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Abstract

1. Insect colour patterns serve a wide range of ecological functions and the biotic and

abiotic factors mediating colour variation in nature have been well characterised.

2. Nonetheless, the majority of studies in this field have focused on adult insects (partic-

ularly butterflies). Almost nothing is known about the factors that mediate intra-specific

colour variation in juveniles in nature, even though they are often as conspicuously

coloured as their adult counterparts.

3. Here we show that temperature predicts a small but significant amount of monarch

(Danaus plexippus) caterpillar pigment variation in nature. Over a 650,000-km2 region in

Canada and the USA, caterpillars found in warmer locations or lower latitudes had thin-

ner black stripes than those found in colder locations or higher latitudes. Caterpillars

have also become less black over the last five years, a result consistent with observed

short-term increases in summer temperature in this region.

4. Our study demonstrates that the relationship between temperature and monarch cat-

erpillar pigmentation seen in laboratory settings is also apparent in nature, although with

considerable variation. Our study also highlights the utility of online biodiversity reposi-

tories such as iNaturalist for characterising pattern and colour variation in nature.
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INTRODUCTION

Insect colour patterns serve a wide range of functions including acting

as warning signals to predators, aiding in camouflage, attracting mates

and helping with thermal regulation (Davis et al., 2007; Mello

et al., 2022; Willadsen, 2022; Yumnam et al., 2021). Because of the

clear link between colouration and fitness, several of the biotic and

abiotic factors that mediate intraspecific variation in colour pattern

have been characterised. In lepidopterans, where the bulk of this

research has been conducted (Davis, 2014), rearing density altered

pupae colour in the butterfly Mycalesis mineus (Mayekar &

Kodandaramaiah, 2021), but did not affect wing pigmentation in the
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wood tiger moth Parasemia plantaginis (Nokelainen et al., 2013) or in

the monarch butterfly Danaus plexippus (Atterholt & Solensky, 2010).

With respect to abiotic factors, among other examples, geometrid

moths were darker at higher latitudes (Heidrich et al., 2018), Himala-

yan butterfly Pieris canidia was darker at higher elevations (Gautam &

Kunte, 2020) and drier habitats produced darker larvae of the moth

Chiasmia clathrata (Välimäki et al., 2015).

Temperature in particular appears to have clear effects on intra-

specific variation in lepidopteran colouration (Hill et al., 2021). Higher

growing temperatures resulted in lighter colouration in African army-

worm (Spodoptera exampta) larvae, Asian comma (Polygonia caureum)

pupae and speckled wood (Parage aegeria) adults (Aguilon et al., 2015;

Taylor-Cox et al., 2020; Yamanaka et al., 2012). Similarly, monarch lar-

vae reared in the laboratory at warmer temperatures displayed thinner

black stripes compared to those reared at colder temperatures (Davis

et al., 2005; Solensky & Larkin, 2003). Increased melanisation in colder

temperatures is presumed to be adaptive because darker pigmenta-

tion allows for greater absorption of thermal energy and therefore fas-

ter development (Hill et al., 2021; Solensky & Larkin, 2003;

True, 2003). Despite the importance of insect colouration for fitness,

tests of the relationship between temperature and larval pigmentation

have primarily been conducted in controlled laboratory settings (Davis

et al., 2005; Sandre et al., 2007; Solensky & Larkin, 2003; Välimäki

et al., 2015). Investigating the relative importance of temperature in

nature can help us to better understand geographic variation in larval

patterning and better predict the potential effects of ongoing climate

warming on insect populations.

Monarchs are an ideal species in which to examine caterpillar pig-

ment variation in nature because their conspicuous black, white and

yellow stripes make them easy to identify (Figure 1a), and tens of

thousands of monarch caterpillar photos are freely available on biodi-

versity repositories such as iNaturalist (iNaturalist.org). In this study,

we quantified monarch caterpillar pigmentation (percent black) from

photos available on iNaturalist. We hypothesise that caterpillar pig-

ment is affected by temperature in nature. Based on results from labo-

ratory studies, we predicted: (a) that caterpillars observed in warmer

locations would have thinner black stripes, which (b) should result in a

latitudinal gradient in caterpillar pigmentation with thicker black

stripes at higher latitudes; and (c) if temperatures in our study region

have increased over the study period (2017–2021), caterpillars

observed more recently should have thinner black stripes.

METHODS

Photo acquisition

Monarch caterpillar photos were sourced from iNaturalist (inaturalist.

org), a free online repository of biodiversity images collected by iNa-

turalist users around the world. According to the life stage analysis on

iNaturalist, the majority of monarch caterpillars in Canada and the

United States are observed between July and September each year.

