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ABSTRACT 

Phenotypic plasticity has been proposed as an adaptive mechanism by which 

organisms can maximize their fitness in response to short-term environmental variability. In 

this dissertation, I test one prediction that comes out of this idea: that populations from 

more variable environments should have higher levels of phenotypic plasticity than 

populations from less variable environments. 

I first analyzed precipitation variability and predictability across nine biomes in the 

Southwestern U.S. to determine a gradient of environmental variability. There was a non

linear negative relationship between precipitation variability and precipitation mean. In 

general, contrary to common belief, desert biomes were no more variable nor less 

predictable than nondesert biomes. 

I tested the relationship between environmental variability and phenotypic plasticity 

in seven populations of the pallid-winged grasshopper {Trimerotropis palUdipermis). 

Contrary to prediction, populations from more variable environments had lower, not 

higher, levels of phenotypic plasticity in development time. There was a significant convex 

quadratic relationship between plasticity for size at maturity and precipitation variability. In 

general, females in populations with more plasticity in development time had lower fimess. 

Plasticity in size at maturity generally did not affect fecundity, but increased survivorship. 

Plasticities in both traits conferred no significant costs or benefits in males. 

I tested the hypothesis that these results were due to constraints on the evolution of 

plasticity: either to a lack of genetic variation for plasticity or to antagonistic pleiotropy 

between size at maturity and development time. I found sufficient genetic variation for 

plasticity to evolve in all study populations and little evidence for antagonistic pleiotropy. 

I further tested whether selection for developmental stability or directional selection 

for short development time could explain the pattern of plasticity responses across the 
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gradient. Low plasticity responses were apparently due to selection for developmental 

stability in deserts. I found weak evidence that antagonistic and synergistic selection could 

also explain the plasticity responses. I found no evidence that directional selection for short 

development time in all environments could explain the lower levels of phenotypic plasticity 

in the desert populations. 
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CHAPTER 1 

INTRODUCTION 

Phenotypic plasticity has been proposed as an adaptive mechanism by which 

organisms can maximize their fitoess in response to environmental variability (Bradshaw 

1965, Schlichting 1986, Steams 1989, Scheiner 1993, Viaet al. 1995). Theoretical models 

predict that phenotypic plasticity can evolve in variable environments (Via and Lande 1985, 

Lynch and Gabriel 1987, de Jong 1990, van Tienderen 1991, Gabriel and Lynch 1992, 

Gomulkiewicz and Kirkpatrick 1992, Moran 1992, Gavrilets and Scheiner 1993a, Via et 

al. 1995). This prediction assumes certain conditions: sufficient genetic variation for 

plasticity, a high correlation between the environment of development and the environment 

of selection, negligible genetic constraints, and low costs of plasticity (Caswell 1983, 

Orzak 1985, Via and Lande 1985, Van Tienderen 1991, Gomulkiewicz and Kirkpatrick 

1992, Moran 1992, Gavrilets and Scheiner 1993a, Via et al. 1995, DeWitt et al. 1998). 

Assuming these conditions are met, a logical corollary to these models is the 

prediction that populations with an evolutionary history of exposure to more variable 

environments, will have higher levels of phenotypic plasticity than populations that have 

experienced less variable environments over evolutionary time. For example, different 

populations of herbivores are likely to experience differences in food abundance variability. 

In deserts, herbivores may experience high among-year variability in food abundance; in 

years following high precipitation, there are abundant grasses and forbs available as host 

plants, whereas in years of low precipitation, there is little food (Noy-Meir 1973, Beatley 

1974, Inouye 1991, Pake and Venable 1996). In contrast, grassland herbivore populations 

experience relatively constant among-year food abundance over evolutionary time (Pfadt 

1982). If plasticity can evolve in response to this variability, we would predict that desert 
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populations have a higher level of phenotypic plasticity, enabling them to adjust their 

growth and reproduction to the among-year variability of host plant abundance. 

In order to understand how plasticity may increase fitness in variable environments, 

many studies have compared plasticity responses to different environmental factors. The 

most common approach is to rear siblings under contrasting temperature or nutrient levels. 

Such studies provide valuable information on the ability of a species or population to 

respond to different environments. However, very few have tested whether plasticity 

responses differ among populations that have experienced different levels of environmental 

variability over their evolutionary histories. Sultan and Baizaz (1993 a,b,c) found equal 

levels of phenotypic plasticity in a suite of morphological and fitness related traits in two 

genetically distinct populations of a weedy annual plant species in two sites that differed in 

temporal variabilities of light intensity, soil moisture, and nutrient availability. Bazzaz and 

Carlson (1982) compared fourteen plant species in their levels of plasticity of five 

photosynthetic characters. Early successional species, which occur in the more variable 

habitats, had higher levels of plasticity than late-successional species, and mid-successional 

species had intermediate levels of plasticity. Sabat et al. (1998) tested the plasticity 

responses of three intestinal enzymes of two bird species in both the field and laboratory 

and found little support for the prediction that variability in diet breadth and intestinal 

plasticity are correlated. 

There are, however, two problems with studies like these that attempt to relate 

plasticity responses to historical levels of environmental variability. First, the differences 

found may be specific to the two populations or species studied, or to the two levels of 

variability experienced, and hence lack generality. Second, implicit in an interspecific 

comparison is the assumption that all species perceive environmental variability equally, 

and the plasticity responses detected are due to their experiencing the 'same' level of 

variability. Yet, it is well accepted that plasticity responses are specific to species, to 
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characters within a species, and to specific environmental stimuli (Bradshaw 1965, 

Schlichting 1986, Steams 1989, Scheiner 1993). 

A more appropriate test of the relationship between phenotypic plasticity and 

environmental variability is an intraspecific comparison of numerous populations, each of 

which has experienced a different level of environmental variability over evolutionary time. 

The shape of the relationship between phenotypic plasticity and environmental variability 

can be predicted from a plot of variability on the mean of the environmental factor. For 

example, if the plot were negative and linear, we may predict populations with a higher 

mean to have smaller plasticity responses than populations with smaller means. 

This dissertation empirically tests the relationship between the level of phenotypic 

plasticity and the level of environmental variability across a temporal gradient of 

precipitation variability from the desert to pine woodlands. I used a quantitative genetics 

design for the fixed traits of size at maturity and development time in the pallid-winged 

grasshopper (Trimerotropispallidipemis: Burmeister, Oedipodinae: Acrididae). This is the 

first study to directly test this relationship empirically and quantitatively. The dissertation 

has four appendices. 

Appendix A ("How variable and unpredictable is desert precipitation?") describes 

the methods for estimating precipitation variability. An analysis of precipitation data from 

328 weather stations deteroiined the relationship between precipitation variability and 

precipitation mean across an ecological gradient ranging from the deserts to the pine forests 

in the southwest United States. This relationship formed the prediction for the relationship 

between phenotypic plasticity and environmental variability. 

Appendix B ("Phenotypic Plasticity and Environmental Variability: Is There a 

Positive Relationship?") describes the experimental design used to measure phenotypic 

plasticity in seven populations of pallid-winged grasshoppers from across the precipitation 

variability gradient. It describes the relationship between phenotypic plasticity and 
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environmental variability and compares this relationship with that predicted from the 

precipitation data. The fitness consequences of the plasticity responses are also explored. 

Appendix C ("Antagonistic pleiotropy and genetic variation for plasticity in desert 

populations") examines whether the plasticity responses found in the seven populations 

across the gradient are due to constraints on the evolution of phenotypic plasticity. 

Appendix D ("Low phenotypic plasticity in highly variable environments; Selection 

for developmental stability and short development time") Examines alternative hypotheses 

for the pattem of plasticity responses across the gradient; directional selection for short 

development time and/or developmental stability in the desert populations. 
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CHAPTER 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings in 

these papers. 

Phenotypic plasticity (envirormientally induced phenotypic change) has been 

proposed as an adaptive mechanism by which organisms can maximize their fitaess in 

response to environmental variability. Assuming there are no constraints on the evolution 

of plasticity, we may predict that populations with an evolutionary history of exposure to 

more variable environments will have higher levels of phenotypic plasticity than 

populations that have experienced less variable environments over evolutionary time. This 

dissertation is the first direct, empirical test of this relationship. 

Before testing this relationship, I first needed to determine a gradient of 

environmental variability. In Appendix AI analyzed precipitation variability and 

predictability in five desert and four nondesert biomes in the Southwestern U.S., using 

data from 328 weather stations, for a total of 18,337 station-years. I asked; i) Is there a 

trend in precipitation variability and predictability across the ecological gradient as a whole? 

ii) Is there a trend in precipitation variability and predictability across biomes within the 

gradient? iii) Is precipitation in desert biomes more variable and more unpredictable than in 

non-desert biomes? I answered each of these three questions at three temporal scales; 

among years, among months within years, and among months and years combined. Each 

of these levels was analyzed for annual precipitation, summer precipitation, and winter 

precipitation, for a total of 54 separate analyses. 

In all analyses, there was a non-linear negative relationship between precipitation 

variability and precipitation mean across the gradient. In general, there was a negative linear 
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relationship between precipitation variability and the mean across biomes. However, in 

most cases, desert biomes were no more variable than nondesert biomes. For precipitation 

predictability, only three of nine analyses showed a significant trend across the gradient. In 

no case were all desert biomes less predictable than nondesert biomes, though certain desert 

sites were more variable than non-desert sites. Overall, this study shows that the levels of 

variability and predictability are highly dependent on which biome is under study, where in 

the biome a particular site is located, and which time scale is used to measure variability and 

predictability. At most time scales, many Southwestern deserts are no more variable or less 

predictable than non-desert biomes. 

In Appendix B I tested the relationship between phenotypic plasticity and 

environmental variability. I used a quantitative genetics design to measure plasticity of size 

at maturity and development time in the pallid-winged grasshopper (Trinierotropis 

pallidipennis) in seven populations across a temporal gradient of precipitation variability 

ranging from deserts to pine woodlands. In experimental measures of plasticity, food 

abundance treatments were used as correlates to precipitation variability. Contrary to 

expectation, a significant negative relationship was found between the level of plasticity for 

development time and precipitation variability, with higher levels of plasticity in the less 

variable sites, for both males and females. There was a significant convex quadratic 

relationship between plasticity for size at maturity and precipitation variability, with 

populations from the intermediate levels of variability having higher levels of plasticity, for 

both sexes. Indirect evidence suggests that these relationships are not due to panmixia or 

lack of evolutionary time for plasticity to evolve. In general, females in populations with 

more plasticity in development time have lower fimess due to reduced survivorship and 

reduced fecundity. Plasticity in size at maturity generally does not affect fecundity but 

increases survivorship. Plasticities in both traits confer no significant costs or benefits in 

males. 
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In Appendix CI tested the hypothesis that these unexpected empirical relationships 

between phenotypic plasticity and environmental variability were due to constraints on the 

evolution of plasticity in more variable environments: either to a lack of genetic variation for 

plasticity or to antagonistic pleiotropy between size at maturity and development time. I 

found sufficient genetic variation for plasticity to evolve in all study populations and only 

weak evidence for antagonistic pleiotropy. Therefore, these phenomena do not explain the 

lower levels of phenotypic plasticity found in more variable environments. 

In Appendix D I tested the altemative hypotheses that directional selection for short 

development time or selection for developmental stability could explain the low level of 

plasticity in development time found in desert populations. I found only weak evidence to 

support the former hypothesis. However, differences in directional selection within 

environments (antagonistic and synergistic selection) can explain the lower than predicted 

plasticity responses. In addition, I found very strong support for the hypothesis that the 

low plasticity responses in the more variable desert populations were due to selection for 

developmental stability in deserts. I suggest that in general, adaptive plasticity may evolve 

primarily in response to low-mid levels of environmental variability. Highly variable 

environments such as deserts may also be extreme environments in which developmental 

stability is favored, at the cost of adaptive plasticity responses to variability. 
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ABSTRACT 

Desert precipitation is commonly perceived to be more variable and unpredictable 

than precipitation in nondesert biomes. However, few empirical studies support this 

perception; the few that do are flawed by statistically weak measures of variability and 

predictability, small sample sizes, and narrow range of biomes analyzed. In this study I 

analyze precipitation variability and predictability in five desert and four nondesert biomes 

in the Southwestern U.S., using data from 328 weather stations, for a total of 18,337 

station-years. I asked: (i) Is there a trend in precipitation variability and predictability across 

the ecological gradient as a whole? (ii) Is there a trend in precipitation variability and 

predictability across biomes within the gradient? (iii) Is precipitation in desert biomes more 

variable and more unpredictable than in non-desert biomes? I answered each of these three 

questions at three temporal scales: among years, among months within years, and among 

months and years combined. Each of these levels was analyzed for armual precipitation, 

summer precipitation, and winter precipitation, for a total of 54 separate analyses. 

In all analyses, there was a non-linear negative relationship between precipitation 

variability and precipitation mean across the gradient In general, there was a negative linear 

relationship between precipitation variability and the mean across biomes. However, in 

most cases, desert biomes were no more variable than nondesert biomes. For precipitation 

predictability, only three of nine analyses showed a significant trend across the gradient. In 

no case were all desert biomes less predictable than nondesert biomes, though certain desert 

sites were more variable than non-desert sites. Overall, this study shows that the levels of 

variability and predictability are highly dependent on which biome is under study, where in 

the biome a particular site is located, and which time scale is used to measure variability and 

predictability. At most time scales, many Southwestern deserts are no more variable or less 
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predictable tlian non-desert biomes. Implications for the study of adaptations to 

precipitation variability and predictability are discussed. 

Keywords, desert, precipitation, precipitation variability, precipitation predictability, 

ecological gradient, Levene's statistic, coefficient of variation, southwest United States 
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INTRODUCTION 

Natural environments are variable and in many respects unpredictable. Mechanisms 

that allow organisms to cope with variable and unpredictable environments are ubiquitous 

and often essential for achieving high fitness. Examples include genetic polymorphism 

(Hedrick 1986), phenotypic plasticity (de Jong 1990, Scheiner 1993), opportunistic (Zann 

1996) or flexible reproduction (Vleck 1993), seed heteromorphism (Venable 1985), seed 

dormancy (Cohen 1967, Pake and Venable 1995, 1996), and bet-hedging (Seger and 

Brockmann 1987, Philippi and Seger 1989). Species can also take advantage of 

environmental variability through adaptations to temporal niches (Chesson and Huntly 

1988, 1989, 1993). 

Despite many studies of adaptations to environmental variability, few have 

attempted to quantify levels of variability and predictability experienced by specific 

organisms. For example, while it is almost axiomatic in the ecological literature that 

precipitation in deserts is highly variable and unpredictable, both spatially and temporally 

(Noy Meir 1973, Fogel 1981, Evenari 1985, Shmida et al. 1986), most ecological studies 

that make this assertion provide no supporting empirical evidence for it (e.g., Noy-Meir 

1973, Fogel 1981, Freas and Kemp 1983, MacMahon and Wagner 1985, Polis 1991, 

Inouye 1991, Vleck 1993, Pake and Venable 1995, 1996). Those that do provide evidence 

use few data to support this conclusion (Juhren et al. 1956, Bailey 1981, Shmida et al. 

1986). Furthermore, given the expected high degree of variability of desert precipitation, 

the datasets used in these studies (derived from 2-35 data points) may be insufficient to 

provide statistically robust comparisons with nondesert sites. Studies that do use larger 

datasets often provide data for desert sites only, prohibiting comparisons with non-desert 

sites (Ehleringer and Mooney 1983, MacMahon and Wagner 1985; but see MacMahon 

1981 and Frank and Inouye 1994). Finally, by far the most often used measure of 
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precipitation variability in the ecological literature is the coefficient of variation (CV) of 

precipitation. However, statistical studies have shown the CV to be a biased estimator of 

variability for positively skewed data such as precipitation data (Sokal and Braumann 1980, 

Schultz 1983, 1985). 

The level of precipitation variability and predictability will change depending on the 

temporal scale at which they are measured. Should precipitation be measured across years 

or across months? Should annual totals or seasonal totals be used? Most published 

measures of precipitation variability use the CV of among-year total annual precipitation 

(Schaffer and Gadgil 1975, Bailey 1981,Fogel 1981,Evenari 1985, Le Houerou 1985, 

MacMahon and Wagner 1985, Shmida et al. 1986). Yet this measure may not always be 

biologically relevant. For instance, seed germination is cued by a threshold amount of 

precipitation, often measured as the among-year seasonal average (Juhren et al. 1956, 

Beatley 1974, Gutterman 1993). However, once germination has been initiated, 

subsequent growth and reproduction (e.g., whether an individual grows slowly to a larger 

size or quickly to a smaller size) are largely determined by the pattern of precipitation 

during ontogeny; this is better quantified as the among-month, within-year pattern of 

precipitation. The among-year precipitation pattern is more relevant to species and biome 

persistence in a particular range of precipitation, while the among-month, within-year 

pattern is more relevant to the evolution of post-germination life histories. 

The use of annual precipitation totals may sdso be inappropriate for seasonal 

organisms. Most desert plants in the southwest U.S. grow and reproduce primarily in 

either the winter or the summer season (Freas and Kemp 1985, MacMahon and Wagner 

1985, Inouye 1991). The active life stages of many animals also occur primarily in 

response to either the winter or summer rains. For example, population abundances of 

Sonoran desert grasshoppers peak in August-September after the summer monsoon rains 

(Otte 1976), and bees fly primarily in either the winter or the summer in the southwestern 
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United States (Linsley 1958). Spadefoot toads emerge only after the summer rains, not the 

winter (Pfennig 1992a,b), and the giant red velvet mite emerges only after significant 

winter rains, not summer (Tevis and Newell 1962). 

After estimating environmental variability and predictability at the time scale relevant 

to the organism at a single site, much information can be gained from the distribution of 

these measures over a broad spatial and ecological scale. Knowledge of this distribution 

generates predictions of where and when we can expect strong selection for adaptations to 

environmental variability. A negative linear relationship between the mean and variability of 

rainfall has been proposed (Bailey 1981, Fogel 1981, Rosenzweig and Abramsky 1993). If 

this relationship is realistic, we would predict adaptations to precipitation variability to 

appear gradually across space. For instance, a gradual increase in the frequency of plant 

species with seed dormancy strategies might be expected as we progress along this gradient 

towards more arid environments (Pake and Venable 1996). However, these hypotheses 

might not be well-reasoned if the relationship between the mean and variability of 

precipitation is in fact not linear or not monotonic. 

In this study I examined the temporal distribution of precipitation variability and 

predictability, using a large dataset from a broad ecological gradient across nine biomes in 

the southwestern U.S. Specifically, I address three questions: 

(i) Is there a trend in precipitation variability and predictability across the ecological gradient 

as a whole? 

(ii) Is there a trend in precipitation variability and predictability across biomes within the 

gradient? 

(iii) Is precipitation in desert biomes more variable and more unpredictable than in non-

desert biomes? 

I answered these three questions for precipitation variability and precipitation 

predictability, each at three temporal scales: among years, among months within years, and 
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among months and years combined. Each of these levels was measured for annual 

precipitation, summer precipitation, and winter precipitation, for a total of 54 separate 

analyses. 

MATERIALS AND METHODS 

The dataset 

I used the map Biotic Communities Of The Southwest (Brown and Lowe 1980) as 

the basis of this study. This map scales at 1:1,000,000 and includes all of Arizona and 

New Mexico, southern California, and parts of Utah, Nevada, and Texas, as well as 

northern Mexico (all the area between 27 and 37 30'N latitude and 103 and 118 W 

longitude). Twenty-six biomes are identified and defined by a distinctive floral and faunal 

community composition as in Brown (1982). 

I initially used all weather stations within the confines of the map and north of the 

Mexico-U.S. border. This included 904 weather stations from 13 biomes, for a total of 

30,978 station-years. I excluded weather stations from Mexico due to problems of 

compatibility of the data. 

The majority of weather stations do not appear on the map as place names (cities, 

towns, etc.). To locate these weather stations on the map of biotic communities, I first 

located them on topographical maps at scales of 1:500:000 or 1:250,000.1 then triangulated 

their location on the topographical maps using only place names and/or landmarks that 

appear on the biotic communities map. Lastly, I transferred this triangulation, after 

correcting for scale, to the map. Due to issues of scale and rapid transition of biomes, 

particularly in the mountainous areas, I could not always confidently triangulate certain 
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weather stations. Only those I triangulated with complete confidence were used in the 

analysis. 

1 further reduced the dataset by using only weather stations that were two km or 

more from the nearest ecotone, because biome intergradation rarely allows ecotones to be 

defined as clearly as shown on the map (Brown 1982, MacMahon and Wagner 1985). I 

excluded weather stations with less than thirty years of data. Finally, I excluded biomes 

with less than ten weather stations from the study. The reduced dataset used in the analyses 

included 328 weather stations from 9 biomes, for a total of 18,337 station-years (Table 1). 

