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Abstract
Invasive social insects employ a variety of behavioral tactics to
establish in non-native ranges and compete with native congeners. It is
not enough to quantify the negative impacts of these invasive species on
natives. In order to fully understand the invasion biology of social insects,
we must also understand their social behavior, and how it might facilitate
their establishment and potential competitive advantage. Here, I
investigate the invasion biology of the European paper wasp Polistes
dominula in the United States, as well as its interactions with the native
wasps P. exclamans, P. metricus, and especially the Northern paper wasp
P. fuscatus. I identified key climatic patterns in the cooperative behavior of
these four species in the United States as well as the European paper
wasp’s native range in the Mediterranean. I found stronger nestmate
discrimination in the European paper wasp than the Northern paper wasp,
both in conspecific and heterospecific encounters, and noted strongest
discrimination in the European paper wasp early in the colony cycle.
Finally, for the first time, I quantified demographic impacts of the European
paper wasp on the Northern paper wasp in natural field sites. I not only
observed negative impacts of the European paper wasp in its non-native
range, I identified potential behavioral mechanisms by which those
impacts could manifest, and provided an important case study of an
invasive social insect with reduced cooperative behavior and a restrictive
discrimination threshold in its non-native range.
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Introduction
Invasive species are noted as one of the greatest threats to global
biodiversity (Lodge & Schrader-Frechette 1993, Vitousek et al. 1996,
Wilcove et al. 1998, Sala et al. 2000). They are defined as species that are
introduced outside their native range and subsequently establish, spread,
and have negative impacts on native species (Lodge et al. 2006). It is very
difficult to remove invasive species once they have established; we have
no choice but to try to understand invasive species and mitigate their
impacts however we can. The best way to understand invasive species is
not only to quantify their ecological and economic impacts, but to study
them holistically, inclusive of the behaviors and interactions with other
species that enable them to establish and thrive in their non-native ranges
(Holway & Suarez 1999).
Some of the most destructive invasive species are social insects
(Moller 1996, Lowe et al. 2000, Chapman & Bourke 2001, Holway et al.
2002). The ecological and economic impact of these species is often well
documented. A few of these species are well studied in their social
behavior and interactions; however, they all have a similar profile. The
best-studied invasive social insects, such as red imported fire ants
(Macom & Porter 1996, Ross & Keller 1998, Bourke 2002), Argentine ants
(Suarez et al. 1999, Giraud et al. 2002, Starks 2003, Heller 2004, Blight et
al. 2012, Fitzgerald & Gordon 2012, Berville et al. 2013), and Formosan
termites (Su & Scheffrahn 1990, Su & Haverty 1991), all exhibit reduced

1

nestmate discrimination and larger colony sizes relative to their native
counterparts. While some have speculated that all invasive social insects
converge on a similar phenotype in their introduced ranges (Hanna et al.
2014), it is important to understand all possible behavioral routes to
successful invasion in social insects, not just the most obvious ones.
To that end, I conducted a holistic and in-depth investigation of the
behavioral ecology of the European paper wasp, Polistes dominula, and
its native competitors in the eastern United States, the origin point of the
invasion. Polistes wasps are primitively eusocial, with behavioral rather
than physiological castes, in colonies ranging from 30 to 300 wasps at
their peak in August, typically founded by either single fertile females or
small groups of females (Reeve 1991). These wasps are well-adapted to
coexistence with humans, building nests in both natural and semi-natural
sites, often in the eaves of buildings. Some of the competitive advantages
of the European paper wasp over its native congeners have been
documented already (Cervo et al. 2000, Gamboa et al. 2002, Liebert et al.
2006). European paper wasps present an interesting contrast to other
well-studied invasive social insects because they are almost certainly
more genetically diverse in their invasive range in the U.S. than they are in
native populations in Europe (Johnson & Starks 2004, Liebert et al. 2006),
and their cooperative behavior is plastic, which is to say that single and
multiple nest founding are behavioral tactics that do not appear to be
straightforwardly heritable, as they are in the red imported fire ant (Starks
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1998). Thus, the European paper wasp is likely to present a markedly
different behavioral profile for an invasive social insect than those studied
previously.
I studied three aspects of the invasion biology of this system:
effects of climate on cooperative behavior in the European paper wasp
and its native congeners in the eastern United States, differences in
nestmate discrimination between the European and Northern paper
wasps, and demographic impacts of the European paper wasp on the
Northern paper wasp at natural sites. These are novel contributions not
only to the field of invasion biology, but also to the study of the evolution of
social behavior.
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Chapter 1

The ecology of cooperation in Polistes wasps
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Abstract

Environmental constraints have been shown to influence the relative
advantages of solitary and cooperative breeding at small spatial scales.
Their contribution to variation in the frequency of cooperative breeding
across broad geographic scales, however, is not well understood. We
present a latitudinal survey of four Polistes species in the eastern United
States. We built and competed models including (1) two climate PCs per
species based on a PCA of thirteen climate variables, (2) nearest neighbor
distance, and (3) threshold activity time. Threshold activity time represents
summer length and day length – the days per year and hours per day,
respectively – that the wasps can be physiologically active, based on the
temperature threshold below which their flight is impaired. We analyzed
the effect of these ecological factors on the frequency of cooperative
breeding in our survey, as well as data from a meta-analysis by Sheehan
et al. (2015). We found that in addition to species-specific climate PCs,
threshold activity time had a pronounced species-specific effect on
cooperation in P. dominula, P. exclamans, P. fuscatus, and P. metricus.
This is the first time that threshold activity time has been shown to
influence intraspecific variation in cooperative behavior. Threshold activity
time is a climate variable based on the physiology of the organism and
can be easily adapted to other social animals with different temperature
thresholds of activity.
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Introduction

When W.D. Hamilton stated his inequality describing when
cooperative behavior should be favored, he noted that ecological factors
should affect all three terms in the inequality: the relatedness structure,
the costs of helping behavior, and the benefits of being helped (Hamilton
1964). Since then, it has been noted that environmental constraints on
independent reproduction should affect the frequency of cooperative
breeding both within and between species by lowering the reproductive
success of solitary breeders (Emlen 1982). The evidence for these
environmental constraints, such as altitude and aridity, has been strong in
cooperatively breeding birds, mammals, fish, and insects (Stacey 1979,
Curry 1989, Komdeur 1992, Faulkes et al. 1997, Heg et al. 2004, Schradin
& Pillay 2005, Sun et al. 2014).
The influence of environmental constraints on cooperative breeding
behavior across broad geographic scales, accounting for variation across
a cooperative species’ range, is still poorly understood. Attempts to predict
how environmental constraints will broadly affect degree of cooperation,
such as reproductive skew models (Vehrencamp 1983), have been largely
unsuccessful (Nonacs et al. 2006, Nonacs 2006). Recently, though,
advances in geographic information systems have motivated new
investigations of relationships between large-scale climatic patterns, such
as variability in temperature and precipitation, and geographic variation in

7

the frequency and degree of cooperation (Jetz & Rubenstein 2011,
Gonzalez et al. 2013). Like many large-scale climate studies, these
papers consider many different climate variables and either reduce them
to principal components or compete them to select the ones with most
explanatory power. Our aim is to consider a few carefully selected,
ecologically relevant climate variables that we expect to directly affect the
reproductive success of solitary breeders.
Much of the work done on the ecology of cooperative behavior has
been in the model genus Polistes, a group of cooperatively breeding
wasps in which reproductive females may found nests alone or in groups
of up to twenty (Reeve 1991). Paper wasps have been a model system in
this field due to their cosmopolitan distribution, easily locatable and
observable nests, and plastic primitively eusocial behavior (Jandt et al.
2014). There is already evidence that there are ecological constraints on
solitary reproduction in this genus, including predation (Gibo 1978), nest
site temperature (Jeanne & Morgan 1992), and nest site availability
(reviewed in Brockmann 1997). It has also been observed that there is
geographic variation in the frequency of cooperative behavior both within
and between Polistes species (summarized in Nonacs et al. 2006; see
also Fucini et al. 2009).
In their 2015 meta-analysis, Sheehan et al. advanced the field by
performing inter- and intraspecific analyses on published data on
foundress number in Polistes to determine whether the frequency and

8

extent of cooperative behavior over broad geographic scales is influenced
by climatic factors. The analysis revealed that the relationship between
cooperative nesting and climate varied depending on the scale of the
analysis. Notably, the climate PC axis that best described variation in
rates of cooperation across the cosmopolitan distribution of the genus did
not explain patterns of variation within particular species. In P. dominula,
P. fuscatus, and P. metricus, they found that different climate PCs were
positively associated with cooperative behavior. PC1 dominula was
associated with cooler and less predictable temperatures, PC2 fuscatus
with rainfall predictability, and PC2 metricus with variable, unpredictable
rainfall.
However, this analysis was performed on coarse spatial data,
focused on a small number of well-sampled localities. While Sheehan et
al. had a few sites for each species with large sample sizes across a
broad geographic range, statistical research suggests that sampling in an
uncontrolled field setting, estimates are more accurate from many small
samples along an ecological gradient than from a few large samples
(Schweiger et al. 2016). Also, there was a strong bias toward study sites
in and around universities, with their attendant histories of study, nest
collection, and urbanization. Therefore their findings must be viewed as a
preliminary exploration to elaborate and refine through original research
with greater geographic coverage.
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Beyond simply expanding the geographic scope and spatial
granularity of Sheehan et al.’s study, we also aim to take a different
approach to previous work by considering simple ecological factors
directly connected to physiological processes. After Kocher et al. (2014),
we define two variables to measure threshold activity time: summer
length, the mean number of days per year in which the temperature is
above the threshold for the wasps to be fully physiologically active, and
day length, the mean number of hours per day in which the wasps can be
fully physiologically active.
We conducted a systematic, fine-grained latitudinal survey in the
northeastern United States of Polistes dominula, P. exclamans, P.
fuscatus, and P. metricus (the same four species examined on a
population level in Sheehan et al. (2015)) over the course of two years.
We pooled the data from our survey with locality data from Sheehan et
al.’s meta-analysis to investigate the influence of ecological variation on
the frequency and extent of cooperative behavior. We incorporated
species-specific climate PCs, nearest neighbor distances, summer length,
and day length. We sought to answer three questions about the ecology of
cooperation in these four species. First, how well do climate PCs based on
the climate variables from Sheehan et al. (2015) explain geographic
variation in cooperation on finer and less patchy spatial data for these four
Polistes species? In what ways might other ecological factors, nearest
neighbor distance and threshold activity time, affect the frequency and
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extent of cooperation in these species? Finally, for both our data and the
meta-analysis data from Sheehan et al. (2015), which of these ecological
variables have the strongest influence on the frequency and extent of
cooperation in Polistes wasps?
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Methods
Observational data
In 2015 and 2016, JAP traveled along the east coast of the United
States during the nest founding period in temperate Polistes wasps, April
15 to June 25. In 2015 the survey was conducted from Raleigh, NC to
Bangor, ME (35.6ºN, 78.7ºW to 44.8ºN, 69.5ºW, respectively); in 2016, the
survey went from Richmond, VA to Brunswick, ME (37.4ºN, 77.6ºW to
44.3ºN, 70.3ºW, respectively). We calculated heating degree-days (HDD),
which measure cumulative days above a threshold temperature, for the
regions surveyed. The survey from south to north proceeded at an
appropriate pace such that an equivalent number of HDD had passed at
each site at the time of survey (Gilmore & Rogers 1958, Cross & Zuber
1972). Study sites were chosen based on where Polistes prefer to nest
(Dew & Michener 1978): human-built structures with old wood for nestbuilding material and access to flower and caterpillar food sources. We
also contacted participants in the Smithsonian’s Virginia Working
Landscapes network who reported the presence of Polistes nests on their
properties. In 2015, 345 Polistes nests of 5 species were found, and in
2016, 461 nests of 4 species were found (Figure 1).
For each nest, the number of foundresses, cells, eggs, larvae, and
pupae were recorded, as well as the latitude and longitude. In 2016, the
distances of each nest to its two nearest neighbors within 50m were also
noted. All censuses of nests were conducted in the early morning, the late
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evening, or during the day during inclement weather, to ensure that all the
wasps were present on their nests.

