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Abstract

Increasing attention to pollinators and their role in providing ecosystem services has

revealed a paucity of studies on long-term population trends of most insect pollinators in

many parts of the world. Because targeted monitoring programs are resource intensive and

unlikely to be performed on most insect pollinators, we took advantage of existing collection

records to examine long-term trends in northeastern United States populations of 26 spe-

cies of hawk moths (family Sphingidae) that are presumed to be pollinators. We compiled

over 6,600 records from nine museum and 14 private collections that spanned a 112-year

period, and used logistic generalized linear mixed models (GLMMs) to examine long-term

population trends. We controlled for uneven sampling effort by adding a covariate for list

length, the number of species recorded during each sampling event. We found that of the 22

species for which there was sufficient data to assess population trends, eight species

declined and four species increased in detection probability (the probability of a species

being recorded during each year while accounting for effort, climate, and spatial effects in

the GLMMs). Of the four species with too few records to statistically assess, two have disap-

peared from parts of their ranges. None of the four species with diurnal adults showed a

trend in detection probability. Two species that are pests of solanaceous crops declined,

consistent with a seven-fold drop in the area planted in tobacco and tomato crops. We found

some evidence linking susceptibility to parasitoidism by the introduced fly Compsilura con-

cinnata (Tachinidae) to declines. Moths with larvae that feed on vines and trees, where

available evidence indicates that the fly is most likely to attack, had a greater propensity to

decline than species that use herbs and shrubs as larval host plants. Species that develop

in the spring, before Compsilura populations have increased, did not decline. However,

restricting the analysis to hawk moth records from areas outside of a “refuge” area where

Compsilura does not occur did not significantly increase the intensity of the declines as

would be predicted if Compsilura was the primary cause of declines. Forests have recov-

ered over the study period across most of the northeastern U.S., but this does not appear to

have been a major factor because host plants of several of the declining species have
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increased in abundance with forest expansion and maturation. Climate variables used in the

GLMMs were not consistently related to moth detection probability. Hawk moth declines

may have ecological effects on both the plants pollinated by these species and vertebrate

predators of the moths.

Introduction

Recent reports of declines in both managed and native pollinators have raised concern about

pollination limitation in crops and natural ecosystems [1], [2], [3]. Among native pollinators,

declines have been reported in bumble bees (genus Bombus) [4], [5], other bees [6], avian and

bat pollinators, and butterflies [3]. The available data indicate that many wild pollinators have

declined in occurrence and diversity (and abundance for certain species) at local and regional

scales in northwestern Europe and North America [6], [3]. Concern over the plight of pollina-

tors in the United States led to the development of a national strategy to promote the health of

pollinators [7]. However, population trends in most pollinator species remain unknown.

Many species are small-bodied and hard to identify in the field, are not commonly sought after

by citizen naturalists, or occur in countries with limited resources for monitoring. Identifying

strategies for estimating population trends in these species is challenging, but necessary to

broaden our knowledge about conservation status of native pollinators.

Among vertebrate and invertebrate pollinators, most moths are easy to overlook due to

their nocturnal activity. Nevertheless, moth pollinator guilds can be diverse and form the basis

of complicated pollen-transfer networks [8], [9], [10]. Some plants, such as the western prairie

fringed orchid (Platanthera praeclara), yucca (Yucca and Hesperoyucca) and senita cacti

(Lophocereus schottii), depend exclusively on one or a small number of moth species for polli-

nation [11], [12] [13]. Declines in moth diversity and abundance could therefore lead to dis-

ruptions in the plant communities they pollinate [14], [12].

The hawk moths (family Sphingidae), a group of relatively large-bodied and strong flying

Lepidoptera, include many pollinating species that typically feed nocturnally (although some

do so diurnally) at pale-colored flowers with long corollas and a sweet odor [15], [16], [17].

One species, Manduca sexta, is well known as a model organism for laboratory studies of ani-

mal behavior and neurobiology [18], [19]. Evolutionary biologists and ecologists recognize

this group as being diverse and important in the study of insect-plant interactions in both trop-

ical and temperate ecosystems [20], [21], [17], especially because hawk moth tongue length

seems to coevolve with plant corolla length [22], [23]. Although the relationship between

plants and pollinating animals is more complex than simple ‘syndromes’ [24], hawk moths are

clearly able to use their typically long tongues to pollinate flowers with long corollas that

exclude other potential pollinators [25]. Some plants pollinated by hawk moths are rare,

including members of the orchid, lily, and evening-primrose families (Orchidaceae, Liliaceae,

and Onagraceae, respectively; [26], [27], [28]), highlighting the potential conservation ramifi-

cations of hawk moth population declines.

Preliminary evidence suggests that several hawk moth species, along with members of

another family of large moths, the Saturniidae, have undergone long-term declines in the

northeastern U.S. and adjacent Canada [29], [30], [31], [32], [33], [34]. As for virtually all of

the world’s more than one million species of insects, quantitative monitoring data are not

available to document most of these declines [35]. Possible causes of declines in hawk moths

include climate change, which might cause a mismatch between emergence of moth larvae
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and host plant leaf out; loss of habitat including host plants; forest succession, which has led to

long-term compositional changes as northeastern U.S. forests recover from 19th century clear-

ing for agriculture [36], [37]; increasing levels of artificial lights at night [14]; an introduced

parasitoid fly (Compsilura concinnata; Tachinidae) [38]; and changing agricultural practices

and land use that have caused declines in hosts available for hawk moths with larvae that feed

on crop plants [33]. Considering the importance of hawk moths in their ecosystems and the

diversity of threats they face, the absence of monitoring data is concerning because declines

could be widespread without the conservation community having a means to detect them.

