 
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CHAPTER 4 

 

IMPACTS OF ENVIRONMENTALLY RELEVANT CONCENTRATIONS OF THE 

FUNGICIDE PYRACLOSTROBIN ON LEAF PROCESSING AND MICROBIAL 

COMMUNITIES UNDER REALISTIC FLUCTUATING DAILY TEMPERATURE 

REGIMES 
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Abstract 

Fungicides in the aquatic environment have exhibited toxicity to shredding 

invertebrates as well as the fungal and bacterial communities responsible for the 

decomposition of organic matter. Few studies have examined subchronic exposures of 

these compounds at environmentally relevant concentrations. In this study we examined 

the effects of the fungicide pyraclostrobin at concentrations of 1 and 10 µg/L over a 21 d 

exposure on leaf processing of the amphipod Hyalella azteca and impacts on the leaf-

associated microbial community. Because fluctuating temperature regimes may impact 

toxicity and leaf decomposition, exposures were conducted under two realistic daily 

temperature regimes: an 18-25°C regime based on field-collected data from the S. Llano 

River, Texas, or a 20-26°C regime adjusted based on possible climate change predictions. 

Endpoints included H. azteca dry mass, body length and leaf processing. We also 

determined ergosterol content of leaf material as a measure of fungal biomass and 

assessed changes in microbial community function using Biolog EcoPlates. We did not 

observe any significant effects on ergosterol content or changes in microbial community 

function as a result of pyraclostrobin or temperature treatments. Leaf processing was 

slightly increased in the 20-26°C treatment, but there were no significant effects of 

pyraclostrobin on growth responses or decomposition. These results indicate that 

environmentally relevant fungicide concentrations may not have large impacts on leaf 

processing potentially due to functional redundancy in the microbial community. 

Incorporation of realistic exposure scenarios and fluctuating temperature regimes are 

important for accurately assessing risk of contaminants on functional ecosystem 

endpoints. 
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Introduction 

Organic matter decomposition in many aquatic environments is fundamental for 

releasing carbon and nutrients into aquatic food webs (Vannote et al., 1980). Breakdown 

of organic material such as allochthonous leaf litter is a function of microbial 

decomposition, feeding by macroinvertebrates, and chemical and physical breakdown 

processes (Hieber and Gessner, 2002; Webster and Benfield, 1986). Shredding 

invertebrates, like amphipods, often directly consume the bacteria and fungi colonizing 

leaf material as a food resource and have been shown to preferentially feed on certain 

fungal species (Arsuffi and Suberkropp, 1989). Within this dynamic microbial 

community, bacteria and fungi may interact competitively (Romaní et al., 2006) and 

community composition may vary based on stage of conditioning, nutrient availability, or 

environmental and anthropogenic stressors (Pascoal and Cassio, 2004). Thus, changes in 

fungal biomass or the bacterial community due to a contaminant stressor may alter 

organic matter decomposition processes via direct impacts on shredding organisms and 

through shifts in detritivore food resource availability (Forrow and Maltby, 2000).  

There is evidence that fungicides in aquatic environments may affect organic 

matter breakdown via toxicity to shredding organisms and changes in the microbial 

community and reductions in fungal biomass (Bundschuh et al., 2011; Zubrod et al., 

2014; Zubrod et al., 2010). The strobilurin fungicide pyraclostrobin has had increasing 

agricultural usage in the United States throughout the past decade (USGS, 2011). 

Previous work has demonstrated direct toxicity of pyraclostrobin to the shredding 

amphipod Hyalella azteca at concentrations of 40 µg/L, and reductions in leaf processing 

at concentrations of greater than 15 µg/L in five or eight day exposures, respectively 
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(Willming, Chapter 3). Additionally, Morrison et al. (2013) determined a 96 h median 

lethal concentration (LC50) for H. azteca to be 25.1 µg/L in water-only exposures. 

Pyraclostrobin has been detected in surface waters at concentrations up to 0.239 µg/L 

(Reilly et al., 2012), but concentrations up to 150 µg/L have been predicted based on a 

direct overspray event (Belden et al., 2010). However, relatively few studies have 

examined effects of fungicides on decomposition processes using subchronic or chronic 

exposures at environmentally relevant concentrations (Zubrod et al., 2010), even though 

significant changes to the microbial community may not occur under short-term assays 

(Flores et al., 2014; Forrow and Maltby, 2000). Assessing impacts of environmentally 

relevant concentrations of fungicides on shredding invertebrates and beneficial microbes 

may be important for determining realistic contaminant effects on functional ecosystem 

endpoints. 

Temperature has been well-established as an extremely important environmental 

variable, influencing organism growth and metabolic rates (Angilletta Jr et al., 2002; 

Huey and Kingsolver, 1989), as well as toxicokinetics and toxicodynamics (Cairns et al., 

1975; Harwood et al., 2009; Lydy et al., 1999). Many studies have determined 

temperature effects based on a series of single, constant temperatures, whereas few have 

examined the impacts of realistic daily temperature fluctuations on toxicity or functional 

ecosystem endpoints. However, incorporating such fluctuating temperature patterns may 

be highly relevant for aquatic environments in high elevation or arid regions which often 

experience large deviations between daily minimum and maximum temperatures. 

Willming et al. (2013) reported that under a fluctuating daily temperature pattern (21-

31°C) the toxicity of the fungicide chlorothalonil to H. azteca was greater than a constant 
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24°C exposure pattern, but few other studies have investigated fungicide and temperature 

effects (DeLorenzo et al., 2009; Seeland et al., 2012). Furthermore, shifts in temperature 

patterns due to climate change are predicted to cause greater increases in daily minimum 

temperatures compared to daily maximum temperatures, resulting in a slight reduction of 

the daily temperature range, while still increasing the overall mean daily temperature 

(Easterling et al., 1997; Qu et al., 2014). Comparing two such temperature scenarios over 

a long-term exposure may yield a more realistic assessment of risk of contaminants under 

future climate change scenarios because variable temperatures may act as an additional 

stressor to organisms already coping with contaminant stress (Heugens et al., 2001).  

The objectives of the present study were to determine the effects of the fungicide 

pyraclostrobin on leaf processing and growth responses of the amphipod Hyalella azteca 

at near environmentally relevant concentrations, and to assess changes to the leaf 

associated bacterial communities and fungal biomass as a result of a three-week 

exposure. Laboratory exposures incorporated a realistic fluctuating daily temperature 

regime (18-25°C), based on field collected temperature data, which was compared to a 

temperature regime adjusted for future climate predictions (20-26°C) in order to assess 

possible changes in contaminant risk under a potential climate change scenario. 

Materials and Methods  

Temperature regimes 

Environmental water temperature data were collected from the South Llano River 

in Junction, Texas at the Texas Tech University Llano River Field Station using 

continuous temperature loggers (HOBO Pro V2). Loggers were secured to cinder blocks 
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and placed in approximately 45 cm of water in a continuously flowing and unshaded 

reach of the river with the logger floating less than 5 cm above the streambed. 

Temperature was recorded every 3 min from 22 June to 7 July, 2011 (Fig. 4.1A).  

Laboratory temperature was controlled in water baths using programmable 

heating/refrigerating circulators similar to those described in Willming et al (2013). 

Based on the temperature fluctuations observed in the field collected temperature data, 

one water bath was programmed with a temperature fluctuation of 18-25°C over a 24 h 

period and the other programmed to a 20-26°C fluctuation representative of a potential 

climate change scenario (Fig. 4.1B). Throughout the experiment, water bath temperatures 

were monitored continuously using temperature loggers (HOBO Pendant). The actual 

mean temperature for the 18-25°C regime was 20.5°C, and the mean temperature for 20-

26°C regime was 22.7°C. Besides temperature, conditions in the water baths were 

identical.  

Experimental design 

 Leaf disks (2.0 cm diameter) were cut from rewetted Acer saccharum (sugar 

maple) leaves using a cork borer. Disks were dried at 60°C for 24 h and weighed using a 

microbalance to determine initial dry mass. After weighing, disks were placed in 

individually numbered plastic tissue cassettes for microbial conditioning. These tissue 

cassettes allowed for identification of each leaf disk and for water flow and microbial 

colonization through openings during the conditioning process. Cassettes were placed in 

a 20 L aquarium with approximately 8 L of stream water collected from the South Llano 

River. Pre-conditioned whole leaf material with a previously established microbial 
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community from stream water was added to the conditioning tank to serve as an 

additional source of microbial inoculum. Every 2-3 d cassettes were haphazardly mixed 

to ensure uniform conditioning. The aquarium was aerated continuously throughout the 

12 d conditioning period. After conditioning, leaf disks were removed from the cassettes 

and randomly assigned to experimental treatments. 

