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Abstract
Understanding factors that affect the population dynamics of insect pest species is key for developing integrated
pest management strategies in agroecosystems. Most insect pest populations are strongly regulated by abiotic
factors such as temperature and precipitation, and assessing relationships between abiotic conditions and pest
dynamics can aid decision-making. However, many pests are also managed with insecticides, which can confound
relationships between abiotic factors and pest dynamics. Here we used data from a regional monitoring network in
the Pacific Northwest United States to explore effects of abiotic factors on populations of an intensively managed
potato pest, the potato psyllid (Bactericera cockerelli Šulc), which can vector Candidatus Liberibacter psyllaurus,
a bacterial pathogen of potatoes. We assessed effects of temperature on psyllid populations, and show psyllid
population growth followed predictable patterns within each year, but there was considerable variation across years
in psyllid abundance. Examination of seasonal weather patterns suggested that in 2017, when psyllid populations
were less abundant by several orders of magnitude than other years, a particularly long and cold period of winter
weather may have harmed overwintering populations and limited population growth. The rate of degree-day
accumulation over time, as well as total degree-day accumulation also affected trap catch abundance, likely by
mediating the number of psyllid generations per season. Our findings indicate that growers can reliably infer the
potential magnitude of risk from potato psyllids using monitoring data, date of first detection, seasonal weather
patterns, and population size early in the growing season.
Key words: polyphagous pests, phenology, integrated pest management, decision support

Integrated pest management (IPM) strategies require knowledge of
how biotic and abiotic factors in agroecosystems affect pests (Pedigo
and Rice 2015). All insects have physiological traits that are mediated by environmental conditions (Pedigo and Rice 2015), and assessing how abiotic factors affect pest phenology aids in predicting
the timing of insect life stages in the field, and the development of
populations across space and time (Angilletta 2009, Régnière et al.
2012, Chuine and Jacques 2017). Moreover, relationships between
environmental conditions and pest populations can form the foundation of decision-support systems that aid growers in choosing
management options (Logan 1988; Jones et al. 2009, 2010, 2013;
Sporleder et al. 2013).

Temperature is a reliable predictor of insect development; key life
stages and population dynamics can be estimated based on degreeday accumulation (Logan 1988, Nietschke et al. 2007, Jones et al.
2013, Sporleder et al. 2013). For many insects, development from
one life stage to another requires the environment to stay within
a certain temperature range. Decision-support systems that integrate temperature data can predict when insect populations may
reach economic thresholds, and assist growers in targeting insecticide applications to specific life stages likely to be present (Jones
et al. 2010). Such approaches can limit management intensity by
ensuring that insecticide applications are effectively timed based on
degree-day models and pest biology. However, insects are affected by
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Materials and Methods
Study System
Bactericera cockerelli is a phloem-feeding hemipteran native
to western North America that primarily feeds on plants in the
Solanaceae family (Butler and Trumble 2012; Munyaneza 2012).
Potato psyllids are the vector of the CLp pathogen that causes zebra
chip disease, which causes symptoms including necrosis in the tuber,
aerial tubers, and leaf chlorosis; symptomatic potatoes are unsuitable for commercial use (Munyaneza et al. 2007, Buchman and
Fisher 2012, Crosslin et al. 2012). Potato psyllids acquire CLp in less
than a day of feeding, and undergo a latent period of about 2 wk before they become infectious (Munyaneza 2012, Sengoda et al. 2014).
The CLp pathogen can also spread quickly because infectious psyllids are able to transmit the pathogen in less than 1 h, and infectious
psyllid populations can rapidly infect many plants even at low population densities (Buchman et al. 2011). When B. cockerelli reach
relatively high densities, they may infect an entire field before the
pathogen is detected. It remains difficult to identify CLp in potato
crops (Sengoda et al. 2010), and it is often not found until tubers
have been tested at a processing plant.