Compsilura has been implicated in declines of numerous moths [39]. The parasitoid, native

to Europe, was repeatedly introduced from 1906–1986 to control non-native gypsy moths

(Lymantria dispar) and other pests. The multivoltine generalist parasitoid never successfully

controlled gypsy moth populations, but is now known to attack 200 North American lepidop-

teran species, including numerous hawk moths [40], [39] [33]. Experimental evidence indi-

cates that Compsilura is more effective at attacking hosts during the summer than in the

spring, and is most frequently recorded attacking hosts on leaves of trees that are situated in a

group or forest setting rather than shrubs or herbs [41]. The fly has been found everywhere it

has been looked for in the northeastern U.S., except coastal sand dune habitats in Cape Cod

and Martha’s Vineyard and Nantucket islands, Massachusetts, U.S., where sparse vegetation

apparently does not support a succession of potential hosts needed by the multivoltine fly dur-

ing the spring-to-fall period of activity [42].

Because of limited resources available for biological surveillance monitoring [43] targeted

studies on the diverse hawk moth fauna that are unlikely to occur over broad geographical

areas. In this situation, a potential substitute is an analysis of museum and private collecting

records [44], [45]. Although museum and private collecting efforts will rarely have the tempo-

ral or spatial regularity of a targeted study, they have the advantage of covering century-long

time scales, large geographic areas, and large numbers of species. However, estimating trends

from museum records necessitates addressing issues of recording bias, since these records

were often collected in an opportunistic manner largely contingent on the context of each

recording event [46], [47]. One effective approach to statistically correct for uneven recorder

effort in opportunistic data is to use the number of species recorded during each sampling visit

(the list length, L; sensu [48] as a proxy for recorder effort (e.g., [49], [50], [51], [52], [53]).

Adding a covariate for list length within models of temporal estimates may enable disentangl-

ing true absences from failures to detect and record given species, because list length is posi-

tively associated with recorder effort and therefore probability of detection [54], [55].

Northeastern U.S. Lepidoptera are particularly amenable to this statistical approach as they

have been relatively well studied, and private collection data can supplement material in muse-

ums [33]. Furthermore, an advantage of hawk moths over many other insect groups is that

most species (except for the Sphinx gordius-S. poecila complex) are readily identified and there-

fore determinations of museum specimens are reliable.

In this study, we focus on the species of hawk moths that breed in the northeastern U.S. and

feed as adults and therefore putatively serve as pollinators (but see [13]). We ask whether we

can detect long-term declines for any of these species, while statistically correcting for recorder

effort, from museum and private collecting records. We then test five predictions of hypothe-

ses that may explain the trends. First, we ask whether the spatial and temporal abundance of

records is related to changes in climate that are predicted to be important to moths, such as

cold winters, or hot or wet summers [33]. Second, we test the prediction that if Compsilura is

an important cause of declines, then eliminating records from where the fly does not occur

(e.g., the Massachusetts sand dune habitats [42]), and thus where moth declines may not have

taken place, should result in more significant declines. Third, we test the prediction that
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species with larvae most exposed to Compsilura, those that feed on trees or vines, should have

declined more than species with less exposed larvae feeding on understory shrubs and herbs

[41]. Fourth, we tested the prediction that species that are present as larvae in May and June,

before Compsilura populations increase seasonally, should have declined less than species

active during the summer months [41], [32]. Fifth, to address whether changes in agricultural

practices has led to a decline in host plant availability, we examined long-term records in the

acreage of the solanaceous crops tobacco and tomato (host plants of two Manduca species)

planted on farms in six northeastern U.S. states. The results provide the most comprehensive

analysis to date of long-term population changes in a regional hawk moth fauna.

Materials and methods

Study area, species selection, and record compilation

Our study area in the northeastern U.S. included the six New England states (Maine, New

Hampshire, Vermont, Massachusetts, Rhode Island and Connecticut) plus nearby New York

(Long Island and the counties bordering the Hudson River) and northern New Jersey

(between 40˚ 7’ N and 47˚ 26’ N and 66˚ 58’ and 74˚ 56’ W; Fig 1). Within this area, we defined

records from all but the outer tip of Cape Cod, Nantucket, and Martha’s Vineyard, Massachu-

setts, as “Exposed to Compsilura” areas (where moths are potentially subject to Compsilura
attack) and the remaining records as “Refuge from Compsilura” areas according to [42]. We

focused on the 26 species of hawk moths that breed in this area and feed as adults and therefore

are presumed to pollinate plants ([25]; Table 1). Additional species occur in the study area as

migrants or are nonfeeding as adults. Due to the difficulty in distinguishing Sphinx gordius
from S. poecila, we grouped records for these two taxa and consider them as a single species for

the purpose of species tallies. The two species have similar sizes, life histories and host plants

[25]. We also compiled information relevant to the hypotheses we tested, including flight activ-

ity (nocturnal, which included crepuscular, or diurnal), seasonality of flight period (as an indi-

cation of the timing of the preceding larval development period when individuals are subject

to parasitoidism) and the growth form of larval food plants from [25] (Table 1).

We compiled information on species, date collected, locality, county, and collector for our

focal species from specimens held at most northeastern U.S. natural history collections known

to have significant holdings of hawk moths. We also canvassed the community of academic

and private hawk moth collectors to obtain additional records. The Acknowledgments pro-

vides a full list of the nine museum and 14 private collections utilized. Due to a preponderance

of incomplete data on labels of specimens collected prior to 1900 and incomplete processing

and databasing of more recent collections, we restricted the sample to include records from

1900 through 2012. All records are publicly available at http://www.natureserve.org/

conservation-tools/locality-data-northeastern-us-hawk-moths and at Figshare (https://doi.

org/10.6084/m9.figshare.5435950.v1).

Climate data

To understand possible relationships between climate and moth population trends, we associ-

ated climate values with corresponding moth records by county and year. For each year in the

study period (1900–2012), we derived three bioclimatic variables (named following the termi-

nology of the WorldClim dataset, www.worldclim.org: Bio6, minimum temperature of coldest

month; Bio10, mean temperature of the warmest quarter; and Bio18, precipitation during the

warmest quarter) from monthly temperature and precipitation following the method of [56].