 Hyalella azteca were collected from laboratory cultures maintained on A. 

saccharum leaves and Tetramin flake food. Animals were collected for the experiment by 

gently sieving organisms to collect those passing through a 710 µm sieve and retained on 

a 500 µm sieve, which corresponded to animals aged approximately 7 to 14 d (USEPA, 

2000). Animals were held for 24 h prior to experimental set-up in dechlorinated aged tap 

water to eliminate any animals injured during handling.  

Experimental units consisted of 1 L glass jars. Each jar contained four 

conditioned leaf disks, 500 mL of test solution, 15 H. azteca, and one leaf disk excluded 

from H. azteca feeding. The excluded disk was used as a leaching or microbial control 

disk in order to assess the leaf microbial community or fungal biomass. This leaf disk 

was placed within a plastic tissue cassette with openings small enough to prevent H. 

azteca from feeding on the disk during the exposure, but still allowed for water flow to 

the disk. The tissue cassette was suspended within the water column using plastic line.  

Pyraclostrobin concentrations selected were 0, 1, 10 µg/L. These concentrations 

were chosen to represent near environmentally relevant levels. Stock solutions of 

pyraclostrobin were made in analytical grade acetone, and test solutions were made from 

the stock using aged tap water. The control contained only aged tap water. Replicates 

consisted of 500 mL of test solution in 1 L glass jars. There were ten replicate jars for 
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each concentration and temperature treatment (18-25°C or 20-26°C). Jars were gently 

aerated in each water bath throughout the 21 d exposure period. Water lost due to 

evaporation was replaced with deionized water approximately every 4 d. On day 11 of 

the exposure, new test solutions were prepared from the original stock solution, and the 

water was completely renewed in all replicates. Water quality parameters (pH, dissolved 

oxygen, temperature, and conductivity) were measured approximately every 7 d in two 

randomly selected replicates from each treatment.  

After the exposure period, experimental leaf disks were removed from the jars 

and all four disks were pooled and placed in a pre-weighed foil cup. Disks were dried at 

60°C for 48 h and then weighed to determine dry mass. After weighing, disks were ashed 

in a muffle furnace at 550°C for 1 h to determine final ash-free dry mass (AFDM). All 

surviving H. azteca were removed from the jars and preserved in ethanol for body length 

measurements. Animals were digitally photographed using a Leica stereomicroscope 

(MZ95, Leica Microsystems). Length was measured from the base of the third uropod to 

the base of the first antennae (USEPA, 2000) using ImageJ softare (ver1.47h, National 

Institutes of Health). After measurement, all animals from a single replicate were pooled 

and placed in a pre-weighed foil cup. H. azteca were then dried at 60°C for 24 h and 

weighed to determine final total dry mass.  

Microbial community-level physiological profiles 

To assess patterns in leaf-associated microbial community functional responses as 

a result of pyraclostrobin and temperature treatments, 96-well EcoPlates (BIOLOG Inc.) 

were used. EcoPlates consisted of triplicate wells of 31 unique, preloaded carbon 
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substrates plus blanks (no substrate) that allowed for characterization of microbial 

community function based on differences in substrate utilization. Carbon substrates can 

be grouped into carbohydrates, amino acids, carboxylic acids, and polymers. Substrate 

utilization is based on color development as a result of tetrazolium dye reduction in 

response to microbial respiration. EcoPlates have been used previously to  assess leaf-

associated microbial communities (Maul et al., 2006). 

At the conclusion of the exposure period, microbial control disks (i.e., excluded 

from H. azteca feeding) were removed from three randomly selected replicates for each 

treatment plus (n = 18 disks total). Two initial disks that represented the microbial 

community during the conditioning phase were also analyzed. Disks were placed in 50 

mL sterile plastic vials with 15 mL of sterilized deionized water. Tubes were vortexed 

two times for 10 s each to dislodge bacteria from the disks. In a sterile hood, 100 µL 

aliquots of each sample were inoculated into each well of the plate using a multichannel 

pipettor. One leaf disk was used for each EcoPlate. After inoculation, optical density 

(OD) of each plate was measured at a wavelength of 590 nm using a microplate reader 

(SpectraMax Plus). Plates were incubated at 29°C in the dark and readings were made at 

12, 21, 24, 30, 36, 44, 48, 54, 60, and 72 h post inoculation. To control for inoculum 

density of each plate and potential differences in growth rates, data were standardized by 

average well color development (AWCD) (Mills and Garland, 2002). For each plate, 

mean OD of each unique substrate was calculated using the triplicate wells and corrected 

by subtracting OD values of the blank wells. Average OD was calculated for the entire 

plate (AWCD) and this value was used to normalize mean OD readings for each substrate 

type. Data from the 36 h timepoint were used for analysis of differences in microbial 
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community function between samples because it fell within the linear range of microbial 

growth (i.e., AWCD) during the incubation period.  

Fungal biomass assessment 

Fungal biomass of leaf disks was assessed using ergosterol, a fungal cell 

membrane sterol, according to Gessner (2005) with modifications. Three disks randomly 

chosen from the excluded leaf disks from each treatment (n=18 disks), and three disks 

removed after the initial conditioning period to measure fungal content prior to the start 

of the experiment (n = 21 disks total) were analyzed. Leaf disks were stored in plastic 

vials with alkaline methanol, and ergosterol was extracted by refluxing vials at 80°C for 

30 min. Solid-phase extraction cartridges (Sep-Pak Vac RC tC18 500 mg sorbent, 

Waters) were used for separation. A high performance liquid chromatograph (Agilent 

1100 Series) equipped with an ultraviolet detector was used to quantify ergosterol at a 

wavelength of 282 nm using pure ergosterol standards in isopropanol (Sigma-Aldrich; 

>95% purity). Acetonitrile and methanol (80:20) were used for the mobile phase with a 

flow rate of 0.8 mL/min, 25 µL sample injection, and C8 column (Agilent Eclipse XDB-

C8, 4.6 mm x 150 mm). Ergosterol recovery was estimated from a set of three separate 

extraction samples containing no leaf material, but spiked with an ergosterol standard in 

KOH/methanol prior to refluxing. Final ergosterol concentrations of each leaf disk were 

calculated based on the estimated final AFDM of each leaf disk. The estimated final 

AFDM was calculated from a linear regression equation of the initial dry mass of a set of 

excluded leaf disks (i.e., those not used for microbial assessments) and the final measured 

AFDM of those disks at the end of the experiment.   
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Calculations and statistical analyses 

Total leaf AFDM loss was calculated by subtracting the final total measured 

AFDM of the four disks in each replicate from an estimated total initial AFDM. This 

estimated initial AFDM of each disk at the start of the exposure period was calculated 

based on a linear regression equation of a set of conditioning control disks (n = 13) that 

were dried and weighed after the conditioning period. This was done to account for any 

mass loss during the conditioning period. The initial dry mass (DM) of the conditioning 

control disks was regressed against their final AFDM after the 12 d conditioning period 

(AFDM = DM × 0.8904 + 0.1187, r2 = 0.99). This final AFDM of the conditioning 

control disks was used to predict the initial AFDM of disks used in the experiment. The 

total initial AFDM for the experimental disks was then calculated as the sum of the four 

leaf disks in each replicate. Total leaf AFDM loss for each replicate was also normalized 

by total dry mass of H. azteca in that replicate. Additionally, H. azteca body length in 

each replicate was calculated as the mean length for each replicate.  

To assess the effects of temperature regime and pyraclostrobin concentration on 

AFDM loss, H. azteca body length, H. azteca dry mass, and AFDM loss normalized for 

organism biomass, data were analyzed using two-way analysis of variance (ANOVA). 

Differences in ergosterol content of leaf disks between pyraclostrobin and temperature 

treatments were also assessed using a two-way ANOVA. Data were examined prior to 

statistical analyses to ensure they met the assumptions of ANOVA. Mortality data were 

arcsine square root transformed and ergosterol content was log transformed prior to 

analysis. Due to unexpectedly high mortality in two replicates in the 1 µg/L 

pyraclostrobin treatment at 20-26°C, these replicates were identified as outliers and 
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excluded from further analyses as their mean mortality fell outside two standard 

deviations of the overall mean.  

To determine patterns in microbial community function for pyraclostrobin and 

temperature treatments, carbon substrate utilization of the EcoPlates was examined using 

principal components analysis (PCA). Data were log (x+1) transformed prior to 

ordination analyses. The centered variance/covariance cross-products matrix was used to 

obtain principal component scores for each sample, and samples were plotted using the 

first two principle components. This method has been frequently used in the analysis of 

EcoPlate data (Mills and Garland, 2002). Permutational multivariate analysis of variation 

(PERMANOVA) was used to test for differences in community-level physiological 

profiles between pyraclostrobin concentration, temperature regime, and their interaction 

using 999 permutations and Bray-Curtis distances. PERMANOVA is a nonparametric 

multivariate analysis technique and has previously been used to test for treatment 

differences of EcoPlate data (Pechal et al., 2013).  