The data consisted of monthly totals. Months with no precipitation were converted 

to 0.01 mm, for both statistical and biological reasons. First, the precipitation data were 

log-transformed, and log(O) is not defined (-°°); deleting the zeros would have greatly 

reduced the sample size of monthly data for the among-month, within-year analysis, 

particularly for the desert stations. Secondly, organisms in extremely arid environments 

need to cope with the lack of rain as well as its scarcity. Deleting months with no 

precipitation would have caused the loss of this information. The value of 0.01 is an order 

of magnitude smaller than the smallest measurement in the dataset (using 0.001 and 0.0001 

produced qualitatively congruent results to the ones shown here). All analyses were done 

using SAS 6.12 (SAS 1988, 1989, 1993), except for the non-linear regressions, which 

were determined using Systat (SYSTAT 1992). 

Below, I first define variability and predictability. I then describe the following 

measures of precipitation variability and predictability; 

(1) among-year annual variability (annual AYV); 

(2) among-year armual predictability (annual AYP); 

(3) among-year seasonal variability and predictability (winter or summer AYV/AYP); 

(4) among-month, within years annual and seasonal variability 

(annual, winter or summer AMV); 
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(5) among-month, within years annual and seasonal predictability 

(annual, winter or stimmer AMP); 

(6) among-month, all years combined annual variability and predictability 

(annual AMYCV/AMYCP); 

(7) among-month, all years combined seasonal variability and predictability 

(winter or summer AMYCV/AMYCP) 

Among-year annual variability (annual AYV) 

By far the most frequently used measure of precipitation variability in the ecological 

literature is the among-year CV of total annual precipitation. However, statistical studies 

(Sokal and Braumann 1980) have shown the CV to be a biased estimator of variation in 

positively skewed samples (which is typical of precipitation data). Over 90% of the weather 

stations in this study do in fact show positive skew for each of annual, summer and winter 

precipitation. Comparisons of CV can also lead to type I errors about 50% of the time 

(Sokal and Braumann 1980). Additionally, using the CV to estimate precipitation variability 

can result in spurious correlations when plotting the CV against the mean, as is routinely 

done in ecological studies (Jackson and Somers 1991). 

Sokal and Braumann (1980) and Schultz (1983, 1985) suggest using the Levene's 

statistic in place of the CV to compare variability between two or more samples. The 

Levene's statistic measures absolute deviations about a measvire of central tendency. 

Schultz (1983, 1985), using computer simulations, has shown the Levene's statistic, using 

the median as the measure of central tendency, to be particularly robust when the 

distribution is positively skewed. This measure also eliminates the problem of spurious 

correlations. The Levene's statistic is particularly appealing as it can easily be used in an 

ANOVA to test for homogeneity of variance, the focus of this study. 
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The annual AYV of a particular weather station was therefore measured as; 

n-
J 

Y. = 
J 

(1) 
n 

where Yj (Levene's statistic) is the total annual across-year precipitation variability 

total number of years of data for weather station j. This measure is the across-year average 

of the absolute deviations of the total annual precipitation from the across-year median, for 

each weather station. 

Precipitation predictability was measured as the serial autocorrelation in a time 

series analyses. The advantage of this measure is that it takes into account the biologically 

important interdependence of successive precipitation events. Autocorrelations measure the 

correlations between observations at different times G^gs) apart in a time series (Chatfield 

1996). The Pearson correlation coefficient and the autocorrelation coefficient differ only in 

that the former uses two independent variables, while the latter uses two sequential 

variables at the appropriate lag (Chatfield 1996). 

Predictability was measured as the autocorrelation at lag 1 (ARJMA procedure, SAS 

1993). Like the standard correlation coefficient, the serial autocorrelation has a value 

of weather station j, log|Q(x^y) is the logarithm of the total annual precipitation for year / 

for weather station j, Md. is the median of log, ̂ (x..) for station /, and n is the 
^logio(xp 10 'J 

Among-year annual predictability (annual AYP) 
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between +1 and -1. A positive autocorrelation implies that a value above the mean is likely 

to be followed by another value above the mean (at the appropriate lag), while a value 

below the mean is likely to be followed by a value below the mean (at the same lag). A 

negative autocorrelation coefficient implies that a value above the mean is likely to be 

followed by a value below the mean at the appropriate lag, and vice versa (Chatfield 1996, 

SAS 1993). The precipitation data was log transformed to reduce heteroscedasticity. 

Aniong-year seasonal variability (w inter/summer AYV) 

and predictability (winter/summer AYP) 

There is a distinct east-west pattern in the monthly distribution of precipitation in the 

southwestern U.S. (Sellers and Hill 1974, MacMahon and Wagner 1985). The western 

deserts (Mohave and Great Basin) receive most of their precipitation in the winter months, 

the eastern desert (Chihuahuan) is wettest in the summer, and the central desert (Sonoran; 

Lower Colorado and Arizona Upland subdivisions) has a more equal distribution of rains, 

though it receives slighdy more precipitation in the summer. The distribution of these 

monthly patterns is shown in Fig. 1 for each of the nine biomes used in this study. 

To measure the winter and summer AYV and AYP, and to allow comparisons of 

these seasonal patterns across the gradient, I standardized the seasonal distribution of 

precipitation across the gradient. I calculated the average monthly precipitation for all 328 

weather stations by first calculating the among-year mean of each month for each station, 

then the monthly means for each biome. Then, using the biome means, I calculated the 

mean across all biomes (i.e., a mean of means of means. Fig. 2). I separated winter from 

summer precipitation seasons by identifying a month showing a pronounced change in 

precipitation. For this analysis, the summer rainy season was defined as July to October 

and the winter season as December to March. These months represent 81% of the total 
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average annual precipitation, with 52% and 29% for the summer and winter seasons, 

respectively (Fig. 2). 

Equation I was used to calculate the variability and predictability of the total 

summer precipitation and the total winter precipitation. Summer AYV was calculated in Eq. 
1 by substituting July-October precipitation for the total annual precipitation in logj^Cr^). 

Similarly, winter AYV was calculated by substituting precipitation for months December-
March. For each season, Md. was calculated for the appropriate months as well. 

To calculate the predictabiUty of the summer or winter precipitation, I used the total 

seasonal precipitation in calculating the serial autocorrelation. 

Aniong-month, within years annual and seasonal variability 

(annual, winter, and summer AMV) 

The AMV was calculated as 

loglo(^/y)-Md 
^log, o (r.) 

(2) 

where Mk is the among-month, within years variability for weather station k, 
log, p, (r..) is the total monthly precipitation for month / of year j, Md . is the 

median of the 12 months of precipitation for yeary, and n is the number of years of data for 
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station To calculate the within-season variability I used equation (2) across the 

appropriate months, averaging across four instead of 12 months. 

Among-month, within years annual and seasonal predictability 

(annual, winter, and summer AMP) 

It is not possible to use serial autocorrelation to calculate the AMP; accurate 

estimations of serial autocorrelation require time series much longer than 12 months. 

Therefore, I used the Pearson correlation coefficient of pairs of sequential months over all 

years. These between-month correlation coefficients were then averaged for each weather 

station to measure the AMP for that station. To measure the seasonal AMP, I averaged the 

between-month correlation coefficients for the appropriate months. This measure of 

predictability is biologically appropriate, as it answers the question; given rain in one 

month, what, on average, is the likelihood of getting a similar rain in the next month? 

Among-month, all years combined annual variability and predictability 

(anrmal AMYCV. AMYCP) 

The among-month all years combined measures of variability and predictability 

differ from the among-month within years (AMV, AMP) measures: the former considers all 

months over all years as one continuous time series, while the among-month within year 

measure considers variability across months within a particular year, then averages across 

all years. The annual AMYCV was measured as in Eq. 1, where Yj is the precipitation 

variability of weather station j of the time series over all months and years, logjQ(x^y) is 

the logarithm of the precipitation for month / for weather station j (irrespective of year). 
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Md - is the median of log,o(x„) for ail months and years for stationy, and n is 
^log,o(^P 

the total number of months of data for weather station j. The annual AMYCP is calculated 

as the autocorrelation (lag 1) with all months over all years in one continuous series. 

Among-month, all years combined seasonal variability and predictability 

(winter/summer AMYCV, AMYCP) 

Seasonal measures of the AMYCV and AMYCP were calculated by including only 

the months of July-October for the summer rainy season or December-March for the winter 

season. 

Data analysis 

To answer the three questions posed in the introduction, I regressed precipitation 

variability or predictability against mean precipitation. To answer question (i), whether 

there are trends in variability and predictability across the entire ecological gradient, I used 

the mean of each variable for each weather station (n=328 data points). To answer question 

(ii), whether there is a trend across biomes in the gradient, I used biome means of 

variability and predictability (n=9 data points). I tested whether there are significant among-

biome differences in precipitation variability and predictability (question iii) using analysis 

of variance (GLM procedure, SAS 1989). I used type IH sums of squares due to 

considerations of unbalanced data (Shaw and Mitchell-Olds 1993). The data for AYP and 

AMYCP violated the assumption of homoscedasticity of the ANOVA. In these cases I 

rank-transformed the appropriate measures (RANK procedure, SAS 1988) and performed 

an ANOVA on the rank-transformed data. This is equivalent to a nonparametric Kruskal-
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Wallace test (Zar 1996, SAS 1988). If the ANOVA or Kruskal-Wallace test showed a 

significant difference between biomes, I conducted a Tukey post-hoc pairwise comparison 

test to determine which of the biomes differed. In the nonparametric cases, I used the 

procedure for nonparametric pairwise comparisons in Zar (1996, p. 227). 

I tested the distribution of precipitation variability and predictability in a total of 54 

separate analyses (annual, winter, and summer precipitation; among-year, among-month 

within years, and among-month, all years combined; across the gradient, across biomes 

within the gradient, and among-biome comparisons; each for variability and predictability). 

For convenience, all analyses are summarized in Table 2. 

I also tested the effect of time scale on predictions for adaptations to environmental 

variability and predictability. I chose ten weather station across the gradient, and compared 

the relationship between precipitation variability and predictability, and the mean, for four 

time scales: daily, weekly, biweekly, and monthly. I chose these stations to span the 

geographical and ecological range of the gradient. For brevity, I examined only the summer 

AMYCV and AMYCP. The sites in this analysis included Searchlight NV, Beatty NV, and 

Las Vegas NV, from the Mohave Desert; Yuma AZ, Casa Grande AZ, and Blythe C A, 

from the Lower Colorado Subdivision of the Lower Sonoran Desert; Tucson AZ from the 

Arizona Upland Subdivision of the Lower Sonoran Desert; Willcox AZ from the 

Semidesert Grassland; and Abiquiu NM and Ghost Ranch NM from the Great Basin 

Conifer Woodland. 

RESLTLTS 

Precipitation variability 
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Trends across the gradient— There was a non-linear negative relationship between 

precipitation mean and variability across the ecological gradient (Figs. 3a,c,e, 4 a,c,e and 5 

a,c,e). In all analyses, the non-linear relationship described more than 94% of the 

variability. 

Examination of the ordinates shows that annual AMV (Fig. 4) and annual AMYCV 

(Fig. 5) were about five times more variable than the annual AYV (Fig. 3). This increased 

variability at the among-month scale is probably due to the early summer and late fall 

periods of minimal rain (Figs. 1-2). The summer precipitation had a larger range of 

variability than the winter, while the data points are more tightiy clustered in the summer 

plot (Fig. 3c,e). This indicates that while there were weather stations with more extreme 

summer precipitation variability, overall, winter precipitation was more variable across the 

gradient than was summer precipitation. This is consistent with the climatological literature 

which shows summer precipitation to be temporally less variable than winter precipitation 

in the southwest (Sellers and Hill 1974, McDonald 1956). 

To illustrate the range of precipitation variability in each biome and the degree of 

overlap with other biomes, I plotted contours of the precipitation variability by connecting 

the outermost points of each biome. These contours (Figs. 3b,d,f, 4b,d,f, and 5b,d,f) 

illustrate that the driest sites, the creosote bush communities of the Mohave and Lower 

Sonoran Deserts, exhibited the highest level of precipitation variability in AYV. This 

pattern did not hold for the AMV and winter AMYCV. More significantly, however, levels 

of precipitation variability overlapped greatiy among all other biomes. That is, many of the 

desert biomes and desert sites were no more variable than non-desert sites. 

Trends across the biomes— The biome-level analyses (Figs. 6a,c,e, 7a,c,e, and 

8a,c,e) showed that the more xeric biomes were more variable than the more mesic biomes, 

with the exception of winter variability at the three levels of analysis for which this trend 

was not significant (Figs. 6e, 7e, and 8e). 
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Among-biome comparisons— The among-biome comparisons (Figs. 6b,d,f, 

7b,d,f, and 8b,d,f) showed that in most cases the desert biomes were no more variable 

than non-desert biomes. Where there were significant differences, it was almost always 

because the creosote bush communities of the Lower Sonoran and Mohave deserts differed 

from the non-desert biomes (Figs. 6b,d, 7b,d, and 8d). In all nine cases, the Great Basin 

desert scrub was no more variable than the pine forests. The Chihuahuan desert and 

Arizona upland subdivision of the Sonoran desert were no more variable than the 

grasslands in most cases, and no more variable than the pine forests in many cases. 

Precipitation predctability 

Trends across the gradient— There was a significant trend across the gradient for 

three of the nine analyses. Winter AYP decreased significantly (Fig. 9c), and summer AMP 

(Fig. 10c) and annual AMYCP increased significantly as precipitation mean increased 

across the gradient (Fig. 1 la). However, even though these relationships were statistically 

significant, they describe only 2% of the variation. No other relationships across the 

gradient were significant (Figs. 9-11). 

Trends across biomes— The annual AYP across biomes showed a quadratic 

relationship with the biome precipitation mean, with the ponderosa pine forest and the 

creosote bush communities of the Mohave and Sonoran deserts having negative 

autocorrelations (Fig. 12b). No other plot of precipitation predictability across the nine 

biomes was statistically significant (Figs. 12-14). 

Among-biome comparisons— Even though there were significant differences 

between biomes in precipitation predictability, in no case were all the desert biomes 

different in their level of predictability from the grasslands and pine forests (Figs. 9-13). 

All the AYP and AMYCP analyses showed significant differences between biomes. The 
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annual AYP, though significant, did not differentiate between individual biomes. None of 

the three AMP analyses showed significant differences between biomes. 

Effects of time scale 

Fig. 14 demonstrates the effect time scale can have on conclusions about the relative 

variability and predictability of different biomes. At the daily and weekly scales (Figs. 

14a,b), desert sites (those with the lower mean precipitation) are the least variable sites. At 

the biweekly scale (Fig. 14c) there is no difference between sites along the gradient, while 

at the monthly time scale (Fig. 14d) the desert sites are the most variable. For precipitation 

predictability there is no significant trend across the gradient (Figs. 14a,b) at the daily and 

weekly scales. The trend of precipitation predictability across the gradient are highly 

significant at the biweekly and monthly scales (Figs. 14c,d). However, the desert sites are 

more predictable than the non desert sites. 

DISCUSSION 

The analyses presented here show that levels of variability and predictability are 

highly dependent on which desert biome is under study, where in the biome a particular site 

is located, and which time scale is used to measure variability and predictability (Table 2). 

At most time scales, many Southwestern American deserts are no more variable or less 

predictable than non-desert biomes. Certain desert sites are in fact more variable than non-

desert sites, in some cases by as much as fivefold. However, perhaps more importantly, 

each biome includes many sites that are no more variable or less predictable, across many 

or all time scales, than are grasslands or pine forests. These observations emphasize the 
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importance of measuring variability and predictability for each study site of interest, and at 

the time scale appropriate for the organism under study. 

Figures 1 lb, I3c and I4d illustrate this point for summer AMYCP. There is no 

significant trend in precipitation predictability across the gradient (Fig. 1 lb) or at the biome 

level (Fig. 13c). However, there is a significant trend in summer AMYCP when a subset of 

data points is examined (Fig. 14d). These results caution us from extrapolating from a few 

sites to biomes or gradients in general. 

Three out of the nine analyses of precipitation predictability across the ecological 

gradient showed statistically significant trends; however, these results should be interpreted 

with caution. The r^ values of the winter AYP (Fig. 9d) and summer AMP (Fig. 10c) 

indicate that these relationships described only 2% of the predictability, suggesting that they 

may have litde biological significance. The low autocorrelation coefficients (0.06<ri<0.25) 

in the biome-level analyses similarly suggests that the difference in predictability measured 

between biomes may be relatively insignificant biologically. 

Measures of variability and predictability 

Various measures of precipitation variability have been used in the ecological 

literature. These include measures of year-to-year fluctuations (Beadey 1974, Evenari 

1985, Gutterman 1993) and the range of precipitation (Gutterman 1993). However, the 

most frequently used is the coefficient of variation of total aimual precipitation over time. 

The statistical studies described above (Sokal and Braumann 1980, Schultz 1983, 1985) 

suggest it is a poor measure of precipitation variability. Furthermore, several authors have 

argued against the annual among-year CV as a measure of precipitation variability on 

biological grounds. Le Houerou (1983) reviewed a number of studies on the relationship 

between precipitation, net primary production and carrying capacity. He proposed that the 
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annual total precipitation has little predictive value compared to measures of seasonal 

precipitation. Gutterman (1993) strongly argued against using annual precipitation totals, 

suggesting that the high variability in the appearance of the first and last rains, which are 

often dominant factors determining seed germination and survivorship, make yearly 

averages useless when studying desert annual plants. 

Multiple measures of predictability are also used in the ecological and evolutionary 

literature. Examples include the coefficient of variation (Schaffer and Gadgil 1975, 

Ehleringer and Mooney 1985, Evenari 1985, Fox 1990, Kelt et al. 1996), the variance 

(Rabinowitz et al. 1989), a visual ranking of the magnitude of fluctuations over years 

(Gutterman 1993), frequency of good years (Philippi 1993 a), among-month correlations 

(Pake and Venable 1996), and the variance of logmean annual precipitation (MacMahon 

1981). With the exception of the among-month correlations, all these are measures of 

variability and are therefore not appropriate as measures of predictability. 

The use of autocorrelation to estimate predictability, as I have done here, is not new 

in the ecological literature. Pianka (1967) used serial autocorrelation to estimate 

environmental predictability in a study of lizard community structure. Roughgarden (1975) 

measured predictability using serial autocorrelation in a population dynamics model in 

stochastic environments, and Kingsolver and Watts (1983) used serial autocorrelation in a 

study of thermoregulatory strategies in Colias butterflies. Colwell (1974) proposed that 

predictability is equal to the sum of the constancy and contingency of the data. Constancy is 

a measure of the uniformity among states, and contingency is a measure of the similarity 

between states. Colwell's (1974) measure of predictability pertains to categorical data. He 

suggests the measure can also be used for continuous data such as for precipitation, by 

dividing the data into discrete categories. He points out that in doing this, there is a loss of 

information and precision compared to autocorrelations in a time series analysis. Colwell's 
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(1974) measure of constancy is analogous to the autocorrelation value in time series 

analysis, while his measure of contingency is analogous to the sign of the autocorrelation. 

Matters of scale 

Temporal scale: Choosing the appropriate time scale is complex. Different traits 

may respond to variability at different scales, and much preliminary data may be needed to 

determine the appropriate scale for a particular organism. For example, Kingsolver and 

Huey (in press) examined predictability of the thermal environment with plasticity for wing 

melanization in the Western White Butterfly (Pontia occidentalism. Their measure of 

predictability is similar to the AMP used here. They found a high between-season (April-

July) predictability of thermal environment. However, when they shifted the time scale to 

two-week intervals, the lifespan of an adult butterfly, the thermal environment was 

unpredictable. They concluded that the theraial environment on a seasonal time scale favors 

the evolution for plasticity in wing melanization, while the biweekly time scale likely 

prevents a good match between melanization plasticity and the thermal environment, 

constraining the evolution of plasticity for wing melanization (Kingsolver and Huey in 

press). 

Organisms respond differently to environmental variability in the long- and short-

terms at the community level as well. Short-term environmental instabilities may promote 

the long-term stability of species diversity (Chesson and Huntly, 1988, 1989). The time 

scales of short- and long-term variation can be across weeks, months, years, or multiple 

years, depending on the character being studied (Chesson and Huntly 1993). 

Different time scales may also be appropriate for different life history stages. 

Germination is often cued by a threshold amount of precipitation occurring in a specific 

season (Juhren et al. 1956, Beatley, 1974, Gutterman 1993). This is often measured as the 
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among-year seasonal average (seasonal AYV and AYP). In contrast, a predictable 

relationship between the post-germination environment of development and environment of 

selection is necessary for the evolution of many life histories (Moran 1992). This 

information is provided by the AMV and AMP. Pake and Venable (1996), for instance, 

measured the fraction of seeds germinating in a guild of 16 winter aimual plants in the 

Lower Sonoran desert. They found that the best predictor of plant reproductive success 

was the correlation between precipitation in December (an important month for 

germination) and precipitation in February (an important month for plant growth). This is a 

measure of AMP (at lag 2). 