Climate and threshold activity time
For each nest’s latitude-longitude coordinates, 13 climate variables
were retrieved from the Bioclim, CRU TS3.1, and MODIS databases
(Mitchell & Jones 2005, NASA LP DAAC 2010) capturing the mean,
variance and predictability of temperature, precipitation and primary
productivity. We pooled our data with data from the Sheehan et al. metaanalysis and performed a PCA for each species (Figure 2).
Foraging day length and summer length were calculated for the
pooled dataset by retrieving weather station records from the National
Oceanic and Atmospheric Administration’s Integrated Surface Database,
and matching each nest to its nearest weather station. P. fuscatus is only
able to sustain flights of 30 sec or more when the temperature is above
20ºC, while the threshold temperature for P. dominula is 22ºC, due to its
smaller body size (Weiner et al. 2011). Data for the physiological flight
thresholds of P. exclamans and P. metricus are not available, so we set
them at 20ºC because their body size is similar to that of P. fuscatus.
Foraging day length for each nest was calculated as the mean number of
hours per day above the species’ threshold temperature, and summer
length as the number of days between the first and last run of five
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consecutive days with a maximum temperature above the species’
threshold temperature. This definition of summer was necessary due to
outlier days of unseasonable warmth in mid-winter; the summer lengths
were robust to different runs of consecutive days at each end, as long as
there were at least two. The R code used to calculate these values is
provided in the Supplemental Information.

Statistical analysis

Nearest neighbor distance
Because nearest neighbor distance data were only available for our
2016 survey, we assessed the effect of nearest neighbor distance by
constructing Poisson GLMs for each species in the 2016 survey, with the
nest as the unit of observation and number of foundresses as the
response variable. We also created nearest neighbor distance models
incorporating the climate PCs.

Climate and threshold activity time
Climate data were available for the entire pooled dataset of our
survey with the Sheehan et al. meta-analysis data. We constructed lognormal GLMs for each species, with the site as the unit of observation and
mean foundresses per nest as the response variable, weighted by the
number of nests sampled at the site. Models containing each of the
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explanatory variables – two species-specific climate PCs, latitude,
foraging day length, and summer length – were competed against the
respective null models using AIC. We did not include additive models
because the condition numbers of the covariance matrices were very high,
indicating strong multicollinearity among the predictors. All models at least
2 dAIC lower than the null model were retained. All analyses were
executed in R v. 3.3.1 (R Core Team 2016).
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Results
Summary statistics
Our latitudinal survey included 141 P. dominula nests (mean
foundresses: 1.48±0.07, mean cells: 32.7±2.0), 185 P. exclamans nests
(m.f.: 1.09±0.03; m.c.: 8.04±0.28), 406 P. fuscatus nests (m.f.: 1.34±0.04,
m.c.: 16.9±0.57), and 72 P. metricus nests (m.f.: 1.14±0.05, m.c.:
10.5±0.54) found at 98 sites (Figure 3).

Nearest neighbor distance
Complete neighbor distance data were only gathered in our 2016
survey. Among nests with a neighbor within 50m, 73.4% had a nearest
neighbor of the same species, and among nests with two neighbors within
50m, 75.5% had a second nearest neighbor of the same species. Most
nearest neighbor distances were short (first quartile: 1m, third quartile:
3m), but the distribution had a long tail, containing outliers above the
99.9th percentile. Distance to first and second nearest neighbors did not
depend on whether the neighbors were of the same species (first nearest
neighbor: t392 = -1.71, p > 0.05; second nearest neighbor: t293 = -1,844, p >
0.05). Distance to nearest neighbors had no relationship with foundress
number in any of the species in the study (P. dominula: z122 = -1.094, p =
0.274, P. exclamans: z128=0.016, p = 0.988; P. fuscatus: z339 = -0.537, p =
0.592; P. metricus: z44 = 0.022, p = 0.982), nor did it interact significantly
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with any of the climate variables we considered in this study (dAIC <2 from
the null model).

Climate and threshold activity time
For all four species, PC1 in the climate PCA was negatively loaded
on variation in temperature and positively loaded on temperature in the
driest quarter, while PC2 was negatively loaded on precipitation in the
warmest quarter; otherwise, the climate PCs varied widely among the four
wasp species (Figure 2). Mean foraging day length ranged from 2.6 hours
(in Acadia National Park, ME) to 18 hours (in Rio Grande Valley, TX),
while summer length ranged from 72 days to 330 days.
In the European paper wasp P. dominula, the day length, summer
length, latitude, and PC2 climate models outcompeted the null. Mean
foundresses per nest increased with PC2 (95% CI: {0.138, 0.197}), which
was associated with warm temperatures, high variation in precipitation,
and winter rain; day length (95% CI: {0.181, 0.231}); and summer length
(95% CI: {0.019, 0.026}) in this species; while it decreased with latitude
(95% CI: {-0.201, -0.165}; Figure 3).
In the common paper wasp P. exclamans, day length, summer
length, latitude, and PC1 outperformed the null model (Table 1). Mean
foundresses per nest increased with day length (95% CI: {0.033, 0.079});
summer length (95% CI: {0.002, 0.006}); and PC1 (95% CI: {0.030,
0.087}), which was associated with warm, predictable temperature and
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high, variable precipitation. Mean foundresses per nest decreased with
latitude (95% CI: {-0.069, -0.027}).
In the Northern paper wasp P. fuscatus, day length, summer length,
latitude, and PC2 outperformed the null model. Mean foundresses per
nest increased with latitude (95% CI: {0.016, 0.064}) and PC2 (95% CI:
{0.034, 0.085}), which was associated with variable temperature and
predictable precipitation. Mean foundresses per nest decreased with day
length (95% CI: {-0.093, -0.022}) and summer length (95% CI: {-0.007, 0.003}; Figure 4).
In P. metricus, summer length and latitude outperformed the null
model (Table 1). Mean foundresses per nest decreased with day length
(95% CI: {-0.021, -0.002}) and increased with latitude (95% CI: {0.003,
0.017}).
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Discussion

We found support for the effect of threshold activity time, summer
length and day length, which outperformed the null model and the climate
PCs in their ability to explain variation in foundress number in all four
Polistes species in the pooled dataset. Our climate PCs based on the
climate variables used by Sheehan et al. (2015) had good explanatory
power for cooperative behavior in P. dominula, P. exclamans and P.
fuscatus; however, these climate PCs for the pooled dataset were very
different from those in the PCA for Sheehan et al.’s data alone (Figure
S2), as might be expected given that many additional sites were added to
the analysis. Nearest neighbor distance had no effect on foundress
number in any of the four species.
The challenge of large-scale multivariate climate analyses, such as
Sheehan et al.’s and ours, is that there are many climate variables that
could potentially have an effect on the behaviors we study, all of which are
collinear with latitude and with one another. Any climate variable could
potentially be a proxy for another, which makes it hard to choose which
are important, including too many climate variables risks overfitting, and
collinearity erodes statistical power (Araújo and Guisan 2006). This
problem has been discussed at length in the literature on species
distribution models (Heikinnen et al. 2006). Principal component analysis
solves these problems, but it creates a new one: principal components
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loaded on many different climate variables can be difficult to interpret
biologically (Graham 2003). This is of particular concern when the
loadings on the principal components are markedly different by species,
making comparisons of the effects of climate on different species difficult.
Further, as we show in this study, the addition of a fine-grained latitudinal
survey to the patchier sample sites in Sheehan et al. (2015) changed
which climate PCs emerged as relevant to the wasps’ cooperative
behavior. The alternative to PCA in cutting through the thicket of possible
climate variables is to include only those that are known to be of
ecophysiological significance to the species studied (Porfirio et al. 2014).
Threshold activity time may provide a more parsimonious
explanation for the geographic variation in foundress number observed in
these species, and should be considered as another hypothesis for the
patterns Sheehan et al. observed in their interspecific comparisons of
cooperative behavior. Indeed, a recent meta-analysis of bumblebee
species along an altitudinal gradient in the Swiss Alps found that summer
length, defined in the same way we did, related to the differences in social
organization between species (Kocher et al. 2014). The same may hold
true in Polistes species, a cosmopolitan genus for which day and summer
length will vary significantly. An important conclusion of Sheehan et al.
(2015) regarding the climate variables in their intraspecific analyses
remains true for the effect of threshold activity time: the relationship of
foundress number to summer length and day length is species-specific,
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and may not match the broader interspecific patterns across the genus.
The simplicity of threshold activity time allows for interpretable crossspecies comparisons.
We defined day length and summer length in an ecologically relevant
manner for Polistes, based on the temperature at which they are able to
fly (Weiner et al. 2011). Day length may be important in determining the
relative advantages of solitary and cooperative nest founding because it
dictates how much time per day is available for foraging and gathering
nest material. Multiple founding is rare enough in P. metricus that the
effect of day length on cooperation may not be biologically relevant.
However, threshold activity time is not only relevant in the other three
species we studied, but relevant in different ways. In the Northern paper
wasp P. fuscatus, shorter day length and summer length were associated
with more foundresses. Subordinate foundresses specialize in activities
outside the nest (Klahn 1979), which may allow for more efficient use of
the limited foraging hours available in the north. Summer length
determines the portion of the year in which it is possible to found nests, or
re-found them if they are predated. The more limited opportunity for
renesting after predation when summers are short may favor the presence
of additional foundresses for nest defense.
Meanwhile, in the European paper wasp P. dominula and the
common paper wasp P. exclamans, summer length and day length were
positively associated with foundress number. The native ranges of these
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species have longer summer lengths and day lengths on average than
that of the Northern paper wasp, as long as 330 days for a common paper
wasp study site in the pooled dataset. The literature confirms that in the
core of their native ranges these species found nests at least a month
earlier than the Northern paper wasp and enter decline and hibernation
around the same time, representing a longer colony cycle (Pardi 1942,
1948; Strassmann 1981). At the high end of the range of summer length
and day length these species experience, reproductive lifespan and
survivorship may become an issue. Increased cooperation may be a form
of survivorship insurance to ensure the nest survives the entire colony
cycle. Of particular interest is that the European paper wasp’s behavioral
response to summer length and day length accounts for the long-noted
tendency of European paper wasps to found multiply less often in their
invasive range in the United States (Höcherl & Tautz 2015), where
summer length and day length are shorter than at equivalent latitudes in
Europe.
To our knowledge, this is the first time threshold activity time has
been shown to influence intraspecific variation in cooperative behavior at a
broad geographic scale. Summer length and day length could affect the
relative advantages of solitary and cooperative breeding in a variety of
cooperative species. As Kocher et al. (2014) pointed out, degree of
cooperation affects brood development time, which in turn relates to the
range of summer lengths in which it is possible for a species to
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successfully breed. We emphasize that it is crucial to define day length
and summer length in a manner that is ecologically relevant to the taxon
studied. Where climatic factors other than temperature, such as soil
moisture, are more relevant to the physiology of the organism, threshold
activity time could be defined in terms of those variables as well.
Further, we indicate that climate variables considered in large-scale
studies of climate and cooperation (e.g., Jetz & Rubenstein 2011,
Gonzalez et al. 2013, Sheehan et al. 2015) are often collinear with
threshold activity time; therefore, when appropriate, both types of
ecological factors should be modeled, and the models compared so that it
is clear whether one factor is a proxy variable for another. We suggest that
the effect of threshold activity time should be examined in other
cooperative taxa because environmental constraints on solitary founding
may stem from the time available for reproductive activity, both in each
day and in each year, which is an important consideration in social insects
and beyond.
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Table 1.1: Climate model comparison for our survey data pooled with
meta-analysis data
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Figure 1.1: Map of sites and Polistes species found in 2015 and 2016