Additionally, the history analysis on the website revealed that the bulk

of the monarch observations on the website were uploaded after

2016. Accordingly, we filtered our search to include only caterpillars

observed in July and August, and between 2017 and 2021. We also

limited our search to Research Grade observations made in Ontario

and the following US states: New York, New Jersey, Pennsylvania,

Ohio and Maryland. Research Grade observations are those whose

identifications have been confirmed by at least two iNaturalist users.

Misidentified organisms can still obtain the Research Grade label, but

given the unique patterning of monarch caterpillars, we believe that

none of the caterpillars used in this study were misidentified. We

chose this geographic region because it contained the highest density

of monarch butterfly observations in iNaturalist. Consequently, we

thought that this region would provide the highest number of photo-

graphs of caterpillars that were amenable to quantifying pattern varia-

tion. Coincidentally, adult monarchs from this region also make up

�20%–25% of the overwintering adult population (Flockhart

et al., 2017).

Each year from 2017 to 2021, the same search query was used to

call observations. For example, for 2019, the query was: https://

www.inaturalist.org/observations?d1=2019-07-01&d2=2019-08-

31&order=asc&order_by=observed_on&page=40&place_id=39,42,31,

48,51,6883&quality_grade=research&taxon_id=48662. In total, this

search resulted in approximately 28,000 caterpillar photos from

2017–2021, and covered approximately 650,000 km2 or 12% (esti-

mated using the measuring tool on Google Maps) of the breeding

range.

Photo selection

We manually selected photos with the following conditions: the cater-

pillar was in focus, at least three abdominal segments appeared to be

in a straight line and not twisted or curved (e.g. Figure 1a), the cater-

pillar was not shrivelled and there were sharp distinctions between

each band. An example of a caterpillar with non-distinct stripes is

included in Figure S1. We neglected to keep track of the number of

photos that included caterpillars with non-distinct stripes. To esti-

mate the approximate number of fuzzy-striped caterpillars on iNa-

turalist, we conducted an ad hoc search of 6309 larvae from this

region and found the prevalence of fuzzy-striped larvae to be

approximately 0.1%.

The total number of monarch caterpillar observations in iNatural-

ist has increased over time and ranged from approximately 1700 in

2017 to over 8000 in 2021. Of these available photos, we haphaz-

ardly chose between 102 and 142 caterpillar photos per year

(n = 109, 142, 138, 109, 102 from 2017 to 2021, respectively), with

approximately half of the photos taken in July, and half in August, per

year. The sample size is not evenly distributed among years because

some photos were out of focus upon closer inspection. We also only

chose 5th instar caterpillars and used the length of the tentacles rela-

tive to the width of the caterpillar to distinguish between 4th and 5th

instars (Oberhauser & Kuda, 1997) Specifically, in 5th instars, the front

tentacles are approximately three times as long as the width of the

2 TSENG ET AL.
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head capsule but in 4th instars, the front tentacles are approximately

twice as long as the width of the head capsule (Oberhauser &

Kuda, 1997). This method is not foolproof and may have resulted in

the inclusion of a few 4th instar larvae, which have slightly thinner

black stripes compared to 5th instars (Oberhauser & Kuda, 1997).

Nonetheless, we have no reason to believe that iNaturalist users from

specific latitudes, locations, or years would preferentially upload

photos of 4th instar caterpillars compared to iNaturalist users at other

latitudes, temperatures or years and thus we do not believe that any

of the relationships between caterpillar pigmentation and temperature

or latitude observed here could be driven by the inadvertent inclusion

of 4th instar larvae.

F I GU R E 1 (a) Sample iNaturalist photos of monarch caterpillar larvae. L: observation 7006531 Peter Woods (CC BY-NC 4.0), R: observation
7441495 Jason King (CC-BY-NC 4.0). (b) Map of locations where caterpillars were observed (red circles) and of cities (black shapes) used to
quantify regional changes in summer temperature from 2017 to 2021. Shapes are grouped by State or Province using the same key as in (c).
Complete list of cities is available in Table S1. (c) Mean summer temperature from 2017 to 2021 for 16 cities located throughout the study
region. Lines represent best fit lines from linear regressions of average summer temperature over time. Cities (Table S1) are grouped by State or
Province. DC, District of Columbia; NY, New York; OH, Ohio; ON, Ontario; PA, Pennsylvania

CATERPILLAR PIGMENT VARIATION IN NATURE 3
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Quantifying caterpillar percent black

We used ImageJ (Rasband, 2016) to quantify caterpillar percent black.

We first used the polygon selection tool to outline one caterpillar seg-

ment (Oberhauser & Kuda, 1997). Second, we used the measure func-

tion to measure the area in this segment (in pixels). Third, we used the

polygon selection tool and measure function to measure the area of

the black stripes within this segment. We divided the sum of the area

of all of the black stripes by the area of the total segment to obtain

the percentage of black per segment. We repeated these measure-

ments for two additional segments and took the average percentage

black of the three segments. We call this metric percent black.

