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Abstract: 33 

There is increasing evidence that climate warming will have both direct and indirect effects on 34 
species. Whereas the direct effects of climate warming represent the proximate physiological 35 
consequences of changing abiotic conditions, the indirect effects of climate change reflect 36 
changes mediated by at least one other interacting species. The relative importance of these two 37 
kinds of effects has been unclear, limiting our ability to generalize the response of different 38 
species to climate change. Here, we used a series of experiments to disentangle some of the key 39 
direct and indirect effects of warming on the growth of monarch butterfly caterpillars (Danaus 40 
plexippus) and showy milkweed plants (Asclepias speciosa) during a window of rapid growth for 41 
both species. The effects of warming differed between direct, indirect and combined effect 42 
experiments. Warming from 26°C to 30°C directly increased the growth of both monarch larvae 43 
and milkweeds, with monarch and milkweed growth rates showing similar sensitivity to 44 
warming. However, in a subsequent experiment, we did not observe significantly increased 45 
growth when comparing caterpillars and plants reared at 27°C and 31°C, suggesting that small 46 
differences can change the direct effects of warming. When caterpillars that were maintained at 47 
lab temperatures were fed leaves from host plants that were exposed to warmer temperatures, 48 
warming had a negative indirect effect on larval growth rates likely mediated by decreases in 49 
milkweed leaf quality. In experiments combining direct and indirect effects, we observed a net 50 
positive effect of warming on larval growth rates. Warming had no combined effects on 51 
milkweed growth, potentially due to opposing positive direct and negative indirect effects on 52 
growth mediated via increased monarch herbivory. These results show how variability among 53 
the direct, indirect and combined effects of even relatively simple, short-term climatic 54 
perturbations can present challenges for predicting the broader effects of climatic warming in 55 
multispecies communities.  56 
 57 

Keywords: temperature-mediated indirect effects, timing of species’ interactions, plant-insect 58 
herbivore, experimental warming, growth, herbivory, phenology, thermal performance curve, 59 
larval development, growth rates 60 
 61 

 62 

Introduction 63 

The direct effects of recent climatic warming have been relatively well-studied on 64 

multiple levels of biological organization over the past decades. Lab-based physiological studies 65 

have demonstrated that temperature has important effects on biochemical and physiological rates 66 

(e.g., Gillooly et al. 2001; Kingsolver et al. 2013). These physiological changes scale up to affect 67 

survival, growth, reproduction and demographic rates (e.g., Brown et al. 2004; Kingsolver et al. 68 
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2013). Lab studies also demonstrate that temperature-dependencies can vary within and across 69 

species, including among interacting species (e.g., Tilman et al. 1981; O’Connor 2009, Rall et al. 70 

2009). While lab-based physiological studies can be extrapolated to make ecological predictions 71 

(e.g., O’Connor et al. 2011), the effects of climate change in nature are widely variable (Chen et 72 

al. 2011; Thackeray et al. 2016), suggesting that even a detailed, mechanistic understanding of 73 

direct effects alone may be insufficient to predict the consequences of climate change (e.g., 74 

Jamieson et al. 2012). 75 

There is increasing evidence that the indirect effects of climate change (i.e., those 76 

mediated via at least one other interacting species) can influence species’ overall responses to 77 

those changes. Experimental studies show that trophic and non-trophic interactions can amplify 78 

or diminish the effects of warming on a species’ demography (e.g., Post and Pedersen 2008; 79 

Rudolf and Singh 2013; Alexander et al. 2015). Consequently, incorporating both the direct and 80 

indirect effects of climate change is critical if we want to accurately predict the overall 81 

implications of climate change for a focal species. Yet it remains unclear when and how species 82 

interactions modify the direct effects of climate change, thereby limiting our ability to generalize 83 

the combined effects of climate change on species. 84 

Warming can directly influence insect herbivores and their plants in complex ways. It 85 

commonly leads to higher consumption, growth and development rates in ectotherm herbivores, 86 

but these direct effects often lead to smaller adult body sizes (Jamieson et al. 2012; Shelomi 87 

2012). Although these patterns are general, they are not universal (Atkinson 1994), and can be 88 

affected by factors such as host plant quality (Diamond and Kingsolver 2010). Similarly, 89 

warming on a scale relevant to climate change often increases plant growth, but the effects vary 90 

among species and functional groups, and under particular conditions such as drought stress 91 
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(Jamieson et al. 2012). For example, elevated temperatures have generally enhanced growth in 92 

deciduous tree species more than in evergreen species (Way and Oren 2010).  93 

Warming can also influence insect herbivores and their plants through multiple indirect 94 

pathways. It can indirectly affect herbivores via warming-driven changes in their host plant (e.g. 95 

quality, availability; Bauerfeind and Fischer 2013), competition with other herbivores (Urban et 96 

al. 2012), or by altering top-down effects (e.g. predation, pathogens; Lemoine et al. 2014; 97 