A map of Polistes nests surveyed in the northeastern United States from
April 15 to June 25 in 2015 and 2016. Four species were encountered: P.
exclamans and P. metricus with a primarily southern distribution, P.
dominula with a primarily northern distribution, and P. fuscatus found
throughout.
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Variable

Explanation

MeanP

Mean yearly precipitation

VarP

Variance in precipitation among the months of the year

Pp

Predictability of precipitation

PWQ

Precipitation of the Warmest Quarter (Bio18)

PCQ

Precipitation of the Coldest Quarter (Bio19)

MeanT

Mean yearly temperature

VarT

Variance in temperature among the months of the year

Pt

Predictability of temperature

DR

Mean diurnal temperature range calculated as the mean of the
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monthly max and min temperature differences (Bio2)
TWQ

Mean temperature of the wettest quarter (Bio8)

TDQ

Mean temperature of the driest quarter (Bio9)

MeanNPP

Mean annual net primary productivity

PNPP

Predictability of net primary productivity

Figure 1.2: Biplots of variable loadings for species-specific climate
PCs

Four biplots of variable loadings for the two climate PCs used for analysis
in each of four Polistes species studied. The black points represent study
sites, and the red arrows show loadings on each PC. The thirteen climate
variables were retrieved from the Bioclim, MODIS, and CRU TS3.1
databases.
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Figure 1.3: Distribution of foundress number within Polistes species

Histograms showing the proportional distribution of foundress numbers on
nests in each Polistes species in our survey. P. dominula had the lowest
proportion of single founding, while P. exclamans had the highest.
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Figure 1.4: Foundress number and summer length in P. dominula

In our survey at 95 sites along the east coast of the United States we
found 406 Polistes fuscatus nests. These maps show our survey sites
combined with sites from a meta-analysis of P. fuscatus studies. The top
map shows day length at the sites, defined as mean hours per day the
wasps are physiologically active, while the bottom map shows average
foundresses per nest at the sites. Day length is a significant predictor of
cooperative behavior in the four Polistes species we studied, with a
negative relationship to foundress number in P. fuscatus.
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Figure 1.5: Foundress number and day length in P. fuscatus

In our survey at 95 sites along the east coast of the United
States, the origin point of the Polistes dominula invasion, we found 141
European paper wasp nests. These maps show our survey sites combined
with sites from a meta-analysis of P. dominula studies. The top map shows
summer length at the sites, defined as days per year the wasps are
physiologically active, while the bottom map shows average foundresses
per nest at the sites. Summer length is a significant predictor of
cooperative behavior in the European paper wasp, with a positive
relationship to foundress number.
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Figure 1.6: Biplots of variable loadings in Sheehan et al.'s analysis

Four biplots of variable loadings for the two climate PCs used in Sheehan
et al.’s (2015) meta-analysis. The black crosses represent study sites, and
the red arrows show loadings on each PC. The thirteen climate variables
were retrieved from the Bioclim, MODIS, and CRU TS3.1 databases.
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Chapter 2

Aggressive invaders: differences in nestmate recognition
between native and non-native social wasps
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Abstract

Social insects comprise seven of the hundred worst invasive species
according to the IUCN Global Invasive Species Database. The most
notorious social insect invaders exhibit reduced discrimination between
nestmates and non-nestmates compared to their native competitors,
leading some to speculate that this phenotype is generally applicable
among invasive social insects. It is important to study species which may
discriminate more strongly than their native counterparts, however,
because there is most likely a wide variety of behavioral tactics employed
by invasive social insects. Here we investigate nestmate discrimination in
the European paper wasp, Polistes dominula, in its invasive range in the
United States, as well as its native congener, P. fuscatus. In arenas, we
observed aggressive behavior of workers toward conspecifics and
heterospecifics. We found that the invasive wasp discriminated much
more strongly against non-nestmates than the native wasp. In
heterospecific trials, invasive wasps were significantly more aggressive
toward natives than the reverse. In P. dominula, we found that nestmate
discrimination was strongest early in the colony cycle and declined
through the remainder of the season. This is the first time that an invasive
social insect has been shown to exhibit stronger nestmate discrimination
than its native competitor. Robust defense of the nest by P. dominula
workers against heterospecifics and conspecific non-nestmates, especially
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early in the colony cycle, may contribute to the competitive advantage of
this social wasp against its native congener in North America. Our results
indicate that a successful social insect invader may exhibit enhanced
rather than reduced discrimination relative to its native competitor.
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Introduction

Biological invasions have been identified as one of the four greatest
threats to global biodiversity (Lodge & Schrader-Frechette 1993, Vitousek
et al. 1996, Wilcove et al. 1998, Sala et al. 2000). Invasive species are
usually defined as species that establish outside their native range, spread
beyond the site of initial establishment, and have negative impacts on
species in the non-native range (Lodge et al. 2006). Of the 170 extinct
species on the IUCN Red List with data on the causes of extinction, 54%
were caused in whole or in part by invasive species (Clavero & GarcíaBerthou 2005). The rise of globalization is likely to make the threat of
invasive species only more pressing in coming years (Mooney & Cleland
2001, Levine & D’Antonio 2003). In order to understand which traits allow
introduced exotic species to become invasive, we have to understand the
behavior of invasive species in their non-native ranges. This will allow us
not just to mitigate particular invasions but to understand the processes
that promote biological invasions in general (Holway & Suarez 1999).
Social insects can be remarkably successful invaders, comprising 7
of the 100 most invasive species worldwide (Lowe et al. 2000). Invasive
species are known for being “weedy”: generalist, adaptable, and quick to
reproduce (Dukes & Mooney 1999). Social insects, with their ecological
and behavioral flexibility, as well as the ability of one inseminated queen to
produce an entire colony complete with several new reproductives, meet

36

all of these criteria (Moller 1996, Chapman & Bourke 2001, Holway et al.
2002). Given the great variety of behavioral tactics employed by social
insects, it is important to understand the full range of behaviors that
enable these species to thrive in non-native habitats.
The most invasive social insects have been noted to exhibit less
stringent discrimination thresholds than their native competitors.
Discrimination is part of the action component of recognition, in this
context a response to recognizing an individual as nestmate or nonnestmate, conspecific or heterospecific (Reeve 1989, Liebert & Starks
2004). The point along the spectrum of recognition cues between
nestmate and non-nestmate at which an animal begins to discriminate,
ranging from complete acceptance to complete rejection, is known as the
acceptance threshold (Reeve 1989).
The Argentine ant (Linepithema humile) is well-known for showing
complete acceptance of non-nestmates in its invasive ranges in North
America and Europe, leading to the formation of massive supercolonies,
which gives the ant a competitive advantage against native species with
much smaller colonies (Suarez et al. 1999, Giraud et al. 2002, Starks
2003, Heller 2004, Blight et al. 2012, Fitzgerald & Gordon 2012, Berville et
al. 2013). Similarly, some invasive populations of the Formosan termite
(Coptotermes formosanus) in the United States show a permissive
acceptance threshold relative to native populations (Su & Haverty 1991).
Accordingly, the Formosan termite forms larger colonies than any native
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termite species in the United States (Su & Scheffrahn 1990). Red imported
fire ants (Solenopsis invicta) are more likely to found multi-queen colonies
in their invasive range (Macom & Porter 1996), due to higher frequency of
an allele of the gene Gp-9 which causes workers to tolerate the presence
of multiple queens who share the allele; the multi-queen phenotype has a
competitive advantage against native ants (Ross & Keller 1998, Bourke
2002). It is thought that the invasive Asian needle ant (Pachycondyla
chinensis) is able to coexist with invasive Argentine ants where native ant
species cannot due to inhibited aggression against Argentine ants (Rice &
Silverman 2013). Increased queen number, reduced discrimination, and
lower relatedness constitute a common enough social phenotype among
invaders that some speculate that it is essential to successful social insect
invasion (Hanna et al. 2014).
The European paper wasp (Polistes dominula) was first found in
North America in 1978 (Eickwort 1978)), but is now seen across most of
the contiguous United States. This invasive wasp has larger nests, shorter
brood development time, and higher survival than its native congeners,
which results in higher production of reproductive males and females at
the end of colony cycle (Gamboa et al. 2002, Liebert et al. 2006). Polistes,
a cosmopolitan genus of primitively eusocial wasps, is a model genus for
the study of sociality (Starks & Turillazzi 2006) using a variety of
behavioral and genetic approaches (Reeve 1991, Gamboa 1996, Queller
et al. 2000, Dani et al. 2001, Leadbeater et al. 2011). Both P. dominula

