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Abstract 30 

1.) Understanding how abiotic conditions influence dispersal patterns of organisms is 31 

important for understanding the degree to which species can track and persist in the face 32 

of changing climate.  33 

2.) The goal of this study was to understand how weather conditions influence the dispersal 34 

pattern of multiple non-migratory grasshopper species from lower elevation grassland 35 

habitats in which they complete their life-cycles to higher elevations that extend beyond 36 

their range limits.  37 

3.) Using over a decade of weekly spring to late-summer field survey data along an 38 

elevational gradient, we explored how abundance and richness of dispersing grasshoppers 39 

were influenced by temperature, precipitation, and wind speed and direction. We also 40 

examined how changes in population sizes at lower elevations might influence these 41 

patterns.  42 

4.) We observed that the abundance of displaced grasshoppers along the gradient declined 4-43 

fold from the foothills to the subalpine and increased with warmer conditions and when 44 

wind flow patterns were mild or in the downslope direction. Thirty-eight unique 45 

grasshopper species from lowland sites were detected as dispersers across the survey 46 

years, and warmer years and weak upslope wind conditions also increased the richness of 47 

these displaced grasshoppers. The pattern of grasshoppers along the gradient was not sex 48 

biased. The positive effect of temperature on dispersal rates was likely explained by an 49 

increase in dispersal propensity rather than by an increase in the density of grasshoppers 50 

at low elevation sites.  51 



   

 

   

 

5.) The results of this study support the hypothesis that the dispersal patterns of organisms 52 

are influenced by changing climatic conditions themselves and as such, that this context-53 

dependent dispersal response should be considered when modeling and forecasting the 54 

ability of species to respond to climate change.   55 

 56 

Key words: Climate change, dispersal, elevational gradients, range expansion, range limits, 57 

source-sink dynamics 58 
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 “The continual wide dissemination of so-called accidentals [dispersers], has, then, provided the 60 

mechanism by which each species as a whole spreads, or by which it travels from place to place 61 

when this is necessitated by shifting barriers. They constitute sort of sensitive tentacles, by which 62 

the species keeps aware of the possibilities of areal expansion. In a world of changing 63 

conditions, it is necessary that close touch be maintained between a species and its geographical 64 

limits, else it will be cut off directly from persistence…” 65 

- Grinnell (1922) 66 

 67 

Introduction 68 

Dispersal is an important process that influences the spatial and temporal distributions, local 69 

stability, and genetic structure of populations (Ibrahim, Nichols & Hewitt 1996; Clobert et al. 70 

2012). As dispersal affects the evolutionary dynamics of spatially structured populations, it is an 71 

important life history trait that impacts the ability of populations to respond to environmental 72 

change (Ronce 2007; Bell & Gonzalez 2011; Bonte & Dahirel 2017). The dispersal pattern of 73 



   

 

   

 

organisms is relevant not only in understanding how populations respond and adapt to changing 74 

local conditions, but also in the context of whether species will be able to spatially track shifting 75 

conditions under climate change (Malcolm et al. 2002; Loarie et al. 2009; Halbritter et al. 2013; 76 

VanDerWal et al. 2013; Maguire et al. 2015; Bonebrake et al. 2018). That is, dispersal patterns 77 

of species may influence whether and to what degree they are able to persist in the face of 78 

changing local and regional climates by shifting their distributions into more favorable areas 79 

(Buckley, Tewksbury & Deutsch 2013; Driscoll et al. 2014; Urban et al. 2016; Bonebrake et al. 80 

2018). 81 

Abiotic factors are known to alter dispersal patterns directly through their impacts on 82 

species or indirectly through their influences on the abiotic environment (Le Galliard, Massot & 83 

Clobert 2012). Changes in temperature, precipitation, and other weather factors (e.g., 84 

windspeed), are known to influence dispersal patterns, although the strength and direction of 85 

effect can be highly taxon dependent (Travis et al. 2013). In the context of climate change, if 86 

species’ dispersal patterns themselves are impacted by weather variability and changing climatic 87 

conditions (Bowler & Benton 2005; Hodgson et al. 2009; Doerr, Barrett & Doerr 2011; Travis et 88 

al. 2013), this challenges the assumption that dispersal potential is a fixed trait (Clobert 2001; 89 

Thomas, Brain & Jepson 2003; Ronce 2007; Thuiller et al. 2008; Record et al. 2018). Given the 90 

likelihood that dispersal is context dependent rather than a fixed trait, climate change studies 91 

should invoke a more dynamic expectation of how species' dispersal responses will themselves 92 

be influenced by shifting climatic conditions (Kokko & Lopez-Sepulcre 2006; Travis et al. 93 

2013).  94 

In this study, we investigate how shifting climatic conditions may influence the 95 

rate at which species disperse beyond their elevational range limits. More specifically, we 96 



   

 

   

 

examine how variation in temperature, precipitation, and wind speed and direction influence the 97 

dispersal patterns of an assemblage of low elevation non-migratory grasshoppers along an 98 

elevational gradient in the southern Rocky Mountains (Colorado, USA). To quantify changes in 99 

dispersal patterns along this gradient, we conducted weekly spring to late-summer surveys at 100 

foothill to subalpine sites and recorded the abundance and species richness of grasshoppers that 101 

dispersed to these sites from the high plains. While montane grasshoppers are considered 102 

residents when they complete their life-cycles at higher elevations, likely due to an ability to 103 

meet their physiological requirements, adult grasshoppers dispersing from lowland to montane 104 

areas are considered non-residents because they are restricted to initiating and completing their 105 

full life-cycles at lower elevations (Alexander 1964). Here we refer to these non-resident 106 

individuals and species as “dispersers”, while other terms used may include “vagrants” and 107 