These variables represent extreme conditions that can influence overwintering survival of lar-

vae (Bio6), and survival of adults (Bio10 and Bio18). Directional changes in these variables,

Hawk moth declines in the Northeastern United States
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such as could be caused by global warming, could result in changes in abundance of moths in

the northeastern U.S. portion of their ranges. The source data consist of 800-meter resolution

gridded surfaces from the PRISM LT71 dataset [57], [58]. We calculated the mean of each bio-

climatic variable for each county in the study area for each year of the study period, and then

associated these values with corresponding moth records by county and year for analysis.

Extent of tobacco and tomato farming

To explore the possible relationship between the availability of the solanaceous crops tobacco

and tomato as host plants and population trends in the species Manduca sexta and M. quinque-
maculatus, we summarized records from the U.S. Department of Agriculture (USDA) on

trends in the area planted in these crops on farms over the course of the study period [59],

Fig 1. Map of study area showing the number of hawk moth records compiled from each county.

https://doi.org/10.1371/journal.pone.0185683.g001
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Table 1. Species of hawk moths, their size and natural history, and the sample sizes of records compiled for analysis of species declines in the

northeastern United States.

Speciesa and Forewing Length

(mm)

Activityb Host Plant Habit (Hosts)c Flight Periodd Recordse Listsf

Macroglossinae

Amphion floridensis

(22–24)

Diurnal Vines (Vitaceae) May-early July 217 27

Darapsa choerilus

(27–34)

Nocturnal Shrubs (Ericaceae, Caprifoliaceae) June-August 817 367

Darapsa myron

(26–32)

Nocturnal Vines (Vitaceae) June-July 454 155

Darapsa versicolor

(32–38)

Nocturnal Shrubs (Hydrangeaceae: Hydrangea, Lythraceae: Decodon,

Rubiaceae: Cephalanthus)

June-July 105 29

Deidamia inscriptum

(22–25)

Nocturnal Vines (Vitaceae) May-June 506 191

Eumorpha achemon

(42–49)

Nocturnal Vines (Vitaceae) July-

September

69 30

Eumorpha pandorus

(47–52)

Nocturnal Vines (Vitaceae) July-August 242 107

Hemaris diffinis

(16–22)

Diurnal Shrubs (Caprifoliaceae: Lonicera) May-August 253 44

Hemaris gracilis

(17–20)

Diurnal Shrubs (Ericaceae: Vaccinium) May-early July 53 12

Hemaris thysbe

(23–28)

Diurnal Shrubs (Caprifoliaceae: Viburnum, Lonicera) May-August 410 52

Hyles gallii

(25–43)

Nocturnal Herbs (Onagraceae: Chamerion, Rubiaceae: Galium) June-July 166 26

Hyles lineata

(29–47)

Nocturnal Herbs (Onagraceae: Oenothera, Portulacaceae: Portulaca) July-Sept 137 32

Proserpinus flavofasciata

(16–19)

Diurnal Herbs (Onagraceae: Chamerion) May-June 2 1

Sphecodina abbottii

(27–31)

Nocturnal Vines (Vitaceae) May-June 356 132

Sphinginae

Dolba hyloeus

(22–30)

Nocturnal Shrubs (Aquifoliaceae: Ilex) June-August 286 118

Lintneria eremitus

(27–37)

Nocturnal Herbs (Lamiaceae) July-August 120 36

Manduca jasminearum

(40–50)

Nocturnal Trees (Oleaceae: Fraxinus) July-early

August

66 8

Manduca quinquemaculatus

(52–57)

Nocturnal Herbs (Solanaceae; mostly crops) June-

September

121 24

Manduca sexta

(51–56)

Nocturnal Herbs (Solanaceae; mostly crops) July-August 163 57

Sphinx canadensis

(33–43)

Nocturnal Trees (Oleaceae: Fraxinus) June-August 44 4

Sphinx chersis

(38–55)

Nocturnal Trees (Oleaceae: Fraxinus) June-August 204 36

Sphinx drupiferarum

(45–52)

Nocturnal Trees (Rosaceae: Amelanchier, Malus, Prunus) May-July 166 50

Sphinx gordius/S. poecila

(32–43)

Nocturnal Shrubs (Ericaceae, Myricaceae, Rosaceae: Spirea) May-July 1253 402

Sphinx kalmiae

(42–48)

Nocturnal Trees (Oleaceae: Fraxinus, Syringa) June-July 364 94

(Continued )
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[60]. Because crop statistics are reported by state, we included only the six New England states,

which are entirely included in the study area, in the compilation.

Analyses and assumptions

We first aggregated species records into species “lists” with unique combinations of locality,

date, and collector name. We assumed species lists represented a finite recording event from

which we could derive estimates of recording effort, and that all species detected were collected

and deposited in a collection. For each species list, we estimated recording effort using 1) the

total number of individuals collected, regardless of species, and 2) the total number of species

recorded within a list (or list length). We assumed that the number of records and species col-

lected was related to recording effort, such that a higher number of records and species col-

lected indicate a higher recording effort [61], [62]. We excluded lists with fewer than two

recorded species, as these lists were particularly likely to represent incomplete samples [61].

The final datasets we analyzed consisted of 80 and 750 species lists, for diurnal and nocturnal

species respectively. To ensure convergence during model calibration, we focused on the four

diurnal and 17 nocturnal species recorded in at least ten species lists. We qualitatively discuss

the records available for the remaining two diurnal and two nocturnal species.