Pest Monitoring
We established a monitoring network for potato psyllid in commercial potato fields across the Columbia River Basin region of
Washington and Oregon (Fig. 1A). Data on potato psyllid abundance was collected weekly at each site for 4 yr (2014 to 2017),
with 36 sites sampled per year in Oregon and 43–57 sites per year
in Washington (Fig. 1A, Table 1). Each site was monitored using
four 15 × 10 cm yellow sticky cards (AlphaScents, Portland, OR).
Yellow sticky cards were deployed during the potato vegetative
growth stage, prior to row closure and tuber initiation. Trapping
continued throughout the season, which included tuber maturation.
Trapping was ceased either at the time of potato harvest, or during
vine kill, which occurs when growers shut off the irrigation to promote tuber maturation. Traps were placed inside potato fields, about
2–3 m from field edges, and were positioned at the canopy level. All
potato psyllids collected were standardized as potato psyllids per site
per week for data analysis.
Potato psyllids collected in WA were tested for CLp using a
cetyl trimethyl ammonium bromide nucleic extraction procedure
followed by conventional polymerase chain reaction using primers
OA2/OI2c (Crosslin et al. 2011). In 2014, 2015, and 2017, all usable psyllids were tested for CLp individually. However, in 2016,
due to the large number of psyllids, this was unfeasible. A subset of
potato psyllids collected in 2016 were tested individually, and remaining specimens were tested for CLp in groups, with up to 30
psyllids per group (Crosslin et al. 2011). Overall in 2016, a total of
1,923 individual and grouped samples were tested for CLp, which
included a total of 21,522 psyllids (Supp Table 1 [online only]). To
date, four different potato psyllid haplotypes (or populations) have
been identified in geographically distinct, but overlapping regions
of the U.S., identified as the Central, Western, Northwestern, and
Southwestern haplotypes (Swisher et al. 2012, 2014a). The Western
and Northwestern haplotypes have routinely been identified in the
PNW, with the Northwestern haplotype overwintering on Solanum
dulcamara and Lycium spp. and the Western haplotype predominantly overwintering on Lycium spp. (Swisher et al. 2012, 2013a,b;
Thinakaran et al. 2017). A subset of psyllids from this study from
WA (Supp Table 2 [online only]) were haplotyped using high resolution melting (HRM) analysis of the cytochrome oxidase 1 (CO1)
gene with primers CO1 F3/CO1meltR and CO1 meltF/CO1 meltR
(Swisher et al. 2012, 2013a). Sequence analysis of a 500 basepair
amplicon of the CO1 gene generated with primers CO1 F3/CO1
R3 was performed on a subset of samples to verify HRM results
(Swisher et al. 2012). If the samples were of low quality and did not
have a conclusive high resolution melt or CO1 sequence, they were
considered unknown.