“accidentals”. These disperser species may be relatively rare or common at montane sites 108 

depending on year and site and the net movement of these grasshoppers is in the upslope 109 

direction (Alexander & Hilliard 1969). 110 

Grasshoppers are appropriate organisms for exploring how abiotic conditions influence 111 

dispersal patterns because abiotic conditions impact their development, daily activity patterns, 112 

movement behaviors, and population dynamics (Beck 1983; Chappell & Whitman 1990; Bale et 113 

al. 2002; Olfert & Weiss 2006; Buckley, Nufio & Kingsolver 2014; Jonas, Wolesensky & Joern 114 

2015). Changes to grasshopper dispersal patterns are also of interest broadly because the 115 

dominance of these herbivores in grassland ecosystems means that large scale changes in their 116 

movement patterns can have important impacts on ecosystem, rangeland, and agricultural 117 

systems (Branson, Joern & Sword 2006).  118 



   

 

   

 

In this study, we test the hypothesis that the dispersal propensity of organisms beyond 119 

their range limits can be context-dependent and, in particular, influenced by changing weather 120 

conditions. Given previous work on grasshoppers, if dispersal responses vary with abiotic 121 

conditions, we predict that warmer temperatures and lower precipitation levels should increase 122 

the abundance and richness of dispersing grasshoppers from lower to higher elevations 123 

(Alexander 1951; Alexander 1964; Walters et al. 2006). However, based on the literature, it is 124 

unclear whether we should expect that the directionality and strength of east-west wind patterns 125 

up the east sloping mountain should increase (Alexander 1951; Alexander 1964) or decrease 126 

(Narisu, Lockwood & Schell 2000) the rate at which these individuals disperse along the 127 

gradient. We also explore whether the dispersal propensity of these grasshoppers differs between 128 

males and females. Finally, by examining the population dynamics (abundance) of resident 129 

grasshoppers at the lowest elevation site and its relationship with weather conditions, we propose 130 

and address the relative importance of two mechanistic hypotheses that could explain the flow of 131 

dispersing individuals. The first hypothesis proposes that an increase in the number of dispersers 132 

found at higher elevations is due to a net increase in the number of grasshoppers at lowland 133 

source sites that may be promoted by warmer and drier conditions. The second hypothesis 134 

proposes that weather conditions directly or indirectly influence the dispersal propensity of 135 

grasshoppers rather than increase the number of potentially available dispersers. A correlation 136 

between weather conditions that lead to increases in grasshopper abundance and the number of 137 

sampled dispersers would suggest that changes in abiotic conditions promote dispersal through 138 

their positive impact on lowland population dynamics. However, if the weather conditions that 139 

promote dispersal patterns are opposed to or do not reflect the conditions that promote 140 



   

 

   

 

grasshopper population sizes, increased movement rates of grasshoppers would be best explained 141 

by changes in dispersal propensity that are influenced by changing abiotic conditions.   142 

 143 

Materials and Methods 144 

Field sites and grasshopper surveys 145 

Grasshoppers in this study were sampled from four sites along an approximately 1300-m 146 

elevational gradient within Boulder County, Colorado, USA. These sites, running along the 40th 147 

parallel, are Chautauqua Mesa (1752m), A1 (2195m), B1 (2591m), and C1 (3048m) and reflect 148 

southeast-facing grassy clearings associated with distinct life-zones (Table 1, Fig. 1). As one 149 

moves from the foot hills to the sub-alpine life zones there is an increase in the average total 150 

precipitation (52.5- 67.0 cm) and a decrease in the average yearly temperature (10.5–1.7 C) 151 

(McGuire et al. 2012; Kittel et al. 2015; Western Regional Climate Center 2020). 152 

The grasshopper data used in this study were collected via weekly surveys conducted 153 

during two time periods constituting historic, 1958-60 (Alexander & Hilliard 1969), and 154 

contemporary surveys, 2006-15 (Nufio et al. 2010). As the field season for adult grasshoppers 155 

begins in spring and ends in late summer, the weekly surveys began in May or June (depending 156 

on the initiation of the season due to elevation) and extended into mid-September. These weekly 157 

surveys consisted of systematic 1.5-person-hours of sweep-netting (divided among 1 to 3 158 

surveyors) and 0.75 person-hours of time spent searching for adults and juveniles that may have 159 

been missed by sweep netting. During each survey grasshoppers were processed in the field 160 

where their numbers, developmental stages and sexes, and species designations were recorded. 161 

To minimize potential observer biases (due to differences in sweep netting techniques or ability 162 

to search and identify individuals), the same collector was involved and made the identifications 163 



   

 

   

 

during the current surveys (C. Nufio). In turn, a subset of grasshoppers, that included common 164 

species and particularly unusual sightings, where brought to the lab to document species and 165 

ensure proper identification. Thus, the likelihood that dispersing individuals were continuously 166 

resampled was considered low. As stated above, dispersers in this study are defined and 167 

restricted to the detection of adult grasshoppers at sites that exceed their normal geographic 168 

distributions (areas in which they can initiate and complete their life-cycles; typically the plains 169 

below the foothills (see Supplementary Material Appendix S1; Alexander 1964, Alexander and 170 

Hilliard 1969)). However, for Chautauqua Mesa, the lowest elevation site, several species 171 

previously considered residents by Alexander (1964) are now considered to be non-resident 172 

dispersers at the site because recent surveys have failed to detect their juveniles even though 173 

thousands of grasshoppers (including hundreds of juveniles) have been processed at this site 174 