All analyses were performed using JMP Statistical Analysis Software (ver 10.0; 

SAS Institute), except for PERMANOVA analysis, which was performed using the vegan 

package in R statistical software version 3.1 (RCoreTeam, 2014). All statistical tests were 

considered significant at the α = 0.05 level.  

Results 

Mean mortality was less than 15% for all treatments at the end of the 21 d 

exposure, and there were no significant differences in H. azteca mortality for temperature 

or pyraclostrobin treatments (p > 0.05; Fig. 4.2A). Pyraclostrobin concentration (F2,52 = 
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1.8, p = 0.177), temperature regime (F1,52 = 0.31, p = 0.579), or their interaction (F2,52 =  

2.4, p = 0.100) did not significantly affect H. azteca dry mass (Fig. 4.2B). The effects of 

pyraclostrobin (F2,52 =  1.1, p = 0.326), temperature regime (F1,52 = 3.2, p = 0.079), and 

their interaction (F2,52 = 2.6, p = 0.088) on H. azteca body length were also non 

significant (Fig. 4.2C). However, there was a trend of increasing length in the 20-26°C 

treatment, but this was not statistically significant. Mean body length at 10 µg/L and 20-

26°C was 3.66 ± 0.05 mm (± standard error) which was slightly greater than the mean 

length at 18-25°C and 10 µg/L pyraclostrobin (3.47 ± 0.05 mm).  

There was a significant main effect of temperature regime (F1,52 =  4.8, p = 0.033) 

on overall AFDM loss, but neither the main effect of pyraclostrobin (F2,52 = 0.32, p = 

0.726) nor the interaction (F2,52 = 3.0, p = 0.059) was significant (Fig. 4.3A). AFDM loss 

was slightly greater in the 20-26°C temperature regime (20.3 ± 0.26 mg / d) compared to 

the 18-25°C regime (19.5 ± 0.25 mg / d). For AFDM loss normalized based on individual 

H. azteca biomass, there were no significant effects of pyraclostrobin concentration (F2,52 

= 2.2, p = 0.123), temperature regime (F1,52 = 0.19, p = 0.662), or their interaction (F2,52 = 

0.64, p = 0.533) (Fig. 4.3B).  

Principal components analysis of microbial carbon substrate utilization indicated 

that in general the microbial community of leaf disks did differ greatly between 

experimental treatments. The first two PC axes accounted for 35.4% and 23.0% of the 

variation, respectively, with the first three axes accounting for 75.5% of the cumulative 

variation (Fig. 4.4). Carbon substrates with the two highest factor loadings in each 

positive or negative direction for the first axis were glycogen (0.91), L-asparagine (0.65), 

β-methyl-D-glucoside (-0.71), and D-galacturonic acid (-0.64), and similarly, for the 
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second axis D-mannitol (0.80), D-xylose (0.69), N-acetyl-D-glucosamine (-0.73), and 

glycogen (-0.72). Microbial community function did not differ between treatments. 

PERMANOVA analysis indicated that there was no significant interaction (F2,17 = 1.1, p 

= 0.388) or main effects of temperature treatment (F1,17 = 0.43, p = 0.930), or 

pyraclostrobin concentration (F2,17 = 0.77, p = 0.676) on microbial community level 

physiological profiles. Based on the PCA, substrate utilization of the two initial disks did 

appear to slightly differ from the experimental disks indicating that there were slight 

changes in community function over the course of the exposure period.  

Final reported ergosterol concentrations were adjusted based on spiked recovery 

estimates. Mean ergosterol recovery from spiked samples was 57.0% (± 3.1%). 

Pyraclostrobin concentration (F2,11 = 0.39 , p = 0.688; Fig. 4.5), temperature regime (F1,11 

= 0.40 , p = 0.538), or their interaction (F2,11 = 0.43 , p = 0.662) did not significantly 

affect ergosterol content of leaf disks. Mean ergosterol concentration of the three initial 

disks removed prior to the start of the experiment, but after the conditioning phase was 

206.0 µg/g leaf AFDM (± 29.5), which did not differ from concentrations measured on 

leaf disks at the end of the experiment (p > 0.05). 

Discussion 

Fungicides have previously been shown to impact organic matter decomposition 

via changes in the bacterial and fungal community and direct effects on shredding 

detritivores. In the present study we did not find significant effects at environmentally 

relevant concentrations of the fungicide pyraclostrobin or two realistic fluctuating daily 

temperature regimes on microbial community function or fungal content of leaf material. 
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In general pyraclostrobin did not impact leaf processing, but shifts in realistic daily 

temperature patterns did have impacts on overall leaf mass loss and slight effects on 

organism growth. These results indicate that at near environmentally relevant 

concentrations fungicides may not greatly impact organic matter decomposition, but 

shifts in realistic daily temperature patterns may be important for understanding possible 

temperature-mediated changes in leaf decomposition. 

Previous studies assessing the effects of fungicides on microbial or fungal 

biomass and leaf processing have generally found effects of fungicides at concentrations 

much greater than what has been measured in the environment. For example, Zubrod et al 

(2011) identified a significant reduction in fungal biomass of leaf material exposed to 65 

µg/L of the fungicide tebuconazole, but leaf consumption by Gammarus fossarum was 

not affected. Bundschuh et al (2011) similarly found that fungal biomass and bacterial 

abundance were reduced only at 500 µg/L tebuconazole, and not at 50 µg/L, but leaf 

processing was reduced at both concentrations. However, tebuconazole has only been 

detected in the environment at concentrations up to 9.1 µg/L (Berenzen et al., 2005). 

Tebuconazole also inhibited fungal growth of leaf material at a concentration of 33 µg/L 

over a 40 d exposure and altered the microbial community compared to controls (Artigas 

et al., 2012). In addition, the fungicide imazalil did not cause significant changes in 

fungal biomass of leaf material at 100 µg/L, but did lead to reductions in fungal 

sporulation, the total number of fungal species present, and invertebrate feeding (Flores et 

al., 2014). It is important to consider that because few data are available reporting 

environmental concentrations of fungicides, it is possible that after run-off events 

concentrations of fungicides could be much greater than currently measured values 
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(Berenzen et al., 2005), which may lead to significant impacts on decomposition 

processes. Because few other studies have investigated effects of fungicides at near 

environmentally relevant concentrations, the present work more realistically represents 

possible effects of pyraclostrobin on leaf processing and microbial communities. 

Functional redundancy in the microbial and fungal communities may explain the 

lack of observed effects of the stressors used in the present study. There may exist a 

threshold below which these communities are resilient to contaminant or other stressor 

effects (Clements and Rohr, 2009; Naeem and Li, 1997). In the previously described 

literature, often total fungal biomass did not differ as a result of exposure, but community 

composition was altered (Bundschuh et al., 2011; Flores et al., 2014). This may indicate 

that while fungicides were toxic to some species, other species could then increase 

growth, maintaining overall fungal biomass and function. Non-target fungal species have 

been shown to variation in sensitivity to fungicides and only some species may be 

impacted at low concentrations (Dijksterhuis et al., 2011). We similarly did not observe 

changes in microbial community function based on carbon substrate utilization, which 

may also indicate functional redundancy of the leaf-associated bacterial community. 

Because total fungal biomass (i.e., ergosterol) was not affected in the present study, it is 

possible that food resources for H. azteca did not differ between treatments, which would 

further support the lack stressor effects on leaf processing. Additionally, although 

EcoPlates have been frequently used to detect changes in the functional responses of 

microbial communities, this technique relies on culturable bacterial communities able to 

utilize specific carbon substrates. Potentially not all bacterial species found on the actual 

leaf material were represented in the EcoPlate analysis.  
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We did not find large effects of the two fluctuating daily temperature regimes on 

leaf mass loss or H. azteca growth endpoints. Although we observed a slight increase in 

overall leaf shredding under the 20-26°C regime, this increased temperature regime may 

not have been high enough to cause significant thermal stress or change microbial 

activity. Previous work investigating the effects of pyraclostrobin on leaf processing also 

did not identify large impacts of fluctuating temperature regime on leaf processing 

endpoints under shorter exposures, but at higher concentrations of pyraclostrobin (60 

µg/L) temperature acted as an additional stressor (Willming, Chapter 3). In a study by 

Fernandes et al (2012) fungal diversity was reduced under a higher constant temperature 

(16°C verses 24°C), and overall decomposition of leaf material was increased at the 

higher temperature. This study did not directly measure fungal biomass, thus it is possible 

that even though diversity was reduced, total fungal biomass could have been similar 

between treatments, indicating that functional redundancy of the fungal community could 

have played a role in maintaining leaf breakdown. Fungal community structure of leaf 

material was also not impacted by fluctuating temperature patterns, although species 

abundances shifted and decomposition increased under fluctuating regimes with a higher 

mean temperature (Dang et al., 2009). In general, decomposition processes may be 

resilient to slight shifts in temperature regimes like the treatments used in the present 

study. However, long-term temperature increases due to climate change may lead to 

changes in leaf decomposition processes and microbial activity, especially if maximum 

temperatures approach limits of thermal stress. Overall, under longer exposure scenarios 

shifts in temperature may have greater effects than low concentrations of contaminants on 

altering leaf processing rates.  
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Environmentally relevant exposure scenarios are extremely important for 

accurately assessing effects of contaminants on ecosystem functions. In this study we 

demonstrated that near-environmentally relevant concentrations of pyraclostrobin and 

realistic daily temperature fluctuations did not greatly impact the leaf-associated 

microbial community or cause large changes in leaf processing. Especially as agricultural 

usage of fungicides increases, future work should incorporate environmentally relevant 

concentrations of fungicides as well as fungicide mixture effects, which may have 

broader impacts on the microbial community (Flores et al., 2014; Zubrod et al., 2014). 