Robinson et al. 2017). For example, warming can affect host plant quality via changes in primary 98 

and secondary plant metabolites (Jamieson et al. 2012, 2015) and such warming-driven changes 99 

in host plant quality can affect insect performance (Lemoine et al. 2013; Lemoine et al. 2014). 100 

Warming can indirectly affect plants via warming-driven changes in soil (e.g., van der Putten et 101 

al. 2013), competition with other plants (Alexander et al. 2015; Ettinger and HilleRisLambers 102 

2017) or by changes in top-down effects (e.g. herbivory, pathogens; Post and Pederson 2008).  103 

Insect herbivores and their host plants can also be influenced by modifications in the 104 

relative timing of their key life history events (e.g. van Asch and Visser 2007; Robinson et al. 105 

2017;) and ontogenetic stages (Yang and Rudolf 2010; Yang and Cenzer 2020; Yang et al. 106 

2020). These changes can be driven by taxonomic differences in physiological responses to 107 

warming (Thackeray et al. 2016; Kharouba et al. 2018). Indeed, in many studies, experimental 108 

warming has led to changes in the relative timing of species interactions (Liu et al. 2011; 109 

Gillespie et al. 2013; Schwartzberg et al. 2014; but see Berger et al. 2014), with fitness 110 

consequences for some consumers (Liu et al. 2011; Schwartzberg et al. 2014; but see Gillespie et 111 

al. 2013; Kharouba et al. 2015). In temperate systems, the quality of food available to insect 112 

herbivores can also change over the season (e.g., Barton and Koricheva 2010; Yang and Cenzer 113 

2020; Yang et al. 2020). Similarly, insect ontogeny can alter the rate of herbivory on the host 114 
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plant: later instars are usually much more damaging to plants than early instars and herbivores 115 

tend to have larger effects on younger plants than older plants (Coley 1980; Fenner et al. 1999). 116 

The net effect of warming on plant-insect herbivore interactions will inevitably depend 117 

on the relative strength of its direct vs. indirect effects. This balance is likely to be affected by 118 

the differences in the temperature-sensitivities of the interacting taxa (Grainger and Gilbert 119 

2017). Based on extensions of metabolic theory, herbivores are predicted to have higher 120 

temperature sensitivity than plants when resources are not limiting (e.g., Dell et al. 2011; 121 

O’Connor et al. 2011; Dell et al. 2014). Theoretical (Gilbert et al. 2014) and some empirical 122 

(O’Connor 2009; Grainger et al. 2018) work supports this hypothesis. For example, in cases 123 

where herbivores have been more temperature sensitive than plants, herbivory has increased with 124 

warming, influencing the overall effects of warming on plants (O’Connor 2009). However, this 125 

mechanism does not always scale up to explain trophic differences in phenological shifts, 126 

suggesting other ecological mechanisms (e.g., mobility differences, differences in cues) play a 127 

role at larger scales (Chmura et al. 2019 and references therein).  128 

Many ecological warming experiments only measure the combined effects of warming on 129 

a single species (Ettinger et al. 2019). While some recent studies have taken steps towards 130 

separating the direct and indirect effects of warming (e.g., by manipulating temperature and the 131 

presence of the consumer (Grainger and Gilbert 2017; Jamieson et al. 2015; Van De Velde et al. 132 

2017), few have systematically disentangled multiple components of the combined effect (e.g., 133 

Bauerfeind and Fischer 2013), and few have examined the effects of warming on two interacting 134 

species (Rudolf and Singh 2013; Robinson et al. 2017). Consequently, the direct, indirect and 135 

combined effects of warming are confounded in many experiments. Although field studies can 136 

provide useful estimates of the combined effects of warming, experimental studies that separate 137 
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these two types of effects are necessary to understand the relative importance of biotic and 138 

abiotic climate change effects (Jamieson et al. 2017). 139 

Here, we used a coordinated set of multiple, targeted experiments to disentangle the 140 

direct and key indirect effects of warming on the monarch butterfly (Danaus plexippus) and one 141 

of its host plants (showy milkweed, Asclepias speciosa), focusing on a short period of rapid 142 

larval and vegetative growth (Figure 1). Specifically, we asked (1) How do the direct and 143 

indirect effects of warming combine to affect the growth of monarch larvae (Figure 1a,c); and (2) 144 

milkweed host plants (Figure 1b,d); (3) How do the direct effects of temperature on growth differ 145 

between the monarch and milkweed (Figure 1a,b)? For the monarch, we specifically examine the 146 

indirect effects of warming mediated by changes in plant quality. Because plant quality changes 147 

strongly and predictably with plant age across the season (Yang and Cenzer 2020, Yang et al. 148 