(Nufio and Buckley 2019). The reasons for the loss of these resident species is unknown but may 175 

reflect factors such as a decrease in habitat area (Nufio, McClenahan & Thurston 2009), the 176 

introduction of invasive grasses, and a reduction in the availability of open habitats. Finally, in 177 

this study, we do not include as dispersers species referred to as transients by Alexander (1964); 178 

species that may complete their life-cycles in montane sites on some years but not others (e.g., 179 

Melanoplus sanguinipes at B1 & C1 in both the historic and contemporary surveys, M. bivittatus 180 

at C1 in 1959).   181 

  Because of a lack of consistency in the frequency of weekly surveys in 1958 and a lack 182 

of effort to document dispersers in 2006 (the first year of each survey period), these years were 183 

not included in our analyses, providing a 6 - 11-year data survey record depending on the site 184 

(Table 1). The historic, 1958-60 (Alexander & Hilliard 1969), and contemporary surveys, 2006-185 

15 (Nufio et al. 2010) were used to document the occurrence of adult dispersers and their 186 



   

 

   

 

abundance, and to examine the role of precipitation and temperature on grasshopper population 187 

sizes at Chautauqua Mesa. However, only the contemporary survey data was used to explore the 188 

effects of weather variables on dispersal patterns because corresponding wind data do not exist 189 

for the historical survey years (1959-1960). 190 

 191 

Weather data 192 

The temperature, precipitation, and wind data used for analyses corresponding to the 2007 - 2015 193 

time period were obtained from the National Renewable Energy Laboratory’s National Wind 194 

Technology Center’s (NWTC) M2 Tower (1855 m; 39.9106 N -105.2348 W; Jager & Andreas 195 

1996). The tower is located near the base of the mountain and thus approximates the conditions 196 

experienced at lower elevations from which dispersing individuals originate (Fig. 1). The raw 197 

weather and wind data used in the study and provided by the M2 tower includes measurements 198 

recorded every two seconds and averaged over one-minute intervals for temperatures at a 2-m 199 

height, and the wind speed and direction at 2 and 80-m heights. The wind speed and directions at 200 

the two heights correspond to conditions experienced by grasshoppers when near the ground and 201 

when in flight (Chapman et al. 2004). Precipitation is provided by the M2 tower as the total 202 

accumulated since the beginning of a given day. For our analyses, calculations of the average 203 

daily temperature (C), wind speeds (m/s) and wind components (see below) were restricted to 204 

those occurring from 6 a.m. to 6 p.m., the approximate hours of grasshopper activity. 205 

Calculations of accumulated precipitation (mm) were, however, based on daily totals. In this 206 

study, only weather conditions at the base of the mountain were used to determine dispersal 207 

patterns because these conditions are expected to be most consequential for influencing the 208 

dispersal patterns of lowland species from their points of origin to higher elevations.    209 



   

 

   

 

While wind speed serves as a metric of the overall magnitude of winds in any direction, 210 

wind vector components are used to account for both the speed and direction of winds. By 211 

convention, the speed and direction of any horizontal wind can be described by two orthogonal 212 

wind components, the zonal (west-east) component u and the meridional (south-north) 213 

component v (National Center for Atmospheric Research 2013). These components are 214 

calculated as 215 

u = −WS • sin(
𝜋 • 𝜃 

180
) 216 

and 217 

v = −WS • cos(
𝜋 • 𝜃

180
) 218 

 219 

where WS is the wind speed and θ is the direction the wind is coming from (degrees clockwise 220 

from north). When added together, these components produce a resultant vector whose 221 

magnitude represents the wind speed and whose direction points in the direction towards which 222 

the wind is moving.  223 

Since upslope grasshopper dispersal is of interest to our study, we focus on wind in the 224 

east-west direction which runs parallel to the direction of our elevational gradient. While the 225 

north-south components may contribute to these movement patterns, given the complexity of 226 

wind data, the number of study sites and our inability to infer directionality of grasshopper flight 227 

patterns, we simply make the assumption that its orthogonal direction to the gradient is likely 228 

less relevant for upslope dispersal. Thus, the mean zonal (hereon U-vector) component for any 229 

given time period can be interpreted as the mean wind flow from west to east over that time 230 

period (in m3/s through one m2 of area perpendicular to the direction of wind flow). Positive U-231 

vector values imply that the net movement of wind is from the west to the east (downslope), and 232 



   

 

   

 

negative U-vector values indicate net wind movement is from the east to the west (upslope). The 233 

larger the values in the positive or negative direction, the greater the wind flow in that given 234 

direction. During morning and afternoon hours when grasshoppers are active, net daily U-vector 235 

wind flow is typically in the upslope direction.   236 

 237 

Seasonal dispersal patterns 238 

To understand how the relationship between the number of dispersers found at site and 239 

elevation we summed the total number of individual dispersers and dispersing species detected at 240 

each of the four sites during the historical (1959 and 1960) and the contemporary (2007-2015) 241 

survey years (n = 35, Table 1). For this and subsequent analyses, we restricted each year’s data 242 

on the number of non-resident dispersers at each site to 11 collection dates that began in early 243 

June and ended on or just prior to September 7. Given that the initiation of field surveys at a 244 

given site reflected a natural delay in the start of the field seasons with elevation (beginning in 245 

May at the lowest elevation and June at the highest), this restriction ensured that each site was 246 

represented by an equal number of sampling events that were also conducted during the same 247 

time intervals each year. Although this strategy slightly underestimated the number of dispersers 248 

at the lower sites, these restricted collecting events well encompassed most grasshopper 249 

abundance and dispersal activity periods occurring over a season (Appendices 1 and 2). Because 250 

sex biased dispersal can be important for range expansion (Miller & Inouye 2013), we pooled 251 

and compared the number of male and female dispersers collected across sites using the 252 

combined historic and contemporary survey data. 253 

Seasonal dispersal patterns analysis 254 



   