We modeled whether each species was recorded or not in each list—the species’ reporting

rate y (sensu [63])–as a function of the probability of detection p using logistic generalized lin-

ear mixed models (GLMMs). The probability of detection p estimates the likelihood that a spe-

cies was reported on a list during a recording event, given that the species was actually present

in that county in that year. Our primary goal was to estimate how the reporting rate of each

species varied across years—a measure of the temporal trend in species’ occurrence. Trends in

reporting rate across years may result not only from ecological processes but also from changes

in recorder effort. Therefore, we accounted for variation in recorder effort among lists by

including a list length term—the log of the number of species recorded in a list (L)–as well as a

term for the total number of records collected in a list (records). The inclusion of a year term in

conjunction with list-based proxies for recorder effort has previously been reliably used to esti-

mate species’ trends from opportunistic data such as museum records (e.g. [49], [50], [51],

[52], [53]). To examine the potential effects of climate on temporal trends, we also included a

linear term for each of the bioclimatic variables examined. We checked for multicollinearity

among continuous predictor variables using variance inflation factors and pairwise Spear-

man’s rank correlations. All variance inflation factors were lower than 2.1 and all pairwise

rank correlations were lower than 0.62 (S1 Table); taken together, both measures indicate low

multicollinearity among continuous predictor variables. Finally, we controlled for

Table 1. (Continued)

Speciesa and Forewing Length

(mm)

Activityb Host Plant Habit (Hosts)c Flight Periodd Recordse Listsf

Sphinx luscitiosa

(26–37)

Diurnal Trees and shrubs (Betulaceae: Betula, Salicaceae: Populus, Salix) May-June 40 2

a Species are listed alphabetically within subfamilies.
b Species with crepuscular or a combination of diurnal and nocturnal activity were classed as nocturnal.
c Principal hosts listed by [25] that occur within the study area; some species may use additional hosts.
d Populations in the northern portion of the study area are active somewhat later in the season.
e Number of individuals in collections examined with collection year and county data.
f Unique combinations of locality, date, and collector name that included the species. Species with fewer than ten lists were excluded from the analyses.

https://doi.org/10.1371/journal.pone.0185683.t001
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unaccounted spatial relationships among sites by including a random effect of county, thereby

estimating a different intercept for each county i. We standardized all continuous predictors—

by subtracting the mean and dividing by the standard deviation—to facilitate the interpreta-

tion of the relative importance of model coefficients [64].

For each species, we thus considered the following model of reporting rate y at site s in year

t for list l as a function of the probability of detection p (modified from [63]):

ystl � BernouilliðpstÞ

logitðpstÞ ¼ aþ b1 � year þ b2 � logðLstlÞ þ b3 � recordsstl þ
b4 � bio6st þ b5 � bio10st þ b6 � bio18st þ countyi

ð1Þ

where the parameter β1 estimates the yearly change in probability of detection across lists; β2
estimates how probability of detection varies with the length of each list; β3 estimates how

probability of detection varies with the number of records collected; β4, β5 and β6 relate to the

three bioclimatic variables; and county is a random effect of mean zero, where variance is esti-

mated across counties.

We used multi-model inference to identify the set of candidate models best explaining

reporting rate for each species and ranked them based on their relative weight of evidence

[65], [66]. All candidate models included the variables aimed at controlling for recorder bias—

the fixed terms L and records and the county random term—but varied in their inclusion of the

single and combined fixed effects of year, bio6, bio10, and bio18. We ranked models using the

Akaike Information Criterion correction for small sample sizes (AICc: [65]). For each candi-

date model, we quantified the probability that it was the best model given the data using AICc

weights (AICw). For species where no single model was overwhelmingly supported (i.e., no

model with AICw > = 0.9), we considered the model set comprising the models with Akaike

weights of at least 5% of the best model weight (an evidence ratio of 0.05; [67]). We used this

set to calculate model-averaged coefficients and standard errors for each predictor appearing

at least once in the set; we averaged coefficients only over the models in which each predictor

appeared. For a summary of the models selected for each species see S2 and S3 Tables. All

multi-model inference analyses were run using the MuMIn package in R (functions pdredge
and model.avg; [68], [69]).

To analyze the relationship between host plant habit (trees and vines versus herbs and

shrubs) and whether species declined, we used a two-tailed Fisher’s Exact Test.

Results

We compiled a total of 6,614 records of the focal species within the study area, comprising

2,787 lists of unique combinations of locality, date, and collector. Numbers of observations

and lists were smaller prior to the mid-1960s than afterwards, whereas average list length ran-

ged mostly from 1–2 species until an increase in the late 1970s (Fig 2).

None of the four diurnal species with sufficient sample sizes showed any trend in detection

probability (Fig 3). With all lists of nocturnal species considered, seven species showed

declines, six showed no change, and four showed increases in detection probability (Fig 3).

Removing lists from Compsilura refuge areas resulted in Eumorpha pandorus changing from a

significant to a non-significant decline (the changed 95% confidence intervals overlapped

zero), Manduca sexta (a crop pest) changing from a non-significant to a significant decline,

and no changes in the presence, absence or direction of trends for the remaining 15 species

(Fig 3). Thus eight species showed declines in at least one of the analyses.

Of the four species that were recorded too infrequently for statistical analysis, two or three

appear to have declined. We found no records for Manduca jasminearum in Connecticut, its
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northeastern distributional limit where it was formerly regularly recorded, after 1963. This

species persists farther west and south as it was reported in northern New Jersey in 2012, the

last year of the study. There were no records of Sphinx lucitiosa, a northern species, in Con-

necticut later than 1957 or in Massachusetts later than 1973, whereas records for New Hamp-

shire and Maine continue through 1999. Thus these two species appear to have declined

sharply in parts of their ranges. S. canadensis is a northern species that was rarely recorded in

the study area outside of Maine. Proserpinus flavofasciata is a small, diurnal, northern species

Fig 2. Sample sizes of lists of northeastern U.S. hawk moth records, number of lists, and mean list length,

or the number of species recorded in each list, for the period 1900–2012. Records from Refuge from

Compsilura areas, indicated in gray, are from the outer tip of Cape Cod, Nantucket, and Martha’s Vineyard where

the Compsilura concinnata parasitoid is presumed not to occur due to unsuitable habitat [42]; Exposed to

Compsilura areas, where caterpillars are subject to Compsilura attack, are everywhere else.

https://doi.org/10.1371/journal.pone.0185683.g002
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for which we encountered only two records, both from Maine (in 1928 and 1991), in our

study.

The climate variables included in the model contributed somewhat to explaining variance

in hawk moth detection probability. For all species, all three climate variables were selected in

at least one model of the best model set considered, and so were useful predictors of detection

probability. However, climate variables were significantly different from zero for only six of

the 21 species with sufficient samples, and the signs of the coefficients were inconsistent across

species (Table 2).