Geographical scale . This study found little evidence to support the generalization 

that desert biomes are more variable and less predictable than non-desert biomes in the 

southwestern U.S. It is possible that more support could have resulted had I studied a 

much larger region and a larger ecological gradient. However, over one half of the 

continental U.S. receives annual precipitation less or equal to the wettest (848 mm) site 

used in this study. It seems unlikely, therefore, that including a larger region would have 

greatly affected the relationship in Fig. 3a. Whether including more mesic biomes such as 

in the northeastern and southeastern U.S. will affect this relationship remains to be tested. 

Standardized scale: This study focused on differences in time scales of precipitation 

events. Another important scale across the gradient, not addressed in this study, is that of 

the relative importance of a particular precipitation event. It is not difficult to imagine that 

10 mm of precipitation in the desert is more biologically significant than 10 mm of 

precipitation in the temperate zone. For certain studies it may be important to scale 

precipitation variability and predictability to the average amount of precipitation in the study 

site. 

Adjustment ofmeasures of variability and predictability 
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I measured summer precipitation from July to October, and winter precipitation 

from December to March. This categorization of seasons, used here to allow comparisons 

between biomes across the ecological gradient, may need to be adjusted according to the 

system and question under study. For instance, the growing season of winter annual plants 

in the Sonoran desert is from October to April (Pake and Venable 1996). The presence and 

abundance of the pallid-winged grasshopper (Trimerotropis pallidipermis) differs between 

populations along the gradient used in this study; in the Sonoran and Chihuahuan deserts, 

abundances are highest after the summer rains, while in the Mohave desert, densities are 

highest after the winter rains (pers. obs.). Furthermore, at higher elevations this species 

has only one generation a year, while at the lower elevations it has from 0-3 generations 

depending on the amount and distribution of precipitation (Otte 1984, G. Davidowitz 

unpublished data). In the latter case, summer should be categorized from July to October at 

the higher elevations, but July to December at the lower elevations based on the abundances 

of nymphs and adults. 

The shape of the gradient and predictions for the adaptive responses to 

environmental variability 

The shape of the relationship between precipitation variability and the mean 

generates predictions about the evolution of mechanisms for coping with environmental 

variability. If the relationship is inverse and linear, we may expect to see the gradual 

appearance of such adaptations over the gradient. For instance, we might expect a gradual 

increase in delayed seed germination or gradual increase in seed size as we move from 

mesic to more xeric biomes (Pake and Venable 1996); a gradual increase in the relative 

abundance of carnivorous morphs of spadefoot toad larvae (Pfennig 1992a,b); and a 
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gradual increase in the level of phenotypic plasticity as we move towards more xeric 

biomes (Hoffmann and Parsons 1991, G. Davidowitz unpublished manuscript). 

However, the results presented here (Figs. 3-5) suggest that geographic gradients 

in adaptations to precipitation variability might in fact be abrupt. The non-linear relationship 

between precipitation variability and the mean at all time scales and for all seasons suggests 

that we should expect little to no change in these adaptations to precipitation variability 

across the gradient, but strong selection for them at the very driest sites (< 200 mm armual 

precipitation). 

Different time scales of precipitation variability may also significantly affect 

predictions for the evolution of adaptations to environmental variability. This is illustrated 

by Fig. 14. From this analysis, we would predict adaptations to precipitation variability to 

evolve in the mesic sites if we had measured variability on a daily or weekly scale, in the 

desert sites if we had measured variability on a monthly scale, and to evolve in both (or 

neither) if we measure variability on a biweekly scale. The difference between scales lies in 

the large number of days with zero precipitation in the deserts, which reduce the variability 

of precipitation at the daily and weekly time scales. For some studies and organisms, the 

days with zero precipitation may be important, such as when they determine the 

survivorship of eggs or seeds. For other organisms, the daily or weekly scale may be too 

fine. 

For example, in this study I used monthly precipitation totals. These are appropriate 

for organisms with growing seasons that persist across many months (see above), but not 

for organisms with shorter life spans or those that are under strong directional selection to 

marnre and reproduce quickly, as are many desert plants and animals. In these cases, 

weekly or even daily precipitation data may be more appropriate. For example, the giant red 

velvet mite (Dinothrombium pcmdora: Acari, Trombidiidae) emerges from the soil to feed 

and mate for only 2-3 hours, once a year. The trigger for emergence is the first rain of 7 
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mm or greater. Earlier rains stimulate the mites to move closer to the surface in preparation 

for emergence (Tevis and Newell 1962). For these mites, a daily or weekly time scale of 

precipitation variability and predictability is the most appropriate if one wishes to study 

their above-ground ecology. The New Mexico spadefoot toad (Scaphiopus multiplicatus) 

develops in ephemeral ponds in the desert southwest; two polyphenic morphs are produced 

depending on the duration of the pond (Pfennig 1992a,b). Time to metamorphosis of these 

morphs ranges from two to five weeks depending on the pond duration. In this case, a 

monthly time scale is clearly too coarse a scale for understanding their adaptations to 

climatic variability and predictability. 

Predictions about the effects of gene flow on the evolution of adaptations to 

environmental variability are also generated by the biome contours and the shape of the 

relationship between precipitation variability and the mean. For example, the creosote-bush 

community of the lower Colorado subdivision of the lower Sonoran desert (Figs. 3b and 

3d) contains some sites that are highly variable, in which we might expect to find 

organisms with adaptations for coping with high precipitation variability. However, other 

sites within this biome are no more variable than the pine forests and grasslands. If there is 

significant gene flow within the biome, then any local adaptations to environmental 

variability may be swamped by gene flow from the less variable populations (Slatkin 

1985). If there is a source-sink relationship between the less and more variable populations 

respectively, local adaptations to environmental variability will never evolve in the sink 

population (Pulliam 1988). 

Why have deserts been perceived as having highly variable and unpredictable 

precipitation? First, many sites in the desert are indeed more variable and unpredictable than 

non-desert sites (Figs. 3-5, 9-11) supporting this perception. Second, most studies are 2-5 

field seasons duration. In this short time span, we may experience a changing sequence of 

dominant annual plant species (Chesson and Huntly 1988, 1989, 1993), which may add to 
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the perception of high variability. Third, desert precipitation is convective in nature (Sellers 

and Hill 1974, McDonald 1956). The high spatial variability of convective storms may also 

contribute to the perception of high temporal variability of desert precipitation. This study 

demonstrates that this general perception needs to be reevaluated. Effort should be made in 

future studies to test for environmental variability and predictability specifically at the sites, 

for the characters, and at the time scales appropriate for the study system. 
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Table 1. Summar>' ofbiomes. 

Biome Biome Biome Number 

abbrev. in classifi- of weather 

figures cation' stations 

Rocky Mountain (Petran) PP 122.3 25 

and Madrean Montane 

Conifer Forest 

Great Basin Conifer PJ 122.4 41 

Woodland 

Plains and Great Basin 

Grasslands 

PG 142.1 80 

Number of 

years 

mean and 

(range) 

Plant 

formation' 

Dominant plant species^ 

60.7 

(35-102) 

51.7 

(30-141) 

Pine and 

Woodland 

Forest 

Pine and 

Woodland 

Forest 

56.4 Grassland 

(30-141) 

Ponderosa Pine 

{Finus ponderosa) 

One-Seed Juniper 

(Junipenis m onosperma) 

Rocky Mountain Pinyon 

{Pinus edulis) 

Blue Grama 

(Bouteloua gracilis) 

and other grasses 

51 



Semidesert Grassland SG 143.1 44 

Great Basin Desertscrub GB 152.1 22 

Mohave Desertscrub MD 153.1 10 

Chihuahuan Desertscrub CD 153.2 30 

Sonoran Desertscrub-Lower LC 154.11 46 

Colorado Valley 

Subdivision 

50.2 Grassland Black Grama 

(30-113)  {Boi i te lo i ia  er iopoda)  

Soaptree Yucca 

{Yucca elata) 

60.2 Desertscrub Sagebrush 

(30-86) {Artemisia higelovii) 

64.9 Desertscrub Creosotebush 

(30-140) {Larrea tridentata) 

63,2 Desertscrub Creosotebush 

(31-142) {Larrea tridentata) 

57.1 Desertscrub Creosotebush 

(31-121) {Larrea tridentata) 

52 



Sonoran Desertscrub- AU 154.12 30 49.4 Desertscrub Paloverde 

Arizona Upland Subdivision (30-123) {Cercidium microphyllum) 

Saguaro Cactus 

jCaniegiea gigantea) 

(1) Biome classification and plant formation as in Brown (1980). (2) Dominant 

plant species includes only one or two indicative species. See Brown (1980) for detailed description of biomes. 
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Table 2. Summary of statistical analyses. 

Among-years Among-months, within- Among-months, all years 

years combined 

measure level of analysis annual summer winter annual summer winter annual summer winter 

variability across-gradient nlin nlin nlin nlin nlin nlin nlin nlin nlin 

n=328 

across-biomes ** ** ns * *** ns * ** ns 

n=9 

biome-pairvvise 

comparisons **** **** **** **** *•** **** **** 

predictability across-gradient ns ns * ns **  ns * ns ns 

n=328 

across-biomes nlin ns ns ns * ns ns ns ns 

n=9 

biome-pairwise 

comparisons **** * * + *  **** ns ns ****  »*** *** 

54 



Gradient: across-gradient analysis using the means of each weather station. Biome: analysis at the biome level using 
biome means. Biome-pairvvise comparison: pairwise comparison test. 
symbols: ns: non-significant at P>0.05, nlin: non-linear 
*: P<0.05, **: P<0.01, ***: P<0.001, ****:P<0.0001 
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FIGURE LEGENDS 

Figure I. Average monthly precipitation for each of the nine biomes in the study. The 

numbers refer to the classification system of Brown and Lowe (1980) (see Table 

1). 

Figure 2. Monthly precipitation averaged across all weather stations and biomes (see text). 

W- months used in analysis of winter precipitation, and S- months used in analysis 

of summer precipitation. 

Figure 3. Among-year variability (AYV, see text for formal definition) for; (a-b) total 

annual precipitation, n=289. (c-d) summer precipitation, n=301. (e-f) winter 

precipitation, n=301. Each data point represents one weather station. Figures b,d,f 

represent contours connecting the most extreme data points of each of the nine 

biomes. Abbreviations; LC-Lower Colorado subdivision of the Lower Sonoran 

Desert, MD- Mohave Desert, PP- ponderosa pine forest, SG- semidesert grassland. 

Figure 4. Among-month within year variability (AMV, see text for formal definition) for; 

(a-b) total annual precipitation, n=299. (c-d) summer precipitation, n=303. (e-f) 

winter precipitation, n=302. Each data point represents one weather station. Figures 

b,d,f represent contours connecting the most extreme data points of each of the nine 

biomes. Abbreviations; LC-Lower Colorado subdivision of the Lower Sonoran 

Desert, SG- semidesert grassland. 

Figure 5. Among-months, all years combined precipitation variability (AMYCV, see text 

for formal definition) for; (a-b) total annual precipitation, n=328. (c-d) summer 
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precipitation, n=328. (e-f) winter precipitation, n=328. Each data point represents 

one weather station. Figpres b,d,f represent contours connecting the most extreme 

data points of each of the nine biomes. Abbreviations; GB- Great Basin 

Desertscrub, LC-Lower Colorado subdivision of the Lower Sonoran Desert, MD-

Mohave Desert, PP- ponderosa pine forest, SG- semidesert grassland. 

Figure 6. Biome-level analysis of among-year variability (AYV, see text). The error bars 

represent one standard error of the mean, and in some cases are smaller than the 

symbol, (a) annual AYV. (b) annual pairwise comparisons, (c) summer AYV , (d) 

summer pairwise comparison, (e) winter AYV. (f) winter pairwise comparison. 

The circles in Figs b,d,f represent biomes that do not differ significantly in 

precipitation variability. Abbreviations; AU- Arizona Upland subdivision of the 

Lower Sonoran Desert, CD- Chihuahuan Desertscrub, GB- Great Basin 

Desertscrub, LC-Lower Colorado subdivision of the Lower Sonoran Desert, MD-

Mohave Desert, PJ- pinyon pine-juniper forest, PG- plains grassland, PP-

ponderosa pine forest, SG- semidesert grassland. 

Figure 7. Biome level analysis of among-month within year variability (AMV, see text). 

The error bars represent one standard error of the mean, and in some cases are 

smaller than the symbol, (a) annual AMV. (b) annual pairwise comparison, (c) 

summer AMV. (d) summer pairwise comparison, (e) winter AMV. (f) winter 

pairwise comparison. The circles in Figs b,d,f represent biomes that do not differ 

significantly in precipitation variability. Abbreviations as in Fig. 6. 

Fig. 8. Biome-level analysis of among-months, all years combined precipitation variability 

(AMYCV, see text). The error bars represent one standard error, and in some cases 
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are smaller than the symbol, (a) annual AMYCV. (b) annual pairwise comparison, 

(c) summer AMYCV. (d) summer pairwise comparison, (e) winter AMYCV. (f) 

winter pairwise comparison. The circles in Figs b,d,f represent biomes that do not 

differ significantly in precipitation variability. Abbreviations as in Fig. 6. 

9. Gradient level among-year predictability (AYP, see text for formal definition), (a) 

annual AYP, n=289. (b) summer AYP, n=301. (c) winter AYP, n=30I. 

10. Gradient and Biome level analysis of among-month within year predictability 

(AMP, see text). The error bars represent one standard error of the mean, (a) 

gradient level annual AMP, n=299. (b) biome level annual AMP. (c) gradient level 

summer AMP, n=303. (d) biome-level summer AMP. (e) gradient-level winter 

AMP, n=302. (f) biome-level winter AMP. 

11. Gradient-level among-months, all years combined precipitation predictability 

(AMYCP, see text), (a) annual AMYCP, n=328. (b) summer AMYCP, n=328. (c) 

winter AMYCP, n=328. 

12. Biome-level among-year predictability (AYP, see text). The error bars represent 

one standard error of the mean, (a) annual AYP. (b) annual pairwise comparison, 

(c) summer AYP. (d) summer pairwise comparison, (e) winter AYP. (f) winter 

pairwise comparison. The circles in Figs d,f represent biomes that do not differ 

significantly in precipitation predictability. Abbreviations as in Fig. 6. 

13. Biome level among-months, all years combined precipitation predictability 

(AMYCP, see text). The error bars represent one standard error of the mean, and in 
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some cases are smaller than the symbol, (a) annud AMYCP. (b) annual pairwise 

comparison, (c) summer AMYCP. (d) summer pairwise comparison, (e) winter 

AMYCP. (f) winter pairwise comparison. The circles in Figs b,d,f represent 

biomes that do not differ significantly in precipitation variability. Abbreviations as 

in Fig. 6. 

Fig. 14. Among-months, all years combined simimer precipitation variability (AMYCV, 

see text) and predictability (AMYCP, see text) on four time scales, (a) daily (b) 

weekly (c) biweekly (d) monthly. Solid line and filled circles represent regression 

of precipitation variability on the mean. Dashed line and open circles represent 

regression of precipitation predictability on the mean, (a) variability; y=-

0.015+0.433X, P<0.0001, r2=0.888, predictability; y=-0.432+0.022x, P=0.I928, 

r2=0.202. (b) variability; y=0.307+0.068x, P<0.0001, r2=0.887, predictability; 

y=-0.457+0.0023x, P=0.3846, r2=0.096. (c) variability; y=0.713-0.0036x, 

P=0.5529, r2=0.046, predictability; y=-0.518+0.0069x, P=0.0017, r2=0.728. (d) 

variability; y=0.761-0.009x, P=0.0011, r2=0.753, predictability; y=-

0.567+0.0046X, P=0.0016, r2=0.732. 
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APPENDIX B 

PHENOTYPIC PLASTICITY AND ENVIRONMENTAL VARIABILITY: IS THERE A 

POSITIVE RELATIONSHIP? 
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ABSTRACT 

Phenotypic plasticity has been proposed as an adaptive mechanism by which 

organisms can maximize their fitness in response to environmental variability. Assuming 

there are no constraints on the evolution of plasticity, we may predict that populations with 

an evolutionary history of exposure to more variable environments will have higher levels 

of phenotypic plasticity than populations that have experienced less variable environments 

over evolutionary time. This study is the first direct, empirical test of this relationship. I 

used a quantitative genetics design to measure plasticity of size at maturity and development 

time in the pallid-winged grasshopper {Trimerotropispallidipennis) in seven populations 

across a temporal gradient of precipitation variability ranging from deserts to pine 

woodlands. In experimental measures of plasticity, food abundance treatments were used 

as correlates to precipitation variability. Contrary to expectation, a significant negative 

relationship was found between the level of plasticity for development time and 

precipitation variability, with higher levels of plasticity in the less variable sites, for both 

males and females. There was a significant convex quadratic relationship between plasticity 

for size at maturity and precipitation variability, with populations from the intermediate 

levels of variability having higher levels of plasticity, for both sexes. Indirect evidence 

suggests that these relationships are not due to panmixia or lack of evolutionary time for 

plasticity to evolve. In general, females in populations with more plasticity in development 

time have lower fitness due to reduced survivorship and reduced fecundity. Plasticity in 

size at maturity generally does not affect fecundity but increases survivorship. Plasticities in 

both traits confer no significant costs or benefits in males. Three alternative hypotheses are 

proposed to explain why populations in more variable environments do not have higher 

levels of phenotypic plasticity. 
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INTRODUCTION 

Phenotypic plasticity has been proposed as an adaptive mechanism by which 

organisms can maximize their fitoess in response to environmental variability (Bradshaw 

1965, Schlichting 1986, Steams 1989, Scheiner 1993, Via et al. 1995). Theoretical models 

predict that phenotypic plasticity can evolve in variable environments (Via and Lande 1985, 

Lynch and Gabriel 1987, de Jong 1990, van Tienderen 1991, Gabriel and Lynch 1992, 

Gomulkiewicz and Kirkpatrick 1992, Moran 1992, Gavrilets and Scheiner 1993a, Via et 

al. 1995). This prediction assumes certain conditions; sufficient genetic variation for 

plasticity, a high correlation between the environment of development and the environment 

of selection, negligible genetic constraints, and low costs of plasticity (Caswell 1983, 

Orzak 1985, Via and Lande 1985, Van Tienderen 1991, Gomulkiewicz and Kirkpatrick 

1992, Moran 1992, Gavrilets and Scheiner 1993a, Via et al. 1995, DeWitt et al. 1998). 

Assuming these conditions are met, a logical corollary to these models is the 

prediction that populations with an evolutionary history of exposure to more variable 

environments, will have higher levels of phenotypic plasticity than populations that have 

experienced less variable envirormients over evolutionary time. For example, different 

populations of herbivores are likely to experience differences in food abundance variability. 

In deserts, herbivores may experience high among-year variabiUty in food abundance: in 

years following high precipitation, there are abundant grasses and forbs available as host 

plants, whereas in years of low precipitation, there is little food (Noy-Meir 1973, Beatley 

1974, Inouye 1991, Pake and Venable 1996). In contrast, grassland herbivore populations 

experience relatively constant among-year food abundance over evolutionary time (Pfadt 

1982). If plasticity can evolve in response to this variability, we would predict that desert 

populations have a higher level of phenotypic plasticity, enabling them to adjust their 

growth and reproduction to the among-year variability of host plant abundance. 
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In order to understand how plasticity may increase fitness in variable environments, 

many studies have compared plasticity responses to different environmental factors. The 

most common approach is to rear siblings under contrasting temperature or nutrient levels. 

Such studies provide valuable information on the ability of a species or population to 

respond to different environments. However, very few have tested whether plasticity 

responses differ among populations that have experienced different levels of environmental 

variability over their evolutionary histories. Sultan and Bazzaz (1993 a,b,c) found equal 

levels of phenotypic plasticity in a suite of morphological and fitness related traits in two 

genetically distinct populations of a weedy annual plant species in two sites that differed in 

temporal variabilities of light intensity, soil moisture, and nutrient availability. Bazzaz and 

Carison (1982) compared fourteen plant species in their levels of plasticity of five 

photosynthetic characters. Early successional species, which occur in the more variable 

habitats, had higher levels of plasticity than late-successional species, and mid-successional 

species had intermediate levels of plasticity. Sabat et al. (1998) tested the plasticity 

responses of three intestinal enzymes of two bird species in both the field and laboratory 

and found little support for the prediction that variability in diet breadth and intestinal 

plasticity are correlated. 