Mixture studies represent an even more environmentally relevant exposure scenario, 

since aquatic environments are often impacted by several contaminants simultaneously. 

By also incorporating realistic daily temperature regimes into understanding effects of 

contaminants on functional ecosystem responses, potential changes in contaminant risk 

due to climate change could be more accurately assessed.  
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Fig. 4.1. Environmental water temperature data from the South Llano River near 
Junction, Texas collected every 3 min from 22 June to 7 July, 2011 using continuous 
temperature loggers (A). Example of laboratory based temperature regimes (18-25°C and 
20-26°C) used in the experiment measured every 1 min in temperature controlled water 
baths (B).  
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Fig. 4.2. Effects of pyraclostrobin and temperature regime on Hyalella azteca mortality 
(A), dry mass (B), and body length (C).  Error bars represent ± standard error of the 
mean. 
  

0 1 10

Concentration (g/L)

%
 M

o
rt

a
lit

y

0
2

0
4

0
6

0
8

0
1

0
0

18-25C
20-26C

0 1 10

Concentration (g/L)

H
. a

zt
e

ca
 b

o
d

y 
le

n
g

th
 (

m
m

)

2
.5

3
.0

3
.5

4
.0

4
.5

18-25C
20-26C

0 1 10

Concentration (g/L)

In
d

iv
id

u
a

l H
. a

zt
e

ca
 d

ry
 m

a
ss

 (
m

g
)

0
.0

0
0

.0
2

0
.0

4
0

.0
6

0
.0

8
0

.1
0

0
.1

2

18-25C
20-26C

A.

B.

C.



Texas Tech University, Morgan Willming, December 2014 

100 

 

 

Fig. 4.3 Effects of pyraclostrobin concentration and temperature regime on overall leaf 
AFDM loss per day (A.) and AFDM loss per day normalized for Hyalella azteca biomass 
(B). Error bars represent ± standard error of the mean. 
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Fig. 4.4. Principal components analysis of leaf-associated microbial communities based 
on carbon substrate utilization of Biolog EcoPlates at each pyraclostrobin and 
temperature treatment either as each individual sample (A) or treatment means shown 
with standard error bars (B). Initials represent two individual leaf samples post-microbial 
conditioning period, prior to the start of the experimental exposure.  
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Fig. 4.5. Fungal biomass represented as ergosterol content of leaf disks exposed to 
pyraclostrobin and each temperature regime. Error bars represent ± standard error of the 
mean. 
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CHAPTER 5 

 

EFFECTS OF REALISTIC DAILY TEMPERATURE VARIATION ON MEXICAN 

SPADEFOOT TOAD (SPEA MULTIPLICATA) LARVAL SIZE, DEVELOPMENT, 
AND METAMORPHOSIS 
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Abstract 

Growth and development in amphibians is known to be sensitive to temperature. 

However, most studies investigating developmental rates have made comparisons across 

a series of single constant temperatures, which is not representative of the large daily 

temperature fluctuations amphibian populations of the Southern High Plains (SHP) 

region of Texas experience. Shifts in daily temperature regimes due to climate change are 

also predicted and may impact amphibian development. In this study, growth and 

development of Mexican spadefoot toad (Spea multiplicata) larvae collected from the 

SHP were compared among three temperature regimes: a constant 23°C, and two 

environmentally realistic fluctuating daily temperature regimes, 19-29°C and 21-31°C. 

Growth endpoints measured included total length, snout-vent length, tail length, tail 

depth, body condition, and mass. Larvae were sampled across three time points to 

measure rate of development and time to metamorphosis. In general, growth endpoints 

and developmental rates did not differ between temperature regimes; however, 

metamorphosis occurred about 10 days earlier in the 21-31°C regime. Overall, S. 

multiplicata larvae did not appear sensitive to the temperature regimes used in this study, 

potentially due to their adaptation to a thermally heterogeneous environment. 

Understanding the role of daily temperature fluctuations on amphibian development may 

especially be important if temperature increases due to climate changes approach a 

species’ thermal limits. 
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Introduction 

For ectothermic organisms, temperature is one of the most influential abiotic 

factors, affecting metabolic, biochemical, and developmental rates (Gillooly et al., 2002; 

Huey and Kingsolver, 1989; van der Have and de Jong, 1996). Amphibian growth and 

development is known to be particularly sensitive to temperature (Bachmann, 1969), and 

many species exhibit plasticity in developmental responses to different temperatures 

(Alvarez and Nicieza, 2002a; Alvarez and Nicieza, 2002b). This plasticity may be an 

important adaptive mechanism for coping with thermally variable environments (Kaplan 

and Phillips, 2006; Newman, 1992). However, most previous studies of temperature on 

amphibian growth and development have compared effects under a range of single, 

constant temperatures (Buchholz and Hayes, 2000; Harkey and Semlitsch, 1988), which 

is not representative of natural daily fluctuating temperature patterns many amphibians 

experience. More recent studies have investigated how environmentally realistic daily 

temperature patterns may influence larval amphibian development (Arrighi et al., 2013; 

Měráková and Gvoždík, 2009; Niehaus et al., 2012; Niehaus et al., 2006). These studies 

have indicated that effects under fluctuating temperatures do not necessarily follow 

predicted patterns observed under constant temperatures, and growth may be increased or 

decreased in variable temperature regimes (Arrighi et al., 2013; Niehaus et al., 2006). 

Additionally, the more variable the daily temperature regime, the more difficult to predict 

temperature effects on development (Niehaus et al., 2012). Understanding the role of 

realistic daily temperature fluctuations might provide insight on how amphibians are 

adapted to variable environments and how changes in these patterns may alter growth and 

development.   
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Because many amphibian populations are declining globally (Houlahan et al., 

2000; Stuart et al., 2004), and some of these declines have been attributed to effects of 

climate change (Blaustein et al., 2010; Sodhi et al., 2008), understanding how changes in 

temperature patterns impact amphibian growth and development could be important for 

predicting how amphibians may respond to future climate change. Mean global 

temperature is predicted to increase approximately 1-6°C degrees due to climate change 

(IPCC, 2013), and shifts in daily temperature patterns including increases in mean daily 

maximum and minimum temperatures have been observed (Easterling et al., 1997; Qu et 

al., 2014). Amphibian development may be sensitive to these slight shifts in daily 

temperature patterns, contributing to population level effects. Besides climate change, 

fluctuating temperature regimes combined with other stressors such as contaminants 

(Broomhall, 2002; Willming et al., 2013) or disease (Raffel et al., 2006) may interact 

synergistically. Thus, incorporation of environmentally relevant daily temperature 

regimes may be necessary for understanding realistic effects of climate change and 

multiple stressors on amphibians.  

Arid or high elevation environments often experience large differences in daily 

maximum and minimum temperatures, making them an ideal model for examining how 

organisms may be adapted to fluctuating temperatures. Throughout the semi-arid 

Southern High Plains (SHP) region of Texas, playa wetlands are the predominant surface 

water feature and serve as breeding habitat for many species of amphibians (Haukos and 

Smith, 1994). Because playas are shallow, ephemeral wetlands, their water temperatures 

follow similar fluctuations as ambient temperatures, and amphibians utilizing these 

habitats experience thermally heterogeneous environments. Mexican spadefoot toads 
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(Spea multiplicata) are native to this ecosystem and breed in large numbers in playas 

after rainfall events. The development rate of S. multiplicata larvae has previously been 

shown to increase under a series of increasing, constant temperatures (Buchholz and 

Hayes, 2000), and Spea spp. have demonstrated significant plasticity in developmental 

and growth parameters in response to variable environments (Gomez-Mestre and 

Buchholz, 2006; Morey and Reznick, 2004). The purpose of the present study was to 

assess how environmentally realistic daily temperature regimes, modeled on field 

collected playa temperature data, influence the growth and development of S. 

multiplicata larvae. Development and growth rates were compared under three 

temperature regimes: a constant 23°C, and two fluctuating daily temperature regimes: 19-

29°C and 21-31°C. The 21-31°C temperature treatment allowed for comparison to a 

possible temperature regime shift based on climate change predictions.  