Data Analysis
We related potato psyllid cumulative trap catch to degree-days. To
calculate degree-days, maximum and minimum daily temperatures
(in °C) for each site were obtained from the DayMet database with
a 1 km2 resolution (https://daymet.ornl.gov/getdata) (Thornton et al.
2016). Degree-days were calculated using the single sine vertical
method, where a sine model changes from minimum to maximum
to minimum temperature over 24 h intervals (Baskerville and Emin
1968). Using the vertical sine method, degree-days do not accumulate after upper or lower thresholds are crossed (Baskerville and
Emin 1968).
Data from potato psyllid development on potato was used to
determine the lower threshold for total development (from oviposition to adult emergence). We used the duration time in days for
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factors other than temperature, and identifying additional sources of
variation, like landscape context (Tscharntke and Brandl 2004) or
available moisture (Chown et al. 2011) can improve the accuracy of
population models.
In this study, we explored how temperature and site-specific
variation affected populations of potato psyllid (Bactericera cockerelli Šulc), a pest of potato, Solanum tuberosum L. crops in the
U.S. Pacific Northwest (PNW) (Crosslin et al. 2012, Murphy et al.
2013). Potato psyllids can transmit a bacterial pathogen, Candidatus
Liberibacter psyllaurus (‘CLp,’ also known as Ca. Liberibacter solanacearum), which causes the devastating zebra chip disease of potato
(Hansen et al. 2008, Liefting et al. 2009, Butler and Trumble 2012).
As potato psyllids can transmit CLp even at low abundance, many
growers are risk-averse in their management programs. Currently, a
typical potato psyllid management strategy in the PNW is to apply
a neonicotinoid at planting, followed by regular insecticide applications, after neonicotinoid residues diminish, until the preharvest
interval (Goolsby et al. 2007, Schreiber et al. 2018). This is referred
to as a ‘no-gaps’ strategy because the pest is controlled throughout
the season. Since the first outbreak of zebra chip in the Columbia
River Basin of Washington and Oregon in 2011, applications targeting potato psyllids have increased grower expenses for insecticides
by over $11M per year (Greenway and Rondon 2018). This has
threatened the sustainability of potato production as PNW potato
growers typically operate on thin profit margins due to high land,
labor, and transportation costs. A better understanding of population dynamics should aid in moving away from this expensive, insecticide-heavy, ‘no-gaps’ approach to zebra chip management.
To assess effects of abiotic factors on potato psyllid population
dynamics, we used data from a regional monitoring network in sites
spread across the Columbia River Basin in Oregon and Washington.
Absent any temperature extremes that would increase mortality
excessively, we hypothesized that there would be a strong positive
correlation between degree-day accumulation in any given year and
potato psyllid abundance, as well as the timing of movement into
potato crops. We also explored how various other weather factors
affected psyllid dynamics within and across years. Overall, our study
provides information that can guide potato psyllid management programs, which can aid in reducing the heavy reliance on insecticides
in potato agroecosystems.
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Fig. 1. (A) Map of all sampling network sites from 2014 to 2017 in Washington and Oregon. (B) The same sites, separated by year and weighted by total trap
catch abundance for the entire year.

development from egg to adult from Tran et al. (2012). Using the
mean development duration at six temperatures: 8, 10, 15, 20, 23,
and 27°C, we calculated the rate of development, which is 1/mean

development duration. We then used linear regression to relate development rates to temperature. The regression generated a y-intercept and slope, which we used to calculate the x-intercept, which
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Table 1. Sampling data from 2014 to 2017
State

2014

WA
OR
Combined
WA
OR
Combined
WA
OR
Combined
WA
OR
Combined

2015

2016

2017

No. of Sampled Fields

No. of Sites with >0 Trap Catch

First sample

Last sample

43
36
79
44
36
80
54
36
90
57
36
93

40
29
69
44
33
77
53
30
83
22
13
35

29 May
1 May

25 Sept.
18 Sept.

22 May
1 May

25 Sept.
11 Sept.

20 May
25 May

23 Sept.
25 Aug.

12 May
27 Apr.

13 Oct.
7 Sept.

is the temperature at which the rate of development crosses zero.
We found the lower developmental threshold to be 2.86°C using
this method. We also used life history data from Lewis et al. (2015)
to calculate a threshold 2.15°C; given similarity of these thresholds
we used the higher value. The upper threshold for reduced development is at 31°C and above, as developmental duration increases
at that temperature (Tran et al. 2012, Lewis et al. 2015). We chose
the vertical sine method, which is used when temperatures above a
threshold arrest development (Baskerville and Emin 1968), because
models of potato psyllid development at all life stages show a steep
drop off after 31°C (Tran et al. 2012).
We used psyllid trap catch data from 1 May to 25 September in
the analyses, reflecting the full range of sampling regimens across the
years analyzed. We calculated the total average trap catch over time
and average daily degree-day accumulation for each year, and plotted
the seasonal dynamics of trap catch across time. We also created histograms of average accumulated degree-days for the first instance of
potato psyllid detection and the total accumulated degree-days at
each site between when first detection occurred and the latest sampling date of September 25. The weighted average trap catch are calculated by dividing the trap catch for each site on a given date by the
total trap catch for that year. We then bin these weighted averages by
100 degree-days to track population density through the sampling
season. A bin of 100 is equivalent to the average amount of degreedays that accumulate in a week in the sampling region. The degreedays at the first and last sampling date are binned by 50 degree-days
because they occur over a smaller temporal range. To contextualize
the degree-days information with seasonal weather data, we plot the
daily average minimum and maximum temperature across all sites,
as well as the daily average snowpack. Fig. 1 was generated with
ArcMap10.4.1 (ESRI 2016) and all other figures were generated
using the ggplot2 package in R (Wickham 2017).