There are, however, two limitations with studies like these that attempt to relate 

plasticity responses to historical levels of environmental variability. First, the differences 

found may be specific to the two populations or species studied, or to the two levels of 

variability experienced, and hence lack generality. Second, implicit in an interspecific 

comparison is the assumption that all species perceive environmental variability equally, 

and the plasticity responses detected are due to their experiencing the 'same' level of 

variability. Yet, it is well accepted that plasticity responses are specific to species, to 

characters within a species, and to specific environmental stimuli (Bradshaw 1965, 

Schlichting 1986, Steams 1989, Scheiner 1993). 
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An alternative test of the relationship between phenotypic plasticity and 

environmental variability is an intraspecific comparison of numerous populations, each of 

which has experienced a different level of environmental variability over evolutionary time. 

The shape of the relationship between phenotypic plasticity and environmental variability 

can be predicted from a plot of variability on the mean of the environmental factor. For 

example, if the plot were negative and linear, we may predict populations with a higher 

mean to have smaller plasticity responses than populations with smaller means. 

The purpose of this study was to empirically test the relationship between the level 

of phenotypic plasticity and the level of environmental variability across a temporal gradient 

of precipitation variability from the desert to pine woodlands. This is the first study to 

directly test this relationship empirically and quantitatively. I used a quantitative genetics 

design for the fixed traits of size at maturity and development time in the pallid-winged 

grasshopper (Jrimerotropis pallidipennis Burmeister, Oedipodinae; Acrididae). I further 

tested whether the plasticity responses found across the gradient were adaptive responses to 

the levels of environmental variability. 

METHODS 

The Study Organism 

T. pallidipermis is the most widely distributed banded-winged grasshopper in the 

New World, ranging from southwestern Canada to central Argentina (with large gaps in the 

tropics of Central America; Otte 1984). Ball et al. (1942) describe it as one of the most 

abundant grasshoppers in the Lower and Upper Sonoran deserts in Arizona. It inhabits the 

western prairies and desert scrubs and breeds in areas of thin soil and sparse vegetation. It 
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is polyphagous, feeding on a wide variety of shrubs and herbs, but prefers grasses (Otte 

and Joem 1977). This species was chosen for three reasons. Its wide distribution allows 

large samples along the entire environmental gradient. Anecdotal observations (Barnes 

1963) have suggested plasticity responses for adult size and development time, number of 

instars, and color in T pallidipennis. Lastly, a preliminary study found that T. 

pallidipennis was fairly easy to rear under laboratory conditions using standard 

grasshopper husbandry techniques. 

The Gradient of Environmental Variability 

To test the relationship between environmental variability and phenotypic plasticity, 

it was necessary to use an environmental factor relevant to the life history and development 

of the study organism, and for which an index of long-term variability could be measured. 

In the southwestern United States, among-year precipitation variability dramatically affects 

plant and animal population growth as well as grasshopper population dynamics, life 

history, and development (Neamey 1961, Capinera and Horton 1989, Joem 1990, Inouye 

1991, Pake and Venable 1996). Hence, long-term precipitation data was chosen as the 

index of variability at particular sites and as the measure of variability to which a population 

is exposed over evolutionary time. 

The gradient of precipitation variability was determined using 328 weather stations 

in nine biomes in the southwest U.S., for a total of 18,337 station-years. See Davidowitz 

(ms. a) for a description of the environmental gradient. Briefly, this gradient includes 

Arizona, New Mexico, southern Nevada, southern California, and parts of Texas, 

Colorado, and Utah. The gradient ranges from the creosote bush {Larrea tridentata) 

communities of the Mohave and Lower Sonoran deserts in Arizona, Nevada, and southern 

California, to the Pinyon pine - Juniper woodlands {Firms edulis-Juniperus monosperma) 
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of northern Arizona and New Mexico. Figure I shows locations of the study populations 

along the gradient. 

Seasonal polyphenisms are frequently encountered in insects (Shapiro 1976, 

Greene 1989, Kingsolver and Wiemasz 1991, Moran 1992) including grasshoppers 

(Landa 1992). Populations of T. pallidipermis in southern California can have three 

generations a year. The first generation is on average, smaller than the second and third 

generations (Rentz and Weissman 1980). Seasonal changes in precipitation pattems across 

the gradient may have similar effects on grasshopper life history. Precipitation in the 

Southwest is bimodal, with a winter and summer rainy season. Analysis of temporal 

precipitation patterns show summer rains to be less variable than winter rains (McDonald 

1956, Sellers and Hill 1974, Davidowitz ms a). There is a distinct east-west pattem in the 

predominance of precipitation in these two seasons. The eastern part of the gradient 

(Chihuahuan Desertscrub) receives a larger proportion of its precipitation from the summer 

rains, while the western part of the gradient (Mohave and Great Basin Desertscrubs) 

receive most of its rain during the winter season. The central desert (Lower Sonoran 

Desertscrub) as well as the grasslands and woodlands receive a more even distribution of 

precipitation between the two seasons, though slightly more of their annual precipitation 

falls during the summer months. The grasshoppers in this study were collected during the 

seasons in which each population typically has its highest abundance except Kofa and 

Redrock, which were collected after the winter rains (Table 1). To maximize the 

relationship between phenotypic plasticity and envirorunental variability, and minimize the 

possible effects of seasonal polyphenisms, precipitation variability was measured for the 

season in which the grasshoppers from each population were collected (Table 1). 

The winter season was defined here as November through May, and summer, as 

June through October. These are the periods of precipitation affecting host-plant 

germination and growth. Nymphs and adults of T. pallidipennis are found mainly during 
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March-June and July-October during the winter and summer seasons respectively (Ball et 

al. 1942, Barnes 1960, 1963, Neamey 1961, Neamey and Hamilton 1969, Otte and Joem 

1977, Otte 1984, G. Davidowitz pers. obs.)- Measuring precipitation variability only 

during the seasons in which the grasshoppers were collected assumes that precipitation 

outside these months is not relevant to plasticity for size at maturity and development time 

of the generation involved. This is justified, as the months outside this period are pertinent 

only to egg survivorship, while this study focused on the life history of the post-hatching 

stages. 

In order to measure variability, I adjusted Davidowitz's Eq. 1 (ms. a) of the across-

year seasonal measure of precipitation variability for the appropriate winter and summer 

seasons, such that: 

Y- = 
J 

n. 
J 
s 

i = \ 
log,0(Xij)-M<lj 

log,o(Xi) 

n 
(1) 

where Yj is the seasonal across-year variability for weather station j {Yj is 

unitiess), logjQ(Xjj) is the logarithm of the appropriate total seasonal precipitation for year 

/ in weather station j, Md. is the median of log, «(x..) for station j, and n ; is 
J( l0gjQ(Xj)  »J 

the number of years of data for station j. Thus, I examine across-year temporal variability 

in precipitation, a period in which a generation experiences either high or low levels of 

precipitation, and these levels remain constant throughout the growth of the grasshopper 

(i.e., there is no intra-generational variability). 

Long-term precipitation data were not available for the Kofa and Redrock sites. In 

their stead, I used the average of the two nearest weather stations with long-term data. 
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which are in similar biomes, and are roughly at opposite compass points (Table 1). The 

distances between the collecting sites and the nearest weather stations are given in Table 1. 

Fig. 2 shows the precipitation time series of each site for the relevant seasons. 

Figure 3 shows the gradient of precipitation variability plotted against the mean for 

the seven study populations. This figure provides the basis for the prediction of a linear 

positive relationship between phenotypic plasticity and environmental variability. 

A Levene's test for homogeneity of variance revealed significant heteroscedasticity 

between the nine weather stations (n=668, F=3.1325, P=0.0017). To test for differences 

in precipitation variability between them, I rank transformed the variability measures and 

performed a one-way ANOVA on the rank-transformed data. This test is equivalent to a 

non-parametric Kruskal-Wallace test (SAS 1988, Zar 1996). To test which populations 

differed, I conducted a non-parametric pairwise comparison as in Zar (1996, p. 227). Both 

these tests were performed on precipitation variability of the seasons in which the 

grasshoppers were collected (Table 1). 

The Experimental Design 

Adult T. pallidipennis were collected fi-om seven sites along the gradient of 

precipitation variability (Fig. 1). These included three sites fi'om the Mohave desert, two 

sites from the Lower Sonoran desert, one grassland site and one site from the Great Basin 

conifer woodlands. Details of the sites and sample sizes are given in Table 1. Male and 

female pairs of field-caught grasshoppers from the same population were caged together. 

The bottom of the cages consisted of 473 ml (16 oz) plastic drinking cups, filled with moist 

sand to about 2 cm from the top. The upper half of the cage consisted of a cylinder of wire 

mosquito netting (15 cm tall, 9 cm diameter). A plastic petri dish was glued to the top. The 
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sand served to give weight to the cage and to seal any openings between the cup wall and 

the wire cylinder to prevent escape. Each cage was numbered individually. 

Although T. pallidipennis is polyphagous (Barnes 1960, Otte and Joem 1977), 

suggesting a mixed diet should be used in the experiment, pilot data (Davidowitz 

unpublished) indicated no significant difference for development time between mixed and 

single diets. It was not feasible to use natural host plants in the experiment since the 

populations differ in the host plants available to them. Romaine lettuce was chosen, as it is 

not encountered by any of the populations, and is commercially available year-round. 

Grasshopper pairs were given unlimited amounts of romaine lettuce and wheat bran. Wheat 

bran provided additional carbohydrates. 

If mating did not occur, additional males from the same population were added to 

increase mating success. The cages were examined daily for eggpods, which are deposited 

in the sand. When an eggpod was found, the adults were removed, the upper layer of dry 

sand replaced with moist sand, and the cup sealed with a plastic petri dish. The cup was 

then placed into an incubator or on the lab bench and the eggs allowed to hatch. The upper 

half of the cage with the adult grasshoppers was then placed on a new cup with fresh moist 

sand. Females were allowed to lay 3-5 eggpods, then sacrificed and stored in a -5°C 

freezer. The sand was periodically sieved to remove frass and baked at 110°C for 2-5 days 

to remove fungal and bacterial spores. 

Grasshopper growth and development is not affected by precipitation per se, but 

rather by its correlate, host-plant abundance (Neamey 1961, Neamey and Hamilton 1969, 

Uvarov 1977, Joem 1990). Precipitation in the southwestem United States has dramatic 

effects on plant biomass (Beatley 1974, Juhren et al. 1956, MacMahon and Wagner 1985, 

Inouye 1991, Pake and Venable 1996), and T pallidipennis population dynamics are 

strongly correlated with host-plant abundance resulting from precipitation events (Barnes 
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1960, Pfadt 1982). I therefore used variability in food abundance (high and low food 

abundance treatments) as the correlate to precipitation variability. 

Upon hatching, an average of 8 (mode = 6, range 1-25) randomly chosen nymphs 

per family were placed in either a high food abundance treatment or a low food abundance 

treatment, in a common-garden split-brood design. This design enables variance 

components to be partitioned, and plasticity to be measured as the phenotypic difference 

between full sibs in the two treatments (Scheiner 1993). Sample sizes are given in Table 1. 

The high food abundance treatment consisted of unlimited amounts of commercially bought 

romaine lettuce and wheat bran. The low food abundance treatment consisted of 6 mm 

diameter disks (standard paper hole puncher) of romaine lettuce, given daily, in the 

following design; 1st instar-1 disk, 2nd instar- 2 disks, 3rd instar-3 disks, 4th instar- 5 

disks, 5th instar-6 disks, 6th instar- 7 disks, adults- 9 disks. In almost all cases, the lettuce 

in the low food abundance treatment was completely eaten in one or two meals. In no 

instance was the lettuce completely consimied in the high food abundance treatment. The 

nymphs in the low food abundance treatment were provided with unlimited amounts of 

wheat bran to prevent starvation and to mimic the natural conditions in which the 

grasshoppers have dried plant matter as a food source, even in the most extreme 

environments (G. Davidowitz pers. obs.). For instance, the above ground necromass 

comprises 55% of the above-ground phytomass in the Sonoran desert (MacMahon and 

Wagner, 1985). The diet of romaine lettuce and wheat bran was sufficient for the nymphs 

in both treatments to develop fat bodies, mature, and develop eggs. 

The nymph cages resembled the adult cages described above, but were about one-

third the size. The cages were kept on cardboard trays, 24 cages per tray, on seven tables, 

over which where suspended 55, 100-watt indoor floodlights as a source of light and 

radiant heat, on a 12L/12D photoperiod. The lights were suspended 60 cm above the tables 

at 40 cm intervals. To reduce possible position effects, the cages were randomly placed 
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within and among trays and the trays position were randomly placed on and among tables. 

This four-level randomization routine was done daily, leading to a 6.7x10'^ average 

probability of a cage being in the same position twice during the course of the experiment. 

The FI nymphs were reared to adults, and all measurements were done on these F1 

offspring. The males were sacrificed and stored in -5°C after molting to adult. The females 

were kept as adults for an additional 14 or 19-21 days in the high and low food abundance 

treatments respectively. This was to allow time for the reproductive system to mature and 

vitellogenesis (egg yolk deposition) to occur. Mortality was recorded daily. 

Statistical Analysis 

I examined plasticity responses in size at maturity and development time. These 

were chosen because they are both important components of fitness (RofF 1992, Steams 

1992). Development time was measured as the number of days between hatching and 

eclosion to adult. Family means were calculated for each treatment, and used in all 

subsequent calculations (RofF 1997, Lynch and Walsh 1998). Families with offspring in 

only one treatment (due to mortality) were deleted from the analysis. Only grasshoppers 

with both jumping legs were used in the analyses. 

The family means of development time deviated slightly firom normality. I tried a 

number of data transformations (Sokal and Rohlf 1995) to normalize the data; however, 

these had only marginal effects on the distribution. A Levene's test of homogeneity of 

variances of the raw data for each treatment showed that the data did not exhibit 

heteroscedasticity among populations. For each treatment, a regression of the population 

standard deviations of the raw data against the population means showed no significant 

dependence of the variance on the mean. The analysis of variance is robust to slight 
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departures from normality (Sokal and Rohlf 1995). Thus, all analyses for development 

time were done on the raw data. 

Dry weight of the F1 offspring could not be used as the measure of body size at 

maturity, as the F1 females were dissected to measure fecundity (see below) and 10.6% of 

the grasshoppers that molted to adults lost either one or both jumping legs during growth. 

Size at maturity of the F1 offspring was therefore measured as the length of the hind femur 

in mm, using a video imaging system to an accuracy of I/lOO mm. Hind femur length of 

the females was calculated as the mean of one to six femur length measurements (three on 

each side). One femur (generally the left) was measured once for the males. Analyses used 

the raw data, since the distribution did not deviate significantly from normality, there was 

no dependence of the variance on the mean, nor significant heteroscedasticity. Analyses of 

log-transformed data of both size at maturity and development time showed close 

concordance at all levels, with the analyses of the raw data. 

Another study showed female T. pallidipermis were 30% larger than the males in 

dry weight (to.o5,483=12.155, P<0.0001) and 15% larger in femur length 

(t0.05,48i=35.075, P<0.0001). All analyses were therefore done on the males and females 

separately. 

Variance components were calculated using type EH sums of squares (Shaw and 

Mitchell-Olds 1993) in a two-way ANOVA with population, treatment, and the interaction 

term as fixed effects (PROC GLM SAS 1990, Roff" 1997, Lynch and Walsh 1998). 

Dominance and maternal effects were assumed to be negligible. Given the unbalanced 

design of sample sizes at all levels, I calculated the significance of effects using Restricted 

Maximum Likelihood (REML) (PROC MIXED SAS 1997). In general, designating a temi 

as a random effect in REML allows inference from that effect to the whole population (SAS 

1997, Lynch and Walsh 1998). However, the purpose of this study was to regress the 

level of phenotypic plasticity against the level of precipitation variability, for which the 
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study populations were specifically chosen. It was therefore inappropriate to treat the 

populations as random effects, as is normally done in quantitative genetics studies. The 

field-caught adults were, however, collected at random fi-om each population. In the REML 

analysis, population, treatment, and the interaction term were treated as fixed effects and 

families as random effects. I used a Tukey-Kramer posthoc pairwise comparison in the 

REML procedure to test which populations differed. Differences between populations 

within each treatment were tested using a Tukey-Kramer posthoc pairwise comparison in a 

one-way ANOVA with population as the main effect. 

The population plasticity response was measured as the population mean of family 

mean differences between treatments. These were then analyzed in a one-way ANOVA 

with population as the main effect (Scheiner 1993). The relationships between the level of 

precipitation variability and phenotypic plasticity for size at maturity and development time 

were tested using least-squares non-linear regression (Systat 1992) of the population mean 

of family means. Significance of the non-linear models was tested as in Zar (1996 Eq. 

19.18). 

Fitness Measures 

To show whether a plasticity response is adaptive, one measures the correlation 

between plasticity and fitoess averaged across environments (Scheiner 1993). I measured 

fitness in females as the product of survivorship and fecundity, and survivorship alone as 

the measure of male fitaess. Survivorship was measured as the proportion of nymphs that 

matured successfully to adults, combined for both sexes. The sexes were combined due to 

the difficulty of sexing the early instars. I first calculated the survivorship in each treatment 

for each family, then calculated the family average across treatments. Population-level 

survivorship was measured as the average of the family-level survivorship. Survivorship 
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was arcsine-transformed to achieve normality. As described above, females were kept for 

14 or 19-21 days after eclosion to allow the reproductive system to mature. One to three 

(mode =1) females from each treatment in each family were dissected and the number of 

ovarioles and developing eggs counted as measures of potential and realized fecundity 

respectively. Two sizes of developing eggs are easily distinguished in the ovaries of T. 

pallidipermis. The smaller eggs are either reabsorbed by the mother or produce nymphs that 

die shortly after hatching. These smaller eggs were excluded from the count of developing 

eggs in the measure of realized fecundity. There was no significant heteroscedasticity 

among populations in any of the fimess measures (not shown). 

I tested for the relationship between potential and realized fecundity and body size 

using simple linear regression. Differences between populations in fitness were tested 

using ANOVA. Specifically, I asked whether populations with more plasticity had higher 

fitness. This was tested by plotting population fitness means against population plasticity 

responses. 

RESULTS 

Precipitation Variability 

The one-way ANOVA on the rank-transformed precipitation data revealed highly 

significant differences among sites in precipitation variability (Table 2). The results of the 

pairwise comparison show that all sites were similar only to those sites adjacent along the 

gradient. Blythe and Yuma, and Tucson and Casa Grande, used to estimate the variability 

of Kofa and Redrock respectively (Table 1), did not differ significantly from each other. 

There was a significant negative relationship between precipitation variability and the mean 
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across the sites, with the xeric sites more variable in precipitation than the more mesic sites 

(Fig. 3). 

Phenotypic Plasticity 

As would be expected, grasshoppers given low abundances of food grew slower 

and to a smaller size than grasshoppers given unlimited amounts of food (Fig. 4). The 

females in the five desert populations eclosed to adults earlier, than did the females from the 

grassland and woodland populations (Fig. 4); the same pattern can be seen, although less 

clearly, in the males as well (Fig. 4). 

Contradictory to expectation, there was a significant negative relationship between 

the level of plasticity for development time in females and precipitation variability (Fig. 5a): 

plasticity was lowest in the most variable sites. In contrast, there was a significant convex 

quadratic relationship between plasticity for size at maturity in females, and precipitation 

variability, with the populations from the intermediate levels of variability having higher 

rather than lower levels of plasticity (Fig. 5b). Males showed non-monotonic relationships 

similar to the females (Fig. 5cd). However, although these relationships were significantly 

different from zero, there were no significant differences in plasticity between populations 

(Table 3). 

The ANOVAs of plasticity for age at maturity and development time showed 

significant population effects for females but not for males (Table 3). For plasticity in 

female development time, Redrock and the two non-desert sites, were more similar to each 

other than they were to the more variable desert sites. For female size at maturity, there was 

a significant population effect for plasticity but no clear pattem across the gradient (Table 

3). 
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The ANOVA (Table 4) showed significant population, treatment, and population x 

treatment interaction terms for both size at maturity and development time in the female 

grasshoppers. However, the population effects in the REML for female size at maturity 

were not significant (Table 5). In contrast, the males showed significant main effects but 

non-significant interaction terms for both age at maturity and development time in both the 

ANOVA and REML. Interestingly, the pairwise comparisons of the REML (Table 5) 

showed a significant difference between the desert and non-desert sites for development 

time in the females, while in the males the two extreme desert sites, Kofa and Searchlight, 

were significantly different from all others in development time. In contrast to development 

time, there was no difference among populations for size at maturity in the females, and no 

clear pattern of differences between populations in the males (Table 5). 

Populations in the low food abundance treatment differed significantly in female 

and male development time, and in female size at maturity (Fig. 4). However, these 

population differences showed no clear pattern across the environmental gradient. 

Populations in the high food abundance treatment differed only in female development time 

and male size at maturity (Fig. 4). 