The area planted in tobacco or tomato on New England farms peaked in the 1920s, dropped

precipitously during the Great Depression in the 1930s, rebounded until 1950, then declined

again until leveling off after 1985 (Fig 4). The area planted in the two crops in the 2000s was

13% of the peak in the 1920s.

Among the nocturnal species for which there were sufficient records to analyze for trends

(and ignoring the crop pests Manduca sexta and M. quinquemaculatus that feed in agricultural

settings), five of the eight tree- or vine-feeding species declined whereas only one of the seven

Fig 3. Trend in relative detection probability 1900–2012 in the northeastern U.S. for (a) diurnal and (b) nocturnal hawk moth

species. Detection probability refers to the probability of a species being recorded during each year while accounting for effort,

climate, and spatial effects using logistic generalized linear mixed models. Closed circles represent means of the standardized

regression slope for year and error bars represent 95% confidence intervals. Declining species are those with error bars completely

below zero, increasing species are those with error bars completely above zero, and species with no trend are those with error bars

that overlap zero. For nocturnal species, dark gray and light gray asterisks represent significant (i.e., error bars do not overlap zero)

temporal trends based on Exposed to Compsilura and Exposed to Compsilura + Refuge from Compsilura models, respectively.

https://doi.org/10.1371/journal.pone.0185683.g003
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shrub- or herb-feeding species declined, a nonsignificant difference (two-tailed Fisher’s exact

test, P = 0.12). Two of the tree/vine-feeding species that did not decline, Deidamia inscriptum
and Sphecodina abbottii, are active only early in the season in May and June. Restricting the

analysis to summer species (when Compsilura populations have built up) results in tree/vine

feeders being more likely to decrease than shrub/herb feeders (two-tailed Fisher’s exact test,

P = 0.029).

Discussion

Inferred population trends

Using existing records of hawk moths in museum and private collections over a 112-year

period, we were able to detect statistical declines in eight species of northeastern U.S. hawk

moth pollinators, or 38% of the species for which sample sizes were sufficient to allow analysis.

Two additional species declined or disappeared altogether from portions of the study area, and

a third, Sphinx canadensis, may have declined in the portion of its range that overlaps the study

area. Thus, as many as 44% of the species examined appear to have declined in at least part of

the Northeast. Just four species, 19% of species with sufficient sample sizes, increased over the

study period.

Three patterns are evident from the results. First, all four diurnal hawk moth species

showed no discernible trend in detection probability. Second, the two solanaceous crop pest

species declined during the study period, consistent with the ten-fold decrease in tobacco and

tomato farming in the region. Third, of the remaining 15 species with sufficient records for

Table 2. Model coefficients for climate variables with associated confidence intervals in brackets, based on the full set of records (Exposed to

Compsilura + Refuge from Compsilura localities). Coefficients in bold were significantly different from 0.

Species Minimum temperature of the coldest

month

Mean temperature of the warmest

quarter

Precipitation during the warmest

quarter

Amphion floridensis 0.41 (-0.47, 1.29) -0.09 (-1.1, 0.92) -0.05 (-0.56, 0.46)

Hemaris diffinis 2.35 (-3.83, 8.52) -2.19 (-8.29, 3.9) -0.31 (-1.34, 0.71)

Hemaris gracilis -3.76 (-8.97, 1.44) -4.25 (-10.04, 1.54) 2 (-1.03, 5.02)

Hemaris thysbe -0.38 (-1.96, 1.21) 0.71 (-0.67, 2.09) 0.36 (-0.25, 0.98)

Darapsa choerilus 0.35 (0.01, 0.68) 0.08 (-0.32, 0.47) -0.3 (-0.54, -0.06)

Darapsa myron 0.24 (-0.13, 0.61) 0.13 (-0.25, 0.5) 0.18 (-0.06, 0.43)

Darapsa versicolor 0.02 (-0.66, 0.69) 0.51 (-0.07, 1.09) 0.07 (-0.32, 0.45)

Deidamia inscriptum -0.07 (-0.43, 0.3) 0.09 (-0.28, 0.46) -0.06 (-0.27, 0.15)

Dolba hyloeus -0.27 (-0.58, 0.04) 0.22 (-0.07, 0.52) 0.13 (-0.08, 0.34)

Eumorpha achemon 0.31 (-0.41, 1.02) 0.31 (-0.31, 0.93) 0.31 (-0.17, 0.8)

Eumorpha pandorus 0.18 (-0.28, 0.65) 0.43 (0.05, 0.8) -0.1 (-0.34, 0.14)

Hyles gallii -0.31 (-1.1, 0.48) -1.37 (-2.19, -0.55) 0.32 (-0.29, 0.92)

Hyles lineata -0.25 (-1.03, 0.52) 0.43 (-0.26, 1.12) 0.16 (-0.32, 0.63)

Lintneria eremitus 0.49 (-0.32, 1.3) 0.83 (-0.02, 1.68) 0.08 (-0.33, 0.48)

Manduca

quinquemaculatus

-0.08 (-0.71, 0.56) 0.36 (-0.1, 0.82) 0.11 (-0.3, 0.52)

Manduca sexta 0.32 (-0.1, 0.74) 0.3 (-0.07, 0.68) 0.04 (-0.24, 0.33)

Sphecodina abbottii -0.36 (-0.78, 0.06) -0.31 (-0.78, 0.15) 0.03 (-0.24, 0.3)

Sphinx chersis -0.51 (-0.92, -0.09) -0.05 (-0.53, 0.43) 0.24 (-0.12, 0.6)

Sphinx drupiferarum 0.52 (-0.12, 1.16) -0.87 (-1.47, -0.27) 0.26 (-0.1, 0.62)

Sphinx gordius/S. poecila 0.2 (-0.19, 0.6) -0.27 (-0.66, 0.11) -0.25 (-0.48, -0.01)

Sphinx kalmiae -0.43 (-0.9, 0.04) -0.38 (-0.84, 0.09) -0.19 (-0.46, 0.09)

https://doi.org/10.1371/journal.pone.0185683.t002
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analysis, all but one of the six vine- or tree-feeding species that are active during the summer

months declined. All but one of the nine species that are active only in the spring or feed on

shrubs or herbs either showed no trend or increased during the study period. This latter result

is consistent with the hypothesis that Compsilura parasitoidism has played a role in the

declines. However, removing the numerous records from the Compsilura refuge did not lead

to a consistent pattern of increased declines as would be expected if Compsilura were widely

responsible for declines.

