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ABSTRACT 56 
 57 

Mathematical models that incorporate the temperature dependence of lab-measured life history traits 58 

are increasingly used to predict how climatic warming will affect ectotherms, including disease vectors 59 

and other arthropods. These temperature-trait relationships are typically measured under laboratory 60 
conditions that ignore how conspecific competition in depleting resource environments—a commonly 61 

occurring scenario in nature—regulates natural populations. Here, we used laboratory experiments on 62 

the mosquito Aedes aegypti, combined with a stage-structured population model, to show that 63 
intensified larval competition in ecologically-realistic depleting resource environments can 64 

significantly diminish the vector’s maximal population-level fitness across the entire temperature range, 65 

cause a 6°C decrease in the optimal temperature for fitness, and contract its thermal niche width by 66 

10°C. Our results provide evidence for future studies to consider competition dynamics under depleting 67 

resources when predicting how eukaryotic ectotherms will respond to climatic warming.  68 
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INTRODUCTION  111 
 112 

Global environmental change is predicted to affect the spatiotemporal distributions of arthropods, 113 

including disease vectors and the diseases they transmit (Mordecai et al. 2020; WHO 2020). For 114 

example, a recent study suggests that climatic warming may increase the thermal suitability for Zika 115 
virus transmission, leading to 1.3 billion more people being at risk of exposure by 2050 (Ryan et al. 116 

2021). Other studies have predicted that warming will increase the global invasion potential of Aedes 117 

aegypti, a principal vector of dengue, yellow fever and chikungunya (Iwamura et al. 2020). Such 118 
predictions typically arise from mathematical models that incorporate thermal performance curves 119 

(TPCs) for vector life history traits, such as juvenile development and mortality, which together define 120 

the TPC of maximal population growth rate (rm, a measure of population fitness; Savage et al. 2004).  121 
 122 

Typically, such trait-level TPC data come from larval populations reared under optimal food conditions 123 

in the laboratory (e.g., Shocket et al. 2020). However, recent studies suggest that many predictions of 124 

how vector populations will respond to climatic warming are likely to be biased. For example, when 125 
food is supplied at a constant rate, low resource availability in the larval stage can have a significant 126 

negative effect on temperature-trait relationships (Couret et al. 2014; Barreaux et al. 2018; Huxley et 127 

al. 2021). In particular, our recent work (Huxley et al. 2021) has shown that low-resource supply, 128 
through its adverse impact on juvenile traits, can significantly depress population fitness and decrease 129 

its predicted peak temperature. Despite such advances, resources in natural habitats are not constant 130 

and, in many, or arguably even most cases, deplete over time (Ostfeld & Keesing 2000; Yang et al. 131 
2008; Beltran et al. 2021). For example, Ae. aegypti is expected to be strongly regulated by conspecific 132 

competition between larvae (Southwood et al. 1972; Dye 1984), because this stage of the species’ 133 

lifecycle is confined to small isolated water bodies that are susceptible to infrequent resource inputs 134 

and, therefore, resource depletion (Subra & Mouchet 1984; Arrivillaga & Barrera 2004; Barrera et al. 135 
2006; Yee & Juliano 2012). 136 
 137 
As per-capita energy requirements intensify with increasing temperature, resource depletion rates and 138 

the strength of competition should also increase. These combined effects are bound to compromise the 139 

growth, development, and survival of individuals. These trait-level effects are then expected to 140 
propagate through the stage-structured population dynamics to affect the shape of the rm TPC 141 

(Amarasekare & Savage 2012; Huey & Kingsolver 2019). This is because rm is essentially proportional 142 

to the difference between biomass gained through consumption and that lost to respiration and mortality 143 

(Savage et al. 2004). Resource limitation and intensified competition would be expected to decrease rm 144 
across temperatures, as they would both undermine biomass intake and elevate biomass loss.  145 

 146 

Furthermore, if the rate of biomass loss increases faster than any increase in biomass gain with 147 
temperature, the thermal optimum of rm (Topt) may also shift downwards (García-Carreras et al. 2018). 148 

For the same reason, the range of temperatures over which rm is positive (the thermal niche width) may 149 

become narrower. As a result, the combined effects of climatic warming and decreased resource 150 
availability could contribute to the contraction of species range boundaries. This effect could 151 

simultaneously decrease the burden of vector-borne diseases and agricultural pests but increase the 152 

extinction risk of vulnerable species (Amarasekare 2019; Lehmann et al. 2020). Conversely, concurrent 153 

increases in temperature and resource availability with climatic warming could have the opposite effect 154 
by optimising rm, and thus, promoting the invasion and establishment of tropical taxa into temperate 155 

habitats (Amarasekare & Simon 2020). This effect could further increase the huge socioeconomic cost 156 

of invasions by disease vectors, such as Aedes mosquitoes (Diagne et al. 2021). 157 
 158 

Studies across a broad range of taxa are needed to make generalisable predictions on the ecological 159 

impacts of environmental change on ectotherm populations, including disease vectors (Cross et al. 160 