Fitness consequences of plasticity across the gradient 

Egg number.— Thirty one percent of the females reared during the study contained 

developing eggs. However, in only 20 families did females from both treatments mature 

eggs. This precludes any population-level analyses of realized fecundity. At the genotype 

(family) level, plasticity for size at maturity and development time were not significant 

(plasticity for development time; y=28.515+1.282x, n=I9, F=2.053, P=0.I700, 

r2=0.108, plasticity for size at maturity; y=42.262-2.476x, n=18, F=0.8, P=0.3845, 

r^=0.048). There was a significant relationship between realized fecundity and body size 
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among all populations and treatments (Y=-6.42H-2.844x, n=123, F=I 1.626, P=0.009, 

r2=0.088). Within each treatment, this relationship was not significant for either the high 

(y=0.60I+2.403x, n=75, F=1.601, P=0.2098, r2=0.021) or low (y=-0.6.561+2.843x, 

n=48, F=2.757, P=0.1037, r2=0.057) food abundance treatments. 

Ovariole number.— There was no significant difference among populations in 

ovariole number (Table 6). Both plots of the population means of ovariole number and 

plasticity for size at maturity and development time were non-significant (plasticity for 

development time-y=55.841+0.135x, n=7, F=0.118, P=0.7455, r2=0.023; plasticity for 

size- y=59.485-1.83x, n=7, F=1.920, P=0.2245, t^=0.271). Body size did not correlate 

with potential fecundity (y=59.7-0.195x, n=280, F=0.474, P=0.4917, r2=0.002). 

Survivorship.— There was a significant difference among populations in 

survivorship, although there was no clear pattern between desert and non-desert sites 

(Table 6). Population mean survivorship was significantly negatively correlated with 

plasticity of development time in females (Fig. 6a), and had a significant quadratic 

relationship with plasticity of size at maturity in females (Fig. 7). There was no significant 

relationship in either measure in males (plasticity in development time; y= 1.458-0.152x, 

F=3.313, P=0.1284, r2=0.399; plasticity in size: y=0.014+0.546x, F=0.448, P=0.5330, 

r2=0.082). 

Fitness (survivorship*ovariole rtumber).— The ANOVA showed a significant 

difference in fitness among populations (Table 6). The plots of population means were 

significant and negative for plasticity of development time (Fig. 6b) with a high coefficient 

of determination of 0.727, and non-significant for plasticity in size (y=30.714+6.912x, 

n=7, F=1.027, P=0.3574, r2=0.17). 
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DISCUSSION 

The distribution of phenotypic plasticity across a gradient of environmental 

variability is expected to depend primarily on how variability in the environmental factor is 

distributed across the gradient. The latter is best presented as a plot of variability on the 

mean of the environmental factor. This relationship, and consequendy that expected for 

plasticity and environmental variability, is gradient-specific and can take any form. The 

level of plasticity may increase consistently with increased variability, or there could be 

non-linear or threshold effects. Alternatively, plasticity may be positively dependent on 

variability over some range, but plateau or decrease at other levels of variability. 

Based on climate data, I predicted a significant linear positive relationship between 

phenotypic plasticity and precipitation variability, with desert populations having a higher 

level of phenotypic plasticity than non-desert populations (Fig. 3). The results of this study 

did not support this prediction for T. pallidipennis. First, for both sexes, the relationship 

between precipitation variability and plasticity for two life-histoty traits, development time 

and size at maturity, were nonlinear. Second, populations from the less variable 

environments had higher, not lower, levels of phenotypic plasticity in developmental time. 

Finally, plasticity for size at maturity increased firom low to mid-levels of environmental 

variability, but then decreased from mid to high levels (Fig. 5). Although the relationships 

between plasticity and precipitation variability in males were statistically significant (Fig. 

5), neither the ANOVA nor REML revealed differences among populations in plasticity 

responses for either life-history trziit. Therefore, the relationship between plasticity and 

precipitation variability in males should be interpreted with caution. 

The use of precipitation variability as a correlate to variability in food abundance is 

supported by a number of studies. Net above-ground productivity and precipitation is linear 

below 500 mm rainfall (Rosenzweig 1968, Barbour et al. 1980), and nearly linear below 
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1000 mm when measured globally (Lieth 1973). Whittaker and Niering (1975) 

demonstrated a near linear relationship between net primary productivity and precipitation 

below 600 mm in an elevational gradient in the Santa Catalina mountains near Tucson 

Arizona. The Santa Catalina gradient and that used in this study include the same biomes, 

and all sites in this study receive less than 500 mm annually (Table 1, Figs. 1-3). 

Examination of the mean squares in Table 4 shows the appropriateness of the food 

abundance treatment to plasticity studies in T pallidipermis. Over 99% of the phenotypic 

variation in size at maturity and development time was due to the treatment effects of food 

abundance. The importance of food abundance to development in these experiments is 

typical for grasshoppers. Grasshopper population dynamics are closely related to 

precipitation patterns (Neamey 1961, Neamey and Hamilton 1969, Joem 1990). The 

resultant changes in host plant quantity and quality have been shown to influence the 

reproductive rate, growth rate, survivorship, and fecundity of grasshoppers (Joem 1990, 

Bemays and Simpson 1990, Chapman 1990, Bemays and Chapman 1994). 

Are these plasticity responses to precipitation variability adaptive? Apparently not 

for males, as they experience neither fitness benefits nor costs from plasticity, in either 

development time or size at maturity. In contrast, females fi-om populations with greater 

plasticity responses in development time clearly had lower fitness (Fig. 6). This cost of 

plasticity existed only when survivorship was a component of fitness (plasticity responses 

conferred neither benefits nor costs in fecundity). It should be noted that the levels of 

survivorship found in this study (mean 0.59±0.296 s.d.) overestimate actual survivorship 

in the field. A number of studies have shown grasshopper survivorship to be strongly 

affected by bird and arthropod predation (Joera 1986, Fowler et al. 1991, Bock et al. 

1992). This is also true for T. pallidipermis. Hadley and Szarek (1981) describe T. 

pallidipermis at the center of a food web in the Sonoran desert, where it is a preferred food 

item of many desert predators. Marr and Raitt (1983) have shown that clutch number and 
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success of the cactus wren (Campylorhynchus brunneicapillus), a common insectivorous 

bird in the southwest, is largely determined by the number of Trimerotropis nymphs 

available as a nestling food source. In addition, grasshopper survivorship, particularly in 

desert habitats, is likely affected by the desiccation of annual plants during the growing 

season. It is possible that the fitoess costs of plasticity in development time are due to 

strong selection for early maturation to minimize predation and adverse conditions in the 

desert biome (see below and Davidowitz ms c). 

Plasticity in adult body size was neither beneficial nor costly in fecundity. In life 

history theory, size at maturity is of particular interest in insects because of the strong 

positive relationship between adult body size and fecundity in females (Roff 1992, Steams 

1992). In grasshoppers the number of ovarioles provides a minimum measure of potential 

fecundity, as each ovariole produces multiple eggs in successive eggpods, and new oocytes 

are produced in the germaria at the distal end of the ovariole after each oviposition 

(Chapman 1982). The maximum recorded realized fecundity of a single female T. 

pallidipennis is 955 eggs laid in 27 pods in the laboratory (Baraes 1963; the average 

number of eggs per pod in this experiment was 31.5±10.4 s.d.). Under normal conditions, 

grasshoppers rarely realize their potential fecundity. Individuals of most species oviposit 

only about three times, and most individuals do not live that long (Joem 1990). The lack of 

correlation between body size and ovariole number, and the lack of significant population 

effects in the REML for size at maturity in females, suggest that selection may be 

maintaining a high potential fecundity as a bet-hedging strategy (Seger and Brockman 

1987, Philippi and Seger 1989) for the rare good year that provides conditions conducive 

to large population sizes and high fimess (Barbosa and Baltensweiler 1987). Such 

conditions may occur after El Nino events. For example, western Arizona and southern 

Nevada experienced outbreak populations of 71 pallidipennis after the 1998 El Nino (G. 

Davidowitz pers. obs.), and Barnes (1960) describes locust-like outbreak populations of T 
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pallidipennis in 1941 and 1958 in Arizona after a succession of above-normal precipitation 

seasons. 

In T. pallidipetmis  ̂ body size is not correlated with either potential fecundity or 

survivorship, and only weakly with realized fecundity. None of the fitness functions of 

fecundity and plasticity for size at maturity in females were significant, nor were the 

population effects in the REML analysis. These results indicate that body size is not an 

important life history trait in this species. In contrast, the negative fitness functions of 

development time, as well as the significant ANOVA and REML analyses, all indicate that 

development time is a life history trait of major importance in T. pallidipennis. 

In contrast to fecundity, there is a positive relationship between population mean 

survivorship and plasticity in size at maturity in females (Fig. 7). It is possible there is a 

tradeoff between development time and body size. If so, the fitness benefits of plasticity in 

body size may be due to a negative genetic correlation between the plasticities of size at 

maturity and development time. I test for tradeoffs between the two traits elsewhere 

(Davidowitz ms b). 

I make two assumptions regarding the history of the grasshopper populations in 

this study. First, I assumed that the populations have experienced sufficient time for 

plasticity to evolve in response to the differences in precipitation variability across the 

gradient. In other words, precipitation data used here are assumed to reflect rainfall patterns 

that the populations have experienced over evolutionaiy time. Packrat midden data show 

that the modem biotic communities of the southwest have existed in their current form for 

at least 9,000 years (Betancourt et al. 1990). From this, we can infer that populations of T. 

pallidipennis may have experienced precipitation similar to current patterns for at least 

9000-24,000 generations. 

Second, I assumed that plasticity responses measured in each population were 

products of local selection events. However, possible gene flow between populations may 
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restrict local adaptations in plasticity responses. T. pallidipennis has been described 

anecdotally as a strong flier with migratory tendencies (Otte 1984). However, there is no 

direct evidence to support this. The significant differences among populations in plasticity 

responses (Table 3, Fig. 5), within-treatment phenotypic responses (Fig. 4), size at 

maturity and development time (Tables 4-5), and fitness (Table 6, Figs. 6-7), all suggest 

that the populations of T. pallidipennis are not panmictic, and that the results of this study 

are, at least partially, due to local selection in response to precipitation variability. 

Furthermore, Scheiner (1998) has shown in a simulation study of a spatially structured 

dine that global reaction norms will evolve only with panmixia; lower migration rates will 

result in locally adaptive reaction norms. If T pallidipennis had evolved a global reaction 

norm due to complete gene flow across the gradient, the plots in Fig. 5 would be 

horizontal, as all populations would exhibit similar plasticity responses. The results here 

(Figs. 3-6 and Tables 4-7) suggest local plasticity responses to environmental variation. 

The simplest explanation for the higher levels of phenotypic plasticity in 

development time in the non-desert populations is their inability to cope with a lack of fresh 

food. Most of the variation in plasticity, between populations (Fig. 4) and within 

populations (Davidowitz ms b), is due to variation in the low food abundance treatment. 

The two non-desert populations have historically experienced fewer years of low food 

abundance, and are less able to cope with conditions of low food abundance. Their inability 

to maintain development rate under poor food conditions (Fig. 4) can also explain the larger 

fitness costs of their larger plasticity response (Fig. 6). 

However, before we accept this explanation for the pattern of phenotypic plasticity 

across the gradient, we need to examine alternative hypotheses. Three alternative 

hypotheses can also explain why T pallidipennis populations from more variable 

environments did not have higher levels of phenotypic plasticity. First, there may be 

constraints on the evolution of plasticity in the desert populations. However, I found little 
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evidence to suggest that phenotypic plasticity is constrained from evolving due to a lack of 

genetic variation for plasticity or antagonistic pleiotropy between size at maturity and 

development time in any of the study populations (Davidowitz (ms b). 

Second, the population reaction norms (Fig. 4) reveal that the five desert 

populations, those that have historically experienced low food abundances, mature at an 

earlier age in the low food abundance treatment, compared to the two grassland 

populations. It is possible that the desert populations experience stronger directional 

selection to mature earlier than do the grassland populations. Such directional selection can 

result in smaller plasticity responses to food abundance (Falconer 1990, Gomulkiewicz and 

Kirkpatrick 1992, Gavrilets and Scheiner 1993b). Davidowitz (ms c) in fact shows that the 

population plasticity responses in this study are partially due to differences in directional 

selection for short development time between food abundance treatments. 

Finally, the desert environment can be stressful as well as variable. Grasshoppers 

in the desert populations may be under selective pressure to evolve mechanisms to buffer 

against the extreme desert environments. It is possible that the lower levels of plasticity in 

the desert environments may be a product of mechanisms for developmental stability in the 

desert populations that also buffer against variability in food abundance. Evidence to 

support this hypothesis is provided by Davidowitz (ms c). 

The results of this study caution against automatically interpreting plasticity as an 

adaptive response to environmental variability. Not only may populations in more variable 

environments have lower levels of plasticity (Fig. 5), but these plasticity responses may 

have negative fimess consequences (Fig. 6). Imagine that we had measured plasticity in 

only one of the desert populations. After finding significant levels of phenotypic plasticity, 

the obvious interpretation would have been one of an adaptive plasticity response to 

precipitation variability. Without comparing populations along a gradient of environmental 

variability, we would not have known that there is actually a negative fitness consequence 
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to being more plastic in the more variable biomes. These results suggest the importance of 

measuring plasticity throughout the ecological and/or geographical range of an organism. 

Much information may be lost by focusing on one or two 'representative' populations. 
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Table 1. The seven study populations, sample sizes and four additional weather stations. Biome- as in Brown and Lowe (1980); MD- Mohave Desertscriib, LC-

Lower Colorado Subdivision of the Lower Sonoran Desert. I'J- Great Basin Conifer Woodland, SG- Semidesert Grassland. N- number of years of precipitation 

data. Date- collecting date. Season- rainy season used to culculute precipitation variability. Distance - distance between collecting site and nearest weatlier station. 

Site Biomc N Date Season Distance Latitude, Longitude Families Nymphs 

Matched 

Nymphs 

Matured 

Beatty NV MD 65 18May95 winter l.O 37o00'N, 1 l6o43'W 45 610 357 

Blythe CA LC 82 ... ... ... 33°37'N, 114°36'W ... ... ... 

Casa Grande AZ LC 60 ... ... ... 32°53'N, 111°45'W ... ... ... 

Ghost Ranch NM PJ 49 30ct94 summer 1,0 36o20'N. 106«23'W 39 692 206 

Kofa AZ LC 10l» 7/nMay94 winter 61* 33°15'N, 114°15'W 50 744 345 

Las Vegas NV MI3 53 18May95 winter 24 36°05'N. 1I5010'W 43 648 390 

Redrock AZ LC 91* 5Jun94 winter 57» 32o30'N, llloiS'W 36 405 241 

Searchlight NV MD 73 18May95 winter 1,0 35o28'N, n4°55'W 49 827 496 

Tucson AZ LC 123 ... ... ... 32o|5'N, I10057'W ... ... ... 

Willcox AZ SG 60 22Sep94 summer 14 32°18'N, 109^5 rW 32 585 319 

Yuma AZ LC 1 2 1  — ... ... 32°40'N, 114°36'W ... ... .... 

* Precipitation variability for Redrock AZ was measured as the average of precipitation variability for Tucson AZ 62km to the southeast and Casa 

Grande AZ 53km to tlie nortliwest. Variability for Kofa AZ was the average of precipitation variability for Blythe CA 42km to the northwest and 

Yuma t\Z 80km south-southwest. 
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Table 2. ANOVA of precipitation variability (Yj in Eq. I) and Tukey posthoc pairwise 

comparisons between sites. Lines indicate sites that do not differ significantly in 

precipitation variability. Abbreviations; B= Beatty, Bl=Blythe, C=Casa Grande, 

G= Ghost Ranch, K= Kofa, V= Las Vegas, R=Redrock, S= Searchlight, T=Tucson, 

W=Willcox, Y=Yuma. 

Source df MS F P 

SITE 8 0.349 10.02 <0.0001 

Error 659 0.035 

G W T B C S V Y B l  
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Table 3. ANOVA of phenotypic plasticity in development time and size at maturity 

and Tukey posthoc pairwise comparisons between sites. Lines indicate sites that 

do not differ significantly in plasticity response. Abbreviations: B= Beatty, G= 

Ghost Ranch, K= Kofa, V= Las Vegas,R=Redrock, S= Searchlight, W=Willcox. 

Female plasticity in development time 

Source df MS F P 

Population 6 23.849 3.71 0.0017 

Error 181 6.421 

S V B K R W G 

Female plasticitv in size at maturity 

Source df MS F P 

Population 6 1.773 3.72 0.0017 

Error 168 0.477 

K G W S B V R 

Male plasticitv in development time 

Source df MS F P 

Population 6 6.747 1.84 0.0931 

Error 178 3.66 
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Male plasticity in size at maturity 

Source df MS F P 

Population 6 0.131 0.68 0.6692 

Error 161 0.1938 



Table 4. ANOVA of development time and size at maturity for males and females. 

Female develoment time 

Source DF MS F P 

Population 6 36.6070 9.24 <0.0001 

Treatment 1 5759.6938 1453.11 <0.0001 

Pop.*Treat. 6 11.9247 3.01 0.0070 

Error 362 3.9637 

Female size at maturity 

Source DF MS F P 

Population 6 0.7283 2.31 0.0333 

Treatment 1 148.3645 471.49 <0.0001 

Pop.*Treat. 6 1.0006 3.18 0.0048 

Error 336 0.3147 

Male develoment time 

Source Df MS F P 

Population 6 8.8131 3.50 0.0022 

Treatment 1 2889.9079 1147.50 <0.0001 

Pop.*Treat. 6 3.6255 1.44 0.1985 

Error 356 2.5184 



Male size at maturity 

Source Df MS F P 

Population 6 0.6968 4.53 0.0002 

Treatment 1 90.9837 591.95 <0.0001 

Pop.*Treat. 6 0.0789 0.51 0.7982 

Error 338 0.1537 
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Table 5. Restricted maximum likelihood (REML) of male and female size at maturity 

and development time and Tukey posthoc pairwise comparisons between sites. Lines 

indicate sites that do not differ significantly. Abbreviations: B= Beatty, G= Ghost 

Ranch, K= Kofa, V= Las Vegas, R=Redrock, S= Searchlight, W=WiIlcox. 

Female development time 

Source Ndf Ddf Type EQ F P 

Population 6 181 7.76 <0.0001 

Treatment I 181 1793.89 <0.0001 

Pop.*Treat. 6 181 3.71 0.0017 

S K R B V W G 

Female size at maturity 

Source Ndf Ddf Type HIF P 

Population 6 168 1.93 0.0788 

Treatment 1 168 589.12 <0.0001 

Pop.*Treat. 6 168 3.97 0.0010 

R B G S V W K 

Male development time 

Source Ndf Ddf Type in F P 

Population 6 178 2.84 0.0115 

Treatment I 178 1493.95 <0.0001 

Pop.*Treat. 6 178 1.87 0.0876 

K S B R V W G 
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Male size at maturity 

Source Ndf Ddf Type in F P 
Population 6 161 3.42 0.0034 

Treatment 1 161 897.38 <0.0001 

Pop.*Treat. 6 161 0.74 0.6201 

W B G R K V S 
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Table 6. ANOVA of fitness (survivorship*ovariole number), and the fitness 

components survivorship, and ovariole number, and Tukey posthoc pairwise 

comparisons between sites. Lines indicate sites that do not differ significantly 

in fitness measures. Abbreviations; B= Beatty, G= Ghost Ranch, K= Kofa, 

V= Las Vegas, R=Redrock, S= Searchlight, W=Willcox. 

Fitness rsurvivorship*ovariole number'> 

Source df MS F P 

Population 6 435.056 3.268 0.0048 

Error 145 133.110 

G W K V R S B 

Survivorship 

Source df MS F P 

Population 6 1.2837 8.92 <0.0001 

Error 280 0.1439 

S B V R W K G 
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Ovariole Number 

Source df MS F P 

Population 6 21.5337 1.82 0.0991 

Erro 146 11.8342 
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FIGURE LEGENDS 

Fig. 1. Plot of precipitation variability gradient (see text and Davidowitz ms a for details). 

Precipitation variability of seven study populations are indicated on gradient. Note 

that gradient is plotted using annual totals while precipitation variability is 

measured in the study using seasonal totals (Table 1). This was done to facilitate 

comparisons. Precipitation variability of Kofa was measured as the mean of 

Yuma and Blythe and Redrock as the mean of Tucson and Casa Grande (Table 

I). Abbreviations: B= Beatty, G= Ghost Ranch, K= Kofa, V= Las Vegas, 

R=Redrock, S= Searchlight, W=Willcox. 

Fig. 2. Time series of seasonal precipitation of each of the seven study populations (see 

Table 1). The series are ordered from the least to the most variable site (Fig. 3). 

All series have the same time scale. The horizontal line is the across-year mean. 

Kofa and Redrock show the precipitation pattern for both of the averaged stations 

(see text). 