38

and its native competitor in the northeastern United States, P. fuscatus,
have a long history of behavioral study (Pardi 1940, West-Eberhard 1967,
1969), and their competition for food and nest sites has been noted (Cervo
et al. 2000). Foundresses, workers, and gynes of both species have been
shown to discriminate in their aggressive behavior between nestmates
and non-nestmates (Pfennig et al. 1983, Gamboa et al. 1986, Gamboa et
al. 1991, Reeve 1991, Starks et al. 1998). There is anecdotal evidence of
aggression by P. fuscatus foundresses toward P. dominula foundresses
(Silagi et al. 2003). However, the role of nestmate discrimination in the
invasion biology of these social insects has not yet been explored.
These social wasp species provide an illuminating contrast to other
findings in invasive and native social insect competitors. The invasive
wasp was introduced multiple times from different populations across
Europe, resulting in high genetic diversity in its non-native range (Johnson
& Starks 2004, Liebert et al. 2006). High genetic diversity means that
recognition cues may also be more diverse, which makes it easier to
distinguish between nestmates and non-nestmates on the basis of these
cues, provided that the cues contain a genetic component (Reeve 1989,
Starks et al. 1998; but see Liebert et al. 2005). Therefore, we expect the
invasive species to have more, rather than less, stringent acceptance
threshold relative to its native competitor (Liebert et al. 2010). This species
provides an instructive case study for a different behavioral tactic from that
observed in the best-studied invasive social insects.
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Here, we investigate nestmate discrimination in the invasive wasp
P. dominula and its native congener P. fuscatus. We sampled wasps from
populations in eastern Massachusetts, the first origin point of the P.
dominula invasion in North America (Eickwort 1978, Hathaway 1981). We
compare nestmate discrimination between the two species, as well as
heterospecific discrimination across the two species. We also compare
levels of nestmate discrimination through the colony cycle of the invasive
paper wasp to identify when discrimination does and does not occur (a
similar comparison was logistically difficult and possibly unethical in the
native paper wasp due to its current scarcity in eastern Massachusetts.)
We conducted our experiments in neutral arenas with no scent cues
present for either species.
We made three predictions: first, that the invasive wasp has a more
restrictive acceptance threshold than the native wasp, because of the
invasive wasp’s high genetic diversity resulting from multiple introductions
(Johnson & Starks 2004, Liebert et al. 2006). Second, both species show
stronger discrimination toward heterospecifics than non-nestmates,
because recognition cues are more easily distinguished across species
(Reeve 1989). Third, the invasive wasp’s threshold becomes more
restrictive in the reproductive phase of the colony cycle, as the newly
emerged gynes and males represent the bulk of the colony’s fitness.
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Methods

Collections
Workers of the invasive and native paper wasp species were
collected on the morning of each trial from ten sites in eastern
Massachusetts, including farms and nature reserves, as well as from
naturally founded nests in an enclosure at Tufts University, for a total of
300 wasps from 75 nests. JAP checked sites regularly in July of each year
of the study, noted the date of worker emergence on the nests, and
collected workers for the early round of trials a week after emergence.
Therefore, all workers were at least a week old at the time of collection.
We distinguished them from queens and gynes based on wing wear, and
individually paint-marked them immediately before each trial. The nests
were kept in a cool, dark location for ~ 4h until they were needed for trials.
Each wasp was used only once experimentally.

Experimental trials
We conducted trials with the invasive wasp in the summers of 2013,
2014, and 2016 at three different points in the colony cycle: the first a
week after worker emergence on July 9 - 11, 2013, July 8 - 10, 2014, and
Jul 20 - 21, 2016 (early period), the second five weeks after worker
emergence on Aug 5 - 7, 2014 (mid period), and the third two weeks after
emergence of reproductives on Aug 31 - Sep 1, 2013 and Aug 29 - 30,
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2016 (late period) after Gamboa and colleagues (1991). For the early
period in 2014 and 2016, we conducted trials with both the invasive and
native wasp.
After Starks and colleagues (1998), we conducted trials in neutral
arenas with three wasps, because nestmate discrimination in the invasive
wasp does not occur in dyads; a cue of proximity to the nest, in this case a
nestmate, is necessary before the wasps will initiate aggression. There
were three types of trials conducted: nestmate trials, consisting of three
nestmates; non-nestmate trials, consisting of two nestmates and a nonnestmate; and heterospecific trials, consisting of two nestmates and a
wasp of the other species (see Table 1).
Trials took place inside clear plastic observation arenas (9 x 6.5 x
6.5 cm). The arenas were cleaned with Sparkleen soap between trials to
wash away recognition cues from previous occupants. We used lamps to
keep the arenas well lit and at a temperature of 27ºC. Observers (n = 14)
who were unaware of the wasps’ nest affiliations recorded the behaviors of
all three wasps for 60 min (Figure 2). Lunges, bites, mounts, grapples, and
falling fights were coded as aggressive behaviors, while antennations
were recorded as tolerant ones, after Gamboa et al. (1991). We found no
effect of any of our variables of interest on tolerant interactions, and
focused our analysis on aggressive behaviors only.
Of the 100 trials we conducted, 75 were observed live, and 25 were
observed later from recordings made on a Sony Handycam DCR-SX45/L.
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We found no significant difference in the frequency or type of behaviors
noted by observers of live and recorded trials (Figure 1).

Statistics
We used generalized linear mixed models with observation-level
random effects, to accommodate highly overdispersed count data. We
also included number of available targets as an offset, because there were
different numbers of potential targets for nestmate and non-nestmate
aggression depending on the trial type, e.g., in a nestmate trial each wasp
had two potential targets for aggression toward nestmates, while in a nonnestmate trial each wasp had a maximum of one potential target for
aggression toward nestmates.
Because data for P. fuscatus were only available for the first
timepoint, we analyzed two subsets of the data: one to investigate crossspecies effects, using only data from the first timepoint, and one to
investigate temporal effects, using only data from P. dominula. For each
data subset, we competed different models and used the Akaike
Information Criterion to find the best fit among them (Table 2). In all cases,
the full model was the best fit; therefore, we used Wald tests on the full
models to find which factors and interactions significantly affected
aggressive acts/hour/target. All analyses were conducted in R v. 3.3.2 (R
Core Team, 2016) using the lme4 package (Bates et al., 2015).
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Results

Intraspecific aggression in P. dominula and P. fuscatus
In the early season, across all three trial types, invasive wasps
were more aggressive toward non-nestmates than native wasps.
Meanwhile, native wasps were more aggressive toward their nestmates
than invasive wasps (Figure 3). Invasive wasps were more aggressive to
non-nestmates than nestmates while native wasps were not. This
difference was due to higher aggression toward non-nestmates in invasive
wasps as well as higher aggression toward nestmates in native wasps (χ²
= 70.4162, df = 1, p < 0.001). Wasps of both species were equally
aggressive to their nestmates in the nestmate, non-nestmate, and
heterospecific trials (χ² = 1.1341, df = 2, p > 0.05; Table 3). In nonnestmate trials, wasps of both species were more aggressive toward nonnestmates when they had a nestmate present in the arena (χ² = 12.3404,
df = 1, p < 0.001; Figure 4).

Interspecific aggression in P. dominula and P. fuscatus
In heterospecific trials, invasive wasps were more aggressive toward
native wasps than nestmates, while native wasps were equally aggressive
toward invasive wasps and nestmates (χ² = 70.4162, df = 1, p < 0.001).
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Invasive wasps were more aggressive toward native wasps than native
wasps were toward invasive wasps (Figure 3).

Intraspecific aggression over the colony cycle in P. dominula
Invasive wasps were more aggressive toward non-nestmates than
nestmates in the early and mid periods of the colony cycle; however in the
late period they were equally aggressive toward nestmates and nonnestmates (χ² = 3.5439, df = 2, p < 0.001; Table 3). Aggression toward
non-nestmates declined from early season to mid-season and from midseason to late, while aggression toward nestmates remained the same
from early to mid-season and declined from mid-season to late (Figure 5).
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Discussion