2015; Mordecai et al. 2019). So far, however, the effects of competition in depleting resource 161 
environments on the temperature dependence of ectotherm fitness have mainly focused on single-celled 162 

prokaryotes (Thomas et al. 2017; Bestion et al. 2018; Siegel et al. 2020). To address this important 163 

deficit, we investigated the effects of competition on the rm TPC by exposing Ae. aegypti larvae to an 164 
ecologically-realistic range of temperatures and depleting resource levels. We show that competition in 165 
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resource depletion scenarios will significantly change the shape of the thermal response of mosquito 166 
population fitness‒‒key for predicting how disease vectors and other arthropods will respond to 167 

environmental change. Our findings allow us to infer that there are thresholds of resource availability, 168 

below which intensifying competition causes a sudden change in this temperature dependence of fitness.  169 

 170 
RESULTS 171 

 172 

All trait responses varied significantly with temperature and resource level, with a significant interaction 173 
between the two environmental variables (figure 1, tables 1, 2).  174 

 175 

Larval competition at our lowest resource level (0.183 mg ml-1) increased the negative effect of 176 
increased temperature on juvenile mortality rate (figure 1a, table 2). As temperatures increased from 22 177 

to 34°C, non-overlapping 95% credible intervals indicate that juvenile mortality rate was significantly 178 

higher at low-resource levels than at intermediate-resource levels (0.367 mg ml-1). At 0.183 mg ml-1, it 179 

increased by ~300% from 0.05 at 22°C to 0.14 individual-1 day-1 at 34°C. In contrast, at 0.367 mg ml-1, 180 
the juvenile mortality rate increased by 20% (from 0.04 to 0.05 individual-1 day-1) across this 181 

temperature range. 182 

  183 
The interaction between temperature and resource level caused significant variation in development 184 

time across treatments (ANOVA; F9, 2.24 = 13.44, p<0.001, table 1). Development time decreased with 185 

temperature at all resource levels, but the decrease with temperature was greater at the low resource 186 
level than at higher resource levels due to resource depletion (figure 1b). At 0.183 mg ml-1, development 187 

time decreased from 18.30 days at 22°C to 8.26 days at 34°C. Development time at the higher resource 188 

levels decreased from approximately 13.50 days at 22°C to ~7.50 days at 34°C (table 2).  189 

 190 
Competition at low resource levels (0.183 mg ml-1) resulted in significant variation in size at maturity 191 

(mass, mg) between resource levels (ANOVA; F9,0.92 = 24.26, p<0.001, table 1). Adult size decreased 192 

both at warmer temperatures and at low-resource levels, though the decrease with temperature was 193 
greater at higher resource levels than at the low resource level. At low-resource levels, size decreased 194 

by 0.13 mg as temperatures increased from 22 to 34°C, while at the highest resource level (0.733 mg 195 

ml-1), size decreased by 0.26 mg (figure 1c, table 2).   196 

 197 
The interaction between temperature and resource level caused significant variation in adult lifespan 198 

across treatments (ANOVA; F9, 699.60 = 7.96, p<0.001, table 1). Lifespan was greatest at 0.733 mg ml-1, 199 

where it was 11.24 days at 22°C, 11.65 days at 26°C, and 4.68 days at 34°C. In contrast, at low resource 200 
levels, lifespan decreased from 8.00 days at 22°C to 3.76 days at 34°C mg (figure 1d, table 2).  201 

 202 

At all resource levels, predicted daily fecundity rate increased with temperature (table 2), though the 203 
increase was greater at the lowest resource level than at higher resource levels. At the lowest resource 204 

level, fecundity increased with temperature from 1.77 eggs individual-1 day-1 at 22°C to 6.87 eggs 205 

individual-1 day-1 at 34°C. At the higher resource levels, fecundity increased from ~2 eggs at 22°C to 206 

~5 eggs individual-1 day-1 at 34°C. 207 
 208 

 209 

 210 
 211 

 212 

 213 
 214 

 215 

 216 

 217 
 218 

 219 

 220 
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 221 

 222 
 223 
Figure 1. The effect of larval competition on fitness traits in Ae. aegypti with 95% credible intervals (CIs). 224 
a, Competition at low resource levels (0.183 mg ml-1) increased the negative effect of increased temperature on 225 
juvenile mortality. b, Development time decreased with temperature at all resource levels but, at most 226 
temperatures, it was significantly extended by competition at 0.183 mg ml-1. c, As temperatures increased from 227 
22°C, competition at 0.183 mg ml-1 significantly reduced size at emergence. d, As temperatures increased from 228 
22 to 32°C, competition at 0.183 mg ml-1 significantly reduced adult lifespan. Symbols denote the regression 229 
estimated means with 95% CIs calculated from the standard errors (replicate dropped, table 2) for the resource 230 
levels at each temperature. The resulting ANOVAs of the regressions for each trait are presented in table 1. 231 
Boxplot horizontal lines represent medians. Lower and upper hinges are the 25th and 75th percentiles. Upper 232 
whiskers extend from the hinge to the largest value no further than 1.5 × inter-quartile range (IQR) from the hinge. 233 
The lower whisker extends from the hinge to the smallest value at most 1.5 × IQR of the hinge. 234 
 235 

 236 
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 239 

 240 
 241 
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 247 
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 249 

Trait Predictor χ2 df F value p value 

 
Development time (GLM) 

 

R2 = 0.83 

Temperature 50.28 3 903.40 <0.001 *** 

RL 3.97 3 71.28 <0.001 *** 

Temperature × RL 2.24 9 13.44 <0.001 *** 

Replicate  0.07 2 1.77 0.17 

Residuals 12.63 681   

     

 

Adult lifespan (LM) 