 

   

 

To determine the effects of elevation and weather variables on the number and species 255 

richness of dispersing grasshoppers collected we used generalized linear models (GLM).  In the 256 

models we assumed a Poisson distribution and used a log link function. To determine which 257 

height (2m or 80m) was most appropriate to use for wind variables, we used likelihood ratio tests 258 

(LRT) to compare the difference in deviance between a base GLM that included site elevation, 259 

temperature, precipitation, and year, with models that included the addition of each wind variable 260 

independently (wind speed or wind U-vector at 2 or 80 m). We then fit models with the number 261 

of dispersing individuals as a response variable and the following as predictor variables: year, 262 

elevation, temperature, precipitation, a temperature x precipitation interaction, and wind speed 263 

and wind U-vector variables at the heights with the greatest explanatory power. The predictor 264 

variables in all models were centered and scaled to allow for a comparison of the relative 265 

importance of their coefficients. We used variance inflation factors (VIFs) to assess collinearity 266 

among variables and removed problematic variables from the model. We did model selection 267 

using AICc to identify the most parsimonious model out of those made up of all combinations of 268 

predictor variables. The most parsimonious model was then used to examine the corresponding 269 

effects of elevation and weather variables on the number of species detected (richness) across the 270 

sites over the years. Diagnostic plots were used to evaluate the fit of the models and pseudo R2’s 271 

for models were calculated (Zuur 2009). In all models, elevation was treated as a 272 

continuous variable because such a designation provides quantitative information that can be 273 

used to build ecological models and because linear approaches have been shown to provide 274 

greater power for detecting changes along gradients and for quantifying responses to multiple 275 

factors (see Somerfield, Clarke & Olsgard 2002; Cottingham, Lennon & Brown 2005). To 276 

examine whether there was a departure from the expected 1:1 sex ratio in the dispersers collected 277 



   

 

   

 

along the gradient we used Chi-square tests that pooled data across all sites and among the sites 278 

across all surveyed years.   279 

 280 

Population size and weather patterns 281 

We used the lowest elevation foothills site, Chautauqua Mesa, as a proxy for understanding the 282 

relationship between the density of adult resident grasshoppers at lower elevations (from where 283 

the non-resident dispersers arise) and changes in the average temperature and cumulative 284 

precipitation that occurs from spring to summer. Chautauqua Mesa was used because it is nearest 285 

to the lowland sites and because we do not have long-term survey data from the high plains area. 286 

To estimate the yearly density of resident grasshoppers at Chautauqua Mesa during the 1959-287 

1960 and 2007-2012 surveys, we tallied the total number of grasshoppers of 9 species that were 288 

residents during both time periods and were surveyed during the 11 collection dates that occurred 289 

from June 1 to September 7. These 9 species included Aeropedellus clavatus, Arphia conspersa, 290 

Eritettix simplex, Hesperotettix viridis, Melanoplus bivittatus, M. confusus, M.  dawsoni, M. 291 

femmurrubrum, and M. sanguinipes (Supplementary Material Appendix S2). To calculate the 292 

average seasonal temperature and total precipitation associated with each surveyed year, we used 293 

the United States Department of Commerce's National Oceanic and Atmospheric Administration 294 

(NOAA) weather station data (Cooperative ID 050848; 39.9919  -105.2667; data available via 295 

https://wrcc.dri.edu/) because the NREL station that collects current wind pattern data was 296 

established in the late 1970's and thus does not account for the temperature and precipitation 297 

levels associated with the 1959-1960 surveys. This NOAA weather station is located 1.3 km 298 

away from Chautauqua Mesa and is at a similar elevation (1671 m). Because May is the wettest 299 

month of the season and could have a large impact on the development of vegetation, we 300 



   

 

   

 

calculated the average temperature and total precipitation for each season from May 1 (a month 301 

earlier than the 11 survey periods were initiated) to September 7.   302 

 303 

Population size and weather analysis 304 

Finally, a multiple regression analysis was used to examine the relationship between the total 305 

number of resident grasshoppers collected at Chautauqua Mesa from June 1 to September 7, with 306 

the average seasonal temperature and total precipitation occurring from May 1 to September 7 307 

from the NAAO's Boulder weather station. The predictor variables (temperature and 308 

precipitation) were centered and scaled to allow for a comparison of the relative importance of 309 

their coefficients. Interactions effects between precipitation and temperature to explain 310 

grasshopper numbers were explored and are presented. We used R version 3.4.1 (R Core Team 311 

2017), the car package (Fox & Weisberg 2011) for calculating VIFs, and the MuMIn package 312 

(Bartoń 2017) for model selection. 313 

 314 

Results 315 

When considering both the historical and contemporary surveys and restricting each surveyed 316 

year to 11 collection dates, 851(684 from the contemporary survey) individual dispersers were 317 

detected along the elevational gradient, and these individuals represented 38 unique lowland 318 

prairie species (Supplementary Material Appendix 1). Along the mountain there was a decline in 319 

the average number of dispersers (Fig. 2a; F3,31 = 3.94, P = 0.017, ANOVA) and their species 320 

richness per year (Fig. 2b; F3,32 = 6.43, P = 0.0016, ANOVA) associated with increases in 321 

elevation. On a yearly basis, dispersers were four times more numerous and twice as species rich 322 

at the lowest site (Chautauqua Mesa) compared to the highest site (C1) which were associated 323 



   

 

   

 

with 52.13 (± SE 10) and 12.36 (± 8.5) individual dispersers and 9 (± 1.04) and 3.90 (± 0.88) 324 

species per year, respectively. An analysis of the sex ratio of the grasshoppers collected across 325 

the sites did not show that dispersal was sex-biased when the data was pooled across sites (X2 = 326 