We found in our aggression trials that the European paper wasp P.
dominula exhibited nestmate discrimination during the worker phase (as
well as the reproductive phase) of the colony cycle, while the Northern
paper wasp P. fuscatus did not. This is the first time an invasive social
insect has been shown to discriminate more strongly between nestmates
and non-nestmates than its native competitor. While we predicted a more
restrictive acceptance threshold in the invasive wasps, we still expected
the native wasps to discriminate, since Pfennig et al. (1983) and Gamboa
et al. (1991) found strong evidence that they do. The discrepancy is
explained by key methodological differences between our study and theirs.
Gamboa et al. (1991) conducted their aggression trials by releasing
workers from one nest directly onto another, which would provide a very
different context for recognition cues than our neutral arenas in the
laboratory. Conversely, Pfennig et al. (1983) conducted aggression trials in
neutral arenas, but they recorded their observations at intervals over the
course of twenty-four hours, which allowed for the wasps to be exposed to
each other’s recognition cues for much longer than our strict hour-long
trials with no previous exposure between non-nestmates. From this
comparison to previous studies, we extrapolate that native wasp workers
at one week post-emergence do not discriminate against non-nestmates
without extended exposure or direct cues from the nest, while invasive
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wasp workers do so readily. This behavioral difference may be due to the
not uncommon reproductive tactic of early workers in the native wasp to
disappear from the nest and found their own colonies the following year
(Reeve et al. 1998; but see Starks 2003 for a similar, albeit lower
frequency, finding in the invasive); there is little incentive for a worker to
invest strongly in the defense of a colony it will soon abandon.
In heterospecific trials, we found that invasive wasp workers were
significantly more aggressive toward native wasps than native wasp
workers were toward invasive wasps. Counter to our prediction, there was
no difference in discrimination against heterospecific and conspecific nonnestmates in either species. Assuming that these behaviors are consistent
on the nest, our findings of stronger nestmate discrimination and higher
aggression in the invasive wasp, considered alongside previous evidence
that the invasive wasp produces many more workers than the native
(Gamboa et al. 2002, 2004), imply that the invasive wasp is able to mount
a stronger defense of the nest than the native wasp against both
conspecific and heterospecific invaders (Kasuya et al. 1980).
Workers of both species used the presence of a nestmate in the
trial as a cue to increase aggression toward non-nestmates, confirming
the findings of Starks et al. (1998) in the invasive wasp. This is the first
study to show that the native wasp also uses the presence of nestmates
as a nest proximity cue and adjusts its aggressive behavior accordingly.
Therefore as in the invasive wasp, we would expect the native wasp to
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inhibit its aggressive behavior toward non-nestmates when it is away from
the nest.
Over the course of the colony cycle, invasive wasps exhibited
nestmate discrimination in the worker and reproductive phases but not in
the decline phase, on account of a sharp decline in aggression toward
non-nestmates across the three timepoints. However, the acceptance
threshold was most stringent in the worker phase, not the reproductive
phase as we predicted. The seasonal pattern in aggression levels we
observed in the invasive wasp may also play a role in its interactions with
the native wasp. The invasive wasp’s advantage in nest productivity over
the native wasp increases sharply around the time of first worker
emergence (Gamboa et al. 2002). This is also the point in the colony cycle
at which we observed the highest levels of aggression against nonnestmates in the invasive wasp. The high levels of aggression early in the
colony cycle also fits in with the theoretical expectation that acceptance
thresholds should be more stringent when there are fewer group members
to guard the colony, as more aggression is necessary from each wasp to
repel the same number of intruders (Reeve 1989). It should also be noted
that since we did not know the ages of the workers involved in our trials,
the seasonal changes in aggression may have represented differences
between successive generations of workers or behavioral shifts within the
lifetimes of workers.
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The invasive wasp we studied discriminated more strongly against
non-nestmates than the native wasp. This is an intriguing result given that
invasive species are typically less genetically diverse than their native
counterparts, and therefore are expected to make more discrimination
errors, or even show complete acceptance of non-nestmates, as in the
genetically homogenous invasive populations of the Argentine ant.
However, the case of the European paper wasp is distinct from that of the
Argentine ant and other invasive ants. Unlike the Argentine ant and the
red imported fire ant, the European paper wasp was introduced many
times to the United States and therefore has a diverse genetic stock
(Johnson & Starks 2004, Liebert et al. 2006). This is expected to increase
discrimination, because non-nestmates are much less likely to share
recognition alleles, which makes them easier to differentiate from
nestmates (Reeve 1989).
While other well-studied invasive social insects exhibit reduced or
absent discrimination relative to their native counterparts, the European
paper wasp is a successful, widespread invasive social insect with
enhanced discrimination compared to one of its competitors, the Northern
paper wasp. The Argentine ant became ecologically dominant over native
ants due to its continent-scale supercolonies (Tsutsui et al. 2000), and the
red imported fire ant became more invasive in the United States after the
introduction of the less discriminatory polygynous phenotype (Tsutsui &
Suarez 2003). However, unlike invasive ants, P. dominula forms
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supercolonies in its invasive range only rarely (Liebert et al. 2008) and
builds exposed nests with an open comb, more vulnerable to attack than
an underground nest with patrolled entrance tunnels. Because we saw no
difference between heterospecific and conspecific discrimination, we
hypothesize that P. dominula has a generalized strong response to the
presence of non-nestmates in order to defend the exposed nest from
attack. While discrimination is an important behavioral mechanism in all
social insects, the competitive advantages and disadvantages of
discrimination in the invasive range differ between species. Our findings
indicate that reduced discrimination in social insects is not the only path to
competitive advantage over native species, as some invasion biologists
have proposed (Hanna et al. 2014). In some cases, as with the European
paper wasp, stronger aggression and discrimination can help the invader
to prevail.
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Table 2.1: Sample sizes for aggression trial types

Species
Nest Affiliation

Season

Number of Trials

Early

12

Mid

10

Early

5

Early

22

Mid

9

Late

13

Early

7

Early

7

Composition

Three nestmates

Three nestmates

Two nestmates, 1 non-nestmate

Two nestmates, 1 non-nestmate

Three invasive

Three native

Three invasive

Three native
Two invasive,

Two nestmates, 1 heterospecific
one native
Two native,
Two nestmates, 1 heterospecific

5
Early

one invasive

51

Table 2.2: Model Selection by AIC
Cross-Species Analysis

Cross-Season Analysis Nestmate Presence Analysis

Model

Model

Akaike

Akaike

weight
Trial Type ×

1

Species ×

weight
Season ×

1

Relationship

weight
Season ×

0.9750

Nestmate Presence
<0.001

Relationship

<0.001

Relationship
Species ×

Akaike

Relationship ×

Relationship
Trial Type ×

Model

Season ×

0.0203

Relationship
<0.001

Season

<0.001

Relationship

Season ×

0.0047

Relationship × Trial
Type

Relationship

<0.001

Null

<0.001

Season ×

<0.001

Relationship × Trial
Type × Nestmate
Presence
Null

<0.001

Null
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<0.001

Table 2.3: Wald tests of predictors in aggression GLMMs
Cross-Season Analysis

Predictor(s)

χ²

df

p-value

Season

22.5740

2

<0.001

Relationship

112.7751 1

<0.001

Type

5.0584

2

0.0797

Season × Relationship

3.5439

2

<0.001

Season × Relationship × Type

0.0274

2

0.9864

Trial Type

1.9340

3

0.3802

Species

2.5066

2

0.1134

Relationship

44.5507

1

<0.001

Trial Type × Species

7.0894

2

0.0289

Trial Type × Relationship

1.1341

2

0.5672

Cross-Species Analysis
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Species × Relationship

70.4162

1

<0.001

Trial Type × Species × Relationship

5.0943

2

0.0783

Species

0.7939

1

0.3729

Relationship

48.5355

1

<0.001

Nestmate Presence

12.3404

1

<0.001

Species × Nestmate Presence

0.0297

1

0.8632

Species × Relationship

100.1363 1

<0.001

Nestmate Presence Analysis
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Figure 2.1: Live and video-recorded aggression trials in three years
of behavioral experiments.

Aggression trials in native and invasive paper wasp workers were
conducted in three different years. Of these trials, 75 were observed live,
and in 2014 and 2016, 25 were observed later from videos. Aggressive
acts per hour, the dependent variable of interest in this study, did not differ
significantly between live and recorded trials. However, there was a
significant difference between years, with more aggressive behavior noted
in 2016 than the other two years.
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Figure 2.2: Experimental setup for wasp aggression trials.

Aggression trials were conducted in transparent arenas (9 cm x 6.5 cm x
6.5 cm) with two lamps illuminating each. Trials were either observed live,
as shown, or recorded by a camera set up on a tripod next to the arena.
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Figure 2.3: Aggression between nestmates, non-nestmates, and
heterospecifics in native and invasive wasps.

Aggression trials were conducted in an invasive and native species of
paper wasp workers in groups of three. In nestmate trials (left, n = 17),
consisting of three nestmates, the two species were equally aggressive. In
non-nestmate trials (center, n = 29), consisting of two nestmates and a
non-nestmate, the invasive attacked non-nestmates more than nestmates,
while P. fuscatus attacked both equally. In heterospecific trials (right, n =
12), consisting of two nestmates of one species and one wasp of the other
species, the invasive was more aggressive toward native wasps than
toward their nestmates, while the native showed no significant difference
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in its aggression toward nestmates and invasive wasps. Points represent
means and vertical lines represent 95% confidence intervals. Stars
represent aggression levels significantly different from the others (p <
0.05).
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Figure 2.4: Effect of nestmate presence on aggression between
nestmates and non-nestmates in invasive and native wasps.

Aggression trials of an hour each were conducted between native and
invasive paper wasp workers in groups of three wasps: two nestmates and
a non-nestmate. The data represented here is aggression against nonnestmates, standardized by number of non-nestmates present in the trial
(n = 41). Invasive wasps were more aggressive than native wasps overall.
Both species were more aggressive toward non-nestmates when a
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nestmate was present in the trial. Points represent means and vertical
lines represent 95% confidence intervals.
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Figure 2.5: Aggression between nestmates and non-nestmates in an
invasive wasp at three points in the colony cycle.

Aggression trials were conducted between workers of the invasive wasp
Polistes dominula at three points in the colony cycle: early (mid July, n =
45), mid (early August, n = 19), and late (late August, n = 23). Trials
consisted of two nestmates and a non-nestmate. Aggression declined
from the early period to mid period, then remained the same from mid to
late. Wasps were more aggressive to non-nestmates than nestmates in
the early period, but were equally aggressive to nestmates and non-
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nestmates in the mid and late periods. Points represent means and
vertical lines represent 95% confidence intervals.
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Chapter 3

Displacement and replacement in real time: P. dominula’s
impact on P. fuscatus in the northeastern U.S.
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Abstract

Invasive species are recognized as one of the leading causes of
biodiversity loss. Two major challenges in studying the impacts of invasive
species on natives are identifying the mechanisms of displacement and
replacement, and the lack of long-term population studies in these
systems. A solution for the first challenge is to study invasive and native
congeners that occupy the same niche, isolating the mechanism to
competition, and a solution for the second is to study many populations for
one year instead of one population for many years, where sites with a high
relative abundance of the invasive are proxies for later time points in an
invasion. We studied the invasion biology of the invasive European paper
wasp (P. dominula) and its native congener the Northern paper wasp (P.
fuscatus), two species which compete for similar nest sites and food
resources. We tracked the demography of the two wasps at sites across
Massachusetts and Maine with different proportions of the invasive and
the native species. We found that the survival of the invasive wasp to the
reproductive period in August was three times that of the native wasp,
across all sites. The reproductive output of the native wasp declined in
direct proportion to the percentage of invasive wasp nests at the site.
Native wasp nests at uninvaded sites had three times the nest cells of
those at the most invaded sites, while the reproductive output of the
invasive wasp was not affected by the native. These findings suggest a
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positive feedback cycle in the establishment of the invasive wasp, in which
the invasive wasp depresses productivity of the native wasp, causing
population declines that in turn allow the proportion of the invasive wasp to
increase. This system provides an example of a possible extinction vortex
caused by competition between invasive and native congeners.
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Introduction
Introduction