R2 = 0.41 

Temperature 1594.80 3 54.44 <0.001 *** 

RC 1908.60 3 65.15 <0.001 *** 

Temperature × RL 699.60 9 7.96 <0.001 *** 

Replicate  15.70 2 0.81 0.45 

Residuals 6533.10 669   

     

 

Body size (LM) 

R2 = 0.73 

 

 

Temperature 1.32 3 104.92 <0.001 *** 

RC 2.58 3 204.38 <0.001 *** 

Temperature × RL 0.92 9 24.26 <0.001 *** 

Replicate 0.02 2 2.31 0.10 

Residuals 1.81 431   

 250 
Table 1. Type II Analysis of Variance results from mixed effect regression models fitted to the responses of 251 
life history traits to temperature and resource level (RL). Significant effects are shown in boldface type. * Þ 252 
p value<0.05; ** Þ p value<0.01 *** Þ p value<0.001.  253 
 254 

 255 
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Trait Temperature 

(°C) 

Resource level (mg ml-1) 

Mean ± s.e.m. 

0.183 0.367 0.550 0.733 

Development time (days) 

22 18.30 ± 0.56 14.41 ± 0.34 13.41 ± 0.25 13.33 ± 0.25 

26 10.45 ± 0.18 10.35 ± 0.20 9.32 ± 0.19 9.19 ± 0.17 

32 10.11 ± 0.32 6.98 ± 0.13 6.78 ± 0.13 7.19 ± 0.13 

34 8.26 ± 0.19 7.04 ± 0.14 6.67 ± 0.15 7.87 ± 0.20 

      

Juvenile mortality rate  

(individual-1 day-1) 

22 0.05 ± 0.01 0.04 ± 0.01 0.02 ± 0.00  0.03 ± 0.01 

26 0.06 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 

32 0.09 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 

34 0.14 ± 0.01 0.05 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 

36 0.18 ± 0.02 0.17 ± 0.02 0.18 ± 0.02 0.27 ± 0.03 

      

Adult lifespan (days) 

22 8.00 ± 0.70 7.50 ± 0.54 10.04 ± 0.43 11.24 ± 0.45  

26 4.54 ± 0.39 9.39 ± 0.45 11.51 ± 0.48 11.65 ± 0.43 

32 5.21 ± 0.72 8.53 ± 0.43 8.66 ± 0.44  9.29 ± 0.43 

34 3.76 ± 0.54 5.62 ± 0.44 6.09 ± 0.53  4.68 ± 0.59 

      

Body size  

(dry mass (mg)) 

22 0.30 ± 0.01 0.31 ± 0.01 0.44 ± 0.01 0.52 ± 0.01 

26 0.23 ± 0.01 0.36 ± 0.01 0.50 ± 0.01 0.58 ± 0.01 

32 0.19 ± 0.01 0.34 ± 0.01 0.38 ± 0.01 0.36 ± 0.01 

34 0.17 ± 0.02 0.30 ± 0.01 0.36 ± 0.01 0.26 ± 0.01 

      

Daily fecundity rate  

(eggs individual-1 day-1) 

22 1.77 ± 0.06 1.95 ± 0.05 1.99 ± 0.06  2.59 ± 0.54 

26 1.52 ± 0.07 1.96 ± 0.08 2.54 ± 0.37 3.00 ± 0.30 

32 3.79 ± 0.26 3.04 ± 0.33 3.55 ± 0.51 2.64 ± 0.22 

34 6.87 ± 1.87 5.07 ± 0.82 4.91 ± 0.52 5.76 ± 0.89 

 

     

Population-level fitness (rm) 

22 ‒0.05 ± 0.03  0.06 ± 0.02 0.10 ± 0.01  0.08 ± 0.02 

26 0.05 ± 0.02  0.12 ± 0.02 0.14 ± 0.02  0.16 ± 0.02 

32 ‒0.04 ± 0.04  0.24 ± 0.03 0.23 ± 0.03  0.20 ± 0.03 

34 ‒0.21 ± 0.05  0.22 ± 0.03 0.15 ± 0.04  0.02 ± 0.05 

36 ‒2.10 ± 0.15 ‒2.11 ± 0.21 ‒2.19 ± 0.22 ‒2.68 ± 0.20 

 277 
Table 2. Comparison of the effect of larval competition on the temperature-dependence of rm and its 278 
component traits. The means with standard errors for juvenile mortality rate were estimated by fitting an 279 
exponential function to each treatment. The means with standard errors for development time, lifespan and size 280 
were estimated by using the statistical models in table 1 (replicate dropped). For fecundity, the standard errors 281 
were estimated using the Rmisc package in R. For rm, 95% CIs were approximated using the delta method 282 

(Skalski et al. 2007). For rm TPC fitting, non-positive matrix projection rm values at 36°C were adjusted to ‒283 
0.30. For plotting (figure 2a), non-positive rm values were cut off at ‒0.10. 284 
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Population fitness 285 
 286 

At all resource levels, rm responded unimodally to temperature. However, intensified larval competition 287 

at low resource levels (0.183 mg ml-1) significantly depressed rm across the entire temperature range 288 

(figure 2a) and caused it to peak at a significantly lower temperature than at intermediate resource levels 289 
(0.367 mg ml-1; figure 2b, table 3). Competition at 0.183 mg ml-1 also significantly narrowed the thermal 290 

niche width for rm compared to higher resource levels (figure 2a, table 3). 291 

 292 
At 0.183 mg ml-1, rm was negative until temperatures increased to 23.3°C (figure 2, table 3). At this 293 

resource level, rm reached a peak of 0.05 at its Topt (26.6°C); it then declined to negative growth at 294 