Materials and methods 

Daily temperature regimes 

Water temperature data from an urban playa wetland within the city of Lubbock, 

Texas were collected continuously every 1 min for 14 d from June 6 to June 20, 2009 

using continuous temperature loggers (HOBO Pro v2). Loggers were secured to bricks 

and floated roughly 10 cm above the sediment at a water depth of approximately 76 cm. 

In contrast to most rural or agricultural playas, urban playas have often been modified to 

serve as storm water catchments and continuously retain water. However, they still 

experience similar thermal environments as rural playas where the greatest numbers of 

amphibians breed. Based on the field collected temperature data where daily fluctuations 
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spanning at least 10°C over a 24 h period were observed (Fig. 5.1A), we chose two 

fluctuating daily temperature regimes for the laboratory-based temperature treatments: a 

19-29°C fluctuating regime and a 21-31°C regime, which represented a predicted shift in 

temperature regime due to climate change (Fig. 5.1B). A single, constant temperature 

treatment of 23°C was also incorporated which was similar to the mean temperature of 

the 19-29°C treatment and served as a control to compare the effects of fluctuating 

temperatures on larval amphibian development (Table 5.1).  

Programmable temperature controlled water baths similar to those described in 

Willming et al. (2013), were used to control temperature regime in the laboratory. 

Temperature treatments were conducted simultaneously with one water bath at each of 

the three temperature regimes. Temperature was monitored every 1.5 min in each water 

bath throughout the experiment using continuous temperature loggers (HOBO Pendant). 

The calculated average and the observed maximum and minimum temperatures for each 

temperature regime recorded throughout the study are reported in Table 5.1.    

Experimental design 

Breeding pairs of Spea multiplicata collected from playa wetlands near Lubbock, 

Texas on 30 April, 2012 were brought to the Institute of Environmental and Human 

Health. Amplexing pairs were placed in individual tanks containing playa water and 

vegetation and were allowed to breed overnight. Once eggs were laid, adults were 

removed from tanks and eggs were allowed to hatch. Four days after breeding, tadpoles at 

Gosner stage 25 (Gosner, 1960) hatched from five different egg masses were combined 

for use in the experiment (Day 0). A subset of 49 tadpoles was preserved in 10% buffered 
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formalin for initial size measurements. Experimental units consisted of 500 mL glass jars 

containing 400 mL of synthetic moderately hard water (MHW) (USEPA, 2002). Five 

haphazardly selected tadpoles were pipetted into each jar with 30 replicate jars for each 

of the three temperature treatments (constant 23°C, the low daily cycle of 19-29°C, and 

the high daily cycle of 21-31°C). Experimental chambers were held within the 

temperature controlled water baths at a 16:8 h light:dark cycle, and experimental 

conditions in all water baths were identical, except for temperature. Tadpoles were also 

fed ground rabbit chow and fish flakes ad libitum throughout the experiment.  

On day 12 of the experiment, ten jars from each temperature treatment were 

randomly selected and tadpoles were euthanized in MS-222 and preserved in formalin. At 

this time point, all remaining tadpoles were transferred to 1 L glass jars containing 800 

mL of MHW. On day 23 an additional ten jars from each temperature treatment were 

randomly selected and tadpoles were euthanized and preserved in formalin. At this time, 

remaining tadpoles were transferred to 9.5 L tanks containing 3.0 L of MHW. When the 

first tadpoles began showing forelimb emergence (day 32), all tanks were placed on a 

slight incline to create a dry end of the tank with 850 mL of MHW. Tadpoles were 

observed daily and the time to forelimb emergence (Gosner stage 42) and metamorphosis 

(Gosner stage 46) were recorded. Once a tadpole had fully metamorphosed, it was 

removed from the replicate, blotted dry, and weighed on an analytical balance. 

Individuals were then euthanized in MS-222 and preserved in formalin. Full water 

changes occurred in all replicate experimental chambers approximately every 7 d. Water 

quality parameters (conductivity, pH, dissolved oxygen, and ammonia) were monitored 

throughout the experiment in three randomly selected replicates from each temperature 
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treatment. Conductivity, pH, dissolved oxygen, and ammonia ranged from 517 to 1342 

μS/cm, 7.5 to 8.6, 5.39 to 7.79 mg/L, and 0.10 to 1.03 mg/L, respectively. Temperature 

ranges for each treatment are reported in Table 5.1. The experiment was ended on day 86 

when 44% of tadpoles that remained after the second time point (day 23) had either died 

or fully metamorphosed. 

To determine growth rates and body size of tadpoles, preserved organisms were 

photographed using a Leica MZ9.5 stereomicroscope and digital camera (Leica 

Microsystems). Measurements of total length, snout-vent length, and tail depth were 

performed using ImageJ (ver 1.47h; National Institutes of Health). Tail length was 

determined by subtracting snout-vent length from total length, and tail length was divided 

by snout-vent length to calculate the TL/SVL ratio. This ratio was used as a metric of 

swimming performance. Wet masses for each tadpole were obtained after body 

measurements using an analytical balance.  

Statistical analyses 

Body condition was calculated by the scaled mass index method (Peig and Green, 

2009), using an ordinary least squares regression of natural log (ln) transformed total 

length and ln-transformed wet mass of each tadpole. Overall mean tadpole length at each 

time point was used as the standard length value for comparison to calculate the scaled 

mass index for each tadpole. Effects of each temperature regime on snout-vent length 

(SVL), tail depth (TD), tail length (TL), total length, TL/SVL ratio, body mass, and body 

condition were compared separately for each time point (day 12, 23, or 86) using one-

way analysis of variance (ANOVA). Analyses of these growth and morphometric 

endpoints were based on replicate means. Prior to analysis data were checked for 
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normality and homogeneity of variance to meet assumptions for ANOVA. If ANOVAs 

indicated significant differences, the Tukey HSD post-hoc test was used to compare 

individual means. TL/SVL ratio and wet mass data were ln-transformed prior to analyses.  

Time to event (survival) analysis was used to compare time to metamorphosis and 

time to front limb emergence for each temperature regime using nonparametric Kaplan-

Meier analysis. Time to event data were right censored prior to analyses. The log-rank 

test was used to test for a difference between temperature treatments, and the lognormal 

fit was used to estimate probabilities of metamorphosis. Mean day of front limb 

emergence and mean day of metamorphosis at each temperature treatment was compared 

using one-way ANOVA. Mass at metamorphosis (ln-transformed) for each temperature 

regime was compared using analysis of covariance (ANCOVA) with day of emergence as 

a covariate because longer time spent during development may influence mass at 

metamorphosis. One outlier from the 21-31°C treatment was removed from the analysis 

because its mass (404 mg) was much greater than the mean for this treatment (245 mg ± 

68 mg; mean ± standard deviation) and was skewing the analysis. It was determined to be 

an outlier based on jackknife distance. Because some replicates only had one tadpole 

reaching metamorphosis, individual tadpoles were used in these analyses and not 

replicate means (i.e.,if multiple tadpoles metamorphosed fromm one replicate they were 

treated as individual data points and not averaged). 

Rates of growth based on total length, SVL, and mass for tadpoles in each 

temperature treatment were compared using a linear regression model. Measurements of 

the initial tadpoles (day 0) and cohorts sampled at each time point (days 12, 23, and 86) 

were used to calculate growth rates, represented by the slope of the regression curve at 
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each temperature treatment. Each endpoint was ln-transformed prior to analysis and day 

was ln(x+1) transformed. Differences in slopes were compared by testing the temperature 

treatment × day interaction term from the model. All analyses were performed using JMP 

Statistical Analysis Software (ver 10.0; SAS Institute), and statistical tests were 

considered significant at the α = 0.05 level. 

Results 

There were no significant differences in most morphometric endpoints at each 

temperature regime and time point (Table 5.2). Mass at day 12 was significantly greater 

in the constant 23°C compared to the 19-29°C treatment (p = 0.039). Similarly, tail depth 

at day 23 was significantly greater in the constant 23°C compared to the 19-29°C (p = 

0.032). All other morphometric and body condition comparisons were not significantly 

different across temperature treatments.  