We note further that the species that declined tend to have large-bodied late instar larvae,

with five of the six species having forewing lengths of at least 38 mmha, whereas the forewing

length of all the species that increased is less than that length. We cannot say whether large size

contributes directly to susceptibility to Compsilura attack or is related to another aspect of

these species such as foraging substrate that confers susceptibility. The body size of the species

in our sample appears to be associated with phylogeny [70], as large bodied species are

restricted to just three genera, Eumorpha, Manduca and Sphinx. Without a larger sample of

species, the effects of phylogeny and body size cannot be disentangled statistically [71].

These results are consistent with previous reports. Each of the eight species recorded as

declining in this study were previously suspected to be declining in Connecticut [33]. Simi-

larly, the four species that showed significant increases in this study were reported to be com-

mon in Connecticut [33]. Sphinx chersis, a species found to have declined in this study, was

reported to be rare by [32]. [32] also reported no generalized widespread trend in Hemaris gra-
cilis numbers, which agrees with our finding of no long-term trend in detection probability for

this species.

Fig 4. Temporal change in the area of tobacco and tomato planted in New England. Area charted in 5-yr

intervals. Source: [59], [60]; data for tomatoes were not available for 1900, 2005, and 2010.

https://doi.org/10.1371/journal.pone.0185683.g004
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Two of the species for which insufficient records were available for statistical analysis were

previously reported as extirpated in Connecticut: Manduca jasminearum and Sphinx lucitiosa
[33]. Our compilation is consistent with this observation, although the former species has

recently been rediscovered in south-central Connecticut (D. Wagner, personal communica-

tion). M. jasminearum appears to have contracted from much of the extreme northern part of

its range (Connecticut), although our records indicate that it persists in nearby northeastern

New Jersey. S. lucitiosa appears to have disappeared from the southeastern edge of its range in

southern New England and northeastern New Jersey. Considering that at least eight collectors

have surveyed extensively for hawk moths in southern New England over the last several

decades [33], the rarity of recent records suggests that the two species have declined in this

region.

This study contributes to a growing body of evidence implicating the introductions of

Compsilura in the early 1900s as a contributor to the declines of large moths in the northeast-

ern U.S. The existence of a refuge from the parasitoid in Cape Cod and offshore islands [42],

[31], [35] and the results of field experiments in which larvae of a suitable host species (the

browntail moth, Euproctis chrysorrhoea) placed in historical habitats were heavily parasitized

[38], [42] provide striking evidence in support of this contention. Our observations that

declining species were those that feed as larvae in microhabitats or seasons when they are most

exposed to Compsilura attack is an additional indication that introductions of the parasitoid

have had broad effects on Northeastern lepidopteran abundance. Additional experimentation,

such as tethering larvae from increasing and decreasing hawk moth species on different sub-

strates (e.g., trees, vines, shrubs, herbs) and observing rates of Compsilura attack, would help

confirm the patterns suggested by our results.

Both Manduca sexta and M. quinquemaculatus are well-known pests to crops in the family

Solanaceae [25]. Tobacco was the most widespread solanaceous commercial crop in the north-

eastern U.S., and the dramatic decline in tobacco and tomato farming in the mid-20th century

could help explain declines in these two species. Other than these two crops, another solana-

ceous crop planted in the study area, potatoes, is planted extensively in northern Maine, but

this area is outside of the normal range of either Manduca species [72], [25]. These species may

use other solanaceous plants that grow in more natural habitat as host plants as they do else-

where in their range [25], although to our knowledge this has not been documented for our

study area. The concordance of declines in both the moths and solanaceous crop farming is

therefore suggestive, but other factors could have contributed to the declines.

Potential biases from collection data

Inferring population trends from specimen records requires several assumptions to hold true,

as described above. The assumption that collecting effort is constant [44] was demonstrably

not the case in our sample. Moth collectors have argued that the advent of mercury-vapor

lights for attracting moths in the mid-1960s increased collecting efficiency [30]. Indeed, we

found that hawk moth records for the study area show a marked and sustained increase after

this time period. However, because our analysis focused on detection probability during col-

lecting events relative to other species, an overall increase in hawk moth collection would not

have skewed the results for any one species unless it is substantially more or less likely to be

attracted to lights than other species. To our knowledge, only one species in our sample, Lint-
neria eremitus, has been suggested to avoid light traps [10]. Moreover, the predominant trend

was of decline, which is counter to the expectation of increases if collecting methods were

responsible for the trends detected.
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A related assumption that collecting effort is constant across species [44], is hard to evalu-

ate. Hawk moths are collected by netting at flowers, using lights or bait, or searching for larvae

on host plants [25]. Collectors’ objectives vary, resulting in the use of different methods at dif-

ferent times and places [73]. The large samples we compiled may have been sufficient to even

out these imbalances if there weren’t temporal trends in the use of specific collecting methods.

Separating analyses for diurnal and nocturnal species also reduces the influence of collecting

method on trend detection.

Bias by collectors toward preserving large, showier, or rarer species is another concern [74],

[75], [73]. If this bias remains constant over time, then trend analyses will be unaffected. How-

ever, if common species were once shunned but are now collected at the rate in which they are

encountered, they would appear to have increased whereas rare species would appear to have

declined. Although this bias cannot be ruled out completely, we note that rare species would

be unlikely to have sample sizes large enough for statistical analysis. Also, the complete disap-

pearance of species from the collecting record, as observed here for parts of the range of Man-
duca jasminearum and Sphinx lucitiosa, is strongly suggestive, especially when backed up by

numerous collectors with decades of experience [33].