30.1°C. The breadth of rm’s thermal niche width at the lowest resource level was 6.8°C. In contrast, at 295 
the intermediate food level (0.367 mg ml-1), rm became positive as temperatures increased to 18.8°C; it 296 

was maximal at 33.0°C (0.24, figure 2, table 3). At 0.367 mg ml-1, rm declined to negative growth at 297 

35.4°C. The thermal niche width for rm at this resource level was 16.6°C. Overlapping CIs indicate that 298 

the predicted differences between the intermediate resource level and the higher resource levels (0.550 299 
and 0.733 mg ml-1) in rm at Topt, Topt, and the thermal niche width were non-significant (figure 2, table 300 

3). 301 

 302 
  303 

 304 

 305 
 306 

 307 

 308 

 309 
 310 

 311 

 312 
 313 

 314 

 315 

 316 
 317 

 318 

 319 
 320 

 321 

 322 
 323 

 324 

 325 

 326 
 327 

 328 

 329 
 330 

 331 

 332 
 333 

 334 

 335 

 336 
 337 

 338 

 339 
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 340 

 341 
 342 
Figure 2. The effect of larval competition on the thermal response of population-level Ae. aegypti fitness 343 
(rm) with bootstrapped 95% prediction bounds. a, Competition at 0.183 mg ml-1 significantly depressed rm 344 
across the entire temperature range and narrowed its thermal niche width compared to the higher resource levels 345 
(non-overlapping 95% prediction bounds, table 3). Symbols denote matrix projection estimates with 95% 346 
confidence intervals (table 2). b, Competition at 0.183 mg ml-1 significantly (non-overlapping 95% confidence 347 
intervals) lowered maximal rm and caused it to peak at a significantly lower temperature than at the intermediate 348 
resource level (0.367 mg ml-1). Predicted rm Topt at 0.183 mg ml-1 indicates that competition could decrease rm Topt 349 
by 6.4°C, when compared to the intermediate resource level (0.367 mg ml-1, table 3).  350 
 351 

 352 

 353 
 354 

 355 

 356 

 357 
 358 

 359 

 360 
 361 

 362 

 363 
 364 

 365 

 366 

 367 
 368 

 369 

 370 
 371 

 372 
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 376 

 377 
 378 

 379 
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 380 

Resource level 

(mg ml-1) 

rm at Topt 

(± 95% CI) 

Topt (°C) 

(95% CI) 

Tmin (°C) 

(95% CI) 

Tmax (°C) 

(95% CI) 

Thermal niche 

width (°C) 

(95% CI) 

0.183 0.05 ± 0.04 26.6 

(23.7 - 29.6) 

23.3 

(22.4 –24.9) 

30.1 

(28.6 – 31.2) 

6.8 

(3.7 – 8.8) 

0.367 0.24 ± 0.02 33.0 

(31.3 - 34.2) 

18.8 

(17.1 – 20.2) 

35.4 

(35.4 – 35.7) 

16.6 

(15.2 – 18.6) 

0.550 0.22 ± 0.02 31.6 

(29.2 - 33) 

16.2 

(12.4 – 18.6) 

35.1 

(35.0 – 35.3) 

18.8 

(16.4 – 22.9) 

0.733 0.22 ± 0.03 29.6 

(27.0 - 31.5) 

19.4 

(16.6 – 21.0) 

34.3 

(34.2 – 34.6) 

14.9 

(13.2 – 18) 

 381 
Table 3. Parameter estimates of the Thermal Performance Curves of rm by resource level. Non-overlapping 382 
95% Confidence Intervals (CIs) indicate that larval competition at the lowest resource level (0.183 mg ml-1) 383 
significantly depressed maximal growth (rm at Topt) compared to the higher resource levels. Competition at 0.183 384 
mg ml-1 caused a significant decrease in rm Topt compared to rm Topt at 0.367 mg ml-1; it also caused a significantly 385 
narrower thermal niche width compared to the higher resource levels.    386 
 387 
 388 

 389 

 390 

 391 
 392 

 393 

 394 
 395 

 396 

 397 
 398 

 399 

 400 

 401 
 402 

 403 

 404 
 405 

 406 

 407 
 408 

 409 

 410 

 411 
 412 

 413 

 414 
 415 

 416 

 417 

 418 
 419 

 420 

 421 
 422 

 423 
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Sensitivity analyses 424 
 425 

Elasticities 426 

 427 

Juvenile traits (development time and survival) contributed more substantially to rm than adult traits 428 
(figure 3). For example, at the lowest resource level (0.183 mg ml-1) at 26°C, a 0.5 proportional increase 429 

in juvenile traits would increase rate of increase from 0.046 to 0.063 (figure 3d). By contrast, for the 430 

same treatment, increases of equal proportions in adult survival and fecundity would increase rm from 431 
0.046 to 0.050 (figure 3e) and from 0.046 to 0.048 (figure 3f), respectively This highlights how the 432 

temperature-dependence of rm stems mainly from how competition impacts juvenile survival and 433 

development. Juvenile survival determines the number of reproducing individuals, whereas, 434 
development rate governs the timing of reproduction. The carry over effect of reduced size at maturity 435 

on rm is relatively weak, because fecundity and adult survival have comparatively small effects on rm. 436 