There were no significant differences between temperature treatments for time to 

front limb emergence (χ2 = 2.37,  p= 0.305; Fig. 5.2A) or time to metamorphosis (χ2 = 

1.89, p = 0.388; Fig. 5.2B) based on the time to event analysis. Additionally, 95% 

confidence intervals for the time to event curves overlapped for all temperature 

treatments. At day 86 larvae had a 48.8% ± 9.3% (mean ± standard error), 30.8% ± 8.2% 

, or 40.4% ± 8.7% probability of reaching metamorphosis in the 23°C, 19-29°C, and 21-

31°C treatments, respectively. Though, these were not significantly different. Mean day 

of front limb emergence was significantly different with front limbs appearing about 11 

days earlier in the 21-31°C temperature regime compared to the 23°C or 19-29°C 

treatments (p < 0.05; Table 5.3). Mean day of metamorphosis was marginally significant 
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(p = 0.056) following a similar trend as front limb emergence with metamorphosis 

occurring about 10 days sooner in the 21-31°C treatment (Table 5.3). Mass at 

metamorphosis did not differ between temperature treatments (Table 5.3), but there was a 

significant effect of day of emergence on mass (F 
1,28 = 5.59, p = 0.025) with mass of 

emerged metamorphs slightly decreasing over time. However, this trend was only 

significant once the outlier was removed from the analysis. 

There were no significant differences between temperature treatments on the rate 

of growth (linear regression slopes) based on total length, SVL, or mass (Table 5.4). 

Temperature treatments did not influence the rate of growth.  

Discussion 

We observed few differences in patterns of growth and development of S. 

multiplicata larvae under three different temperature regimes: a constant 23°C and two 

fluctuating daily temperature regimes, 19-29°C and 21-31°C. Most morphometric 

endpoints did not differ between temperature regimes, and there were no differences in 

larval growth rates throughout the study. These results indicate that fluctuating 

temperature patterns or slight shifts in daily temperature regimes may not have significant 

impacts on development of larval S. multiplicata. This ultimately may have important 

implications for understanding how this species has adapted to environmental conditions 

of the SHP region and how it might respond to future effects of climate change.  

Previous work investigating the effects of temperature on amphibians has 

established a strong effect of temperature on rates of development and growth. In general, 

higher constant temperatures lead to faster development rates, but often smaller size at 
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metamorphosis (Atkinson, 1994), although there are exceptions to this trend (Angilletta 

and Dunham, 2003; Buchholz and Hayes, 2000). While this pattern has primarily been 

generated under ranges of constant temperature, our study comparing fluctuating 

temperature regimes did not find many differences in growth responses between 

fluctuating temperature regimes and a constant temperature, indicating that temperature 

effects under realistic fluctuating regimes differ from what may be expected by 

comparing only constant temperatures. Specifically, effects did not differ between the 

constant 23°C and the fluctuating regime (19-29°C) with the same mean temperature. On 

average tadpoles reached metamorphic endpoints slightly sooner in the 21-31°C 

treatment, which may be due to a slightly higher mean temperature in this treatment or a 

higher maximum daily temperature. The fluctuations above the mean temperature may 

drive development at a faster rate relative to the rate fluctuations below the mean depress 

development (Warren and Anderson, 2013).  However, since less than half of the 

tadpoles reached metamorphosis, it is not certain if this trend may have changed over a 

longer exposure time. The lower rate of metamorphosis observed across this study could 

indicate the absence of other natural environmental cues necessary to induce 

development (e.g., density, water level, changes in water quality parameters or presence 

of predators). This may account for the longer larval period we observed compared to 

other populations of this species (Buchholz and Hayes, 2000). Additionally, because the 

time to event analyses did not detect differences between temperature regimes, the 

overall pattern of metamorphic development may not differ among the temperature 

regimes.  
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Of the few studies that have examined effects of daily temperature fluctuations on 

amphibian development, results indicate that fluctuating temperatures have variable 

effects. In a study by Niehaus et al. (2006) striped marsh frog larvae (Limnodynastes 

peronii) exposed to a fluctuating regime had longer body length and metamorphosed 

earlier, but at a smaller mass compared to a constant temperature. In contrast, Niehaus et 

al (2011) did not find significant differences in metabolic performance of larval L. 

peronii exposed to a variable temperature regime compared to a constant temperature, 

indicating this species exhibited low plasticity in temperature responses. However, one 

consistent trend across several amphibian taxa appears to be that as the range of daily 

thermal variation increases, the greater the temperature effects on development (Arrighi 

et al., 2013; Měráková and Gvoždík, 2009; Niehaus et al., 2012). In these studies growth 

often decreased at higher levels of temperature variation as maximum temperatures 

approached an organism’s thermal limits. Although, these effects became more difficult 

to predict compared to fluctuations with lower levels of variation (Arrighi et al., 2013; 

Niehaus et al., 2012). In the present study, the 10°C temperature differentials in either of 

the fluctuating regimes may not have approached the thermal limits of S. multiplicata, 

where development rates may be more sensitive to higher temperatures. Because it would 

not be uncommon for water temperatures in SHP playa wetlands to exceed 31°C, 

especially during later summer months, this species may be adapted to higher extreme 

temperatures than the ranges used in this study.  

Even though we did not detect significant differences between temperature 

treatments for most growth responses, we frequently observed large variation in size of 

tadpoles across temperature treatments and even within the same replicate. Many 
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amphibian species and specifically Spea spp. are known to exhibit a great deal of 

phenotypic plasticity in response to environmental conditions. For example, based on 

complex environmental cues S. multiplicata larvae can develop into carnivorous or 

omnivorous morphs which often vary greatly in body size and morphology, as well as 

growth rates (Storz, 2004). Buchholtz and Hayes (2000) also identified variations in 

development among clutches, and because amplexing pairs were field collected, maternal 

effects could impact larval development (Kaplan and Phillips, 2006). Because we mixed 

several egg masses together for this study, this may have also contributed to some of the 

observed size variation. This natural variation between tadpoles may have masked our 

ability to detect slight differences in growth due to different temperature treatments.  

The variability in larval size may also be important for understanding how S. 

multiplicata are adapted to their environment. Several studies have associated increased 

environmental heterogeneity with increased plasticity (Lind and Johansson, 2007). This 

plasticity may be an adaptive mechanism to increase overall fitness in variable 

environments (Newman, 1992). Because playa wetlands are both temporally and spatially 

heterogeneous in regards to temperature, S. multiplicata may be well adapted to this 

highly variable habitat and as a result are less sensitive to fluctuating temperatures. Some 

studies also indicated that ectothermic organisms from environments which experience 

large changes in environmental temperatures may be better adapted to climate change 

(Deutsch et al., 2008; Hossack et al., 2013). However, if climate change increases 

maximum daily temperatures upwards towards an organism’s thermal limits, temperature 

effects may be more pronounced.  
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Although we did not detect a clear pattern of differences between fluctuating and 

constant temperature treatments on S. multiplicata growth and development, further work 

should continue to explore how realistic daily temperature fluctuations impact amphibian 

populations. Effects under fluctuating temperatures may be difficult to predict, and 

exposure to fluctuating temperatures during the larval period can translate to alterations 

in performance and survival of adults (Niehaus et al., 2006). Accounting for an 

amphibian species’ specific life history traits, environmental adaptations, and natural 

thermal tolerance may be necessary for elucidating impacts of changes in temperature 

patterns due to climate change.  

References 

Alvarez, D., Nicieza, A.G., 2002a. Effects of induced variation in anuran larval 
development on postmetamorphic energy reserves and locomotion. Oecologia 131, 
186-195. 

Alvarez, D., Nicieza, A.G., 2002b. Effects of Temperature and Food Quality on Anuran 
Larval Growth and Metamorphosis. Functional Ecology 16, 640-648. 

Angilletta, M.J., Dunham, A.E., 2003. The Temperature‐Size Rule in Ectotherms: Simple 
Evolutionary Explanations May Not Be General. The American Naturalist 162, 
332-342. 

Arrighi, J.M., Lencer, E.S., Jukar, A., Park, D., Phillips, P.C., Kaplan, R.H., 2013. Daily 
temperature fluctuations unpredictably influence developmental rate and 
morphology at a critical early larval stage in a frog. BMC ecology 13, 18. 

Atkinson, D., 1994. Temperature and Organism Size—A Biological Law for 
Ectotherms?, in: Fitter, M.B.a.A.H. (Ed.), Advances in Ecological Research. 
Academic Press, pp. 1-58. 

Bachmann, K., 1969. Temperature adaptations of amphibian embryos. American 
Naturalist, 115-130. 

Blaustein, A.R., Walls, S.C., Bancroft, B.A., Lawler, J.J., Searle, C.L., Gervasi, S.S., 
2010. Direct and indirect effects of climate change on amphibian populations. 
Diversity 2, 281-313. 