Alternative hypotheses

Alternative hypotheses could potentially explain the trends that we observed. Largescale gypsy

moth spraying with DDT and carbaryl has often been suggested as a factor [29], [30] but nei-

ther has been widely used in the last 20 years. The use of Bacillus thuringiensis to control gypsy

moths is unlikely to be a widespread cause of declines due to its limited use both spatially and

temporally such that native species could rebound between years when it is applied [38], [32].

Furthermore, [76] showed that even under high laboratory doses sensitivity varies drastically

among native moth species, although they did not test any hawk moths.

Climate change has led to changes in butterfly ranges in the northeastern U.S. [50] and

could be expected to influence hawk moths in our study area. However, the climate variables

we examined were at best weakly related to detection probability of the moths studied. Climate

change would tend to cause the retraction from the southern edges of ranges and northward

range extensions [77]. Although we did not specifically attempt to detect this effect, we note

that of the two regional declines that we documented, Manduca jasminearum was a retraction

from the northern edge of its range (opposite the climate prediction). In the future, the longer

warm periods brought about by climate change may be expected to benefit a multivoltine para-

sitoid such as Compsilura [78].

Two other factors, light pollution and land use change, have likely played at least a small

role in the patterns revealed in this study, although the relative importance of each is difficult

to confirm. Artificial lights can disrupt nocturnal moth behavior [79], but documentation of

population-level effects is mostly lacking [32], [12]. In our study, many of the declines are geo-

graphically restricted [33], whereas artificial lights shine at night in many regions across the

study area [38]. For example, lights appear to shine just as brightly on Martha’s Vineyard and

Nantucket as on the nearby mainland [80], yet many large-bodied moths that have declined in

the mainland remain readily observable on the islands. One possible test would be to examine

whether night light data collected by satellites [81] and summarized by county is related to spa-

tial patterns of hawk moth detection probability. None of the four diurnal hawk moths in our

study declined, a result that is consistent with the light pollution hypothesis, but the small

number of diurnal species precludes this observation from providing strong support.

During the study period, forest cover initially increased as farms were abandoned and the

use of fuelwood declined, then decreased somewhat due to suburbanization [36], [37]. The
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effects of this profound change in land use on hawk moths is difficult to assess. Most host

plants are forest species and therefore the major trend of increased forest cover may be

expected to benefit many hawk moths. However, the extent to which foliage from younger

plants in earlier successional stands may be more suitable for larval development than foliage

from older plants growing in mature forests is unknown for most species examined. However,

declines in Hyles lineata, a species that feeds on early successional plants, could be related to

the transition from agricultural lands to forest.

Forest composition has changed due to fire suppression and more recently because of

browsing by superabundant deer (Odocoileus virginianus) [36], [82]. Data on forest composi-

tion are limited mostly to intensively studied research plots in restricted areas [37], and there-

fore inference about plant species availability for larval foraging across the study area is

impossible. Nevertheless, the recent arrival of the introduced emerald ash borer (Agrilus plani-
pennis), a specialist Fraxinus feeder, will likely cause a major reduction in the availability of

host plants for Oleaceae-specialist species in the northeastern U.S. (Manduca jasminearum,

Sphinx canadensis, S. chersis, and S. kalmiae) [83].

Ecological consequences

Incomplete natural history information about hawk moth pollination challenges our ability to

predict the ecological consequences of hawk moth declines in the northeastern U.S. Flower vis-

itation by moths in general is poorly documented [12]. Efforts to document flower visitation

by hawk moths is apparently limited to gardens or open disturbed areas, with few observations

of flowers during nocturnal pollinator visits (e.g., [84], [85]). Plants reported as being visited

by hawk moths are typically invasive weeds (e.g., Lonicera japonica, Centaurea spp.), cultivated

plants (e.g., Catharanthus roseus, Petunia spp., Phlox spp., Saponaria officionalis) or native old

field species (Cirsium discolor) [25], [85]. Clearly some hawk moths visit rare, native plants.

For example, Eumorpha achemon, found to be declining in the study area, visits the threatened

orchid Platanthera praeclara in the upper midwestern U.S. [10]. Whether native northeastern

U.S. plants suffer pollen limitation as a result of hawk moth declines is unknown, but possible.

The hawk moth species found in this study to be declining have noticeably longer tongue

lengths (all but one species have tongues longer than 35 mm) than the species that increased

(range 12–27 mm; no data for Darapsa versicolor) [86], [87], suggesting that the species that

are becoming relatively more common may not be ecological replacements for the declining

species. Beyond pollination, hawk moths and their larvae also serve as prey to nocturnal birds

and other predators. Populations of these species, such as the eastern whip-poor-will (Antros-
tomus vociferous), which feeds on a variety of large-bodied crepuscular and nocturnal insects

such as the species we examined [88] and is declining throughout the northeastern U.S. [89],

may be negatively affected by losses in their prey base.

Conclusions

This study demonstrates that concern over pollinator declines should be extended to hawk

moths. At least ten of the 26 species examined, or more than one-third, were found to be in

long-term decline or locally extirpated, whereas four species increased from 1900–2012 in the

northeastern U.S. Although the causes for the increases are unknown, one factor in the

declines appears to be mortality caused by the unintentional effects of the introduced biocon-

trol agent Compsilura concinnata. Changing agricultural practices may have played a role in

the decline of two species recognized as crop pests. Other factors surely are at play, and careful

monitoring and experimentation could determine their roles and importance. These results

are cause for concern about the ecological integrity of the habitats where these moths once
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were plentiful as well as for the potential that specific native plant species may decline due to

pollinator limitation. Moreover, the ecological consequences may extend to species that prey

on moths.

Supporting information

S1 Table. Multicollinearity among model predictor variables assessed using variance infla-

tion factors.