Although most of the photos were taken of the lateral view of the

insect (n = 449), we also measured some dorsal-view photos

(n = 151). The average percent black of lateral-view photos was sig-

nificantly lower (mean � standard deviation = 38.1% � 8.47) than

that of dorsal-view photos (41.8% � 8.1; F1,598 = 22.4, p < 0.0001)

and thus we included view as an explanatory factor in the statistical

models. Because there are no scale bars on iNaturalist photos, we do

not have data on absolute values of the areas of the black segments.

Each author except SS and MT measured approximately 21 randomly

assigned caterpillars.

Latitude, year and weather variables

We obtained latitude and longitude data for each observation from

iNaturalist and we mapped all observations (Figure 1b). We also

recorded the date the caterpillar was observed. We used the MS

Windows 10 version of ClimateNA (Wang et al., 2016) to retrieve the

average, maximum and minimum summer temperatures for individual

observation locations during the year of collection. We used summer

weather data because all of the caterpillars were observed in the tem-

perate summer. Average, maximum and minimum summer tempera-

tures were all highly correlated so we used average summer

temperature as our metric of weather. We also used ClimateNA to

obtain the average summer temperatures of 16 major cities through-

out the study area (New York: Albany, New York City, Syracuse; Ohio:

Cincinnati, Cleveland, Columbus; Ontario: Huntsville, Kingston,

London, Ottawa, Toronto; Pennsylvania: Allentown, Philadelphia,

Pittsburgh; State College; Washington DC, Figure 1b). We plotted the

average summer temperature of each of these cities from 2017 to

2021 to examine short-term trends in summer temperature in this

region.

Statistical analyses

We used linear regression to examine whether average summer tem-

perature, latitude or year significantly explained variation in percent

black of monarch caterpillars (n = 600). Because temperature is signif-

icantly correlated with latitude, and also with year, we ran one model

with just temperature, and a second model with latitude, year and the

interaction between latitude and year. Both models also included

photo view (dorsal vs. lateral) as an additional explanatory variable.

Because proportion data can sometimes violate assumptions of linear

models, researchers advocate that Beta regression or Dirichlet regres-

sion should be used to analyse this type of data (Douma &

Weedon, 2019). Here we used linear regression because plots of the

raw data, residuals vs fitted data and normal q-q plots all confirmed

that the data met assumptions of linear models (Figure S2). No data

were transformed. We also used linear regression to examine short-

term trends in average summer temperature for the 16 cities through-

out the study region. All analyses were conducted in R version 4.0.4

(R Core Team, 2021).

RESULTS

Short-term changes in summer temperature in the
study region

Average summer temperature in cities throughout the study region

increased from 2017–2021 (year: F1,48 = 45.6, p < 0.0001; Figure 1c),

and the 16 cities differed in their mean summer temperature (city:

F1,48 = 61.7, p < 0.0001). The rate of increase in temperature did not

differ among cities (year:city F15,48 = 0.14, p = 0.99; full model

r2 = 0.92). Averaged across cities, the rate of increase in temperature

between 2017 and 2020 was 0.27�C per year, for a total increase of

1.35�C during the study period.

Effect of temperature on caterpillar percent black

Summer temperature had a significant effect on percent black

(F1,597 = 18.1, p < 0.0001, slope = �0.69, model r2 = 0.06). Caterpil-

lars found in warmer locations displayed lower percent black com-

pared to those found in cooler locations (Figure 2a). The effect of

photo view was also significant (F1,597 = 20.2, p < 0.0001).

Effect of latitude and year on caterpillar percent black

There was a significant latitudinal gradient in caterpillar pigmentation

(F1,595 = 17.3, p < 0.0001, slope = 0.63), with caterpillars observed in

lower latitudes exhibiting lower percent black compared to caterpillars

found in higher latitudes (Figure 2b). There was also a significant

effect of year on percent black (F1,595 = 14.7, p = 0.0001,

slope = �0.97; Figure 2c), with more recently-observed caterpillars

displaying thinner black stripes compared to earlier observations. The

interaction between latitude and year was not statistically significant

(F1,595 = 0.4, p = 0.53), and the overall model r2 was 0.07. The effect

of photo view was also significant (F1,595 = 17, p < 0.0001). A few of

the caterpillar observations were located above 47.5�N. The signifi-

cant effects of latitude and year remain unchanged if these points are

removed.