Biological invasions are noted as a leading contributor to species loss
(Vitousek et al. 1996, Chapin et al. 2000). Invasive species are implicated
as a cause of 54% of the extinctions on the IUCN Red List for which data
are available (Clavero & García-Berthou 2005). Invasive species are
commonly defined as species introduced outside their native ranges that
subsequently establish, spread, and have negative environmental impacts
(Lodge et al. 2006). They can cause local extinctions through a variety of
mechanisms, including predation, competition, disease, and habitat
alteration (Mack et al. 2000). However, it can be difficult to identify precise
causal links between the presence of an invasive species and population
declines of native species in its range, leading some to question whether
the role of biological invasions in species loss has been overstated
(Gurevitch & Padilla 2004, Towns et al. 2006).
Conservation biologists are deeply invested in the question of how
extinctions occur, employing theoretical and observational approaches
(Benton 2003). Longitudinal studies of declining populations are invaluable
for understanding the process of local extinction (Fagan & Holmes 2006);
however, long-term population studies are scarce (Matthies et al. 2004,
Ojanen et al. 2013). An alternate approach is to model extinctions across
large spatial scales, including populations with different invasion histories
(Donlan & Wilcox 2008). Even so, it is not always clear whether native
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species are being displaced from their original niches, directly attacked,
competitively excluded from a shared niche, or affected by habitat
alteration by the invader.
Social insects count among the most ubiquitous and destructive
invasive species (Lowe et al. 2000, Rust & Su 2012). A single fertilized
female can produce hundreds of offspring, which makes screening viable
propagules difficult; further, social insects are notable for their generalist
diets and flexible social structures (Moller 1996, Suarez et al. 2008).
Indeed, introduced social insects are more likely to become invasive than
their solitary congeners (Beggs et al. 2011). Invasive social insects are not
only an important phenomenon in themselves; they also provide a unique
opportunity to study the processes by which invasive species cause local
extinctions. Social insects are cosmopolitan in their distribution, which
means that nearly anywhere they are introduced, there are closely related
species occupying a similar niche. Therefore it is much easier to link
native species’ decline to direct or indirect competition with the invasive
congener.
The European paper wasp (Polistes dominula), and its congener the
Northern paper wasp (Polistes fuscatus) are an excellent system in which
to study the process of local extinction by an invasive species. The
European paper wasp was first noticed in North America in Massachusetts
in 1978 (Eickwort 1978); by 1998, they had been found in the Midwest and
California (Liebert et al. 2006). It is highly unlikely the wasp dispersed
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overland in such a short period, and indeed the genetic evidence confirms
multiple introductions, which indicates that these observations across the
United States were breakouts of already established introduced
populations (Johnson & Starks 2004, Liebert et al. 2006).
In the Northeast and Midwest, the European paper wasp co-occurs
with a native congener, the Northern paper wasp. The Northern and
European paper wasps have similar diets, nest sites, and colony cycles;
however, in nest box observations we see that European paper wasps
have higher foraging rates, higher reproductive output, and earlier worker
production than the Northern paper wasp (Gamboa et al. 2002, 2004).
When European paper wasp nests are removed from nest boxes,
Northern paper wasps establish nests in their place, which suggests that
the European paper wasp competes with its native congener for nest sites
(Miller et al. 2013; also see Downing 2012). However, the demography of
the European and Northern paper wasps has only been compared at nest
boxes set up for the purpose, not at natural sites.
To study the impacts of competition on the invasive and native wasps
in our system, we observed naturally occurring nests of the two species
across a broad spatial scale in Massachusetts and Maine, at sixteen sites
with different proportions of the native and invasive, ranging from
uninvaded to entirely occupied by the invasive. Over the course of three
time points in the colony cycle, we tracked nests at these sites and noted
their survival, development, and reproductive output. By observing nests
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of both species at sites with different invasive proportions, we sought to
understand how each species’ demography was impacted by the
presence of the other.
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Methods
Observations
In 2016 JAP surveyed 16 sites in Massachusetts and southern
Maine (Fig. 1), including state parks, non-profit nature reserves, and
private farms. Study sites were chosen based on where Polistes prefer to
nest (Dew & Michener 1978): human-built structures with old wood for
nest-building material and access to floral, faunal, and water sources. JAP
surveyed the sites at three time points in the colony cycle: May 27 – June
17, during the founding period, when nests are mostly established but
workers have not yet emerged; July 25 – August, during the worker period,
when workers have emerged on nests as adults; and August 22 – 26, the
reproductive period, when males and gynes have emerge on nests as
adults. Each nest was photographed and the latitude and longitude noted
so the site could be precisely checked; therefore, even nests that were
wholly lost to predation could still be noted for their absence.
At each time point, the number of females, males, cells, eggs,
larvae, and pupae were recorded for each nest in the early morning, when
all wasps were present and dormant. We used these values to calculate
maturity score on the nests, based on the time needed for eggs to develop
into larvae and pupae, creating a measure of the total development-days
needed to produce the maturity of each nest (Strassmann & Orgren 1983).
At the first time point, we measured distance to each nest’s two nearest
neighbors. At the second two time points, survival of nests found in the
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first survey was tracked. JAP also conducted thorough searches for any
new nests established after the founding period at subsequent time points.

Statistics
We calculated survival over the course of the season using
binomial GLMs. We competed models with species, neighbor species,
nest founding tactic, nearest neighbor distance, and species composition
at the site as factors against the null and used the best model to estimate
survival from the founding period to the reproductive period.
For cell number and maturity score, we constructed a suite of
GLMs for each time point with species, neighbor species, number of
foundresses, nearest neighbor distance, and species composition at the
site as factors against the null. The best model for each time point was
retained. We used a separate suite of models for each time point rather
than pooling observations and using time point as a factor because we
were tracking precisely the same group of nests over time, and
observations would therefore be nonindependent between time points. We
used the Poisson distribution to estimate cell number, and the lognormal
distribution to estimate maturity score. All analyses were conducted in R v.
3.3.2 (R Core Team 2016).
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Results

Summary statistics
We found 91 nests at 16 sites, consisting of 38 P. dominula nests
and 53 P. fuscatus nests (Fig. 1). We found 74 of those nests in the
founding period; the remaining 17 nests were built between the founding
period survey and the worker period survey. Of the 17 new nests built in
the worker period, 4 were P. fuscatus nests and 13 were P. dominula
nests. By the time of the reproductive period survey, 40 of the 91 nests
had died; 9 of the dead nests were P. dominula nests and 31 were P.
fuscatus nests.

Survival
Survival of nests from the founding period to the worker period was
lower in P. fuscatus (95% CI: {0.451, 0.725}) than in P. dominula (95% CI:
{0.700, 0.939}). Survival of nests from the founding period to the
reproductive period was also lower in P. fuscatus (95% CI: {0.140, 0.405})
than in P. dominula (95% CI: {0.533, 0.866}), to a greater degree than
survival to the worker period. Survival in both species was unaffected by
the presence of the other, nor was it affected by the distance to, or species
of, a nest’s nearest neighbors. In both species, the probability a nest
would survive to the worker period increased with foundress number (95%
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CI of slope: {0.313, 2.147}) but the probability a nest would survive to the
reproductive period did not.

Maturity score
In June, maturity score was 8% lower in both species on mixed
sites (95% CI: {1.002, 1.088}) than on single-species sites (95% CI:
{1.077, 1.185}); there was no difference in maturity score between
species. In July, maturity score was higher in P. dominula (95% CI: {1.317,
1.936}) than in P. fuscatus (95% CI: {1.165, 1.337}) at single-species sites.
However, at mixed sites, the two species had similar maturity scores due
to comparatively lower maturity scores in P. dominula when P. fuscatus
was present (interaction species

site type: t47 = 2.648, p = 0.01). In

August, maturity score was higher in P. fuscatus (95% CI: {0.291, 0.583})
than P. dominula (95% CI: {0.107, 0.346}), and neither species’ maturity
scores were affected by the presence of the other. In both species,
maturity score increased with number of foundresses in June (95% CI of
slope: {0.019, 0.100}) but not in July or August. Maturity score was not
affected by the species of nearest neighbors, nor the distance to them.

Cell number
In June, cell number was lower in P. fuscatus (95% CI: {22.400,
25.816}) than in P. dominula (95% CI: {26.422, 33.134}), and cell number
in P. dominula nests decreased with increasing proportion of P. fuscatus
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nests at the site (slope: -0.946, z61 = -6.910, p <0.0001). In July, cell
number was lower in P. fuscatus (95% CI: {52.790, 60.004}) than in P.
dominula (95% CI: {100.784, 110.047}). Cell number in P. dominula nests
decreased with increasing proportion of P. fuscatus nests at the site
(slope: -0.271, z54 = -3.361, p <0.0001), and cell number in P. fuscatus
nests decreased with increasing proportion of P. dominula at the site
(slope: -1.160, z54 = -11.783, p <0.0001). In August, cell number continued
to be lower in P. fuscatus (95% CI: {40.741, 48.773}) than P. dominula
(95% CI: {116.432, 125.766}). Cell number in P. fuscatus nests decreased
with increasing proportion of P. dominula at the site (slope: -1.258, z40 = 9.842, p <0.0001; Fig. 2, Fig. 3), while cell number in P. dominula nests
was not affected by the proportion of P. fuscatus at the site (slope = 0.067, z40 = -0.839, p = 0.401). Across the colony cycle, cell number was
not affected by distance to nearest neighbors, nor whether these
neighbors were the same species. In both species, cell number per
foundress declined with foundress number at all three time points (95% CI
of slope, June: {-0.733, -0.641}, July: {-0.972, -0.905}, August: {-0.974, 0.900}).
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Discussion