Fig. 3. Relationship between across-year seasonal precipitation variability and the 

precipitation mean for each of the seven study populations. y=0.341-0.0013x, 

n=7, F=34.134, P=0.0021, r^2=0.872. The horizontal and vertical error bars 

represent 1SE and in one case is smaller than the symbol. Abbreviations: B= 

Beatty, G= Ghost Ranch, K= Kofa, V= Las Vegas, R=Redrock, S= Searchlight, 

W=Willcox. 

Fig. 4. Reaction norms for size at maturity and development time in males and females. 

The legend is ordered from the least to the most variable sites (Fig. 3). The 
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vertical bars and letters represent, within-treatment Tukey posthoc pairwise 

comparisons, between sites. Lines indicate sites that do not differ significantly. 

Abbreviations: B= Beatty, G= Ghost Ranch, K= Kofa, V= Las Vegas, 

R=Redrock, S= Searchlight, W=Willcox. 

Fig. 5. Relationship between across-year seasonal precipitation variability and 

population plasticity responses for size at maturity and development time in males 

and females. Error bars represent 1SE. Abbreviations: B= Beatty, G= Ghost 

Ranch, K= Kofa, V= Las Vegas, R=Redrock, S= Searchlight, W=Willcox. (a) 

y=5.1909x-0-2556^ F=594.053, P«0.0001, r2=0.7368. (b)y=-

0.139+18.554X-48.891X2 F=97.538, P<0.0001, r2=0.62. (c) y=4.7942x-

01017, F=401.Il, P«0.0001, r2=0.225. (d) 0.814+2.814x-7.184x2, 

F=472.76, P«0.0001, r2=0.254. 

Fig. 6. Population level fitness functions for female development time. Error bars 

represent 1 SE. Abbreviations: B= Beatty, G= Ghost Ranch, K= Kofa, V= Las 

Vegas, R=Redrock, S= Searchlight, W=Willcox. (a) y=1.444-0.105x, n=7, 

F=17.144, P=0.009, r'^2=0.774. (b) y=70.203-3.668x, n=7, F=13.347, 

P=0.0147, r'^2=0.727. 

Fig. 7. Fitness function (survivorship) of female plasticity in size at maturity. Error bars 

represent I SE. Abbreviations: B= Beatty, G= Ghost Ranch, K= Kofa, V= Las 

Vegas, R=Redrock, S= Searchlight, W=WiIlcox. y=0.8877x'^2+2.906Ix-

1.6715, n=7, F=98.23, P<0.0001, r^2=0.9866. 
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Figure 5 
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APPENDIX C 

AInTTAGONISTIC PLEIOTROPY AND GENETIC VARIATION FOR PLASTICITY IN 

DESERT POPULATIONS 
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ABSTRACT 

130 

Phenotypic plasticity has been proposed as a mechanism by which organisms can 

increase fitness in response to short-term environmental variability. In a previous study I 

empirically tested the relationship between phenotypic plasticity and environmental 

variability. I predicted a positive linear relationship between phenotypic plasticity in 

development time and size at maturity in the pallid-winged grasshopper {Trimerotropis 

pallidipennis) and precipitation variability in the southwestern United States. Contrary to 

prediction, I found that populations that have historically experienced greater precipitation 

variability had lower levels of phenotypic plasticity in developmental time, while 

plasticity for size at maturity increased from low to mid-levels of precipitation variability, 

but then decreased. Here I test the hypothesis that these unexpected empirical 

relationships between phenotypic plasticity and environmental variability are due to 

constraints on the evolution of plasticity in more variable environments: either to a lack of 

genetic variation for plasticity or to ant^onistic pleiotropy between size at maturity and 

development time. I found sufficient genetic variation for plasticity to evolve in all study 

populations and only weak evidence for antagonistic pleiotropy. Therefore, these 

phenomena do not explain the lower levels of phenotypic plasticity found in more 

variable environments. Two alternative hypotheses for the relationship between 

phenotypic plasticity and environmental variability are discussed. 

Key words - phenotypic plasticity, reaction norm, environmental variability, 

precipitation variability, development time, size at maturity, antagonistic pleiotropy. 
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genetic variation, genetic correlation, pallid-winged grasshopper, Trimerotropis 

pallidipermis 



INTRODUCTION 
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Phenotypic plasticity has been proposed as an adaptive mechanism by which 

organisms can maximize their fitness in response to environmental variability (Bradshaw 

1965, Schlichting 1986, Steams 1989. Scheiner 1993, Via et al. 1995). Assuming that 

there are no constraints on the evolution of plasticity, we may predict that populations 

with an evolutionary history of exposure to more variable environments will have higher 

levels of phenotypic plasticity than populations that have experienced less variable 

environments over evolutionary time. 

I have examined experimentally the relationship between precipitation variability 

and phenotypic plasticity in size at maturity and development time in the pallid-winged 

grasshopper {Trimerotropispallidipermis Burmeister, Oedipodinae: Acrididae) across a 

broad ecological gradient, from the deserts to pine forests in the southwest United States 

(Table 1). High and low food abundance treatments were used as the correlate to 

precipitation variabiUty. From the distribution of precipitation variability across this 

gradient, I predicted a positive linear relationship between the level of precipitation 

variability and the level of phenotypic plasticity for size at maturity and development time. 

A full description of the precipitation variability gradient and experimental design are 

given in Davidowitz (ms a). 

Contrary to expectation, I found that populations from the less variable 

environments had higher, not lower, levels of phenotypic plasticity in developmental 

time. Plasticity for size at maturity increased from low to mid-levels of environmental 

variability, but then decreased from mid to high levels (Fig. 1). 
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Previous studies have shown contradictory anecdotal evidence for the relationship 

between phenotypic plasticity and environmental variability (Sultan and Bazzaz 1993 

a,b,c, Bazzaz and Carlson 1982, Sabat et al. 1998). However, this was the first direct 

experimental test of this relationship, and the results did not support the prediction. It is 

therefore important for our understanding of the evolution of phenotypic plasticity to 

explore causes for the lack of congruence between the prediction and the empirical 

results. 

Constraints are often raised on theoretical grounds, to explain why plasticity 

responses cannot evolve or are not optimal (Caswell 1983, Orzak 1985, Via and Lande 

1985, van Tienderen 1991, Gomulkiewicz and Kirkpatrick 1992, Moran 1992, Gavrilets 

and Scheiner 1993a, Via et al. 1995, DeWitt et al. 1998). However, there are still only 

few empirical tests of constraints on plasticity responses (e.g. Gebhardt and Steams 

1988, Newman 1988, Via 1991, DeWitt 1998, Scheiner and Berrigan 1998), and more 

empirical data are needed to form generalities as to their effects on the evolution of 

plasticity (Scheiner 1993, Via et al. 1995). In this study I test whether two constraints on 

the evolution of plasticity can explain the relationships found between the plasticity 

responses for development time and size at maturity, and environmental variability. 

First, I examine whether these unexpected patterns of plasticity responses across 

the gradient may be explained by a lack of genetic variation for plasticity. Insufficient 

genetic variation can prevent populations from evolving adaptive plasticity responses to 

environmental variability (Via and Lande 1985, van Tienderen 1991, Gomulkiewicz and 

Kirkpatrick 1992, Gavrilets and Scheiner 1993a, Via et al. 1995). 

Second, I test whether antagonistic pleiotropy between the two life-history traits, 

size at maturity and development time, or their plasticities, can explain the lack of 

congruence between the predicted and observed patterns. This is suggested from the 



opposing patterns in Fig. I and from Davidowitz (ms a) who showed that in T. 

pallidipennis, plasticity for developmental time imposes fitness costs, while plasticity for 

size at maturity confers fitness benefits. Antagonistic pleiotropy between two traits can 

prevent adaptive plasticity from evolving (Via and Lande 1985, Van Tienderen 1991, 

Gomulkiewicz and Kirkpatrick 1992, Gavrilets and Scheiner 1993a, Via et al. 1995). 

METHODS 

Background 

I first provide a brief description of the study species and the experimental design 

used to measure the relationship between phenotypic plasticity and environmental 

variability. This is necessary to understand the analyses of additive genetic variation for 

plasticity and of antagonistic pleiotropy between size at maturity and development time. A 

fiill description of the precipitation variability gradient and the experimental design for 

measuring the plasticity responses are given in Davidowitz (ms a). 

T. pallidipemiis is the most widely distributed grasshopper in the New World 

(Otte 1984) and is one of the most abundant grasshoppers in the Lower and Upper 

Sonoran deserts in Arizona (Ball et al. 1942). It inhabits the western prairies and desert 

scrubs and breeds in areas of thin soil and sparse vegetation. It is polyphagous, feeding 

on a wide variety of shrubs and herbs, but prefers grasses (Otte and Joem 1977). 

The working hypothesis was that grasshopper populations in the more variable 

desert environments historically have been exposed to greater fluctuations of food 

abundance than grasshoppers in non-desert environments. Therefore, the desert 
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populations were expected to show higher levels of phenotypic plasticity in size at 

maturity and development time, as mechanisms for coping with these fluctuations. 

Adult grasshoppers were collected from seven populations along a gradient of 

precipitation variability ranging from the deserts to pine woodlands in the southwestern 

U.S. These adults were paired and allowed to mate in the lab. Precipitation is highly 

correlated with above ground plant biomass in the southwest U.S. (Rosenzweig 1968, 

Barbour et al. 1980, Whittaker and Niering 1975), and an analysis of precipitation data 

provided the measure of environmental variability across study sites. Their F1 offspring 

were placed in either a high or low food abundance treatment, and reared until eclosion to 

adults. Development time of the F1 generation was measured as the number of days from 

hatching to eclosion. Size at maturity in the F1 generation was measured as the length of 

the hind femur. Phenotypic plasticity of these traits was measured as the family mean 

difference between the two treatments. 

Genetic Variation of Plasticity 

Via (1984) and Via and Lande (1985) proposed using the genetic correlation (rg) 

of full-sib family means between two environments to measure genetic variation in 

plasticity (Via and Lande 1985). The greatest genetic variation for plasticity occurs when 

the genetic correlations are zero or low and the least when they are ±1. This approach 

was later modified by Fry (1992), who also showed that unequal variances between 

treatments can bias downwards the estimate of rg. An F-test revealed significant 

differences in the variance between treatments for most populations and characters (not 

shown). I therefore used Fry's Eq. 4 to measure the genetic variation of plasticity, which 

corrects for this bias. Genetic variance for plasticity was then measured as 
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Cov(M 
r ^ 
s yVar(Mjj.)Var(M2j) 

where Mij is the mean of family j in environment 1, and Mij is the mean of 

family j in environment 2. Var (Mij) and Var (M2j) are the variances of family means in 

environments 1 and 2 respectively. The numerator is estimated from COV=(MSAF-

MSi)/2n (Fry 1992, Roff 1997 Eq. 3.25) where MSAF is the among-family mean 

squares estimated from a mixed model ANOVA with treatment as a fixed effect, and the 

family and interaction terms as random effects. MSi is the interaction mean squares and n 

is the average family size per environment. The denominator was estimated from separate 

one-way ANOVAs in each environment, with family as the main effect (Fry 1992). 

Fry (1992) showed that to test whether the genetic correlation is significantly 

different from zero, we can perform a two-tailed F-test of MSaf/MSi. This test assumes 

equal variances between treatments, which, as mentioned above, was not the case here. I 

therefore standardized the data to have an equal variance of 1, and performed the F-test 

on the standardized data (Roff 1997). 

Antagonistic Pleiotropy: Genetic and Phenotypic Correlations Between Size at 

Kdatifrity and Development Time 

I used three measures of pleiotropic constraints on phenotypic plasticity. First, I 

measured phenotypic correlations of family mean plasticity responses within each 

population, using the standard Pearson correlation. Second, I plotted size at maturity 



137 

against development time in each treatment and site and measured their phenotypic 

correlations to determine how the tradeoffs in trait plasticities occur (Fig. 1). 

Third, I measured genetic constraints on plasticity as the genetic correlation 

between size at maturity and development time within each treatment, for each 

population. Genetic correlations were estimated as 

(Roff 1997 Eq. 3.14a) where COVAF is measured as (MCAF-MCAP)/K. MCAF IS 

the among-family mean cross products in an analysis of covariance (ANCOVA), MCAP 

is the among progeny mean cross products, and k is the weighted estimate of family size. 

VAFX and VaFY are the phenotypic variances of each trait. In the ANCOVA size was 

the dependent variable, development time the covariate, and family a main effect. The 

denominator was estimated using one-way ANOVA as above. The analysis was corrected 

for unequal sample sizes (Roff 1997). There are no tests to measure whether these 

correlations differ significantly from zero (Roff 1997). 

Cov AF (2) 

RESULTS 

Genetic Variation of Plasticity 

The analysis revealed sufficient genetic variation for plasticity to have evolved in 

all seven populations and for both traits. All measures of genetic variation were low (0.44 
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or less), and nine of these 14 measures were not significantly different from zero (Table 

2). Family reaction norms for the seven populations showed crossing reaction norms for 

most families (Fig. 2). Hence, a lack of genetic variation carmot explain why T. 

pallidipennis populations from more variable environments did not show higher levels of 

phenotypic plasticity. 

Antagonistic Pleiotropy: Genetic and Phenotypic Correlations Between Size at 

Maturity and Development Time 

There was littie support of the hypothesis that antagonistic pleiotropy between the 

two life-history traits or their plasticities can explain the low plasticity responses in the 

desert populations. All populations showed a negative correlation between plasticity of 

development time and plasticity of size at maturity, although only one population (Kofa) 

was significant (Table 3). The values of the phenotypic correlations of size at maturity 

and development time ranged from low (0.032) to high (0.653). Only five of these 14 

(seven populations * two treatments) correlations differed significantly from zero; of 

these, only one (Beatty) showed a significant negative correlation (Table 3). In most 

populations, the phenotypic correlations in the high food abundance treatment were either 

negative or lower than those in the low food abundance treatment (Table 3, Fig. 3). 

The genetic correlations for Las Vegas in the high food abundance treatment could 

not be estimated due to a larger among-progeny component of variation than the among-

family component (Roff 1997). Of the remaining thirteen measures of genetic tradeoffs 

between size at maturity and development time, ten were low (<0.32) and three showed 

mid-levels (<0.47) of genetic correlations (Table 3). Only one measure showed a 

negative correlation (Table 3). Six of the seven populations showed higher genetic 
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correlations between the two traits in the high food abundance treatment than in the low 

food abundance treatment. 



DISCUSSION 
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Constraints on the evolution of plasticity are frequently proposed on theoretical 

grounds (Caswell 1983, Orzak 1985, Via and Lande 1985, Van Tienderen 1991, 

Gomulkiewicz and Kirkpatrick 1992, Moran 1992, Gavrilets and Scheiner 1993a, Via et 

al. 1995, DeWitt et al. 1998). However, only few studies have tested for them (e.g.. 

Gebhardtand Steams 1988, Newman 1988, Via 1991, DeWitt 1998, Scheiner and 

Berrigan 1998). In this study I tested whether two kinds of constraints on plasticity can 

explain the plasticity responses across the gradient. 

Genetic Variation of Plasticity 

The genetic correlation of a character expressed in two environments measures the 

extent to which they are under the same genetic control. Genetic correlations between +1 

and -1 indicate that the phenotypes in each environment are influenced either by different 

alleles, or differently by the same alleles, and can thus evolve somewhat independently. 

The greatest possibility of relative change between the two environments exists when the 

genetic correlations are zero or low, as the characters can then evolve independently of 

each other in the two environments (Via and Lande 1985, Via 1987). None of the genetic 

correlations in this study were high, and most were not significantly different from zero 

(Table 2). Thus, there was sufficient genetic variation for plasticity in development time 

and size at maturity to have evolved in all seven of the study populations. 

This genetic variation can also be seen in the crossing family reaction norms in 

Fig. 2. If the genetic correlation had been high and positive, the family reaction norms 

would have been parallel, while if the genetic correlation had been high and negative, the 
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reaction norms would have crossed midway between the two treatments (Via 1987). The 

apparent random crossing of the reaction norms in Fig. 2 indicates a low genetic 

correlation between treatments (Via 1987). Therefore, there is no evidence that the low 

levels of plasticity found in some populations across the gradient (Fig. 1) were caused by 

a lack of genetic variation for plasticity. 

Antagonistic Pleiotropy: Genetic and Phenotypic Correlations Between Size at 

Maturity and Development Time 

The positive genetic correlations between size at maturity and development time in 

all but one of the populations and treatments (Table 3), indicate a lack of antagonistic 

pleiotropy between development time and size and maturity. This is also supported by the 

phenotypic correlations between the two traits. Only one of these was negative and 

significantly different from zero (Table 3). However, the negative correlations between 

the plasticity responses of size at maturity and development time (Table 3), and the 

contrasting patterns of plasticity responses in the two life-history traits across the gradient 

(Fig. 1) suggest a tradeoff between plasticity in development time and plasticity in size at 

maturity. 

Examination of the phenotypic correlations between development time and size at 

maturity (Table 3, Fig. 3) in each food abundance treatment separately suggests a 

possible cause for the apparent tradeoff in plasticities. Genetic correlations between 

characters differ in different environments (reviewed in Steams et al. 1991) as is the case 

here. The high food abundance treatment mimics a more favorable environment for the 

grasshoppers. In this treatment, in almost all cases, there was either a negative or no 

correlation between size at maturity and development time. In contrast, the less favorable 
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conditions simulated by the low food abundance treatment produced either no significant 

correlations, or significant positive correlations. I have shown elsewhere that in such 

conditions, T. pallidipennis is under strong selection to decrease development time 

(Davidowitz ms b). A decrease in development time in these conditions results in lower 

plasticity in development time relative to plasticity in size at maturity (Fig. 3). When the 

correlations between development time and size at maturity in the two treatments differ, 

this effect is magnified. 

I illustrate this point in a hypothetical population in the upper left panel of Fig. 3. 

In this hypothetical population there is no correlation between size at maturity and 

development time in either treatment. The solid diamond represents the population mean 

in the low food abundance treatment. Moving it to the left simulates selection for 

decreased development time. Doing so decreases plasticity for development time relative 

to plasticity in size at maturity, which does not change. Where the slopes of the 

regressions differ fi-om zero this effect is compounded; decreased plasticity for 

development time is coupled with increased plasticity in size at maturity (Fig. 3). It is 

evident, then, that the apparent tradeoff between plasticity in size at maturity and 

development time can be an artifact of selection for shorter development time in 

conditions of low food abundance, and can be intensified by differences in the 

correlations between the two traits in each environment. 

Further evidence for a lack of antagonistic pleiotropy are the low genetic 

correlations between development time and size at maturity (Table 3). There is a greater 

genetic coupling between the two traits when the conditions are favorable, enabling 

grasshoppers to mature later at a larger size. However, in less favorable conditions, the 

two traits are decoupled, as evidenced by the lower genetic correlations. This can 

facilitate increasing fitness by shortening development time (Davidowitz ms a). 
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There has been much focus on the effects of selection on multivariate trait 

complexes through genetic correlations between the component traits (Lande and Arnold 

1983, Maynard Smith et al. 1985, Atchley and Hall 1991, Steams et al. 1991, Price and 

Langen, 1992, Cheverud 1996). However, the results presented here illustrate that much 

information on apparent character suites can be gleaned from examining multiple 

populations in different environments. The same information may not be evident from 

examining a single population in only one environment. 

In this study I examined whether a lack of genetic variation of plasticity and 

antagonistic pleiotropy constrain the plasticity responses found across the gradient. 

Additional constraints to these have also been proposed: costs of plasticity (DeWitt et al. 

1998, DeWitt 1998, Scheiner and Berrigan 1998), poor phenotype-environment 

matching (Moran 1992, Padilla and Adolph 1996), and low predictability between the 

environment of development and the environment of selection (Caswell 1983, Orzak 

1985, Via and Lande 1985, van Tienderen 1991, Moran 1992, Gomulkiewicz and 

Kirkpatrick 1992, Gavrilets and Scheiner 1993a, Via et al. 1995, DeWitt et al. 1998). 

Whether these are important in determining the plasticity responses across the gradient 

remains to be examined. 

In sunmiary, I tested two hypotheses to explain why populations with an 

evolutionary history of exposure to more variable environments have lower levels of 

phenotypic plasticity than populations that have experienced less variable environments 

over evolutionary time. I found no evidence to suggest that phenotypic plasticity is 

constrained from evolving in any of the populations due to a lack of genetic variation. I 

found little support that antagonistic pleiotropy between size at maturity and development 

time or their plasticities, can explain the plasticity responses in size at maturity and 
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development time in T. pallidipetmis across the gradient of precipitation variability. In 

contrast however, two alternative explanations should be considered. 

First, the population reaction norms (Davidowitz ms a. Fig. 3) reveal that the five 

desert populations (Table 1), those that have historically experienced low food 

abundances, mature at an earlier age in the low food abundance treatment, compared to 

the grassland and woodland populations. As alluded to earlier, it is possible that 

grasshoppers from desert populations experience stronger directional selection to mature 

earlier than do individuals in the nondesert populations. Such directional selection can 

result in smaller plasticity responses to food abundance (Falconer 1990, Gomulkiewicz 

and Kirkpatrick 1992, Gavrilets and Scheiner 1993b). 