0.08, P = 0.77) or when the pattern was examined at each site (Chautauqua Mesa, X2 = 0.02, P = 327 

0.88; A1, X2 = 0.03, P = 0.85; B1, X2 = 0.16, P = 0.69; C1, X2 = 0.67, P = 0.41). The number of 328 

dispersers collected during a given survey date increased in mid-summer (July), was greatest in 329 

early August, and declined in September. The lower the elevation of the collection site, the 330 

greater the number of dispersers detected per survey and the earlier the maximum number of 331 

dispersers per survey was reached in the season (Fig. 3). 332 

 333 

Seasonal dispersal patterns  334 

Over the surveyed years, wind speed at 80-m and wind U-vector at 2-m height resulted in 335 

the greatest change in deviance compared to other heights. Our initial full model thus had 336 

disperser individuals as a response variable and as predictor variables: year, elevation, 337 

temperature, precipitation, a temperature x precipitation interaction, wind speed (80-m), and 338 

wind U-vector (2-m). VIFs for the full model indicated that the inclusion of the temperature x 339 

precipitation interaction and precipitation variables (VIF =10.0 and 11.9, respectively) resulted in 340 

co-linearity in the model. Dropping these terms resulted in VIF values of 5.3 or lower. Zuur et al. 341 

(2009) state that such values, well below 10, suggest collinearity is not a major issue. We note 342 

that temperature and precipitation were inversely related (R2 = 0.27, P = 0.004), such that 343 

warmer years tended to be drier and vice-versa and that this correlation makes it difficult tease 344 

apart the independent effects of temperature and precipitation on grasshopper dispersal patterns. 345 

Model selection indicated that the full model with all remaining predictor variables (year, 346 



   

 

   

 

elevation, temperature, wind U-vector, windspeed) was the most parsimonious compared to all 347 

other candidate models (AICc = 283.4, 13.15 AICc values lower than the next model, weight = 348 

0.999). The number of dispersers declined with elevation and increased with temperature (Table 349 

2a). The net daily seasonal wind flow of grasshoppers tended to be in the upslope direction and 350 

the number of dispersers increased with increasing U-vector values, indicating more dispersing 351 

individuals are found at sites during calmer or downslope wind conditions (Table 2a). The 352 

number of these non-residents also declined as windspeeds (80-m) at the base of the mountain 353 

increased and a negative effect of year was detected (Table 2a). This full model accounted for 354 

84% of the variance (pseudo R2) in the number of dispersers detected over the season. Effects of 355 

weather variables on species richness of these individuals were detected for only temperature and 356 

wind U-vector (Table 2b). The coefficients showed the same direction of effects as those for the 357 

number of dispersers in the model (Table 2) as the number of dispersing individuals collected at 358 

a site each year was correlated with species richness (R2 = 0.64, P << 0.0001). This model 359 

accounted for 50% of the variance (pseudo R2).   360 

 361 

Population size and weather  362 

At Chautauqua Mesa, the total number of grasshoppers collected each year over the 363 

1959-1960 and 2007-2012 surveys was negatively related to increases in temperature (F1,1 364 

=22.54, Standardized Coefficient (SC) = -187.68, P = 0.009). While precipitation itself did not 365 

explain changes in resident grasshopper densities (F1,1 =0.33, SC = 21.44, P = 0.60), an 366 

interaction between temperature and precipitation (F1,1 = -411.39, SC = 105.24, P = 0.017) 367 

showed that reductions in the number of residents due to increases in temperature were stronger 368 

on drier years.  369 



   

 

   

 

Discussion 370 

Quantifying the dispersal potential of organisms and how weather conditions influence these 371 

patterns is essential for understanding how changing climates themselves may positively or 372 

negatively influence the ability of organisms to modify their distributions and persist (Hickling et 373 

al. 2006; Travis et al. 2013; Bonebrake et al. 2018). In this study, we quantified the collective 374 

dispersal pattern of 38 unique grasshopper species that originated from highland prairies and 375 

moved along a foothills to subalpine gradient. As expected, the number of dispersing individuals 376 

and species found at a site decreased with the site’s distance from their low elevation source 377 

populations (Nathan et al. 2012). In particular, from the foothills to the subalpine there was a 4-378 

fold decrease in the number of displaced individuals and a 2.5-fold decrease in the number of 379 

dispersing species detected over a season. Although some studies have shown that sex-biased 380 

dispersal can be important in grasshoppers (Walters et al. 2006) and other insects (Albrectsen & 381 

Nachman 2001; Miller & Inouye 2013; Mishra et al. 2018), we did not detect a biased sex ratio 382 

among the dispersing grasshoppers that were collected.  383 

 Across years, the most parsimonious and best supported model showed that the number 384 

of displaced individuals and species detected at sites was, as predicted, positively related to 385 

increases in seasonal temperatures. However, due to the strong co-linearity between precipitation 386 

and temperature and the removal of precipitation from the best supported full model, it was not 387 

possible to explore the additional or potentially consequential effects of precipitation. Larger 388 

data sets, longer times series and future experimental approaches may help untangle the potential 389 

independent role of precipitation on these dispersal patterns. Other studies have found that 390 

warmer and drier weather patterns can both lead to increases in the dispersal of insects beyond 391 

their normal ranges (Parmesan 2006). Still, the measured increase in the dispersal rates of 392 



   

 

   

 

grasshoppers with yearly increases in temperature is consistent with studies that suggest a long-393 

term warming pattern is the main driver of recent range expansions of grasshoppers and other 394 

orthoptera across temperate Europe (Poniatowski et al. 2018; Fumy et al. 2020). Unlike studies 395 

suggesting that grasshoppers may disperse against (Narisu, Lockwood & Schell 2000) or with 396 