Our most striking result is the direct negative relationship between the
proportion of invasive wasp nests at a site and the reproductive output of
native wasp nests at that site. By the reproductive period of the colony
cycle, native wasp nests at uninvaded sites had nearly three times as
many cells on average as native wasp nests at sites where 75% of the
nests were invasive. Considered alongside the survival to the reproductive
period, which was three times higher in the invasive wasp than the native,
the native wasp is likely producing far fewer reproductives per colony
cycle than the invasive, especially at sites where it coexists with the
invasive wasp. Our data indicate that the native wasp never truly thrives in
the presence of the invasive, and the wide gap between the species’
trajectories through the colony cycle, especially at mixed sites (Figure 4),
illustrates the disparity in the outcomes of the two species.
The expectation is that the native wasp’s loss of reproductive output in
direct proportion to the presence of the invasive results in a positive
feedback cycle (Figure 3). When the invasive wasp establishes at a site,
the native wasp produces fewer reproductives, which opens more
vacancies at the site for the invasive to fill the following year. As the
proportion of the invasive increases, the native wasp is displaced further,
in the classic pattern of the extinction vortex (Soulé et al. 1986, Fagan &
Holmes 2006). While the productivity of the invasive wasp was negatively
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impacted by the presence of the native in the founding and worker
periods, by the reproductive period this effect disappeared (Figure 3),
perhaps because the survival of the native to the reproductive period was
so low. With reference to Figure 1, the process of replacement of the
native by the invasive is apparent even over the course of one colony
cycle, especially at our largest field site, which shifted from 58% native in
June to 19% native in August. This corroborates a previous study which
found an increase in the proportion of the invasive wasp at experimental
nest-boxes at the Oakland University Biological Preserve in Michigan from
1995 to 2011, from a single nest to 75% of all observed nests (Miller et al.
2013).
Our finding that survival is higher and per-foundress productivity lower
on multiple-foundress nests is by no means novel (Gibo 1978, Tibbetts &
Reeve 2003); multiple founding is a form of survivorship insurance,
whereby nests are less likely to fail because of the high probability that at
least one foundress will survive. However, our study highlights the
relevance of this demographic variation to invasion biology. In
Massachusetts and Maine, we observe no difference in the frequency of
multiple founding between the two species, but the two species have
different behavioral responses to climatic variation, so we would expect
there to be different frequencies of multiple founding between the species
in other regions (Sheehan et al. 2015, Pilowsky et al., submitted). Where
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the European paper wasp cooperatively breeds more frequently than the
native wasp, its advantage in survival should be even greater.
There are caveats, however, both in terms of potential advantages to
the native wasp, and the limitations of this study. First, it should be noted
that the native wasp had significantly higher maturity scores in the
reproductive period than the invasive wasp, which indicates that the native
continues to produce reproductives later in the season than the invasive,
perhaps an unsurprising finding given that the native wasp produces
workers later than the invasive (Gamboa et al. 2004). Second, the native
wasp is known to have greater thermal tolerances (Weiner et al. 2011) and
higher overwintering survival (Gamboa et al. 2004) than the invasive, thus
it is more likely to survive to the following spring. Third, the summer of
2016 saw a severe drought in the Northeast, which may have affected
survival and productivity differentially in each species. Fourth, we did not
find any sites with low proportions of the invasive wasp – our least invaded
site that was not native-only had a proportion of 42% invasive nests –
which circumscribes our knowledge of the demography when the invasive
wasp first arrives in an area. Finally, there were several sites we found in
Massachusetts with high proportions of the invasive that we used for
collections for another study; as a consequence, the relative sample sizes
of the native and the invasive wasp in this study actually overstate the
proportion of native wasps we found in the region overall; therefore, our
estimates here may be considered conservative.
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While there were no apparent threshold effects in the native’s
response to the proportion of the invasive, they may be present at
densities of the invasive we did not observe. There are likely to be Allee
effects for both species at low densities, as the sex determination system
in Hymenoptera effectively sterilizes an increasing proportion of males as
the genetic diversity in a population decreases, a phenomenon known as
the diploid male extinction vortex (Liebert et al. 2004, Liebert et al. 2005,
Zayed & Packer 2005). It may be difficult for the invasive wasp to initially
gain a foothold at a new site – but once it establishes, the positive
feedback cycle begins, and eventually the native wasp may be driven to
such low proportions that it too is subject to the diploid male vortex. This
process may in part account for the pattern of sudden “breakouts” of the
invasive wasp across the United States within the span of only twenty
years. The European paper wasp was likely already present at low
densities across the continent, and if a positive feedback cycle with native
congeners took effect, the invasive population suddenly dramatically
increased to the point that researchers took notice. This pattern of sudden
simultaneous breakouts of an invasive species across large geographic
scales is not uncommon, and may be the result of a similar replacement
process in other systems.
We were able to gain insight into the process of how invasive species
can displace and replace their native congeners over the course of an
invasion by looking across spatial scales rather than temporal scales. The
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range of proportions of native to invasive at our sites across
Massachusetts and Maine were proxies for different time points of an
invasion; after all, it is no accident that the proportion of the invasive at our
sites broadly decreased with distance from Boston, which was almost
certainly the port of entry from Europe. As the positive feedback cycle
continues, our sites farther from Boston may come to look more similar to
those near the port. This system is an intriguing case of a possible
extinction vortex attributable to competition between two congeners that
occupy the same niche, which helps to shed light on the processes by
which invasive species cause local extinctions of natives.
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June 2016 (Founding Period)

August 2016 (Reproductive Period)
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Figure 3.1: Distribution of sampling sites in Massachusetts and
Maine.
A map of sixteen sites in Massachusetts and Maine which were surveyed
three times in the summer of 2016 to track reproductive output and
survival of native P. fuscatus and invasive P. dominula nests. The first
survey in June is shown above and the final survey in August shown
below. The sites are color-coded by the ratio of P. fuscatus to P. dominula
nests, and scaled by the number of living nests at the site.
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Figure 3.2: Cell number in nests of native and invasive wasps in
Massachusetts and Maine.
A box plot showing variation and change in cell number in native P.
fuscatus and invasive P. dominula nests over the course of the summer of
2016. The nests were surveyed at three time points: the founding period,
directly after worker emergence, and during the production of
reproductives. This box plot compares cell number in nests of each
species at sites where the other species was not present (only), and at
sites where both species were present (mixed). Stars indicate which group
is significantly different from the others at each time point (p < 0.05). The
plot omits nests that have died at each time point.
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Figure 3.3: Effect of ratio of invasive wasp on number of nest cells in
nests of native and invasive wasps.
The graph shows the number of nest cells in native P. fuscatus and
invasive P. dominula nests at 19 sites with naturally occurring nests at
different ratios of P. fuscatus to P. dominula. In P. fuscatus the number of
cells per nest is proportional to the ratio of P. fuscatus present at the site,
while in P. dominula cell number is unaffected by the species ratio.
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Figure 3.4: Trajectories of effective reproductive output in native and
invasive wasps.
The graph shows trajectories of effective reproductive output in native P.
fuscatus and invasive P. dominula paper wasp nests at sites where the
other species is not present (solitary) and sites where both species are
present (mixed). The gray ribbons behind the lines indicate 95%
confidence intervals. Nests that died after the founding period are included
as zeroes in the graph. The cell number at the reproductive time point
serves as a rough estimate of mean production of reproductives over the
course of the season.
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Conclusion
My studies of the European paper wasp and its native congeners in
the eastern United States reveal the relevance of geographic and temporal
specificity to interactions between invasive and native species. In my
experiments on aggressive behavior, I showed that the European paper
wasp exhibits the highest aggression and the strongest nestmate
discrimination in the worker phase of the colony cycle, which indicates that
European paper wasp nests are most zealously defended against
conspecific and heterospecific invaders in mid-July in the eastern United
States.
The biogeography of the European paper wasp invasion in the
United States is important in two ways I was able to identify: the density of
European paper wasp nests at given sites, and the summer length and
day length in the eastern United States and Europe. My research sites had
a higher proportion of European paper wasp nests at sites close to
Boston, the origin point of the invasion (Eickwort 1978). The higher the
proportion of European paper wasp nests at a site, the lower the
productivity was in Northern paper wasp nests. Given the higher survival
in the European paper wasp generally, we can expect a cascading effect
of local extinctions of the Northern paper wasp expanding outward from
Boston as the proportion of European paper wasps increases.
The invasion biology of the European paper wasp is also
geographically specific because of the range of climates in which the wasp
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and its competitors are found. Summer length and day length affect their
cooperative behavior differently. Unlike other well-studied invasive social
insects such as the red imported fire ant, the European paper wasp
exhibits less cooperative behavior in its invasive range in the United States
than in its native range, on account of the shorter day lengths and summer
lengths on the East Coast than at equivalent latitudes in the mild
Mediterranean. The common paper wasp in the U.S. also shows
increasing cooperation with summer length and day length, but the
Northern paper wasp has the opposite pattern, with more cooperative
behavior at high altitudes and latitudes where summer and day length are
shorter. Thus we expect different frequencies of cooperative breeding in
paper wasp species coexisting in the same locale – which is what I in fact
observed.
My findings also affirm the ways in which the behaviors of invasive
and native species translate into demographic impacts. The different
responses in cooperative behavior to summer length and day length in the
species I studied are relevant to invasion biology because the
demography of cooperatively founded nests is different from that of singly
founded nests, with higher survival and lower productivity per foundress.
Thus the demographic impacts of the European paper wasp on native
competitors in a particular locale will be affected by the frequency of
cooperative behavior in each species. Further, the more restrictive
discrimination threshold I observed in the European paper wasp and the
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heightened aggressive behavior compared to the native Northern paper
wasp may confer a competitive advantage on the invasive wasp where
they coexist – which is indeed what I observed at research sites where
both were present.
My work in this thesis opens up the field of known possibilities for
invasive social insects. It is now demonstrable that very different
behavioral tactics in social insects can lead to a similar outcome of
ecological dominance over native competitors in introduced ranges.
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Appendix: How to calculate threshold activity time
What is threshold activity time?
Threshold activity time is the number of hours per day and days per year
that an organism can conduct its normal behaviors, such as foraging,
mating, and rearing offspring. Threshold activity time is calculated here
based on a threshold temperature above which an organism can be
active. However, this code can be easily adapted to include an upper limit
temperature as well.

Prerequisites
To calculate threshold activity time, you will first need to download data
from NOAA. Most of them you can read in directly from R, but some you're
best off getting through a FTP script. I will guide you through this process.

Reading GHCN data
You will need this index of weather stations to calculate yearly threshold
activity time. It is a tab-delimited file that you can in theory read directly
into R. However, my R session has a tendency to crash when I do this, so
I read it into Excel first and then into R. If you have a system with a lot of
processing power, though, feel free to read it into R directly with
read.delim("ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/daily/ghcnd-stations.txt",
sep="\t", header=F, row.names=NULL).
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You will also need the actual weather data from the GHCN stations. You
can find these data organized by year here. Be aware that these files are
very large and computationally intensive to handle. For this example I will
read the 2015 GHCN data directly into R, though only a subset, for the
sake of sparing my computer. If you want to read the whole thing in, copy
the code below and get rid of n_max = 100.
library(raster)
library(tidyverse)
daily <read_csv("ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/daily/by_year/2015.csv.g
z", col_names = F, n_max = 100)
head(daily)
## # A tibble: 6 × 8
##

X1

##

<chr>

X2

X3

X4

X5

X6

X7

X8

<int> <chr> <int> <chr> <chr> <chr> <chr>

## 1 US1FLSL0019 20150101 PRCP 173 <NA> <NA>

N <NA>

## 2 US1TXTV0133 20150101 PRCP 119 <NA> <NA>

N <NA>

## 3 USC00178998 20150101 TMAX -33 <NA> <NA>

7 0700

## 4 USC00178998 20150101 TMIN -167 <NA> <NA>

7 0700

## 5 USC00178998 20150101 TOBS -67 <NA> <NA>

7 0700

## 6 USC00178998 20150101 PRCP

7 0700

Reading ISD stations
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0 <NA> <NA>

You will need a different index of weather stations to calculate threshold
activity time per day. Again, I'm just reading in a few rows here as an
example; if you want the whole data set, get rid of n_max = 100 in the
code below.
day.stations = read_csv("ftp://ftp.ncdc.noaa.gov/pub/data/noaa/isdhistory.csv", n_max = 100)
head(day.stations)
## # A tibble: 6 × 11
##

USAF WBAN `STATION NAME` CTRY STATE ICAO LAT LON

`ELEV(M)`
##

<chr> <int>

## 1 007005 99999

<chr> <chr> <chr> <chr> <dbl> <dbl>

<dbl>

CWOS 07005 <NA> <NA> <NA>

NA

NA

CWOS 07011 <NA> <NA> <NA>

NA

NA

WXPOD 7018 <NA> <NA> <NA>

0

CWOS 07025 <NA> <NA> <NA>

NA

NA
## 2 007011 99999
NA
## 3 007018 99999

0

7018
## 4 007025 99999

NA

NA
## 5 007026 99999

WXPOD 7026

AF <NA> <NA>

## 6 007034 99999

CWOS 07034 <NA> <NA> <NA>

NA
## # ... with 2 more variables: BEGIN <int>, END <int>
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0
NA

0

7026
NA

You can find the ISD daily weather data broken down by year here.
However these data are broken down into many small files for each year,
so reading them into R is not so straightforward. I recommend that you
create a ftp script to download these data into a folder. A model for a ftp
script you could write and run from the terminal is shown below. Note that
it is not functional R code. Read up on how to run ftp scripts for more
information.
#!/bin/sh
ftp -n ftp.ncdc.noaa.gov
user anonymous <your email here>
cd /pub/data/noaa/isd-lite/<the year of data you want here>/
bin
prompt
get <name of file copy-pasted from the site>
get <another name of file copy-pasted from the site>
get <and so on and so forth>
bye

Remember the path of the folder you downloaded all the files to. We will
use it to assemble the daily weather data we need.