 437 

Fecundity estimates  438 
 439 

Figure 4 shows that the rm TPCs were insensitive to uncertainty in our fecundity estimates. Comparison 440 

with the central estimates shows that, for all resource levels, using the upper and lower 95% exponents 441 
(Supplementary file 1‒‒Equation S1 and figure S1b) for the scaling between lifetime fecundity and size 442 

does not qualitatively change the predicted rm TPCs, or the matrix projection rm estimates that were 443 

used to fit the rm TPCs. Predicted rm Topt was also insensitive to uncertainty in our fecundity estimates. 444 
Also, using the upper and lower 95% exponents (Supplementary file 1‒‒Equation S1 and figure S1b) 445 

for the scaling between lifetime fecundity and size does not qualitatively change predicted maximal rm 446 

or rm Topt. 447 

 448 
 449 

 450 

 451 
 452 

 453 

 454 

 455 
 456 

 457 

 458 
 459 

 460 

 461 
 462 

 463 

 464 

 465 
 466 

 467 

 468 
 469 

 470 

 471 
 472 

 473 

 474 

 475 
 476 

 477 

 478 



12 

 

 479 

 480 
 481 
Figure 3. Sensitivity of rm to proportional changes in juvenile and adult traits by temperature across 482 
resource levels. Juvenile survival and development contributed more substantially to rm, as relatively small 483 
changes in the summed matrix elements for these traits would result in relatively large changes in rm. Sensitivity 484 
of rm to adult traits was much weaker compared to sensitivity to juvenile traits. 485 
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 486 

 487 
 488 
Figure 4. a-d, The insensitivity of the rm TPCs to uncertainty in our fecundity estimates by resource level. 489 
Comparison with the central estimates (coloured lines and 95% confidence bounds compared with greyscale lines 490 
and CBs) shows that, for all resource levels, using the upper and lower 95% exponents (Supplementary file 1‒‒491 
Equation S1, figure S1b) for the scaling between lifetime fecundity and size does not qualitatively change the 492 
predicted rm TPCs, or the matrix projection rm estimates (represented by symbols) that were used to fit the rm 493 
TPCs. e, The insensitivity of predicted rm Topt to uncertainty in our fecundity estimates by resource level. 494 
Using the upper and lower 95% exponents (Supplementary file 1‒‒Equation S1, figure S1b) for the scaling 495 
between lifetime fecundity and size does not qualitatively change predicted maximal rm (symbols with 95% CIs 496 
(vertical, coloured lines)) or rm Topt (symbols with 95% CIs (horizonal coloured lines)). 497 



14 

 

Discussion 498 
 499 

Previous studies on the effects of resource depletion on the temperature dependence of population 500 

fitness in ectotherms have mainly focused on single-celled organisms (Thomas et al. 2017; Bestion et 501 

al. 2018; Siegel et al. 2020). We show that larval competition in depleting resource environments can 502 
significantly change the shape of the rm thermal response in Ae. aegypti. We also show that there are 503 

resource availability thresholds, below which competition intensifies, causing a dramatic change in the 504 

temperature dependence of fitness. Together, our findings indicate that competition in depleting 505 
resource environments is an important regulatory mechanism that needs to be considered when 506 

predicting how organisms with complex life cycles will respond to anticipated shifts in environmental 507 

temperature with global change. 508 
 509 

At the lowest resource level (0.183 mg ml-1), competition had a consistent negative effect on the thermal 510 

responses of underlying fitness traits (figure 1), which caused a marked divergence between the rm TPCs 511 

(figure 2). Competition at the lowest resource level significantly depressed rm across the entire 512 
temperature range, caused a significant decrease (~6°C) in rm Topt compared to the intermediate resource 513 

level (0.367 mg ml-1), and led to a 300% contraction of the rm thermal niche width compared to the 514 

higher resource levels (figure 2, table 3). 515 
 516 

The elasticity analysis shows that the key mechanism underlying the divergent temperature dependence 517 

of rm across resource levels is increased juvenile development time and mortality at low resource levels 518 
(figure 3). The negative effect of competition at low-resource levels on these traits delayed the onset of 519 

reproduction and population-level reproductive output, respectively. This finding‒‒that juvenile traits 520 

contribute more to rm than adult traits‒‒is consistent with general studies of fitness in organisms with 521 

complex lifecycles (Caswell 1978; Kammenga et al. 1996; Huey & Berrigan 2001; Cator et al. 2020), 522 
including mosquitoes (Juliano 1998; Huxley et al. 2021).  523 

 524 

Furthermore, individual fecundity rate and adult lifespan had negligible effects on rm compared to 525 
juvenile traits, suggesting that the carry over effect of reduced size at maturity on rm is relatively weak 526 

(figure 3). For example, at low-resource levels, lifetime fecundity was greater at 22°C than at 26°C 527 

because body size and adult lifespan were greater at 22°C. Despite this difference, rm at 26°C was 528 

predicted to be ~200% greater than at 22°C (figures 1 and 2, table 2). This result derives from how 529 
juvenile development time almost halved as temperatures increased from 22 to 26°C (table 2). Although 530 

juvenile mortality rates for these treatments were similar (0.05 at 22°C versus 0.06 at 26°C, table 2), 531 

faster development at 26°C meant that greater numbers of individuals could contribute to population 532 
growth through reproductive output. This finding is consistent with recent studies that have used 533 

constant resource supply rates (Huxley et al. 2021) in suggesting that most projections of how warming 534 

will affect disease transmission through its effects on vector abundance are likely to be biased because 535 
they are likely to underestimate the effect of temperature on juvenile traits and overestimate its effect 536 

on adult traits. 537 

 538 

Studies on how constant high-resource supply rates affect the temperature dependence of rm in Ae. 539 
Aegypti similarly report that the optimal temperature for growth in this species is ~32°C (Farjana et al. 540 