Texas Tech University, Morgan Willming, December 2014 

118 

 

Broomhall, S., 2002. The effects of endosulfan and variable water temperature on 
survivorship and subsequent vulnerability to predation in Litoria citropa tadpoles. 
Aquatic Toxicology 61, 243-250. 

Buchholz, D.R., Hayes, T.B., 2000. Larval Period Comparison for the Spadefoot Toads 
Scaphiopus couchii and Spea multiplicata (Pelobatidae: Anura). Herpetologica 56, 
455-468. 

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, 
D.C., Martin, P.R., 2008. Impacts of climate warming on terrestrial ectotherms 
across latitude. Proceedings of the National Academy of Sciences 105, 6668-6672. 

Easterling, D., Horton, B., Jones, P., Peterson, T., Karl, T., Parker, D., Salinger, M., 
Razuvayev, V., Plummer, N., Jamason, P., 1997. Maximum and minimum 
temperature trends for the globe. Science 277, 364. 

Gillooly, J.F., Charnov, E.L., West, G.B., Savage, V.M., Brown, J.H., 2002. Effects of 
size and temperature on developmental time. Nature 417, 70-73. 

Gomez-Mestre, I., Buchholz, D.R., 2006. Developmental plasticity mirrors differences 
among taxa in spadefoot toads linking plasticity and diversity. Proceedings of the 
National Academy of Sciences 103, 19021-19026. 

Gosner, K.L., 1960. A Simplified Table for Staging Anuran Embryos and Larvae with 
Notes on Identification. Herpetologica 16, 183-190. 

Harkey, G.A., Semlitsch, R.D., 1988. Effects of temperature on growth, development, 
and color polymorphism in the ornate chorus frog Pseudacris ornata. Copeia, 1001-
1007. 

Haukos, D.A., Smith, L.M., 1994. The importance of playa wetlands to biodiversity of 
the Southern High Plains. Landscape and Urban Planning 28, 83-98. 

Hossack, B.R., Lowe, W.H., Webb, M.A.H., Talbott, M.J., Kappenman, K.M., Corn, 
P.S., 2013. Population-level thermal performance of a cold-water ectotherm is 
linked to ontogeny and local environmental heterogeneity. Freshwater Biology 58, 
2215-2225. 

Houlahan, J.E., Findlay, C.S., Schmidt, B.R., Meyer, A.H., Kuzmin, S.L., 2000. 
Quantitative evidence for global amphibian population declines. Nature 404, 752-
755. 

Huey, R.B., Kingsolver, J.G., 1989. Evolution of thermal sensitivity of ectotherm 
performance. Trends in Ecology & Evolution 4, 131-135. 

IPCC, 2013. Climate Change 2013: The Physical Science Basis  Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovernmental Panel on 



Texas Tech University, Morgan Willming, December 2014 

119 

 

Climate Change, in: Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K., 
Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.), Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA. 

Kaplan, R.H., Phillips, P.C., 2006. Ecological and developmental context of natural 
selection: Maternal effects and thermally induced plasticity in the frog Bombina 
orientalis. Evolution 60, 142-156. 

Lind, M.I., Johansson, F., 2007. The degree of adaptive phenotypic plasticity is correlated 
with the spatial environmental heterogeneity experienced by island populations of 
Rana temporaria. Journal of Evolutionary Biology 20, 1288-1297. 

Morey, S.R., Reznick, D.N., 2004. The relationship between habitat permanence and 
larval development in California spadefoot toads: field and laboratory comparisons 
of developmental plasticity. Oikos 104, 172-190. 

Měráková, E., Gvoždík, L., 2009. Thermal acclimation of swimming performance in 
newt larvae: the influence of diel temperature fluctuations during embryogenesis. 
Functional Ecology 23, 989-995. 

Newman, R.A., 1992. Adaptive plasticity in amphibian metamorphosis. Bioscience, 671-
678. 

Niehaus, A.C., Angilletta, M.J., Sears, M.W., Franklin, C.E., Wilson, R.S., 2012. 
Predicting the physiological performance of ectotherms in fluctuating thermal 
environments. The Journal of experimental biology 215, 694-701. 

Niehaus, A.C., Wilson, R.S., Franklin, C.E., 2006. Short- and long-term consequences of 
thermal variation in the larval environment of anurans. Journal of Animal Ecology 
75, 686-692. 

Niehaus, A.C., Wilson, R.S., Seebacher, F., Franklin, C.E., 2011. Striped marsh frog 
(Limnodynastes peronii) tadpoles do not acclimate metabolic performance to 
thermal variability. The Journal of Experimental Biology 214, 1965-1970. 

Peig, J., Green, A.J., 2009. New perspectives for estimating body condition from 
mass/length data: the scaled mass index as an alternative method. Oikos 118, 1883-
1891. 

Qu, M., Wan, J., Hao, X., 2014. Analysis of diurnal air temperature range change in the 
continental United States. Weather and Climate Extremes 4, 86-95. 

Raffel, T., Rohr, J., Kiesecker, J., Hudson, P., 2006. Negative effects of changing 
temperature on amphibian immunity under field conditions. Functional Ecology 20, 
819-828. 



Texas Tech University, Morgan Willming, December 2014 

120 

 

Sodhi, N.S., Bickford, D., Diesmos, A.C., Lee, T.M., Koh, L.P., Brook, B.W., 
Sekercioglu, C.H., Bradshaw, C.J.A., 2008. Measuring the meltdown: drivers of 
global amphibian extinction and decline. PloS one 3, e1636. 

Storz, B., 2004. Reassessment of the environmental mechanisms controlling 
developmental polyphenism in spadefoot toad tadpoles. Oecologia 141, 402-410. 

Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues, A.S.L., Fischman, D.L., 
Waller, R.W., 2004. Status and trends of amphibian declines and extinctions 
worldwide. Science 306, 1783-1786. 

USEPA, 2002. Methods for Measuring the Acute Toxicity of Effluents and Receiving 
Waters to Freshwater and Marine Organisms, Fifth Edition ed, United States 
Environmental Protection Agency Office of Water, Washington, D.C. 

van der Have, T.M., de Jong, G., 1996. Adult Size in Ectotherms: Temperature Effects on 
Growth and Differentiation. Journal of Theoretical Biology 183, 329-340. 

Warren, J.-A., Anderson, G.S., 2013. Effect of Fluctuating Temperatures on the 
Development of a Forensically Important Blow Fly, Protophormia terraenovae 
(Diptera: Calliphoridae). Environmental Entomology 42, 167-172. 

Willming, M.M., Qin, G., Maul, J.D., 2013. Effects of environmentally realistic daily 
temperature variation on pesticide toxicity to aquatic invertebrates. Environmental 
Toxicology and Chemistry 32, 2738-2745. 

 

 

  



Texas Tech University, Morgan Willming, December 2014 

121 

 

Table 5.1: Temperature parameters for laboratory-based water bath temperature regimes 
recorded during the experiment. Mean represents the average temperature calculated 
from the temperature recorded every 1.5 min over the 86 d experiment. Min and Max 
represent minimum or maximum temperature reached during the study.  

Temperature regime Mean Min Max 

23°C 22.7°C 21.1°C 23.9°C 

19-29°C 23.2°C 18.5°C 29.9°C 

21-31°C 25.2°C 20.1°C 31.8°C 
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Table 5.2 Mean morphometric measurements, wet mass, and body condition for Spea multiplicata larvae at each time point, and 
results from one-way ANOVAs comparing means for each temperature treatment. Body condition was calculated as the scaled mass 
index (unitless). SVL= snout-vent length, TD= tail depth, TL= tail length, TL:SVL= tail length to snout-vent length ratio. Means with 
different letters indicate significant differences (Tukey HSD test, p<0.05). Values in parentheses represent standard error of the mean.  