2020), we also examined how the relative phenology of milkweeds and monarchs influenced the 149 

effects of warming (Figure 1c,d). For the milkweed, we focus on temperature-mediated indirect 150 

effects driven by changes in herbivory and those mediated by effects on the relative phenology 151 

of milkweeds and monarchs (Figure 1d).  152 

Given the source populations used in this study (northern California) and their known 153 

thermal performance relative to our warming treatments, we predicted that warming would have 154 

positive direct effects on the growth of both species, but that monarch growth would be more 155 

sensitive to experimental warming than milkweed growth.  156 

 157 

Methods 158 

(1) Study system 159 
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Monarch larvae are specialist herbivores of milkweed. Female monarchs oviposit their 160 

eggs on milkweed host plants and the larvae feed on milkweed leaves. The larval stage consists 161 

of five instars and typically takes 10-21 days (Urquhart 1960; Zalucki 1982). Monarchs grow 162 

rapidly during the larval stage and can increase their body mass about 2000 times (Oberhauser 163 

2004).  164 

The rate of larval development is known to be temperature-dependent (Oberhauser 2004). 165 

Previous studies conducted at constant temperatures suggest that larvae develop best at 27°C 166 

with an upper lethal thermal limit of 42°C and a lower developmental thermal limit of 11-12 °C 167 

(Zalucki 1982; Nail et al. 2015). However, more recent studies suggest that monarch larvae 168 

experience significant sub-lethal effects above 38°C, including reduced final mass and slower 169 

development (Nail et al. 2015). Cooler nighttime temperatures appear to attenuate the 170 

accumulation of thermal stress (Nail et al. 2015). Effects of thermal stress have also been shown 171 

to be stage-dependent, with particularly high thermal sensitivity in the third instar (York and 172 

Oberhauser 2002; Nail et al. 2015). Finally, the thermal response curve for ectotherms is 173 

generally asymmetric, wherein the curve increases gradually to the thermal optimum, then 174 

decreases rapidly at higher temperatures (Huey and Kingsolver 1989; Lemoine et al. 2014). 175 

In this study, monarch eggs were obtained from a large insectary population of captive 176 

monarchs originating from local, wild progenitors collected in the same year and supplemented 177 

throughout the season from wild populations (Utterback Farms Inc., Woodland, CA). Eggs were 178 

briefly dipped in dilute bleach solution then rinsed in water to remove Ophryocystis 179 

elektroscirrha parasites. 180 

Showy milkweed (Aslepias speciosa) is a perennial forb found across a wide range in 181 

western North America. Showy milkweed expresses a plant defense syndrome characterized by 182 
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physical defense traits (e.g., latex; Agrawal and Fishbein 2006) that increase rapidly over the 183 

season (Yang and Cenzer 2020, Yang et al. 2020). The milkweed plants used in this study were 184 

propagated from a local seed population (Hedgerow Farms, Winters, CA, USA; original 185 

accessions in Colusa County, CA, USA).  186 

 187 

(2) Study design overview 188 

We conducted a series of experiments over two years (2014 and 2015) in five controlled 189 

environmental chambers (Conviron PGR15) at the UC Davis Controlled Environment Facility in 190 

Davis, CA following 1981-2010 climate normals for the area (Table S1). The focus of the first 191 

and second experiments was to compare the direct, indirect and combined (i.e., direct and 192 

indirect) effects of warming on monarchs (Fig 2a,c,d) and milkweed separately (Fig 2b,e), 193 

whereas the third experiment was designed to compare the direct effects of warming on both 194 

species (Figure 2a and 2b). 195 

 196 

(3) Experimental details 197 

3.a) The direct and indirect effects of warming on monarchs (Figure 2 a,c,d) 198 

In 2015, we conducted a series of experiments that factorially manipulated: (1) daytime 199 

temperature (27°C and 31°C) to mimic the difference between mean daytime temperatures in late 200 

spring (i.e., the month of May) and early summer (i.e., the month of June); and (2) the age of 201 

milkweed plants at monarch introduction (43, 64 and 79 days old) (Table S2).  We chose these 202 

cohort intervals to reflect a wide range of age-varying plant traits relevant to the milkweed-203 

monarch interaction (Yang and Cenzer 2020, Yang et al. 2020). We kept night-time temperature 204 

and photoperiod (13°C and 14:10 L:D) constant across all treatments (Table S2). We planted 205 
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seeds on 8 April, 23 April and 14 May and started the experiments on 26 June. We used a 206 

standard soil mix (equal parts sand, compost, peat moss by volume, plus 1.78 kg dolomite per m3 207 

soil) with 17cm x 30.5cm 5L containers (Treepots, Stuewe and Sons Inc.). All plants, with and 208 

without monarchs, were covered with a mesh rearing bag (300um aperture; L71 x W48cm; 209 

BugDorm). Plants were watered on semi-daily basis and amount of water given was on ad hoc 210 

basis to ensure the soil was not dry. To reduce the potential effects of using a single chamber for 211 

each temperature treatment, we rotated plants and insects weekly between chambers. 212 