(Alexander 1951; Alexander 1964) the dominant wind flow directions, our study found that 397 

decreases in the velocity of airflow at low elevation in the upslope direction led to increases in 398 

the movement of grasshoppers along the gradient. These findings are consistent with a large-399 

scale study which found that high wind current velocities reduced the flow of insects on a 400 

regional scale, while moderate wind flow rates and warmer days promoted the dispersal of larger 401 

diurnal insects (Hu et al. 2016). As the greatest number of dispersers were collected during 402 

several years when the predominant wind flow patterns where mild and in the downhill direction, 403 

this suggests that the effect of wind velocity and direction on grasshopper dispersal patterns may 404 

be more nuanced than whether insects simply move towards or away from dominant wind 405 

patterns. Although it is not clear how wind flow patterns may change with future global warming 406 

scenarios (Pryor & Barthelmie 2011), their role in influencing species interactions and in 407 

supporting the movement of a variety insects, plants and other organisms is important (Stinner et 408 

al. 1983; Pasek 1988; Barton 2014) and should be considered along with other weather 409 

associated patterns when modeling future dispersal patterns (see, for example, La Sorte et al. 410 

2019). 411 

Examination of the flow dispersers along the gradient over each season is not uniform, 412 

rather it is composed of distinct temporal pulses. That is, the peaks in the number of dispersing 413 

grasshoppers are staggered, with the highest number being detected at the lowest site 414 

(Chautauqua Mesa) in mid to late-July and the peak occurring in early September in the upper 415 



   

 

   

 

montane (B1) (Figure 3). As Amphitornus coloradus and Trachyrhachys kiowa are among the 416 

three most commonly collected displaced species at each of the sites, the temporal staggering in 417 

peak abundances could reflect a progressive wave of lowland dispersers moving higher and 418 

higher along the mountain.   419 

 At the lowest site, Chautauqua Mesa, the abundance of resident grasshoppers collected 420 

over a season was explained by an interaction between the average seasonal temperature and 421 

precipitation. That is, the strong negative relationship between warmer seasonal temperatures 422 

and grasshopper abundance was steeper when precipitation levels were lower. Numerous long-423 

term studies on grasshopper population dynamics in grassland ecosystems suggest that a variety 424 

of factors, such as the previous season’s grasshopper densities, and previous and current seasonal 425 

temperature and precipitation patterns can explain grasshopper population dynamics (Fielding & 426 

Brusven 1990; Branson, Joern & Sword 2006; Yu, Shen & Liu 2009; Jonas, Wolesensky & Joern 427 

2015). The relative strength and directions of the relationships between grasshopper densities 428 

and weather conditions in these studies appear to differ between populations found at different 429 

latitudes and sites (where the base temperatures and precipitation levels may differ) and between 430 

species.  If population dynamics and their correlations with weather patterns at Chautauqua Mesa 431 

are similar to those at other lowland sites, the detection of a greater number displaced individuals 432 

along the mountain on warmer (and on potentially drier) years may be best explained by changes 433 

in the dispersal rates of grasshoppers rather than to an increase the number of potential dispersers 434 

(Amarasekare 2004; Matthysen 2005).   435 

 While this study is based on extensive weekly surveys conducted for over a decade at 436 

four sites, and these sites have been used previously to detect phenological (Nufio, et al. 2010, 437 

Nufio and Buckley 2019) and phenotypic cline (Levy and Nufio 2015, Buckley, et al. 2013) 438 



   

 

   

 

patterns along an elevational gradient, the ability to infer large scale dispersal patterns is limited 439 

because each elevation is represented by a single site. Given this caution, if this study reflects 440 

larger scale patterns, the results suggest that warmer years and mild wind conditions can promote 441 

the propensity of a large assemblage of lowland grasshopper species to disperse along 442 

elevational gradients. If regional climates continue to warm (Maguire et al. 2015), become drier 443 

(Cook, Ault & Smerdon 2015), and wind speeds decline (Karnauskas, Lundquist & Zhang 2018), 444 

and this leads to a consistent increase in the dispersal of grasshoppers in an upslope direction, 445 

this could have a variety of implications. First, an increase in dispersal propensity may allow 446 

these herbivores, and perhaps other insects, to more effectively track the rate of changing 447 

environmental conditions  (Poniatowski et al. 2018; Fumy et al. 2020). Although these current 448 

dispersers are not able to persist at the sites they immigrate to, they represent potential colonizers 449 

should future conditions become less conducive to their growth and survival at lower elevations 450 

and should higher elevations become more hospitable (Grinnell 1922). The number of dispersers 451 

detected through brief weekly and hourly surveys and within relatively restricted survey areas 452 

suggests that this movement of lowland grasshoppers and other insects across a mountain system 453 

could be significant and even influence ecosystem level processes (see Hu et al. 2016 for large 454 

scale estimates). Changes in the dispersal pattern of organisms associated with changing weather 455 

conditions also has implications for the range expansions of invasive species (Morrison, 456 

Korzukhin & Porter 2005). Second, although this current study focused on dispersing species 457 

that are not residents at higher elevations, if changing environmental conditions promote the 458 

dispersal of species with more extensive low to high elevation ranges, these increased dispersal 459 

rates may increase gene flow patterns which could have implications for populations, their 460 

degrees of local adaptation and their ability to respond to future warming (Clobert et al. 2012; 461 



   

 

   

 

Levy & Nufio 2015; Larson, Tinghitella & Taylor 2019). Finally, while not explored in this 462 

study, a future examination of the dispersing species collected in this study, as well as their 463 

among species variation, could inform our understanding of how species traits (such as body 464 

sizes and morphology, and degrees of phenotypic plasticity), seasonal timing patterns, thermal 465 

sensitivities and interactions with other species may influence the differential dispersal rates of 466 

species moving along elevational and latitudinal gradients (Zera & Denno 1997; Cale 2003; 467 