Second, desert environments can be stressful as well as variable. Grasshoppers in 

the desert populations may be under selective pressure to evolve mechanisms for 

developmental stability to buffer against the extreme desert environments. It is possible 

that the lower levels of plasticity in T. pallidipennis in desert environments may be a 

product of such mechanisms that also buffer against variability in food abundance. Both 

of these hypotheses are tested elsewhere (Davidowitz ms b). 
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Table 1. The seven study sites. The sites are ordered from the least to most variable 

precipitation. See Davidowitz (ms a) for a full description of the study sites. 

Site State Biome 

Ghost Ranch New Mexico Great Basin Conifer Woodland 

Willcox 

Beatty 

Redrock 

Arizona 

Nevada 

Arizona 

Searchlight Nevada 

Las Vegas Nevada 

Kofa Arizona 

Semidesert Grassland 

Mohave Desertscmb 

Lower Colorado Subdivision of 

the Lower Sonoran Desert 

Mohave Desertscmb 

Mohave Desertscrub 

Lower Colorado Subdivision of 

the Lower Sonoran Desert 
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Table 2. Genetic variation (rg) for phenotypic plasticity in female size at maturity and 

developmental time. The sites are ordered from the least to most variable in 

precipitation variability (see text). 

Site Development Size at 

Time Maturity 

Ghost Ranch 0.440 0.189 

Willcox 0.137 0.294* 

Beatty 0.356* -0.111 

Redrock -0.156 0.072 

Searchlight 0.283* 0.414*** 

Las Vegas -0.182 0.143 

Kofa 0.338* 0.185 

•0.01<P<0.05; »»*P<0.001 



Table 3. Phenotypic correlations between phenotypic plasticity in size at maturity and 

development time and the genetic and phenotypic correlations for size at maturity and 

development time. All correlations used family means. The populations are ordered from 

the least to most variable, n- number of families per population, rp- Phenotypic correlation 

between the plasticity response in size at maturity and the plasticity response in 

development time, re- Genetic correlation between size at maturity and development time. 

r- Phenotypic correlation between size at maturity and development time. 

Site n rp Treatment rc r 

Ghost Ranch 12 -0.51 High 0.291 -0.041 

Low -0.15 0.271 

Willcox 22 -0.365 High 0.141 .062 

Low 0.404 0.439* 

Beatty 27 -0.375 High 0.287 -0.653*** 

Low 0.054 0.615*** 

Redrock 20 -0.295 High 0.321 0.446* 

Low 0.187 0.083 

Searchlight 37 -0.086 High 0.416 -0.032 

Low 0.184 0.276 

Las Vegas 29 -0.292 High — 0.29 

Low 0.115 0.24 

Kofa 27 -0.414* High 0.466 0.191 

Low 0.153 0.591** 

•0.01<P<0.05; •*0.001<P<0.01; *•* P<0.001 
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Fig. 1. The relationship between precipitation variability and phenotypic plasticity in size at 

maturity and development time in females, see Davidowitz (ms a) for details of the 

gradient of precipitation variability and the experimental design to measure 

phenotypic plasticity. Precipitation variability is unitless and higher values denote 

greater variability, (a) y=5.1909x'^-2556^ F=594.053, P«0.0001, r2=0.7368. 

(b)y=-0.139+18.554x-48.891x2, F=97.538, P<0.0001, r2=0.62. Abbreviations: 

B= Beatty, G= Ghost Ranch, K= Kofa, V= Las Vegas, R=Redrock, S= 

Searchlight, W=Willcox. 

Fig. 2. Family reaction norms for phenotypic plasticity in size at maturity and development 

time in females. Each line cormects family means in each food abundance treatment. 

The graphs are ordered from the least to most variable in precipitation. 

Fig. 3. Regressions of size at maturity on developmental time for each treatment. Dashed 

regression lines are not significantly different from zero at a > 0.05. Solid 

regression lines are significantly different from zero at a < 0.05. The open circles 

represent the high food abundance treatment. The open diamonds represent the low 

food abundance treatment. The filled circles and diamonds are the population means 

in each treatment. The upper left panel is a hypothetical population with no 

correlation between size at maturity and development time in either treatment. The 

dashed lines are the regression slopes. Pdt- plasticity in development time. Psm-

plasticity in size at maturity. The solid arrow represents selection for short 

development time in the low food abundance treatment. See text for further 

interpretation of figure. 
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Figiire 2 
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APPENDIX D 

LOW PHENOTYPIC PLASTICITY IN HIGHLY VARIABLE ENVIRONMENTS; 

SELECTION FOR DEVELOPMENTAL STABILITY AND SHORT DEVELOPMENT 

TIME 
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Phenotypic plasticity in a given trait may be lower than predicted due to 

constraints on its evolution. However, two additional phenomena can also result in 

lowered plasticity responses: directional selection and selection for developmental 

stability. 

I previously empirically tested the relationship between phenotypic plasticity and 

environmental variability. Contrary to prediction, I found that populations of the pallid-

winged grasshopper {Trimerotropis pallidipennis) in the southwestern United States that 

have historically experienced greater environmental variability, had lower levels of 

phenotypic plasticity in developmental time than populations that have historically 

experienced less variable environments. I further found little support to suggest that this 

unexpected pattern was due to constraints on the evolution of plasticity. 

In this study I test the hypotheses that directional selection for short development 

time or selection for developmental stability can explain the low level of plasticity in 

development time found in desert populations. There was very strong support for the 

hypothesis that the low plasticity responses in the more variable desert populations were 

due to selection for developmental stability in deserts. I also found evidence to suggest 

that differences in directional selection within environments (antagonistic and synergistic 

selection) can partially explain the lower than predicted plasticity responses. I found no 

evidence to support the hypothesis that directional selection for short development time in 

all environments can explain the lower levels of phenotypic plasticity in the desert 

populations. I suggest that adaptive plasticity may evolve primarily in response to low-

mid- levels of environmental variability. Highly variable environments such as deserts 
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may also be extreme environments in wliich developmental stability is favored, at the cx)st 

of adaptive plasticity responses to variability. 

Key words - phenotypic plasticity, reaction norm, environmental variability, 

precipitation variability, development time, size at maturity, pallid-winged grasshopper, 

Trimerotropispallidipennis, synergistic selection, antagonistic selection, developmental 

stability, stress resistance 
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Adaptive plasticity can evolve as a mechanism by which organisms can increase 

fitness in response to short-term environmental variation (Bradshaw 1965, Schlichting 

1986, Steams 1989, Scheiner 1993, Via et al. 1995). However, plasticity responses can 

also be maladaptive (Steams and Sage 1980), or may be small despite high environmental 

variability (Davidowitz ms a). Constraints on the evolution of plasticity, such as costs of 

plasticity, lack of genetic variation for plasticity, genetic correlations, and environmental 

unpredictability, are often cited to explain, at least on theoretical grounds, why adaptive 

plasticity may not evolve (Caswell 1983, Orzak 1985, Via and Lande 1985, van 

Tienderen 1991, Gomulkiewicz and Kirkpatrick 1992, Moran 1992, Gavrilets and 

Scheiner 1993a, Via et al. 1995, DeWitt et al. 1998). However, directional selection and 

selection for developmental stability can also lower a plasticity response even when 

environmental variation may favor a larger response. 

Adaptive plasticity will evolve when selection acts differently in different 

environments. For example, an insect herbivore might have a selective advantage if it can 

grow rapidly and large in good years of high food abundance, but grow slowly and 

smaller in bad years in which host plants are less abundant. However, in certain 

environments major components of fitness, such as survivorship and fecundity, may be 

under strong directional selection to increase in all environments (Via and Lande 1985). 

For instance, an insect herbivore in a desert might have a selective advantage if it can 

mature and reproduce before its host plants desiccate. Strong directional selection for 

accelerated development time across all environments, may increase the insects' fitness in 

a desert. Therefore, strong directional selection for short development time, operating in 
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the same direction in all environments, will result in lower plasticity by minimizing the 

difference in development time in a 'good' year versus a 'bad' year. 

Directional selection acting in different directions between environments has also 

been shown to decrease plasticity responses (Jinks and Connolly 1973, 1975, Falconer 

1990, Gavrilets and Scheiner 1993b). Jinks and Connolly (1973, 1975) and Falconer 

(1990) demonstrated when the phenotypic values of a trait are higher in one environment 

and lower in another environment (and genetic variation for the trait is greater in the 

former and less in the latter), antagonistic selection decreases the level of phenotypic 

plasticity and synergistic selection in the same environment results in an increase in 

plasticity. Antagonistic selection occurs when the environment and the direction of 

selection work in opposite directions; selection acts to increase the trait value in the 

environment in which it is smaller, and acts to decrease the trait value in the environment 

in which it is larger. This is the Jinks-Connolly rule (Falconer 1990). Synergistic 

selection occurs when the direction of selection on the phenotype and the environment act 

in the same direction: selection acts to increase the phenotypic value of the trait in the 

environment in which it is larger, and acts to decrease the trait value in the environment in 

which it is smaller. These results were supported by Gavrilets and Scheiner (1993b) in a 

model of the effects of directional selection on reaction norms. 

Selection for developmental stability can also result in a lower than predicted 

plasticity response. Hoffmann and Parsons (1991) review evidence that populations and 

species show an inverse relationship between their level of phenotypic plasticity and their 

ability to resist stress. A genotype with low stress resistance may produce more 

dissimilar phenotypes in a stressful versus a benign environment, compared to a stress-

resistant genotype. This negative relationship between phenotypic plasticity and stress 

resistance can be explained if both are controlled by the same genetic mechanism 
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(Hoffmann and Parsons 1991). If selection pressure for developmental stability in an 

extreme environment is greater than selection for a large plasticity response to the 

variability of that environment, we may observe lower levels of phenotypic plasticity in 

more variable environments. 

In another study I examined the relationship between precipitation variability and 

phenotypic plasticity in size at maturity and development time in the pallid-winged 

grasshopper (Trimerotropis pallidipennis\ Burmeister, Oedipodinae; Acrididae) across a 

broad ecological gradient. This gradient ranged from the deserts to pine forests in the 

southwest United States (Davidowitz ms a. Table 1). I found that populations from the 

less variable environments had higher, not lower, levels of phenotypic plasticity in 

developmental time, while plasticity for size at maturity increased from low to mid-levels 

of environmental variability, but then decreased from mid- to high levels. Phenotypic 

plasticity was not constrained from evolving due to a lack of genetic variation for 

plasticity, nor to antagonistic pleiotropy between size at maturity and development time 

(Davidowitz ms b). 

The purpose of this study was to examine whether directional selection and/or 

selection for developmental stability can explain the lower levels of phenotypic plasticity 

in development time observed in the more variable environments (Fig. 1). I focus this 

study on female plasticity in development time. I have previously shown that plasticity in 

size at maturity is not an important life history trait in T. pallidipermis, and male plasticity 

in both development time and size at maturity confers neither costs nor benefits in fitness 

(Davidowitz ms a). I use developmental stability and stress resistance interchangeably 

(Hoffmann and Parsons 1991, Mailer and Swaddle 1997). 

METHODS 
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Back^ound 

I first provide a brief description of the study species and the experimental design 

used to measure the relationship between phenotypic plasticity and environmental 

variability. A full description of the precipitation variability gradient and the experimental 

design for measuring the plasticity responses are given in Davidowitz (ms a). 

T pallidipermis is the most widely distributed grasshopper in the New World 

(Otte 1984), and is one of the most abundant grasshoppers in the Lower and Upper 

Sonoran deserts in Arizona (Ball et al. 1942). It inhabits the western prairies and desert 

scrubs, and breeds in areas of thin soil and sparse vegetation. It is polyphagous, feeding 

on a wide variety of shrubs and herbs, but prefers grasses (Otte and Joem 1977). 

The working hypothesis was that grasshopper populations in more variable 

environments within its range (deserts) have historically experienced greater between-

year fluctuations of food abundance than populations of grasshoppers that have 

historically experienced more constant environments (grasslands and woodlands). 

Therefore, desert populations were expected to show higher levels of phenotypic 

plasticity in size at maturity and development time, as mechanisms for coping with these 

fluctuations. Contrary to expectation, the desert populations showed lower, not higher, 

levels of phenotypic plasticity in development time than the grassland populations 

(Davidowitz ms a). 

Adult grasshoppers were collected from seven populations along a gradient of 

precipitation variability ranging from the deserts to pine woodlands in the southwestern 

U.S. Precipitation is highly correlated with above-ground plant biomass in the southwest 

U.S (Rosenzweig 1968, Barbour et al. 1980, Whittaker and Niering 1975), and an 
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analysis of precipitation data provided the measure of envirotmiental variability across 

study sites. These adults were paired and allowed to mate in the lab. Their FI offspring 

were placed in either a high or low food abundance treatment, and reared until eclosion to 

adults. The high food abundance treatment mimics years of high rainfall and abundant 

host plants, while the low food abundance treatment mimics years of low rainfall and a 

scarcity of host plants. Development time of the F1 generation was measured as the 

number of days from hatching to eclosion. Phenotypic plasticity of these traits was 

measured as the family mean difference between the two treatments (Scheiner 1993). 

Directional Selection Across Treatments 

I tested for the existence of directional selection for development time by plotting 

fimess flmctions averaged across both food abundance treatments. As measures of 

fimess, I used survivorship, a measure of potential fecundity (number of ovarioles), and 

their product (survivorship * number of ovarioles). Survivorship was measured as the 

proportion of nymphs that matured successfully to adults, combined for both sexes. The 

sexes were combined due to the difficulty of sexing the early instars. I first calculated the 

survivorship in each treatment for each family, then calculated the family average across 

treatments. Population-level survivorship was measured as the average of the family-level 

survivorships. Survivorship was arcsine-transformed to achieve normality. To measure 

potential fecundity, one to three (mode = 1) females from each treatment in each family 

were dissected and the number of ovarioles counted. To maintain consistency with the 

measures of plasticity (Davidowitz ms. a), all fitness functions in this analysis use 

treatment family means and include both food treatments. Only families with offspring in 

both food treatments were included. 
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Heritability of development time was plotted against the rainfall mean of each 

study population to test for the erosion of additive genetic variance in the desert 

environment as a result of directional selection for shorter development time. Heritability 

of development time was estimated from the covariance of the phenotypic values of 

family means between the food treatments (Lynch and Walsh 1998 Eq. 7.30) as 

2Q^^Var{z) 

where and z^are the phenotypic values of family means in the high and low 

abundance treatments respectively, Cov{z^,z^ is the covariance between family means 

in the high and low food abundance treatments, 0^^ is the coefficient of coancestry (the 

probability that two genes are identical by descent), which, for full sibs is 0.25, and 

Far(z) is the phenotypic variance across both treatments. I assume that dominance and 

common environment effects are negligible and the additive genetic variance is the main 

source of phenotypic covariance. If these assumptions are violated, than 

Cov(z^,Zj) / 20^^ is an upwardly biased estimator of the additive genetic variance 

(Lynch and Walsh 1998). 

Directional Selection Within Treatments 

To test for antagonistic and synergistic selection quantitatively, one needs to 

perform selection experiments, upwards and downwards, in each environment (Falconer 

1990). This was not done in this study. I could however test for antagonistic and 



168 

synergistic selection qualitatively using fitness functions within each food treatment to 

determine the direction of selection. From Davidowitz (ms. a. Fig. 4a) I first plotted the 

reaction norm of female development time for each population individually. I then plotted 

a fitness function of survivorship and development time in females for each treatment and 

population separately. In this analysis I chose to plot fitaess functions of survivorship 

only due to issues of sample size. In addition, I have demonstrated (Davidowitz ms a and 

below) that survivorship is the main component of fitaess in experimental cultures of this 

species. 

From the slope of the fitaess function I determined whether selection was acting 

to increase or decrease development time in each treatment. A positive slope (b>0) 

indicates that selection favors delayed development time, while a negative slope (b<0) 

indicates that selection favors accelerated development time. I then determined whether 

selection was synergistic or antagonistic, depending on whether it was in the same 

direction (i.e., above or below the between-environment mean) as development time in 

each environment. If selection favors delayed development time in the low food 

abundance treatment (b>0), then selection is synergistic (selection and development time 

are both in the same direction, increasing development time). Conversely, if selection 

favors an accelerated development time in tae low food abundance treatment (b<0), then 

selection is antagonistic. The reverse holds for the high food abundance treatment; if b<0 

then selection is synergistic, and if b>0 then selection is antagonistic. 

Developmental stability 

Developmental stability of each of the seven populations in each treatment was 

measured using fluctuating asymmetry (FA). FA are random deviations between the left 
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and right (R-L) sides of a bilaterally symmetric organism. These deviations are normally 

distributed about a mean of zero (Palmer and Strobeck 1986). Fluctuating asymmetry is 

often used as a measure of developmental stability (Palmer and Strobeck 1986, Parsons 

1992, Hoffmann and Parsons 1991, Markow 1994, Mailer and Swaddle 1997). 

Statistical properties of asymmetry— Fluctuating asymmetry was measured on 

the hind femurs of the F1 offspring. Three measurements of each hind femur were taken 

to an accuracy of 1 |im using a video imaging system. Following the recommendations in 

Palmer and Strobeck (1986) and Palmer (1994), I first tested the statistical and 

distributional properties of the asymmetry. First I tested whether the asymmetry 

measured was in fact fluctuating asymmetry, rather than directional (in which R-L is 

normally distributed about a mean other than zero) or antisymmetry (in which R-L is 

bimodal or platykurtic about a mean of zero). I then tested whether the distribution of (R-

L) is normally distributed about a mean of zero, whether FA is size dependent, and for 

effects of measurement error (Palmer and Strobeck 1986, Palmer 1994). 

A t-test was used to test if the mean of (R-L) (index FA4 in Palmer and Strobeck 

1986 and Palmer 1994) was zero in each treatment individually. A Shapiro-Wilk's test 

was used to test for normality of (R-L). The presence of antisymmetry was examined by 

testing whether the kurtosis (g2) differed significantly from zero (Palmer 1994). 

Directional asymmetry was examined in three tests: an unpaired F-test between sides, a 

paired t-test between sides, and a mixed-model ANOVA with sides as fixed effect (index 

FA 10 in Palmer and Strobeck 1986 and Palmer 1994). Size dependence within 

populations was tested by regressing |R-L| against body size ((R+L)/2). Size dependence 

between populations was tested by regressing loglO(var(R-L)) against ((R+L)/2). 

Measurement error was measured and removed from the measure of asymmetry by using 

three repeated measurements on each side, in a mixed-model ANOVA with sides as a 
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fixed effect and family mean as a random effect (modified FA 10 asymmetry index of 

Palmer and Strobeck 1986 and Palmer 1994). 

Fluctuating Asymmetry— The greater the developmental stability, the smaller the 

difference in FA between food abundance treatments. An index of developmental stability 

within a population was measured as the difference between the high and low food 

abundance treatments, in the mean of treatment family means of FAl (|R-L|). As in the 

population level measure of phenotypic plasticity, this difference measures the slope of 

the reaction norm of asymmetry, which is a measure of the developmental stability of the 

population across treatments (Mailer and Swaddle 1997). 

Between-treatment effects of asymmetry were tested using an F-test on (R-L). 

Palmer and Strobeck (1986) show this to be the most powerful test when comparing FA 

between two samples. Between-population comparisons were done using a Levene's test 

of |R-L| (FAl in Palmer and Strobeck 1986 and Palmer 1994) on each treatment 

separately, with a posthoc Tukey test for pairwise comparisons. Palmer and Strobeck 

(1986) show this to be the most powerful test when comparing FA among three or more 

samples. Due to small sample sizes, the between-site comparisons were done using a 

one-way ANOVA on the rank-transformed differences between treatments. This is 

equivalent to a non-parametric Kruskal-Wallace test (Zar 1996). In all measures and tests 

of asymmetry, 1 used the family means in each treatment to conform the asymmetry 

measures to the quantitative genetic analysis of phenotypic plasticity (Davidowitz ms. a). 

I included only those families with F1 offspring in both treatments. 

RESULTS 

Directional Selection Across Treatments 
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Directional selection averaged across environments cannot explain the lower 

plasticity responses in the populations from the more variable desert environments. Only 

one fitness function was found to be significant and negative (Table 2). Furthermore the 

relationship between the heritability of development time and mean rainfall was not 

significant, indicating no systematic change in genetic variation for development time 

across the gradient. (Fig. 2). 

Directional Selection Within Treatments 

Antagonistic and synergistic selection— Antagonistic and synergistic selection 

within environments can partially explain the plasticity response in development time 

across the precipitation variability gradient. Two populations (Ghost Ranch and Willcox) 

exhibited antagonistic selection in the high food treatment and synergistic selection in the 

low food treatment (Fig. 3) and had high levels of phenotypic plasticity. Two populations 

(Beatty and Searchlight) showed antagonistic selection in both environments (Fig. 3) and 

had low levels of plasticity. The remaining three populations (Las Vegas, Kofa, and 

Redrock) exhibited synergistic selection in the high food abundance treatment, and 

antagonistic selection in the low food abundance treatment (Fig. 3) and all had low levels 

of phenotypic plasticity. 