Temperature regime  

  
23°C 19-29°C 21-31°C df F p 

Day 12  

SVL (mm) 7.66 (0.65) 8.00 (0.70) 7.73 (0.21) 2,27 0.77 0.472 
TD (mm) 4.50 (0.12) 4.70 (0.35) 4.36 (0.14) 2,27 1.79 0.186 
TL (mm) 10.16 (0.81) 10.49 (0.26) 10.00 (0.56) 2,27 0.70 0.507 
Total length (mm) 17.82 (0.45) 18.50 (0.11) 17.73 (0.37) 2,27 0.76 0.478 
TL:SVL 1.34 (0.01) 1.32 (0.03) 1.30 (0.03) 2,27 0.92 0.411 
Mass (mg) 65.7a (3.0) 86.5b (6.1) 75.0ab (3.5) 2,27 3.78 0.036 
Body condition 1.23 (0.14) 1.01 (0.07) 1.26 (0.14) 2,27 1.25 0.301 

Day 23  
SVL (mm) 10.47 (0.13) 10.17 (0.17) 10.12 (0.28) 2,27 0.89 0.422 
TD (mm) 6.35a (0.09) 5.97b (0.10) 6.01ab (0.11) 2,27 4.41 0.022 
TL (mm) 13.20 (0.18) 12.84 (0.24) 12.71 (0.29) 2,27 1.11 0.344 
Total length (mm) 23.64 (0.28) 23.00 (0.38) 22.83 (0.54) 2,27 1.08 0.354 
TL:SVL 1.27 (0.02) 1.27 (0.02) 1.26 (0.02) 2,27 0.05 0.950 
Mass (mg) 199.3 (13.0) 189.0 (10.3) 197.2 (16.5) 2,27 0.09 0.911 
Body condition 1.18 (0.12) 1.26 (0.07) 1.70 (0.32) 2,27 1.91 0.167 

Day 86  
SVL (mm) 13.84 (0.39) 14.02 (1.10) 13.63 (0.57) 2,25 0.20 0.818 
TD (mm) 7.39 (0.18) 7.02 (0.18) 6.95 (0.34) 2,25 0.97 0.393 
TL (mm) 18.85 (0.60) 19.71 (1.90) 18.30 (0.76) 2,25 1.21 0.315 
Total length (mm) 32.69 (0.08) 33.73 (0.93) 31.93 (1.25) 2,25 0.82 0.452 
TL:SVL 1.36 (0.05) 1.41 (0.02) 1.35 (0.04) 2,25 0.86 0.434 
Mass (mg) 453.2 (43.4) 494.6 (31.0) 435.4 (64.5) 2,25 0.83 0.448 
Body condition 1.31 (0.18) 1.12 (0.16) 1.24 (0.16) 2,25 0.32 0.732 
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Table 5.3 Mean time to front limb emergence and metamorphosis, and mass at 
metamorphosis for Spea multiplicata at each temperature regime and results of one-way 
ANOVA. Values in parentheses represent standard error of the mean. Means with 
different letters indicate significant differences among temperature treatments (Tukey 
HSD test, p < 0.05).  

  Temperature regime       

  23°C 19-29°C 21-31°C df F p 

Time to front limb 
emergence (d) 55b (3) 55b (4) 44a (3) 2,36 3.95 0.028 

Time to 
metamorphosis (d) 65 (3) 62 (4) 54 (3) 2,33 3.15 0.056 

Mass at 
metamorphosis (mg) 226 (13) 232 (17) 245 (16) 2,28 0.69 0.511 
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Table 5.4 Comparison of growth rates based on total length , snout-vent length (SVL), and mass of Spea multiplicata larvae from day 
0 through day 86 of the study. Growth rates are represented by the slope of the simple linear regression line fitting each endpoint (ln-
transformed) and day (ln(x+1) transformed). Values in parentheses represent standard error of the slope. Test statistics are from a 
regression model testing differences in slopes at each temperature treatment. The adjusted r2 statistic for the regression model is 
reported.  

  Temperature regime       

Growth Rate 23°C 19-29°C 21-31°C r2 F p 

Total length  0.327 (0.007) 0.331 (0.007) 0.320 (0.007) 0.95 0.60 0.548 

SVL 0.350 (0.008) 0.350 (0.007) 0.345 (0.008) 0.96 0.17 0.846 

Mass  0.987 (0.026) 1.011 (0.024) 0.988 (0.027) 0.97 0.27 0.763 
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Fig. 5.1. Field collected water temperature data recorded every 1 min from a playa 
wetland within the city of Lubbock, Texas from 6 June to 20 June, 2009 (A). Example of 
laboratory based fluctuating daily temperature regimes (19-29°C and 21-31°C) used in 
the experiment (B).  
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Fig. 5.2. Time to front limb emergence (A) and time to metamorphosis (B) for Spea 
multiplicata tadpoles for each temperature treatment at each day of the study based on 
Kaplan-Meier survival analysis. Confidence intervals (95%, not shown) overlapped for 
all treatments.  
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CHAPTER 6 

CONCLUSION 

This research demonstrates that incorporation of realistic fluctuating daily 

temperature cycles can be important for understanding how toxicity, and effects on 

growth and development of aquatic organisms may be altered in ecosystems experiencing 

daily patterns of thermal variation. We observed that water temperatures from both lotic 

and shallow, lentic systems in arid/high elevation regions of Texas can vary greatly over 

24 h cycles, creating thermally heterogeneous environments. Few studies have 

incorporated these natural fluctuations into assessments of contaminant toxicity, even 

though including time-integrated temperature variation is a more environmentally 

realistic approach for assessing risk of contaminants. This approach may be especially 

relevant for contaminants with temperature-dependent toxicities because temperature 

fluctuations may span the range of observed toxicity values.  

Results demonstrated that realistic daily temperature fluctuations based on 

temperature patterns from playa wetlands affected toxicity of some pesticides to aquatic 

invertebrates relative to a constant temperature regime (similar to the average of the 

variable temperature treatment) on both population- and mechanistic-level endpoints. 

Chlorothalonil was more toxic to Hyalella azteca in the fluctuating temperature 

treatment, and exposure to bifenthrin under the fluctuating temperature resulted in greater 

mortality and reductions in growth of Chironomous dilutus. Our results also indicated 

that temperature-associated changes in metabolic processes may mediate toxicity when 

incorporating environmentally realistic temperature fluctuations. Specific contaminant 
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mechanism of action may play an important role in understanding temperature-related 

toxicity, especially in contaminants with temperature-dependent toxicities.  

Temperature fluctuations and contaminants can also impact important ecosystem-

level endpoints, such as organic matter decomposition. Fungicides and antimicrobial 

compounds may target the leaf-associated beneficial microbial communities which are 

not only responsible for the direct breakdown of organic matter, but also serve as food 

resources for shredding detritivores. Environmentally relevant concentrations of 

chlorothalonil, ciprofloxacin, and triclosan affected leaf processing and growth of H. 

azteca. However, there were no clear effects of increasing toxicity on H. azteca with 

increased complexity of mixtures for these specific contaminants. Ciprofloxacin may 

have had the greatest effects among these chemicals and resulted in an increase of leaf 

processing. However, effects on these endpoints were not influenced by fluctuating 

temperature treatments. 

The fungicide pyraclostrobin was also directly toxic to H. azteca and caused 

reductions in leaf processing at concentrations of 15 µg/L or greater in fluctuating 

temperature regimes. Results demonstrated an interaction effect of pyraclostrobin and 

temperature regime on mortality and growth responses, indicating possible temperature-

dependent toxicity. Under a longer exposure scenario and at near environmentally 

relevant concentrations, significant effects of this fungicide under two variable 

temperature regimes on leaf processing and the microbial community were not detected.  

Overall, at environmentally relevant concentrations effects of fungicides and 

antimicrobial compounds on decomposition processes may be minimal. However, it is 

important to consider that especially for fungicides few environmental fate data are 
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available and environmentally relevant concentrations could potentially be much greater 

than what has currently been measured, especially after run-off events. Detectable 

changes in the bacterial community and fungal biomass of organic matter may only occur 

at higher concentrations as well. Because of natural diversity in the microbial community 

as well as in available organic matter resource types within natural systems, effects on 

these decomposition responses may be resilient to slight shifts in temperature regimes 

and low concentrations of the contaminants studied.  

We did not detect a clear pattern of differences between fluctuating and constant 

temperature treatments on Spea multiplicata growth and development. This could be 

because this species exhibits a great deal of natural plasticity in growth rates as a result of 

adaptation to a thermally dynamic environment. On average, larvae did reach some 

metamorphic endpoints slightly sooner in the 21-31°C treatment, compared to the lower 

fluctuating regime 19-29°C, which may indicate that higher temperatures slightly 

decreased developmental time.  

Because climate change is predicted to increase global temperatures and cause 

reductions in the range of daily temperature fluctuation in some regions, understanding 

how contaminant toxicity and aquatic organisms respond to temperature changes 

continues to be relevant. Even though the daily range of thermal variability may decrease 

due to climate change, overall mean temperatures, as well as the daily maximum and 

minimum temperatures, will continue to increase. If these temperatures approach an 

organism’s thermal limits, fluctuating temperature patterns may act as an even greater 

stressor. Therefore, it is necessary to consider a species thermal tolerance levels as well 

as natural adaptation to thermally variable environments. Additionally, understanding a 
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contaminant’s specific mechanism of action is necessary to elucidate how it may interact 

with daily thermal patterns and impact aquatic organisms. Further research should 

continue to explore how these realistic temperature patterns interact with contaminant 

toxicity and how contaminants like fungicides and pharmaceuticals will impact functional 

ecosystem responses.  

 

 

 

 

 