Matthysen 2005; Van der Putten, Macel & Visser 2010; Buse & Griebeler 2011; Clobert et al. 468 

2012; De Bie et al. 2012; Buckley, Tewksbury & Deutsch 2013; Padial et al. 2014; Bonebrake et 469 

al. 2018; Wang et al. 2018). Further monitoring and a closer look at the traits of species most 470 

likely to disperse would inform the degree to which communities and biomes may become 471 

reassembled given the climate change velocities species will experience (Loarie, et al. 2009). As 472 

dispersal propensity is often a dynamic trait influenced directly or indirectly by changing 473 

environmental conditions, this study reinforces the need to incorporate how changing abiotic 474 

conditions themselves will influence the ability of species to respond to future climate change 475 

(Clobert 2001; Walters et al. 2006; Ronce 2007). 476 
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Fumy, F., Löffler, F., Samways, M.J. & Fartmann, T. (2020) Response of Orthoptera 577 

assemblages to environmental change in a low-mountain range differs among grassland 578 

types. Journal of Environmental Management, 256. 579 

Grinnell, J. (1922) The role of the “accidental”. Auk, 39, 373–380. 580 



   

 

   

 

Halbritter, A.H., Alexander, J.M., Edwards, P.J. & Billeter, R. (2013) How comparable are 581 

species distributions along elevational and latitudinal climate gradients? Global Ecology 582 

and Biogeography, 22, 1228-1237. 583 

Hickling, R., Roy, D.B., Hill, J.K., Fox, R. & Thomas, C.D. (2006) The distributions of a wide 584 

range of taxonomic groups are expanding polewards. Global Change Biology, 12, 450-585 

455. 586 

Hodgson, J.A., Thomas, C.D., Wintle, B.A. & Moilanen, A. (2009) Climate change, connectivity 587 

and conservation decision making: back to basics. Journal of Applied Ecology, 46, 964-588 

969. 589 

Hu, G. et al. (2016) Mass seasonal bioflows of high-flying insect migrants. Science, 354, 1584-590 

1587. 591 

Ibrahim, K.M., Nichols, R.A. & Hewitt, G.M. (1996) Spatial patterns of genetic variation 592 

generated by different forms of dispersal during range expansion. Heredity, 77, 282-291. 593 

Jager, D. & Andreas, A. (1996) NREL National Wind Technology Center (NWTC): M2 Tower; 594 

Boulder, Colorado (Data). NREL Report No. DA-5500-56489. 595 

Jonas, J.L., Wolesensky, W. & Joern, A. (2015) Weather Affects Grasshopper Population 596 

Dynamics in Continental Grassland Over Annual and Decadal Periods. Rangeland 597 

Ecology & Management, 68, 29-39. 598 

Karnauskas, K.B., Lundquist, J.K. & Zhang, L. (2018) Southward shift of the global wind energy 599 

resource under high carbon dioxide emissions. Nature Geoscience, 11, 38-+. 600 

Kittel, T.G.F. et al. (2015) Contrasting long-term alpine and subalpine precipitation trends in a 601 

mid-latitude North American mountain system, Colorado Front Range, USA. Plant 602 

Ecology & Diversity, 8, 607-624. 603 



   

 

   

 

Kokko, H. & Lopez-Sepulcre, A. (2006) From individual dispersal to species ranges: 604 

Perspectives for a changing world. Science, 313, 789-791. 605 

La Sorte, F.A., Horton, K.G., Nilsson, C. & Dokter, A.M. (2019) Projected changes in wind 606 

assistance under climate change for nocturnally migrating bird populations. Global 607 

Change Biology, 25, 589-601. 608 

Larson, E.L., Tinghitella, R.M. & Taylor, S.A. (2019) Insect Hybridization and Climate Change. 609 

Frontiers in Ecology and Evolution, 7. 610 

Le Galliard, J.F., Massot, M. & Clobert, J. (2012) Dispersal and range dynamics in changing 611 

climates: a review. In Dispersal ecology and evolution. Dispersal Ecology and Evolution 612 

(eds J. Clobert, M. Baguette, T.G. Benton & J.M. Bullock). Oxford University Press, 613 

Oxford, UK. 614 

Levy, R.A. & Nufio, C.R. (2015) Dispersal potential impacts size clines of grasshoppers across 615 

an elevation gradient. Oikos, 124, 610-619. 616 

Loarie, S.R. et al. (2009) The velocity of climate change. Nature, 462, 1052-U1111. 617 

Maguire, K.C., Nieto-Lugilde, D., Fitzpatrick, M.C., Williams, J.W. & Blois, J.L. (2015) 618 

Modeling species and community responses to past, present, and future episodes of 619 

climatic and ecological change. Annual Review of Ecology, Evolution, and Systematics, 620 

46, 343-+. 621 

Malcolm, J.R., Markham, A., Neilson, R.P. & Garaci, M. (2002) Estimated migration rates under 622 

scenarios of global climate change. Journal of Biogeography, 29, 835-849. 623 

Matthysen, E. (2005) Density-dependent dispersal in birds and mammals. Ecography, 28, 403-624 

416. 625 



   

 

   

 

McGuire, C.R., Nufio, C.R., Bowers, M.D. & Guralnick, R.P. (2012) Elevation-Dependent 626 

Temperature Trends in the Rocky Mountain Front Range: Changes over a 56-and 20-627 