To assess the direct effects of warming on monarchs (Figure 2a), we reared larvae at both 213 

temperatures in the controlled environment chambers and fed excised leaves from three age 214 

cohorts of milkweed plants grown in the greenhouse (Table S3). To isolate the indirect effects of 215 

warming on monarchs via changes in milkweed quality, we maintained larvae in a common 216 

environment (daytime temperature of 28°C and night time at 27.5°C, 14:10 photoperiod) and fed 217 

them with daily ad libitum excised leaves from milkweed plants grown in the controlled 218 

environment chambers at both temperatures (Table S2; Figure 2c). Given logistical constraints, 219 

we did this assay with milkweed plants from a single plant age cohort (64 days). To determine 220 

the combined effects, we reared larvae at both temperatures on plants of three different ages (i.e. 221 

within each replicate, we reared both species together under the same conditions; Figure 2d; 222 

Table S2). To avoid resource limitation, each replicate consisted of a single larva and two plants. 223 

We began each experiment with 5 replicates in each treatment combination. 224 

 225 

3.b) The direct and indirect effects of warming on milkweed (Figure 2 a,c,d) 226 

To isolate the direct from combined (i.e., direct and indirect) effects of warming (Figure 227 

2b,e), we grew milkweed plants with (experimental unit: one larvae, two plants) and without 228 
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monarchs. Experimental details are the same as the previous section. We began each experiment 229 

with 5 replicates in each treatment combination. 230 

 231 

3.c) The relative sensitivity of monarch and milkweed growth rates to warming (Figure 2a,b) 232 

In 2014, we factorially manipulated growth conditions to mimic the difference between 233 

late spring (i.e., the month of May) and early summer (i.e., the month of June), and the age of 234 

milkweed plants (34 and 66 days old; Table S3). We grew both species under the same 235 

conditions. In the control chamber (i.e. “spring”), temperatures were 26°C (day) and 11°C 236 

(night) with a photoperiod of 14:10 (Table S2). In the warm chamber (i.e. “early summer”), 237 

temperatures were 30°C (day) and 13°C (night) with a photoperiod of 15:9 (Table S2). Given 238 

that optimal growth temperatures have not yet been established for A. speciosa, we altered the 239 

environmental conditions from the previous experiment to explore whether the temperature 240 

range would influence the response of A. speciosa to experimental warming. 241 

We planted two cohorts of seeds in the greenhouse 32 days apart, on 7 April and on 9 242 

May and introduced monarch eggs on 12 June (start of experiment). We began the experiment 243 

with 7-12 replicates in each treatment (Table S3). We measured plants on day 6 and day 8 (Table 244 

S2). Both sets of measurements yield qualitatively similar results, and we present results based 245 

on day 8 measures only (see Appendix for details). All other experimental details are the same as 246 

described for the other experiments.  247 

 To assess the direct effects of warming on monarchs (Figure 2a), we reared larvae at both 248 

temperatures in the controlled environment chambers and fed excised leaves from two age 249 

cohorts of milkweed plants grown in the greenhouse (Table S3). To assess the direct effects of 250 
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warming on milkweed (Figure 2b), we grew plants of two age cohorts at both temperatures 251 

without monarchs. 252 

 253 

(4) Measurements 254 

To determine the effects of warming on larval growth, we took measurements every 1-3 255 

days (mean time between measurements, 52 h) of larval stage and length. We used two estimates 256 

of larval growth: maximum larval length over the entire larval period (i.e., maximum size; 257 

n=100) and larval length on day 7, which was used to measure of larval growth rate (n=86). We 258 

chose the seventh day to capture the rapid growth phase of larvae, to ensure that growth rate was 259 

calculated for the same amount of time interval across experiments, and to capture the largest 260 

sample size. In the estimate of maximum size, we included the maximum length of all larvae 261 

whereas in the estimate of growth rate, we only included those larvae alive on day 7. In another 262 

study based on the same population, larval length was highly correlated with larval mass 263 

(R2=0.97; mass=0.0223*length2.9816, R2=0.97; Yang and Cenzer, 2020) and the correlation 264 

between larval weight and fecundity is generally strong in insects (Honěk 1993 but see Leather 265 

1988). We present analyses based on the length data to make them more comparable with the 266 

milkweed data. 267 

We took measurements of milkweed stem height until the associated monarch died or 268 

pupated. We used height on day 7 as the final height for similar reasons to the ones mentioned 269 

above for the larval measurements. In a few cases (n=8), the larvae ate a sufficient amount of the 270 

milkweed stem to influence our measures of stem height. In those cases, we are unable to 271 

separate the effects of warming and the immediate effects of herbivory on stem height. As an 272 

indicator of final size, we measured final above- and belowground dry biomass.  273 