Calculating yearly threshold activity time
Filtering yearly weather data
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This filtering step is crucial because the yearly data files are so large that
they're a pain to work with. This code will filter down to the subset of the
data you care about.
library(reshape2)
##
## Attaching package: 'reshape2'
## The following object is masked from 'package:tidyr':
##
##

smiths

yearly_clean = function(country, # regular expression for the country or
countries you're looking at
state.province, # regular expression for the states or
province you're looking at; optional
qc.threshold, # minimum number of days per year of data
you want weather stations in your data set to have
data, # name of the data object you read the year's GHCN
data into
stations # name of the data object you read the GHCN
station data into
){
names(stations)[1:3] = c("station", "Latitude", "Longitude")
names(data)[1:4] = c("station", "date", "element", "value")
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data = data[1:4]
data2 = dcast(data, station+date~element)
data2 = select(data2, (station:date), (TMAX)) # this gets rid of all the
weather variables except max temperature
data3 = merge(data2, stations)
data3 = select(data3, (station:date), (TMAX), (Latitude:Longitude), (V5))
if (length(state.province>0)) { # this filters down geographic extent
data4 = filter(data3, grepl(country, data3$station)==T,
grepl(state.province, data3$V5)==T)} else {
data4 = filter(data3, grepl(country, data3$station)==T)
}
names(data4)[6] = "station.name"
quality_filter = data4 %>% group_by(station) %>%
summarize(count=sum(!is.na(TMAX))) %>% filter(count>qc.threshold)
data5 = semi_join(data4, quality_filter) # this gets rid of stations below
your quality control threshold
data5$date = as.Date(as.character(data5$date), "%Y%m%d") # convert
date to proper R date format
return(data5)
}

The calculation
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To do this, you will need a dataframe with a variable for latitudes and a
variable for longitudes, encoding the location of whatever organism you
are studying. The output will be the same data frame but with a new
variable: the number of days per year of threshold activity time.

You will need to specify the threshold temperature (in this case, a
temperature minimum) and a buffer length of days. The buffer length
controls for outlier days of unseasonably warm weather. For example, if
you specify a buffer length of 3, then the code will give you the number of
days between the first run of 3 consecutive days above your threshold
temperature and the last run of 3 consecutive days above your threshold
temperature.

Finally, a caution that the yearly_tat function is computationally intensive.
# this is a utility function that will be called by the function below that
actually calculates the yearly TAT
summerize = function(list, length) {
summer2 = which(sapply(c(1:length(list)), FUN=function(i) {
all(diff(list[i:(i+length)]) == 1)
}))
return(list[summer2[length(summer2)]]-list[summer2[1]])
}
yearly_tat = function(latlongs, # this is your dataframe of latitudes and
longitudes. The longitude column MUST COME FIRST
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stations, # this is a dataframe with three variables: weather
station name, longitude, and latitude, IN THAT ORDER. You can get this
from the output of the filtering function above
daily_weather, # the name of the data object you got as an
output from the filtering function above
temp.threshold, # your temperature minimum in ºC
buffer.length) {
latlongs = unique(latlongs)
stations2 = unique(stations[2:3])
distances = pointDistance(as.matrix(latlongs), as.matrix(stations2),
lonlat=T, allpairs=T) # this is a brute force solution to match each of your
lat-longs to its closest weather station
latlongs$index = sapply(c(1:nrow(distances)), FUN=function(x)
{which.min(distances[x,])})
latlongs[4:5] = stations2[latlongs$index,]
stations = unique(stations)
matches = merge(stations, latlongs, by.x=c("Latitude", "Longitude"),
by.y=c("Latitude.1", "Longitude.1")) # don't worry about the warning
message you'll get here
output = merge(latlongs, matches[3:5]) # now every lat-long has a
corresponding weather station
data_list = sapply(output$station, FUN=function(q) {
filter(daily_weather, station == q, TMAX >= temp.threshold*10)$date
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}) # this generates a list of dates that are above your threshold
temperature. Temperature is multiplied by ten because the unit in the data
file is tenths of a degree for some reason
output$yearly_tat = sapply(data_list, FUN = summerize, length =
buffer.length) # this calculates the number of days between the first and
last date, with the buffer length you specified
return(output)
}

If you get results that seem off to you, consider tweaking your quality
control threshold in the filtering step. If you set the QC threshold too high,
then you may be matching your locations to weather stations that are too
far away to be accurate - you can check this by looking up the weather
station IDs in the GHCN weather station data you downloaded. If you set
the QC threshold too low, then your data may have too many gaps to give
you an accurate result.

Calculating daily threshold activity time
Instead of days per year available for organisms to be active, we will now
calculate hours per day. This requires a different data set, from weather
stations that record temperature data every hour.

The first step is to create a list of file names so you can retrieve the data
you care about from that folder of hourly weather data you downloaded
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using the ftp script earlier. To do this, you will need the data file with
information about the daily weather stations you downloaded ("ishhistory.csv"), regular expression(s) matching the countries and/or states
you want data from, and the year you want data from. The output will be a
filtered-down version of the station data you put in, with an extra variable:
a character vector of station IDs.
library(magrittr)
##
## Attaching package: 'magrittr'
## The following object is masked from 'package:purrr':
##
##

set_names

## The following object is masked from 'package:tidyr':
##
##

extract

## The following object is masked from 'package:raster':
##
##

extract

station_names = function(station.data, # this is the station data you read in
from NOAA earlier
country, # regular expression matching the country or
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countries you want. The file uses ISO ALPHA-2 country codes.
state.province, # optional regular expression matching the
state or province you want.
year
){
if (length(state.province>0)) {
station.data %<>% filter(CTRY == country, STATE == state.province)
} else { # this filters down the geographic extent
station.data %<>% filter(CTRY == country)
}
station.data %>% mutate(BEGIN =
as.numeric(substr(station.data$BEGIN, 1, 4)), # subsetting date down to
year only
END = as.numeric(substr(station.data$END, 1, 4)))
%>% filter(BEGIN <= year, END >= year, !is.na(BEGIN)) %>% # here is
where we filter down to the year you want
mutate(station.id = map2_chr(.$USAF, .$WBAN, paste, sep="-")) %>%
mutate(station.id = ifelse(nchar(station.id)==12, station.id,
paste0("0", station.id))) -> output
return(output)
}

98

Now you have a character vector with the station IDs of weather stations
in the year and geographic area you care about. We can go ahead and
calculate the daily threshold activity time.

The function below has 7 inputs: the data frame of stations produced by
the function above, the year you want data for, a data frame of latitudes
and longitudes you want daily TAT values for, a threshold temperature, the
path to the folder containing the hourly weather data you downloaded with
a ftp script, and two quality control thresholds: the minimum # of hours
recorded by the weather station, and the maximum number of hours
logged with an error code in place of the temperature.

The output is the data frame of longitudes and latitudes you provided, with
an added variable giving you the mean hours per day above the threshold
temperature. The code below can be easily modified to provide the
variability of hours per day above the threshold over the course of the
year, among other metrics.
# This is a utility function that outputs a list of data frames that give the
number of hours above the foraging threshold for each day in your target
year for each weather station. It will be called by the function below to
calculate the daily TAT.
hours_per_day = function(station.ids, temp, files.path, year, max.na,
hours.minimum) {
files = sapply(c(1:length(station.ids)), FUN=function(x) {
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paste(files.path, station.ids[x], "-", as.character(year), ".gz", sep="") #
this code turns your vector of station ids and your year into the
corresponding file name you will have downloaded by ftp
}
)
list = station.ids[file.exists(files)]
files = files[file.exists(files)]
stopifnot(length(files)>0)
col.names=c("year", "month", "day", "hour", "air.temp",
"dewpt","pressure", "wind.direction", "wind.speed", "cloud.cover",
"precip.short", "precip.long")
stations = lapply(files, FUN=read.table, col.names=col.names) # this
reads in the files matching the station ids you put into the function
hours.total = sapply(stations, nrow)
stations = stations[which(hours.total>=hours.minimum)] # this screens
out stations that don't have enough data
list = list[which(hours.total>=hours.minimum)]
temp.na = sapply(c(1:length(stations)), FUN=function(z) {
sum(as.numeric(stations[[z]]$air.temp==-9999))>max.na
}) # this code screens out stations with too many error codes
stations = stations[!temp.na]
list = list[!temp.na]
out = lapply(c(1:length(stations)), FUN=function(y) {
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stations[[y]] %>% group_by(month, day) %>% filter(air.temp!=-9999)
%>% summarize(foraging.hours =
sum(as.numeric(air.temp>=temp*10)))
})
names(out) = list
return(out)
}
daily_tat = function(latlongs, # a data frame with two variables: longitude
and latitude. Longitude MUST COME FIRST. These are the coordinates
you want daily TAT values for
temp.threshold, # the minimum temperature threshold in ºC
station.data, # the output of the station_names function
above
files.path, # a string that gives the path of the folder where
you downloaded the hourly weather data
year, # the year you're getting data for. Must be the same
year you put into the station_names function
max.na, # quality control threshold: maximum number of
error codes allowable in the temperature readings
hours.minimum # quality control threshold: minimum hours of
weather data recorded by the weather station
){
hours = hours_per_day(station.ids = station.data$station.id, temp =
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temp.threshold, files.path = files.path, year = year, max.na = max.na,
hours.minimum = hours.minimum)
mean.hours = data.frame(USAF =
unlist(lapply(strsplit(names(hours),"-"), "[[", 1)), WBAN =
unlist(lapply(strsplit(names(hours),"-"), "[[", 2)), mean.hours =
sapply(c(1:length(hours)), FUN=function(x) {
mean(hours[[x]]$foraging.hours) # this calculates the
mean hours per day above the threshold temperature for each weather
station
}))
st2 = station.data %>% merge(mean.hours)
locs = select(st2, LON, LAT)
distances = pointDistance(as.matrix(latlongs), as.matrix(locs),
lonlat=T, allpairs=T)
latlongs$index = sapply(c(1:nrow(distances)), FUN=function(x)
{which.min(distances[x,])})
latlongs$daily_tat = st2[latlongs$index,]$mean.hours
return(latlongs)
}
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