Year Record. PLoS ONE, 7. 628 

Miller, T.E.X. & Inouye, B.D. (2013) Sex and stochasticity affect range expansion of 629 

experimental invasions. Ecology Letters, 16, 354-361. 630 

Mishra, A. et al. (2018) Pre-dispersal context and presence of opposite sex modulate density 631 

dependence and sex bias of dispersal. Oikos, 127, 1596-1604. 632 

Morrison, L.W., Korzukhin, M.D. & Porter, S.D. (2005) Predicted range expansion of the 633 

invasive fire ant, Solenopsis invicta, in the eastern United States based on the VEMAP 634 

global warming scenario. Diversity and Distributions, 11, 199-204. 635 

Narisu, J.A., Lockwood, S.P. & Schell, S.P. (2000) Rangeland grasshopper movement as a 636 

function of wind and topography: implications for pest management. Journal of 637 

Orthoptera Research, 9, 111 - 120. 638 

Nathan, R., Klein, E., Robledo-Arnuncio, J.J. & Revilla, E. (2012) Dispersal kernels: review. 639 

Dispersal Ecology and Evolution (eds J. Clobert, M. Baguette, T.G. Benton & J.M. 640 

Bullock), pp. 1 online resource (xxxiii, 462 p.). Oxford University Press,, Oxford. 641 

National Center for Atmospheric Research (2013) Wind Direction Quick Reference, 642 

https://www.eol.ucar.edu/content/wind-direction-quick-reference. 643 

Nufio, C.R. & Buckley, L.B. (2019) Grasshopper phenological responses to climate gradients, 644 

variability, and change. Ecosphere, 10. 645 

Nufio, C.R., McClenahan, J.L. & Thurston, E.G. (2009) Determining the effects of habitat 646 

fragment area on grasshopper species density and richness: a comparison of proportional 647 

and uniform sampling methods. Insect Conservation and Diversity, 2, 295-304. 648 

https://www.eol.ucar.edu/content/wind-direction-quick-reference


   

 

   

 

Nufio, C.R., McGuire, C.R., Bowers, M.D. & Guralnick, R.P. (2010) Grasshopper community 649 

response to climatic change: variation along an elevational gradient. PLoS ONE, 5, 650 

e12977  651 

Olfert, O. & Weiss, R.M. (2006) Impact of climate change on potential distributions and relative 652 

abundances of Oulema melanopus, Meligethes viridescens and Ceutorhynchus obstrictus 653 

in Canada. Agriculture Ecosystems & Environment, 113, 295-301. 654 

Padial, A.A. et al. (2014) Dispersal ability determines the role of environmental, spatial and 655 

temporal drivers of metacommunity structure. PLoS ONE, 9, e111227. 656 

Parmesan, C. (2006) Ecological and evolutionary responses to recent climate change. Annual 657 

Review of Ecology Evolution and Systematics, 37, 637-669. 658 

Pasek, J.E. (1988) Influence of Wind and Windbreaks on Local Dispersal of Insects. Agriculture 659 

Ecosystems & Environment, 22-3, 539-554. 660 
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Table and Figure legends 707 

 708 

Table 1. Location and description of surveyed sites along the elevational gradient. 709 

 710 

Table 2. Full-season model summaries examining relationship between weather and other 711 

variables on a) the number and b) species richness of dispersing grasshoppers detected over a full 712 

season. 713 

 714 

Figure 1. Map denoting surveyed sites (Chautauqua mesa, A1-C1) along the elevational gradient 715 

in Boulder County, Colorado as green circles. The NREL weather station is indicated by a blue 716 

circle. Topographic curvature lines delineate changes in elevation (m). Cities and towns and 717 

included for reference in pink.  718 

 719 

Figure 2. a) The average number of dispersers per year by elevation. b) The average species 720 

richness of dispersers found per site by elevation.  Different letters associated with sites represent 721 

significant Tukey HSD differences (P <0.05).  722 

 723 

Figure 3. The number of dispersing grasshoppers detected during weekly surveys over a season 724 

at four sites along an elevational gradient. Lines are created from smoothing splines using the 725 

2007 – 2015 data.   726 

 727 

Supplementary material: Appendix 1-2. 728 

 729 

 730 
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Table 1.  732 

 733 

Site  Elevation 

(m)  

Latitude  Longitude     Life zone        

classification  

Number 

of years 

surveyed*  

Number of 

collecting 

events**  

Chautauqua Mesa  1752  39.999  -105.283     foothills    8 111 

A1  2195  40.015  -105.377     premontane   6   82 

B1  2591  40.023  -105.430     montane   10 142 

C1  3048  40.036  -105.547     sub-alpine   11 140 

 734 

*Two of each of these years are historical surveys (except A1 which only has 1), and the rest are from  735 

   contemporary surveys. 736 

** Total number of sampling events conducted at a site during the contemporary survey.  737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 



   

 

   

 

Table 2.  759 

 760 

a) Number of dispersers 761 

 762 

    

Standardized 

coefficient SE z-value P-value 

Elevation -0.64 0.04  -15.32  < 2 x 10-16 

Temperature 1.22 0.09  14.14 < 2 x 10-16 

Year -0.40 0.10 -3.78    2 x 10-04 

Wind U-vector (2m) 1.22 0.11  11.75  < 2 x 10-16 

Wind speed (80m) -0.29 0.06  -5.05 4.46 x 10-7 

 763 

 764 

b) Species richness of dispersers 765 

     

Standardized 

coefficient SE z-value P-value 

Elevation -0.32 0.09  -3.65  0.0003 

Temperature 0.48 0.15  3.10 0.002 

Year -0.21 0.16 -1.32 0.190 

Wind U-vector (2m) 0.55 0.19  2.93 0.003 

Wind speed (80m) -0.07 0.10  -0.73 0.470 

 766 
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