 12 

 274 

(5) Statistical analysis 275 

We have structured the analyses into three sections and fit a series of models within each 276 

section (see Appendix S2 for details). First, we examined the direct, indirect and combined 277 

effects of warming on monarch growth. Second, we examined the direct and combined effects of 278 

experimental warming on milkweed growth. Third, we compared the relative sensitivity of 279 

monarch and milkweed growth rates to the direct effects of temperature.  280 

In the first (i.e. monarch models) and third sections (i.e. monarch-milkweed models), we 281 

estimated relative growth rate (i.e., the constant gain of relative proportion of mass with each 282 

time step). In our calculation of relative growth rate for monarchs, following Yang et al (2020), 283 

we assumed and approximated monarch growth to be log-linear in the first seven days of 284 

development (i.e., final day was day 7), which is a period of rapid growth (Yang et al. 2020). We 285 

estimated relative growth rate for each individual as (log(final size- initial size))/(final 286 

experimental day- initial experimental day). To make the growth rates consistent across all 287 

analyses in the monarch section and directly comparable between species (third section), we used 288 

the same calculation of relative growth rate for both species. Effectively, in the third section, we 289 

compared species’ RGR measurements taken over the same time interval. We assumed an initial 290 

larval length of zero at the egg stage, whereas initial height for milkweed was non-zero.  291 

In the second section (i.e. milkweed models), given the impacts of herbivory on height 292 

(i.e. which led to height values of zero in some cases), we were unable to log-transform growth 293 

rate across all milkweed analyses. Consequently, we present estimates of the absolute growth 294 

rate using the final day as day 7.  295 



 13 

We report two effect sizes: the fixed effect coefficient (see details below) which 296 

represents how much RGR or AGR changes due to warming, and a log response ratio (LRR) 297 

which provides a measure of proportional change between warming and control treatments. LRR 298 

was calculated as: log(meanRGRwarm/meanRGRcontrol). 299 

Normality and homoscedacity assumptions were checked for all models. Where data met 300 

the assumptions, linear models were used; otherwise, permutation models were used (‘lmp’, 301 

lmPerm package) were used. We used 99,999 permutational iterations of the data to test the 302 

factor in the model using unique (Type II) sums of squares. All statistical analyses were 303 

performed using R 3.5.1 (R Development Core Team 2016).  304 

 305 

(i) Details of analyses 306 

 We were interested in the interactions between the direct and the indirect effects of 307 

warming on monarch growth (Figure 2a,c,d), specifically quality and timing. We ran separate 308 

models for each monarch experiment (i.e., direct, indirect, combined). In the direct (Figure 2a) 309 

and combined experiments (Figure 2d), we tested the effect of the interaction between warming 310 

and plant age (three levels; 43, 64, 79 days) on each measure of larval growth (i.e., RGR and 311 

maximum size). For the indirect (Figure 2c) experiments, we tested for the effect of warming on 312 

each measure of larval growth.  313 

To test the interactions between the direct (Figure 2b) and combined (Figure 2e) effects 314 

of warming, and timing on each measure of milkweed growth, we tested the effect of the two-315 

way interactions between warming and with plant age (three levels: 43, 64, 79 days).  316 

Finally, to compare the response of monarch and milkweed growth rates to warming 317 

(Figure 2a,b), we tested the significance of the two-way interaction between warming and 318 
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species. We report the results for the youngest plant age cohort (i.e. 34 days) but the results were 319 

the same on the older cohort (i.e. 66 days; see Appendix S3 for details). 320 

 321 

Results 322 

(i) The direct and indirect effects of warming on monarchs 323 

The effect of warming on larval relative growth rate differed between the direct, indirect 324 

and combined experiments (Table S4; Figure 3a,b). We found a direct, positive effect of 325 

warming from 26°C to 30°C on larval growth rate (0.021 mm·mm-1·day-1·°C-1, 0.003SE, 326 

F19,1=49.4, p<0.0001; Figure 3a), increasing it by 27% (LRR: 0.24). However, we were unable to 327 

detect a direct effect of a warming from 27°C to 31°C (Table S4; Figure 3b). In the indirect 328 

quality experiment (Figure 2c), warming slowed down larval growth rate by 7% (LRR=-0.069; -329 

0.0096 mm·mm-1·day-1·°C-1 (0.003SE), F7,1=7.6, p=0.028; Table S4; Figure 3b), suggesting that 330 

warming decreased leaf quality. Comparatively, in the experiment combining the direct and 331 

indirect effects of warming (i.e., ‘combined experiment’; Figure 2d), warming increased larval 332 

growth rate by 17% (LRR: 0.15; 0.012 mm·mm-1·day-1·°C-1 (0.003SE) (; F24,1=13.4, p=0.0012; 333 