2012; Huxley et al. 2021). However, it appears that competition in depleting resource environments can 541 

have a negative effect on rm, even when initial resource levels are high. For example, Huxley et al. 542 
(2021) found that rm at high-resource supply was 0.28 at 32°C, whereas, it was 0.24 at 32°C at the 543 

optimal resource level (0.367 mg ml-1) for rm in this study.  544 

 545 
The trait-level responses at our higher resource levels are congruent with studies that have used the trait 546 

responses of optimally-fed lab strains to predict how vector fitness and disease transmission will 547 

respond to climatic warming. In these studies, mosquitoes are expected to develop at ~0.07 individual-548 
1 day-1 at 22°C; increasing to ~0.14 individual-1 day-1 at 32°C (Mordecai et al. 2019). In the present 549 
study, development rate (1/development time; figure 1b, table 2) increased by a similar margin when 550 

the strength of competition was lessened by high resource availability. In contrast, at low-resource 551 

levels, we found juvenile development rate increased from 0.05 day-1 at 22°C to 0.12 day-1 at 32°C 552 
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(figure 1b, table 2). Although these differences in juvenile development rate may appear small, we show 553 
that they can have dramatic effects on the temperature dependence of rm when combined with the 554 

negative impact of intensified competition on juvenile survival (figure 1a, table 2).  555 

 556 

Juvenile mortality rate increased significantly with temperature and it was consistently higher at low 557 
resource levels (figure 1a) than at higher resource levels. This is probably because somatic maintenance 558 

costs increase with metabolic rate (Kooijman 2000), which cannot be met below a threshold resource 559 

level. Intensified competition at low resource levels is also likely to have contributed to preventing 560 
some individuals from meeting this increased energy demand. This explains why juvenile mortality 561 

rates were highest at 32 and 34°C at low-resource levels (except at 36°C where no individuals survived 562 

at all) where the energy supply-demand deficit was expected to be the largest.  563 
 564 

Since larval competition can mediate the temperature dependence of rm, it is also important to determine 565 

the temperature dependence of resource availability itself (Huey & Kingsolver 2019). For example, the 566 

natural diet of mosquito larvae comprises of detritus and microbial decomposers (Merritt et al. 1992), 567 
which are both sensitive to temperature (Craine et al. 2010; Smith et al. 2019). Therefore, shifts in 568 

environmental temperature could alter the concentration of food in the environment, which could affect 569 

the growth of detritivore populations. While recent studies have provided useful insights into the 570 
relationships between microbes, detritus and mosquito vectors (Yee et al. 2007; Chouaia et al. 2012; 571 

Dickson et al. 2017; Souza et al. 2019; Hery et al. 2021), future work could focus on the temperature-572 

dependencies of these relationships. 573 
 574 

Such a focus could provide important insights into how disease vectors and other arthropods will 575 

respond to environmental change. For example, if resource availability increases with climatic warming 576 

(e.g., due to increases in decomposition and microbial growth rates), its regulatory effect on population 577 
growth and abundance could be relaxed through increased juvenile development and adult recruitment 578 

rates. Indeed, increased resource availability with warming could contribute to the expansion of disease 579 

vectors and other invasive pest species into regions that were previously prohibitive by broadening rm’s 580 
thermal niche width (Amarasekare & Simon 2020; Lehmann et al. 2020). On the other hand, evidence 581 

from our high resource level treatments (e.g., a lower Topt at 0.733 than at 0.367 mg ml-1) may suggest 582 

that warming could have a negative impact on population growth by causing resources to be 583 

overabundant, which could lead to eutrophication and hypoxia in aquatic environments (Liikanen et al. 584 
2002).  585 

 586 

Alternatively, if climate change reduces resource availability (e.g., by disrupting temperature-dependent 587 
consumer-resource relationships), species’ spatiotemporal ranges could contract (Lister & Garcia 2018; 588 

Huey & Kingsolver 2019). This is because, as we have shown here, intensified competition at low food 589 

levels can prevent rm from being positive at lower temperatures, can lower rm Topt, and can force rm to 590 
become negative at lower temperatures. In this way, the effects of rising temperatures on vulnerable 591 

arthropod populations could be especially pernicious, if resource availability is simultaneously reduced 592 

(Huey & Kingsolver 2019).    593 

 594 
We used size-scaling to estimate the effect of temperature and resource level on fecundity, because it is 595 

anticipated that most of the effect of intensified larval competition at low-resource levels affects adult 596 

mosquitoes indirectly by reducing size at emergence and lifespan (Steinwascher 1982; Briegel 1990). 597 
Despite these assumptions, we show that substantial error in our fecundity estimates would not alter our 598 

main conclusions. This is because predicted fitness was relatively insensitive to these traits (figures 3 599 

and 4). 600 
 601 

Rapid global change is expected to have far-reaching and disruptive ecological impacts (Trisos et al. 602 