(DOCX)

S2 Table. Candidate models explaining the reporting rate of hawkmoths. Numbers corre-

spond to numbers in S3 Table. Only models selected in the best predictor set of at least one

species are shown. All models also included a spatial random effect of county.

(DOCX)

S3 Table. Summary of model selection for 21 species of hawkmoths. Indicated are the num-

ber and, in brackets, the weight of evidence (AICw) corresponding to each model selected in

the best model set. Model numbers correspond to models in S2 Table. Models shown were

generated using the full set of records for each species.

(DOCX)

Acknowledgments

We thank Sam Adams, Philip DeMaynadier, Trish Hanson, John Klymko, Tony McBride,

Tim McCabe, Mark Mello, Eric Quinter, Gary Torrisi, Dave Wagner, and Brandon Woo for

participating in a workshop to discuss preliminary results of the study, and especially Larry

Gall for hosting the workshop. We are indebted to the curators of the following museums for

providing access to their sphingid holdings: American Museum of Natural History, Cornell

University, New York State Museum, Smithsonian, University of Connecticut, University of

Maine, University of New Hampshire, University of Vermont, and Yale Peabody Museum of

Natural History. We also are grateful to Sam Adams, Joe Garris, Robert Godefroi, Scott Griggs,

Warren Kiel, Tony McBride, Tim McCabe, Mark Mello, Michael Sabourin, Ted Sargent, Eric

Quinter, Steve Walter, Ben Williams, and Brandon Woo for providing access to their private

hawk moth collections and sharing their personal observations. We thank Trish Hanson from

the Vermont Department of Forests, Parks and Recreation, Judy Rosovsky from the Vermont

Monitoring Cooperative, and Charlene Donahue and volunteer Derrick Perry from the Maine

Forest Service for providing regional data. We thank our volunteers Elizabeth Johnson and

Nell Gridley. We thank Regan Smyth for preliminary data analyses and for Fig 1. We thank

Marion Harris, Christopher Heckscher, Patrick MacIntyre, Matthew Schlesinger, Aluri Jacob

Solomon Raju, Dave Wagner, and two anonymous reviewers for helpful comments on previ-

ous drafts of this manuscript.

Author Contributions

Conceptualization: Bruce E. Young, Dale Schweitzer.

Data curation: Stephanie Auer, Margaret Ormes, Nicole Sears.

Formal analysis: Bruce E. Young, Stephanie Auer, Giovanni Rapacciuolo.

Funding acquisition: Bruce E. Young.

Investigation: Bruce E. Young, Margaret Ormes, Dale Schweitzer, Nicole Sears.

Hawk moth declines in the Northeastern United States

PLOS ONE | https://doi.org/10.1371/journal.pone.0185683 October 5, 2017 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185683.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185683.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185683.s003
https://doi.org/10.1371/journal.pone.0185683


Methodology: Bruce E. Young, Margaret Ormes, Giovanni Rapacciuolo, Dale Schweitzer.

Project administration: Bruce E. Young, Margaret Ormes.

Supervision: Bruce E. Young.

Validation: Giovanni Rapacciuolo.

Visualization: Giovanni Rapacciuolo.

Writing – original draft: Bruce E. Young, Giovanni Rapacciuolo.

Writing – review & editing: Bruce E. Young, Giovanni Rapacciuolo, Nicole Sears.

References
1. Biesmeijer JC, Roberts SP, Reemer M, Ohlemüller R, Edwards M, Peeters T, et al. Parallel declines in

pollinators and insect-pollinated plants in Britain and the Netherlands. Science. 2006; 313:351–354.

https://doi.org/10.1126/science.1127863 PMID: 16857940

2. Watanabe ME. Pollinators at risk. BioSci. 2013; 64:5–10.

3. IPBES. Summary for policymakers of the assessment report of the Intergovernmental Science-Policy

Platform on Biodiversity and Ecosystem Services on pollinators, pollination and food production. Potts

S.G. et al., editors. Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and

Ecosystem Services, Bonn, Germany; 2016.

4. Colla SR, Packer L. Evidence for decline in eastern North American bumblebees (Hymenoptera: Api-

dae), with special reference to Bombus affinis Cresson. Biodivers Conserv. 2008; 17(6):1379–1391.

5. Cameron SA, Lozier JD, Strange JP, Koch JB, Cordes N, Solter LF, et al. Patterns of widespread

decline in North American bumble bees. Proc Natl Acad Sci U S A. 2011 Jan 11; 108(2):662–7. https://

doi.org/10.1073/pnas.1014743108 PMID: 21199943

6. Bartomeus I, Ascher JS, Gibbs J, Danforth BN, Wagner DL, Hedtke SM, Winfree R. Historical changes

in northeastern US bee pollinators related to shared ecological traits. Proc Natl Acad Sci U S A. 2013

Mar 19; 110(12):4656–60. https://doi.org/10.1073/pnas.1218503110 Epub 2013 Mar 4. PMID:

23487768

7. Federal Pollinator Health Task Force. National Strategy to Promote the Health of Honey Bees and

Other Pollinators. 2015. https://www.epa.gov/pollinator-protection/federal-pollinator-health-task-force-

epas-role.

8. Atwater MM. Diversity and nectar hosts of flower-settling moths within a Florida sandhill ecosystem. J

Nat Hist. 2013; 47:2719–2734.

9. Banza P, Belo ADF, Evans DM. The structure and robustness of nocturnal Lepidopteran pollen-transfer

networks in a Biodiversity Hotspot. Insect Conserv Divers. 2015. https://doi.org/10.1111/icad.12134

10. Fox K, Vitt P, Anderson K, Fauske G, Travers S, Vik D, et al. Pollination of a threatened orchid by an

introduced hawk moth species in the tallgrass prairie of North America. Biol Conserv. 2013; 167:316–

324.

11. Borkowsky C, Westwood AR. Seed capsule production in the endangered Western Prairie Fringed

Orchid (Platanthera praeclara) in relation to sphinx moth (Lepidoptera: Sphingidae) activity. J Lepid

Soc. 2009; 63:110–117.
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