Table S4; Figure 3b). The effect of warming was not dependent on plant age (temperature*plant 334 

age; direct: F20,1=0.049, p=0.83; combined: F23,1=0.34, p=0.56). 335 

There was no effect of warming (Table S4), and no significant interaction between 336 

warming and plant age, on the maximum larval size attained in the direct and combined 337 

experiments (direct: p=0.096, n=30; combined: p=0.96, n=30). 338 

 339 

(ii) The direct and indirect effects of warming on milkweed 340 
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As with monarchs, the effects of warming on milkweed growth differed between 341 

experiments (Figure 3a,c,d). We found a direct effect of warming from 26°C to 30°C on the 342 

relative growth rate of milkweed (0.03 mm·mm-1·day-1·°C-1, 0.005SE, F13,1=32.8, p<0.0001; 343 

Table S6; Figure 3a), increasing it by 32% (LRR: 0.28), but not with warming from 27°C to 344 

31°C on absolute growth rate (Table S5; Figure 3c). In experiments combining direct and 345 

indirect effects (Figure 2e), warming did not affect absolute growth rates (Table S5, Figure 3c), 346 

or final size (Table S7). There was no interaction between warming and plant age on growth rate 347 

or final size (Table S7) 348 

 349 

(iii) The relative sensitivity of monarch and milkweed growth rates to warming 350 

The relative growth rate of milkweed plants was 22% (LRR: 0.20) faster than the relative 351 

growth rate of monarch larvae across both temperature treatments (species: 0.089 mm·mm-1·day-352 

1 (0.02SE); F33,1=58.1, p<0.0001; Table S6; Figure 3a).  Milkweed plants and monarch larvae did 353 

not show significantly different responses to warming (temperature*species: F32,1=2.9, p=0.10; 354 

Table S6; Figure 3a). 355 

 356 

Discussion 357 

In a series of controlled experiments, we observed substantial differences in the direction 358 

and magnitude of direct, indirect and combined effects of warming for both species.  359 

 360 

Direct effects 361 

We observed direct effects of warming on monarch and milkweed growth in one experiment 362 

(i.e., 26°C vs. 30°C, Table S2) but not in a warmer experiment (27°C vs. 31°C; Table S2). The 363 
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lack of significant direct warming effects in the warmer experiment could be due to a 364 

combination of factors. First, because the two experiments used slightly different control and 365 

warming temperatures, these conflicting results reflect the nonlinearity of the underlying thermal 366 

performance curve. For example, the lack of a warming effect could have occurred if the control 367 

and warming temperatures in 2015 (27°C vs. 31°C) straddled the thermal optimum and 368 

performance was similar at both temperatures (Figure S1a). Conversely, a positive direct effect 369 

of warming on monarch and milkweed growth could have occurred if both of our experimental 370 

temperatures in 2014 (26°C vs. 30°C) represented two points on the ascending left side of the 371 

thermal performance curve for monarch and milkweed development (i.e., the thermal optimum 372 

>30°C (Figure S1b)), or if they straddled the thermal optimum but performance remained 373 

significantly higher at the warmer temperature (Figure S1c). Alternatively, the lack of significant 374 

direct warming effects could reflect insufficient replication. As this set of experiments evolved, a 375 

more complex design in 2015 reduced our ability to adequately replicate our treatment 376 

combinations in the available chamber space (n=7-12 replicates in cooler 2014 experiment 377 

[Table S3] versus n=5 replicates in the warmer 2015 experiment) and may have reduced our 378 

ability to observe warming effects.  Finally, this difference could have resulted from other 379 

unmeasured aspect(s) of the differences between the two experiments in each year (i.e. daytime, 380 

nighttime temperature or daylength; Table S2). While future experiments will be necessary to 381 

disentangle these alternative explanations, these results may serve to highlight the importance of 382 

characterizing context-specific thermal response curves, especially when examining responses to 383 

temperatures that could exceed thermal optima. At the same time, these results also clarify some 384 

of the logistical challenges associated with multifactorial controlled environment experiments.385 

 Although relatively well-studied, the thermal performance of monarch larvae also 386 
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illustrates the complexity of temperature effects (Chmura et al. 2019). While a previous study 387 

assessed the thermal optimum for monarch development to be 27°C (Zalucki 1982), this study 388 

used constant temperatures, while our study used substantially cooler nighttime temperatures. 389 

With nighttime cooling, monarch larvae show greater tolerance for high daytime temperatures, 390 

with sublethal effects on development occurring at temperatures above 38° C (Nail et al. 2015). 391 

Even under the warmest conditions, our temperature manipulations exposed larvae to conditions 392 

that were well-below those expected to create significant sublethal effects. Together, our results 393 

suggest the importance of considering absolute temperatures, as well as relative differences 394 

between treatments in warming experiments. This would be especially important if the 1-degree 395 

difference in the temperature ranges used in our experiments actually contributed to the 396 

qualitiative differences in the direct effects of warming. The complexity of thermal responses 397 

observed in this well-characterized system emphasizes the need for further studies to more 398 

completely describe the thermal performance curves of monarch caterpillars under a range of 399 

relevant and variable conditions.  400 

When detected, the direct effects of warming on both species were similar in direction 401 

and magnitude, suggesting that the growth rates of both species have similar sensitivity to 402 

temperature. These results are inconsistent with the prediction based on metabolic theory that 403 

insect metabolism should be more sensitive to temperature than plant metabolism (Gillooly et al. 404 