2020). Climate-driven shifts in the spatiotemporal distributions and abundances of organisms are likely 603 

to cause widespread harm to ecosystems, biodiversity and society (Parmesan 2006; Diagne et al. 2021). 604 
This concern has prompted calls for a more complete understanding of how interactions between 605 

environmental factors can affect population-level responses (Cross et al. 2015; Huey & Kingsolver 606 

2019; Taheri et al. 2021). Attempts to understand the population-level effects of temperature × resource 607 
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interactions have focused on prokaryotes or have not considered competition in depleting resource 608 
environments. Our study provides rare evidence of how intensified competition below certain resource 609 

thresholds can affect the temperature dependence of fitness in a predictable and generalisable way. 610 

 611 

Materials and Methods 612 
 613 

We investigated the effects of temperature and resource depletion on mosquito life history using a 5×4 614 

factorial design comprised of five temperatures (22, 26, 32, 34, and 36°C) and four resource levels 615 
(0.183, 0.367, 0.550 and 0.733 mg ml-1). These experimental temperatures span the range of 616 

temperatures that this strain of Ae. aegypti (F16-19 originating from Fort Meyer, FL; (Bargielowski et 617 

al. 2013) is likely to experience in the wild between May (the onset of mosquito season) and November 618 
(Arguez et al. 2012). We extended our range to 36°C to determine the upper critical thermal limit for 619 

this strain. Our resource levels are within the range of studies that have investigated the effects of 620 

depleting larval resource environments on Ae. aegypti (Subra & Mouchet 1984). Our lowest resource 621 

level (0.183 mg ml-1) was chosen to simulate a level of resource limitation that is expected in natural 622 
juvenile habitats (Arrivillaga & Barrera 2004; Barrera et al. 2006). Further, our preliminary assays 623 

showed that resource levels below 0.183 mg ml-1 resulted in complete juvenile mortality. 624 

 625 
The experiment was carried out in two randomised blocks. Each block consisted of all five temperatures 626 

and two resource levels. On Day 0 of each block, batches of approximately 800 eggs were deposited 627 

into five (one per experimental temperature) plastic tubs containing 300 ml of dechlorinated tap water. 628 
We provided each tub with a pinch of powdered fish food (Cichlid Gold®, Hikari, Kyrin Food 629 

Industries Ltd., Japan) to prompt overnight hatching. Tubs were randomly assigned to a water bath 630 

(Grant Instruments: JAB Academy) set at one of the five experimental temperatures. Water baths were 631 

situated in a 20°C climate-controlled insectary with a 12L:12D photoperiod and 30 minutes of gradual 632 
transition of light levels to simulate sunrise and sunset. On the following day (Day 1), we created the 633 

treatments by separating first instar larvae were into cohorts of 50, which were then transferred to clean 634 

tubs containing 300 ml of fresh water. Each treatment comprised of three replicate tubs (3×50 635 
individuals treatment-1). Resource levels were attained by adding 55, 110, 165 and 220 mg of powdered 636 

fish food to the tubs, respectively. To allow resource depletion, tubs received two pulses of equal 637 

quantity. Half of the assigned quantity was provided on Day 1; the remaining half was provided on Day 638 

4. After Day 4, resource levels were not adjusted but water volumes were topped up, if necessary. 639 
 640 

Fitness calculation 641 

 642 
We calculated rm using a stage-structured matrix projection model (MPM), which describes change in 643 

a population over time (Equation 1; Caswell 1989): 644 

 645 
Nt+1 = MNt, (1) 

 646 

where Nt is a vector of abundances in the stage classes at time t and M is the projection matrix. The first 647 

row of M is populated with daily fecundity rate (the number of female offspring produced per female 648 
at age i). The sub-diagonal of M (Equation 1) is populated with the survival proportions from age I to 649 

age i+1. Multiplying Nt and M sequentially across time intervals gives the stage-structured population 650 

dynamics. When the stable stage distribution of Nt is reached, the dominant eigenvalue of the system is 651 
the finite population rate of increase (λ) (Caswell 1989). The intrinsic rate of population growth is then 652 

rm = log(λ); a population’s inherent capacity to reproduce, and therefore a measure of population-level 653 

fitness (Birch 1948; Cole 1954; Savage et al. 2004). Positive and negative rm values indicate growth 654 

and decline, respectively. We used the popbio R package to build and analyse the MPMs (Stubben & 655 

Milligan 2007; R Core Team 2018).  656 
 657 

 658 

 659 

 660 
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Model parameterisation 661 
 662 

Immature development time and immature and adult survival proportions 663 

  664 

The survival proportions for the matrix survival elements (the sub-diagonal of M; Equation 1) were 665 

estimated using the survival R package (Therneau 2021). We defined the juvenile stage duration (i.e., 666 

hatching-to-adult) as the mean duration of transitioning into and out of that stage, and a fixed age of 667 
adult emergence at the mean age of emergence.  668 

 669 

Juvenile development times for each treatment’s MPM were predicted using a regression model 670 
(detailed in the ‘Statistical analyses’ section) that was parametrised with individual-level hatching-to-671 

adult times (days). Upon pupation, mosquitoes transferred to individual falcon tubes containing 5 ml of 672 

tap water, which allowed pupa-to-adult development times and the lifespans of individual starved adults 673 
to be recorded. In the absence of food, adult lifespan is positively associated with emergent size, so it 674 

is a useful indicator of the carry over effects of temperature and competition in the larval habitat (Briegel 675 