Developmental Stability 

Statistical properties of asymmetry— The form of asymmetry measured in the 

female hind femurs was fluctuating asymmetry. Tests of the distribution of asymmetry 
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showed that (R-L) did not differ significantly from zero in either treatment (high food 

abundance treatment; to.o5.(2),i78~0-294, P=0.7688, low food abundance treatment; 

to.o5,(2),i78'=-I-807, P=0.0725). The Shapiro-Wilk's test showed that (R-L) measured in 

the low food abundance treatment did not differ significantly from normality Wo.o5,i78~ 

0.977, P=0.1960 (gi=0.102±0.1836, g2=2.829±0.3672). (R-L) in the high food 

abundance treatment was not normally distributed (Wo.o5,i78= 0.835, P<0.0001), with 

most of the deviation from normality due to a leptokurtic distribution 

(gl=250.244±0.1836, g2=21.367±0.3672). Departures from normality pose a problem 

for the analysis of fluctuating asymmetry mainly due to the possibility that these 

departures have a genetic basis and are not due to developmental noise (Palmer 1994). A 

genetic basis in asymmetry can arise from directional asynunetry or antisymmetry. Both 

these sources of asymmetry can also artificially inflate FA values (Palmer 1994). It is 

therefore important to rule out both these sources of asymmetry. 

Antisymmetry could be ruled out as a source of asymmetry, as was evident from 

the large positive kurtosis (g2). This value was highly significantly different from zero 

(t0.05,(2),oc=l.96, t=58.l895, P«Q.00001). Directional asymmetry is not a source of 

asymmetry in the high food abundance treatment, as the F-test showed no significant 

difference in the variance between sides (F'=1.01, df=246,246, P=0.9508). The paired 

t-test of the mean between sides (t=-1.3 094, P=0.1916), and the mixed model ANOVA 

(FA 10) of each population also showed no significant difference between sides (not 

shown). From these results, both antisymmetry and directional asymmetry could be ruled 

out as a source of asymmetry. The use of the FA indices was then justified in the high 

food abundance treatment despite the departure from normality. 

Fluctuating asymmetry was not size dependent. The regression of jR-Lj on body 

size ((R-L)/2) showed no significant dependence of asymmetty on body size among 
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populations (F=0.16, P=0.7055). The within-population tests showed no significant 

dependence of asymmetry on body size for six of the seven populations (not shown). 

The Willcox population did exhibit such dependence between FA and body size, however 

(F=5.I7, P=0.0284, n=42). 

Fluctuating Asymmetry— The results strongly support the hypothesis that 

selection for developmental stability can result in lower plasticity responses in the 

populations from the more variable desert environments. Populations that exhibited lower 

levels of phenotypic plasticity also exhibit lower levels of fluctuating asymmetry (Fig. 4). 

Developmental stability conferred a fitness benefit, as populations with lower FA had 

higher fitness (Fig 5). 

There was a highly significant difference between treatments in the variance of FA 

(R-L) (F'=1.95, df=l77,177, P«0.00001), with the high food abundance treatment 

exhibiting higher levels of FA than the low food abundance treatments (FAl index; high 

food abundance; 0.117±0.112 s.d., low food abundance: 0.098±0.07 s.d.). The 

ANOVA of FAl in each treatment showed no significant population effects in the high 

food abundance treatment, and significant population effects in the low food abundance 

treatment, although there was no clear pattern across the gradient (Table 1). 

DISCUSSION 

Constraints on the evolution of plasticity are often cited to explain lower than 

predicted levels of phenotypic plasticity. In this study I tested the hypotheses that two 

additional mechanisms, directional selection and developmental stability, may result in 

low plasticity responses even in the absence of constraints on plasticity. 
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I found strong support for the hypothesis that selection for developmental stability 

can explain lower than predicted levels of phenotypic plasticity in development time in a 

precipitation variability gradient in the southwest U.S. I also found evidence that 

directional selection, acting in different directions within each food abundance 

environment, can explain the lowered plasticity responses in the more variable desert 

environments. I found no evidence to suggest that directional selection, acting in the same 

direction in both environments, can explain this pattern. 

Developmental Stability 

Increased developmental stability can explain the lower levels of phenotypic 

plasticity in development time in the desert populations. Populations with lower 

fluctuating asymmetry exhibited less phenotypic plasticity (Fig. 4) and had higher fitness 

(Fig. 5). Therefore, selection in desert environments favors mechanisms for stress 

resistance. 

Deserts are stressful with severe heat loads (Chappell 1983a, b) and are water 

limited (Noy- Meir 1973, MacMahon and Wagner 1985, Davidowitz ms. c). T. 

pallidipennis is most abundant in the desertscrubs and desertscrub grasslands (Ball et al. 

1942, Otte 1984) and, like other grasshoppers, uses a suite of behavioral and 

physiological mechanisms to thermoregulate and prevent water loss (Chappell 1983a, b, 

Bemays 1990). In a physiological study of 73 pallidipennis in southern California, 

Chappell (1983a, b) showed that the maximal tolerable body temperature is about 50°C, 

and thermal paralysis occurs at 51°C (death at SI'C). T. pallidipennis spends much of its 

time in thermoregulatory behavior and normally maintains a body temperature below 46-

48°C, when the ground temperatures can exceed lO'C (Chappell 1983a, b). 
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It is possible that the greater plasticity responses in the Ghost Ranch and Willcox 

populations (Fig. 1) are simply due to their inability to cope with a lack of fresh food, a 

condition of which they have less historical experience than the desert populations 

(Davidowitz ms a). However, this explanation does not seem likely in light of the lower 

FA in the low food abundance treatment across all populations. Both Ghost Ranch and 

Willcox are more asymmetric in the high food treatment (not shown). 

From this study it is evident that selection for adaptations for stress resistance in 

deserts, is stronger than selection for adaptations to variability such as phenotypic 

plasticity. Hoffmann and Parsons (1991) discuss a negative relationship between stress 

resistance and phenotypic plasticity in plants, insects and intertidal invertebrates. They 

suggest that increased stress resistance may reduce the level of phenotypic plasticity if the 

same mechanism controls the plastic response and stress resistance (Hoffmann and 

Parsons 1991). In a selection experiment, Scheiner et al. (1991) also provide partial 

evidence that stress resistance and phenotypic plasticity may be under the same control 

mechanism. They found a positive correlation between plasticity and FA for bristle 

number after selection in a low temperature environment and a negative correlation after 

selection in a high temperature environment. These correlations indicate that plasticity and 

stress resistance are not completely independent. 

A genetic tradeoff between phenotypic plasticity and stress resistance may have 

implications for the ecological conditions in which we may expect plasticity to evolve. 

Although phenotypic plasticity can evolve in response to environmental variability, highly 

variable environments such as deserts, may be stressfiil as well as variable. In such 

conditions, selection may favor adaptations for stress resistance, and phenotypic 

plasticity may be maladaptive, despite high environmental variability. 
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Although the results in Fig. 4 suggest that plasticity and stress resistance in T. 

pallidipermis may be controlled by the same mechanism this relationship is only 

correlative. Specific selection experiments on plasticity and stress resistance are needed to 

test for the presence of such a mechanism. 

Directional Selection Within Treatments 

I found some support for the hypothesis that directional selection acting 

differently in conditions of high and low food abundance, can explain the plasticity 

response to food abundance across the gradient (Jinks and Connolly 1973, 1975, 

Falconer 1990, Gavrilets and Scheiner 1993b). In conditions of low food abundance, 

selection favored accelerated development time in all five of the desert populations. In 

contrast, only the two grassland populations were selected for delayed development time 

in the low food environment. When food abundance was not limited, there was no clear 

distinction between desert and non-desert populations (Fig. 4). 

Can this difference in directional selection between food abundance treatments, 

and hence by extension, between years of high and low food abundance, explain the 

pattern of lower plasticity for development time in the more variable desert populations? 

Apparently, yes. The Jinks-Connolly rule (Jinks and Connolly 1973, 1975, Falconer 

1990) shows that antagonistic selection in both environments decreases the level of 

phenotypic plasticity. Consistent with this rule, the two desert populations (Beatty and 

Searchlight) that exhibit antagonistic selection in both environments (Fig. 3) both have 

low levels of plasticity for development time (Fig. 1). 

The remaining five populations conform to Falconer's (1990) modification of the 

Jinks-Connolly rule. This modification shows that in die environment with a larger 
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phenotypic value and greater genetic variation for the phenotype (the low food abundance 

treatment, in this study), synergistic selection will increase the plasticity response and 

antagonistic selection will decrease it (Falconer 1990, and above). Consistent with this 

rule, (1) selection in Ghost Ranch and Willcox was synergistic in the low food 

abundance environment (Fig. 3) and both populations had high levels of plasticity (Fig. 

1); and (2) selection in the Las Vegas, Kofa, and Redrock populations was antagonistic 

in the low food abundance treatment (Fig. 3) and all three populations exhibited low 

levels of phenotypic plasticity for development time (Fig. 1). Hence, when examined in 

each treatment separately, directional selection can, at least partially, explain T. 

pallidipennis' lower levels of phenotypic plasticity for development time in the more 

variable desert environments. 

There are three caveats to the analyses of within-treatment directional selection. 

First, is the question of how well selection in the food abundance treatments reflects 

selection to food abundance acting on the grasshoppers in nature. The desert populations 

of T. pallidipennis have historically experienced more years of low food abundance than 

the two non-desert populations (Davidowitz ms a). These populations are likely to be 

selected to respond to conditions of low host-plant abundance by decreasing development 

time. The non-desert populations have not historically experienced as many years of low 

food abundance and may respond to these conditions by simply growing slower due to a 

lack of resources. This can explain the pattem of directional selection in the low food 

abundance treatment in Fig. 3. All five desert populations are selected for short 

development time and the two non-desert populations are selected for delayed 

development time. There is greater genetic variation in the low food treatment than in the 

high food treatment (Davidowitz ms a), indicating the response to selection will be greater 

in the low food treatment than in the high food treatment. Therefore, the effects of 
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directional selection on the levels of phenotypic plasticity are driven mainly by the low 

food abundance treatment. Thus, the experimental treatments are likely to reflect 

conditions in nature, at least in response to conditions of low food abundance. 

However, there are many other selection pressures acting on natural populations 

of T. pallidipennis. Selection pressures are likely to change during ontogeny as different 

host plants become more abundant, and those present, mature, flower, and desiccate. 

Different host plants as well as differences in the age of host plants, are known to affect 

grasshopper growth and reproduction (Bemays and Chapman 1994). In addition, 

predation strongly affects grasshopper survivorship (Joem 1986, Fowler et al. 1991, 

Bock et al. 1992) as it does for T pallidipennis (Hadley and Szarek 1981, Marr and Raitt 

1983). Detailed field studies are needed to determine whether directional selection in the 

experimental conditions of food abundance studied here, reflect directional selection to 

food abundance conditions in nature. 

The second caveat is that these results are qualitative. Selection experiments for 

each population and environment are necessary to confirm and quantify the responses to 

selection within each treatment and population. Third, the sample sizes were too small to 

detect significant fitness functions in most populations. Of the 14 fitness functions, only 

one fitness function (Beatty in the low food abimdance treatment) was statistically 

significant. A 2-3 fold increase in sample size would have been required to detect 

significant fitness functions (not shown, Zar 1996). I therefore assumed that the sign of 

the fitness functions correctly represented the direction of selection, and that the sign 

would not change with a larger sample size. This assumption detracts only slightly from 

these results, as the focus of this analysis was in the direction of selection (upwards or 

downwards) rather than its intensity. 
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The results from the across-treatment and within-treatment analyses show that 

directional selection acts differently in years of high food abundance versus years of low 

food abundance, as well as differently in each population. They caution against 

extrapolating from selection acting in one environment to selection acting in another 

environment, and to estimating selection solely as an average across all environments 

(Gavrilets and Scheiner 1993b). Directional selection acting differently in each 

environment supports the model of Gomulkiewicz and Kirkpatrick (1992), which 

examined the evolution of reaction norms in spatially and temporally varying 

environments. In their analysis of between-generation temporal variability, each 

generation experiences only one environment, which remains constant throughout the 

generation. This is similar to the situation studied here. They showed that selection in a 

given generation acts only on that part of the reaction norm expressed in the particular 

environment experienced by that generation. In other words, in a year of high food 

abundance, selection will favor the phenotypic response that best maximizes fitness to 

high food abundance. In contrast, in a year of low food abundance, selection will favor 

the phenotypic response that best maximizes fitness in response to low food abundance. 

In such a situation, selection for a higher phenotypic value in one generation can result in 

a lower value in the next generation, causing a 'reversed' response to directional selection 

(Gavrilets and Scheiner 1993b). 

Directional Selection Across Treatments 

Directional selection for shorter development time cannot explain T. pallidipennis' 

lower levels of plasticity in the more variable desert environments, despite evidence of 

differences in directional selection between desert and non-desert populations. The 
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reaction norms for development time in Figure (4) of Davidowitz (ms. a) show that 

individuals from the two non-desert populations of Ghost Ranch and Willcox molt to 

adults later than do those from the desert populations. This difference in development 

time suggests that populations in desert biomes are under directional selection for shorter 

development time. 

If the low plasticity responses in the desert populations were due to directional 

selection for short development time, then the fitness functions of development time 

averaged across environments would be significant and negative. The results show that 

only one, out of 21 fitness functions, is significant and negative (Table 2). Furthermore, 

the heritabihty of development time was not lower in populations with lower plasticity, as 

would be expected if the lower plasticity response was due to directional selection for 

short development time (Fig. 2). 

In summary, the analysis of fluctuating asymmetry strongly supports the 

hypothesis that selection for stress resistance can prevent the evolution of phenotypic 

plasticity from evolving in response to environmental variability in the desert 

environments. When examined within each envirormient separately, synergistic and 

antagonistic directional selection can explain this pattern of plasticity responses, assuming 

that the within-treatment direction of selection accurately reflects that in the natural 

populations. Both developmental stability and within-environment directional selection 

work together to generate the observed pattern of plasticity response across the 

precipitation variability gradient. Without appropriate selection experiments, it is not 

possible to distinguish which mechanism is more important in determining the plasticity 

responses in T. pallidipemis. Directional selection for short development time in all 

environments, carmot explain the lower levels of phenotypic plasticity for development 
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time in the more variable desert environments where this grasshopper is commonly 

found. 

General Conclusions 

Phenotypic Plasticity Across a Gradient of Environmental Variability 

Phenotypic plasticity has been proposed as a mechanism by which an organism 

can increase fitness in response to short-term environmental variability. I tested the 

prediction that populations which historically have experienced higher levels of 

environmental variability have greater plasticity than populations that have historically 

experienced lower levels of environmental variability. Contrary to expectation, I found 

that populations from the more variable environments exhibited lower plasticity responses 

than populations from the less variable environments. 

Numerous models show that adaptive plasticity can be constrained from evolving 

in response to environmental variability. However, I found no evidence that the lower 

plasticity responses were due to constraints on the evolution of plasticity. Instead, the 

pattern of plasticity responses across the precipitation variability gradient appears to be 

due to selection for developmental stability as well as differences in the direction of 

selection within each environment. 

Developmental stability is rarely mentioned as a constraint on the evolution of 

phenotypic plasticity (but see Hoffmann and Parsons 1991), and more work is needed to 

determine if there is a genetic tradeoff between them. However, since stress resistance 

and phenotypic plasticity are both ubiquitous, we should examine whether stress 

resistance, as well as constraints, can explain lower than predicted levels of phenotypic 

plasticity. 
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Although we have a general understanding of the conditions in which phenotypic 

plasticity can evolve in response to environmental variability, we have only a limited 

understanding on how organisms actually perceive variability of the environment. 

Furthermore, we lack information on how perceived environmental variability is then 

translated through development into a phenotype (Scheiner 1993, Pigliucci 1996). There 

is, however, a wealth of information on the proximate physiological and developmental 

mechanisms underlying many characters. Integrating such information into models of 

population biology can greatly further our understanding of how mechanisms such as 

phenotypic plasticity and developmental stability evolve in response to variable 

environments. 
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Table 1. The seven study sites. The sites are ordered from the least to most variable 

precipitation. See Davidowitz (ms a) for a full description of the study sites. 

Site State Biome 

Ghost Ranch New Mexico Great Basin Conifer Woodland 

Willcox 

Beatty 

Redrock 

Arizona 

Nevada 

Arizona 

Searchlight Nevada 

Las Vegas Nevada 

Kofa Arizona 

Semidesert Grassland 

Mohave Desertscmb 

Lower Colorado Subdivision of 

the Lower Sonoran Desert 

Mohave Desertscmb 

Mohave Desertscmb 

Lower Colorado Subdivision of 

the Lower Sonoran Desert 
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Table 2. Directional selection averaged across treatments. The populations are ordered 
from the least variable in precipitation to the most variable. F- F value, P- P value, n-
sample size, r^- coefficient of determination from fitness fxinctions (see text). 

Population Survivorship Potential Survivorship * 
Fecundity Potential fecundity 

F, P F, P F, P 
n, r2 n, r^ n, r^ 

Ghost Ranch 0.409, 0.5334 
15, 0.031 

8.564, 0.0138 
13, 0.438 

0.135, 0.7202 
13, 0.012 

Willcox 0.202, 0.6580 
23, 0.009 

1.532, 0.2309 
21, 0.075 

1.286, 0.2709 
21, 0.063 

Beatty 4.182, 0.0507 
29, 0.134 

1.24, 0.2794 
21, 0.061 

0.99, 0.3323 
21, 0.05 

Redrock 1.869, 0.1867 
22, 0.085 

3.99, 0.062 
19, 0.19 

0.046, 0.8319 
19, 0.003 

Searchlight 0.02, 0.8893 
39, 0.0005 

0.038, 0.8472 
26, 0.002 

0.005, 0.9436 
26, 0.0002 

Las Vegas 2.15, 0.1541 
29, 0.074 

0.458, 0.5074 
20, 0.025 

1.752, 0.2022 
20, 0.089 

Kofa 0.294, 0.596 
31, 0.01 

0.0003, 0.9868 
23, 0.0001 

0.03, 0.8646 
23, 0.001 
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Table 3. ANOVA and between-site comparison of fluctuating asymmetry. The solid 
bars indicate populations that do not differ significantly in FA. 

Low Food Abundance Treatment 

Source df MS F P 
Population 6 0.01497 3.32 0.004 
Error 171 0.00451 

Las Vegas Searchlight Beatty Ghost Ranch Kofa Redrock Willcox 

High Food Abundance Treatment 

Source df MS F P 
Population 6 0.01521 
Error 171 0.01243 

1.22 0.2961 
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FIGURE LEGENDS 

Figure 1. Plasticity response of female development time across the gradient of 

precipitation variability. y=5.1909x"0-2556^ F=594.053, P«0.000l, 

r2=0.7368. Precipitation variability is unitless (see Davidowitz ms b) and 

higher values denote greater variability. Abbreviations: B=Beatty, G=Qiost 

Ranch, K=Kofa, R=Redrock, S=Searchlight, V=Las Vegas, W=WiIlcox. 

Figure 2. Heritability of female development time across the precipitation variability 

gradient. y=0.086-0.0001x, F=0.029, P=0.8710, r2=0.006. Abbreviations: 

B=Beatty, G=Ghost Ranch, K=Kofa, R=Redrock, S=Searchlight, V=Las 

Vegas, W=Willcox. 

Figure 3. Population reaction norms of female development time and directional 

selection within treatments. Diagonal lines are the mean population reaction 

norms. Solid arrows represent synergistic selection, and dashed arrows 

represent antagonistic selection. 

Figure 4. Plasticity responses of female development time and developmental stability. 

y=-0.14+0.02x, F=69.389, P=0.0004, r2=0.933. Abbreviations: B=Beatty, 

G=Ghost Ranch, K=Kofa, R=Redrock, S=Searchlight, V=Las Vegas, 

W=WiUcox. 

Figure 5. Fitness consequences of developmental stability, (a) 0.706-5.007x, 

F=16.I8I, P=0.0101, r2=0.764, (b) 44.693-187.556x, F=23.317, 

P=0.0048, r2=0.823. Abbreviations: B=Beatty, G=Ghost Ranch, K=Kofa, 

R=Redrock, S=Searchlight, V=Las Vegas, W=Willcox. 



Figure 1 

10-

9-

j_W 

7-

0.05 0.1 0.15 0.2 0.25 0.3 

Among-Year Seasonal Rainfall Variability 



1 9 4  

Figure 2 
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Figure 3 

Female 
Development 
Time ((^ys) 
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Figure 4 
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