2005; O’Connor et al. 2011) and the dispersal-based prediction that plants should be more 405 

sensitive than insects (Schlichting 1986; Huey et al. 2002). However, there are few empirical 406 

studies testing these predictions for interacting species under the same conditions (e.g., Rall et al. 407 

2009; Grainger et al. 2018; Archer et al. 2019). Such empirical studies are often hindered by the 408 

difficulty of finding a common metric to meaningfully compare the thermal responses of 409 
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interacting species at different trophic levels. Nonetheless, attempts to compare how different 410 

trophic levels will respond to warming conditions may be an important step towards more 411 

mechanistically examining the impacts of climate change on species’ interactions.  412 

 413 

Indirect and combined effects for monarchs 414 

In contrast to the positive and non-significant direct effects of warming on larval growth 415 

rates, the indirect effects of warming on larval growth rates were negative. These reduced growth 416 

rates were likely mediated by decreases in milkweed leaf quality. An increased production of 417 

defensive compounds (Faldyn et al. 2018) and an apparent decrease in leaf quality (Bauerfeind 418 

and Fischer 2013)—both associated with warming—have been previously observed in this 419 

system. Moreover, because this experiment used excised leaves rather than whole plants, this 420 

experiment may have underestimated the strength of the indirect effects via host plant quality if 421 

warming increased the effectiveness of pressurized latex defenses in intact plants. While the 422 

latex defenses of intact plants can strongly affect the survival and growth of monarch larvae 423 

(e.g., Yang et al. 2020). 424 

In the experiment that combined direct and indirect effects, we observed a positive effect 425 

of warming on monarch larval growth rates. The net effect of the two pathways (indirect, direct) 426 

was ultimately positive in our experiment suggesting the positive direct effects were greater than 427 

the negative indirect effects. If warming had a positive direct effect on monarch growth, it likely 428 

lifted thermal constraints on larval development, and outweighed the negative indirect effects of 429 

warming, which likely decreased host plant quality. 430 

The opposing effects of different aspects of warming we found here are consistent with 431 

some studies in other systems (e.g., Alexander et al. 2015; Kharouba et al. 2015; van de velde et 432 
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al. 2017) but not others (Bauerfeind and Fischer 2013). However, few studies have 433 

experimentally separated the direct and indirect effects of warming and instead typically 434 

compare direct and combined effects of warming (but see Bauerfeind and Fischer 2013). This 435 

latter approach potentially confounds the different effects of warming and makes it difficult to 436 

compare findings across studies. Our findings reinforce the importance of disentangling the 437 

direct from indirect effects of warming. 438 

 439 

Combined effects for milkweed 440 

 In contrast to the monarch, warming had no net effect on milkweed growth. If warming 441 

had a positive direct effect on milkweed growth, the lack of a significant combined effect would 442 

suggest that the indirect effects of warming on milkweed were negative. A negative indirect 443 

effect would mean that warming increased the negative effects of herbivory, thus opposing the 444 

positive direct effects of warming on milkweed growth. However, while we observed positive 445 

net effects of warming on monarchs, we did not find significant differences in the rates of 446 

herbivore damage accumulation in warming treatments (see Appendix S3 for details). Thus, 447 

additional experiments with greater replication may be necessary to disentangle some of these 448 

combined and interactive effects on milkweed growth. While other studies have found positive 449 

net effects of warming on milkweed plants (Grainger and Gilbert 2017), few studies have been 450 

able to put them into context with how warming influenced the interacting species as we have 451 

done here (e.g., Rudolf and Singh 2013; Robinson et al. 2017).  452 

 453 

The effects of warming did not vary across plant age groups for either species. This 454 

suggests that the effects of warming largely did not depend on the seasonal timing of the 455 
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interaction or plant size. However, since we did not directly test whether the warming-driven 456 

changes in leaf quality differed by plant age, potential changes in the effects of warming on leaf 457 

quality across plant ontogeny caused us to underestimate the role of plant age. Indeed, Faldyn et 458 

al. (2018) showed that the effects of warming on the production of defensive compounds in A. 459 

curassavica got stronger over the development of the plant. 460 

 461 

Challenges with disentangling direct and indirect effects 462 

While experiments separating the direct, indirect and combined effects of warming are 463 

important, they also illustrate some challenges associated with developing artificial warming 464 

experiments with relevance to climate change. These include issues of a) experimental scale and 465 

limited generality, b) logistical issues that constrain replication and repeatability, and c) more 466 

fundamental issues related to the complexity and context-dependence of climate change effects.  467 