1990; Agnew et al. 2002).  676 

 677 
Daily fecundity rate 678 

 679 

Fecundity and body size are positively related in many insect taxa, including mosquitoes (Honěk 1993). 680 
For this reason, scaling relationships between fecundity and size are commonly used in predictions of 681 

population growth in Aedes (Livdahl & Sugihara 1984; Juliano & Lounibos 2005). We provide a 682 

detailed description of our method for estimating fecundity in Supplementary file 1. Briefly, we 683 
measured individual dry mass, and estimated lifetime fecundity using previously published datasets on 684 

the temperature-dependent scaling between mass and wing length (van den Heuvel 1963), and wing 685 

length and fecundity (Briegel 1990; Farjana & Tuno 2012). Temperature-specific individual daily 686 

fecundity rate is required for the MPMs (Equation 1), so we divided lifetime fecundity by lifespan and 687 
multiplied by 0.5 (assuming a 1:1 offspring sex ratio). Later, we show that this much variation in the 688 

scaling of fecundity does not qualitatively change our results.  689 

 690 
Parameter sensitivity 691 

 692 

We used the standard errors of the survival and fecundity element estimates to account for how 693 

uncertainty in these traits is propagated through to the rm estimate (Caswell 1989; Skalski et al. 2007). 694 
For survival, we used the standard errors estimated by the Kaplan-Meier survival function in the 695 

survival R package. For fecundity, we calculated the standard errors of the mean daily fecundity rates 696 

(Supplementary file 1‒‒table S2) for each treatment using the Rmisc R package (Hope 2013). As an 697 

additional sensitivity analysis, we recalculated fitness using the upper and lower 95% CIs of the 698 
exponents for the scaling of size and lifetime fecundity (figure 3).  699 

 700 

Elasticity analysis 701 
 702 

We used elasticities to quantify the relative contributions of individual life history traits to rm. Elasticity, 703 

eij, measures the proportional effect on λ of an infinitesimal change in an element of M (Equation 1) 704 
with all other elements held constant (the partial derivative) (Caswell et al. 1984; de Kroon et al. 1986). 705 

This partial derivative of λ, with respect to each element of M, is sij = ∂λ/∂aij = viwj with the dot product 706 

〈w, v〉 = 1. Here, w is the dominant right eigenvector (the stage distribution vector of M), v is the 707 

dominant left eigenvector (the reproductive value vector of M), and aij is the i×jth element of M. 708 
Elasticities can then be calculated using the relationship: eij = aij/λ × sij. Multiplying an elasticity by λ 709 

gives the absolute contribution of its corresponding aij to λ (Caswell et al. 1984; de Kroon et al. 1986). 710 

Absolute contributions for juvenile and adult elements were summed and changed proportionally to 711 
quantify the sensitivity of rm to these traits. 712 

 713 

 714 

 715 
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Statistical analyses 716 
  717 

In the first instance, we used mixed effects models in the lme4 R package (Bates et al. 2015) to test for 718 

significant effects of our predictor variables on fitness traits. In the maximal models, temperature × 719 

resource level and replicate were fixed effect predictors and block was a random effect. However, the 720 

lower AIC scores from versions of the maximal model suggested that variation among replicates within 721 

blocks had a non-significant effect on trait responses. Therefore, for normally distributed trait data 722 
(adult lifespan and size), we used a full factorial linear regression model (LM) with temperature × 723 

resource level and replicate as fixed effects. Model diagnostics provided no evidence to suggest the 724 

development time data were normally distributed, so we used a generalised linear model (GLM) with 725 
family = gamma and link = identity. 726 

 727 

We tested the effect of resource level on the temperature dependence of daily per capita juvenile 728 

mortality rate by fitting an exponential function to the survival data with R package flexsurv (Jackson 729 

2016). The final mortality model was obtained by dropping terms from the full model (consisting of 730 
temperature × resource level + replicate + block as fixed effect predictors). Terms were retained unless 731 

their removal worsened model fit (ΔAIC > ‒2) (Supplementary file 1‒‒table 1). Maximum likelihood 732 

methods executed in flexsurv were used to estimate treatment-level juvenile mortality rates and their 733 

95% CIs. Significant effects were interpreted when cIs were nonoverlapping. 734 

 735 

Quantifying the rm thermal performance curve 736 
 737 

To determine how resource depletion affected the shape of the rm TPC, we fitted several mathematical 738 

models that allow for negative values at both cold and hot extremes, including polynomial models using 739 

linear regression, as well as non-linear models with non-linear least squares (NLLS) using the rTPC R 740 

package (Padfield et al. 2021). Overall, the Lactin2 (Lactin et al. 1995) and Kamykowski (Kamykowski 741 
& McCollum 1986) models were equally best-fitting according to the AIC (Supplementary file 1‒‒742 

table 2). From these, we picked the Kamykowski model because it was better at describing the estimated 743 

rm at our lowest resource level. This model is defined as 744 

 745 

rm(T) = a(1‒e‒b(T‒Tmin))(1‒e‒c(Tmax‒T)),  

 746 

where T (°C), and Tmax and Tmin are the high and low temperatures at which rm becomes negative, 747 
respectively, and a, b, and c, are shape parameters without any biological meaning. Bootstrapping was 748 

used to calculate 95% prediction bounds for each rm TPC (Padfield et al. 2021) and confidence intervals 749 

(CIs) around its Topt, as well as the thermal niche width (Tmax ‒ Tmin).  750 

 751 

 752 
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