4 TSENG ET AL.
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DISCUSSION

The goal of this study was to examine monarch caterpillar pattern var-

iation in nature. We tested the general prediction that caterpillars

should have less black pigmentation in warmer locations. We sourced

monarch caterpillar photos from the online biodiversity repository

iNaturalist and found that caterpillars observed in warmer locations,

lower latitudes and more recently, displayed thinner black stripes

compared to those observed in colder locations, higher latitudes and

earlier in the 5-year study period.

This study is unique in that we document a small but significant

role of temperature in mediating caterpillar patterning in nature.

Although much is known about colour variation in adult butterflies or

other insects (Caglar et al., 2014; Günter et al., 2020; Heidrich

et al., 2018; Kozlov et al., 2021; Taylor-Cox et al., 2020), few if any

studies have examined medium-to-large scale spatio-temporal pig-

ment variation of caterpillars in nature (but see Black et al., 2021).

With respect to monarchs in particular, previous studies have shown

that caterpillar banding patterns are correlated with larval develop-

ment and adult colouration, and that adult monarch colouration itself

is correlated with flight distance (Davis et al., 2012; Hanley

et al., 2013) and mating success (Davis et al., 2007). Thus, our results

could have implications for monarch population dynamics. Experi-

ments that directly link temperature-mediated shifts in monarch cater-

pillar pigmentation to population growth rates are needed to better

understand the broader implications of variation in larval patterning.

The patterns observed here could also have arisen if more recent

iNaturalist observations had been recorded from warmer locations or

lower latitudes. We ran linear regressions to check these associations

and found no evidence that caterpillar observations had shifted to

warmer locations (F1,496 = 0.02, p = 0.89), or lower latitudes

(F1,598 = 0.44, p = 0.51) between 2017 and 2021.

Additionally, although the effects of temperature and latitude

seen here are statistically significant, they explain a very small fraction

of the total variation in caterpillar percent black (6%–7%), suggesting

that other important biotic and abiotic factors also affect the degree

of caterpillar pigmentation in nature. For example, adult monarchs

show sex-specific black banding patterns (Davis et al., 2005) and thus

it is likely that male and female caterpillars too are dimorphic. Unfor-

tunately, it is not possible to identify the sex of individual caterpillars

via photographs. It is also unclear how much of the variation in pig-

mentation is due to genetics versus phenotypic plasticity, and given

that monarchs belong to one large admixed population (Lyons

et al., 2012; Talla et al., 2020), the degree of independence among the

600 measured individuals is also unknown. Interestingly, the explana-

tory power of temperature on caterpillar percent black is very similar

to that of temperature on insect body size in nature (Kelemen &

Rehan, 2021; Polidori et al., 2020; Tseng et al., 2018).

Our characterisation of monarch caterpillar pigment variation in

nature was made possible by the thousands of photos uploaded to iNa-

turalist by scientists and the general public. This user-friendly and accessi-

ble biodiversity repository is quickly becoming an invaluable tool for the

study of conservation (Light et al., 2021; Mesaglio et al., 2021), movement

ecology (Supp et al., 2021), invasive species (Young et al., 2021), beha-

vioural ecology (Clark et al., 2021), phenology (Jaskuła et al., 2021) and

science outreach (Niemiller et al., 2021). Here we add to this list of appli-

cations by quantifying insect pigment variation in nature.

(a)

(b)

(c)

F I GU R E 2 Relationship between caterpillar percent black and
(a) mean summer temperature, (b) latitude and (c) year of observation.
All relationships are statistically significant. The significant relationship
between latitude and percent black remains if the points above 47�N
are omitted. See Results for statistical analyses. Points in (c) are
jittered to reduce overlap. Shaded areas represent 95% confidence
intervals.

CATERPILLAR PIGMENT VARIATION IN NATURE 5
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In summary, we have demonstrated using the iconic monarch

butterfly that temperature has small but potentially important

effects on caterpillar pigmentation in nature. Our study only

encompassed 5 years of data (n = 600) and thus we refrain from

speculating on how ongoing global warming may affect monarch

fitness via changes in caterpillar pigmentation. Future studies that

examine the adaptive significance of temperature-mediated pig-

mentation in nature, as well as the decadal-scale effects of temper-

ature on caterpillar pattern variation will be important for

predicting the effects of continued global warming on monarch

butterfly population dynamics.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Figure S1. When searching for monarch larvae images on iNaturalist,

we ignored photos where the black stripes were not distinct. Below is

an example of a larva with fuzzy black stripes. Photo credit: faulcon,

CC-BY-NC (INaturliast ID: 88168346)
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Figure S2. As requested by a reviewer we have included the Q–Q

plots for (a) the raw data; (b) the model of Caterpillar Percent Black

� Average Summer Temperature + Photo view; and (c) for the

model of Caterpillar Percent Black � Latitude � Year +

Photo view.

Table S1. Cities used to quantify summer temperature in the study

region.
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