 As is common for lab experiments, logistical issues in several aspects of this experiment 468 

constrained the realism and replication we were able to achieve. Given the multifactorial nature 469 

of the experiments necessary to disentangle direct and indirect effects of warming, maintaining 470 

treatment groups becomes a particular challenge for these studies. These constraints can be 471 

partially addressed with controlled environment facilities, but such artificial environments may 472 

further limit realism and replication. For example, growing plants in containers with limited soil 473 

volume could constrain growth responses (Zust and Agrawal 2017), while the size and 474 

availability of controlled environment facilities limits replication.  475 

 This study also illustrates some more fundamental, biological constraints. For example, 476 

as discussed earlier, we isolated the direct and indirect effects of warming on monarch larvae 477 

using experiments with excised leaves rather than whole plants. In addition, while we attempted 478 
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to isolate the indirect effects of warming on monarch larvae through the use of excised leaves, 479 

we were unable to develop a satisfactory method for isolating the indirect effects of warming on 480 

milkweed in which the monarch experience different temperatures than their host plants. Finally, 481 

generation time often differs for species in trophic interactions. In our case, milkweed plants are 482 

long-lived perennials whereas monarchs complete multiple generations in a year (Zalucki 1982). 483 

Therefore, our experiment effectively represented a shorter period of development in the lifespan 484 

of the plant than for the insect. 485 

These issues illustrate important challenges for experimental studies that aim to infer the 486 

direct and indirect mechanisms operating under climate change (Boukal et al. 2019; Kharouba 487 

and Wolkovich 2020). The real-world effects of warming likely to be complex, depending on the 488 

specific temperature metrics used (Chmura et al. 2019) and the many ways in which temperature 489 

directly affects organismal performance (Angilletta and Dunham 2003; Kingsolver and Huey 490 

2008) and interacting species (Dell et al. 2011; Dell et al. 2014). These issues may make it 491 

difficult to predict the effects of warming on specific plant or herbivore species, even when more 492 

general patterns are evident (Gilbert et al. 2014). 493 

 494 

 495 
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Figures 670 

Figure 1. The effects of temperature on monarch and milkweed growth assumed in these 671 
experiments. The direct effects of temperature (shown as red arrows) on a) monarch growth and 672 
b) milkweed growth. c) The indirect effects of temperature on monarch growth can occur via 673 
multiple pathways, including temperature-mediated changes in milkweed quality and quantity, 674 
and the relative phenology of milkweeds and monarchs. The direct effects of relative phenology 675 
are shown as blue arrows, and the direct effects of changes in milkweed quantity and quality are 676 
shown as green arrows. d) The indirect effects of temperature on milkweed growth include 677 
effects mediated by changes in monarch herbivory, as well as changes mediated by changes in 678 
the relative phenology of milkweeds and monarchs which could lead to changes in monarch 679 
herbivory. The effect of monarchs on milkweed is shown as an orange arrow. Dashed arrows 680 
represent pathways we do not experimentally manipulate in this study. 681 
 682 
Figure 2. A series of experiments designed to isolate the direct, indirect and combined effects of 683 
warming on both milkweeds and monarchs. Blue backgrounds indicate that the organism was 684 
maintained under manipulated cool conditions, and red backgrounds indicate manipulated warm 685 
conditions. Elements without a background were maintained separately (i.e. in the lab or in the 686 
greenhouse) under intermediate ambient conditions. In each experiment, the organisms in italics 687 
and underlined were measured for response variables. The experiment in a) used daily ad libitum 688 
excised milkweed stems from a common greenhouse to standardize the milkweed source. The 689 
experiment in b) was conducted with monarchs absent. The experiment in c) was evaluated using 690 
daily ad libitum excised milkweed stems from environmental chambers maintained at different 691 
temperatures to isolate the indirect effects of warming on monarchs meditated via milkweed 692 
quality. The larvae in experiment d) were reared on milkweed plants in controlled environment 693 
chambers set at different temperatures. The plants in experiment e) were grown in controlled 694 
environment chambers set at different temperatures with monarchs present. The experiments in 695 
a), d) and e) were conducted with milkweeds of two or three different age cohorts to represent 696 
differences in phenology. See Table S2 for a summary of experimental details. 697 
 698 
Figure 3. Warming effects on monarch larval and milkweed plant growth across experiments. 699 
(a) The sensitivity of relative growth rate (mm·mm-1·day-1) of monarch larvae and milkweed 700 
plants to direct effects of warming. (b) Effects of warming on monarch larval relative growth rate 701 
(mm·mm-1·day-1·°C-1) across direct, indirect and combined experiments. (c) Effects of warming 702 
on milkweed absolute growth rate (mm·day-1·°C-1) across direct and combined experiments.  703 
Effect size represents the difference in relative growth rate (b), absolute growth rate (c) between 704 
the warm and cool treatments. Means with 95% confidence intervals are shown. ‘*’ denotes a 705 
statistically significant p value (p<0.05).706 
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