Results
Seasonal Dynamics
The total number of potato psyllids caught increased each year from
2014 to 2016, before decreasing by several orders of magnitude in
2017 (Fig. 2A; Table 1). In 2014, only 1 out of 706 psyllids tested
positive for CLp, and 0 psyllids tested positive in 2015 (out of 4,760
tested) and 2017 (out of 170 tested) (Supp Table 1 [online only]).
In 2016, two of the bulk groups of psyllids tested positive for CLp;
these groups had 23 and 30 psyllids and thus the total psyllids that
tested positive was between 2 and 53 (0.0093 to 0.25%) (Supp Table
1 [online only]). The vast majority of psyllids collected were of the

Total abundance

785

4,939

23,055

463

Western haplotype (95.3%), with 3.1% Northwestern haplotype
and 0.2% Central haplotype; 1.3% of psyllids were unknown. These
results were consistent across years (Supp Table 2 [online only]).
The magnitude of average trap catches in a year was positively
associated with the date potato psyllids were first detected, as populations increased relatively linearly (on a log scale) after the first
potato psyllids were captured (Fig. 2A). This may be explained by
degree-day accumulation within each year, as the higher abundance
years (2015 and 2016) had higher average daily degree-days in the
winter and spring compared to the lower abundance years (2014
and 2017) (Fig. 2B). By May 1, the year with the highest accumulated degree-days was 2016, and the lowest was 2017 (Fig. 3A;
Supp Table 3 [online only]). By the end of the season, 2016 still has
the highest accumulated degree-days while 2017 has the least. This
means that the year with the highest abundance also had the largest
amount of accumulated degree-days, and the lowest psyllid abundance year had the least degree-days (Fig. 3B; Supp Fig. 1B and Table
3 [online only]). The order of most to least degree-days is the same as
the order of total trap catch: 2016, 2015, 2014, and 2017.

Psyllid Population Development and Generations
Per Year
A greater number of degree-days in a season would be expected to
promote increased development rate of psyllids and an increased
number of generations of potato psyllids. Potato psyllids are multivoltine, and the time for a generation to complete development can
be estimated to be approximately 612 degree-days, based on our
regression of the Tran et al. 2012 data. The dotted lines in Fig. 4
indicate these generation intervals. In 2014 through 2016 there are
two complete generations and a partial third, with the second generation of 2016 increasing more steeply. Interestingly, the 2017 trap
catch began earlier than any other year, but the abundance did not
increase to the same extent observed in the other years. This is likely
a result of three factors: 1) a lag in degree-day accumulation in the
early season, 2) lower total degree-day accumulation over the course
of the season, and 3) lower initial population densities in that year.

Effects of Weather on Psyllid Populations
When looking at seasonal weather patterns, the winter between 2016
and 2017 had the lowest daily minimums of any period (Fig. 5A),
and is the only time where daily minimums reached −20°C. These
cold snaps also appeared to extend over a considerable number of
days, suggesting a prolonged freeze that may have negatively affected psyllids in 2017, which had both the lowest total psyllid abundance and the fewest sites with psyllids (Table 1). 2017 was also the
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Fig. 3. Histograms of the degree-days accumulated at the first (A) and last (B) possible sampling date, for each year. The dotted lines represent the mean degreedays accumulated in each year. The degree-days are binned by 50.
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Fig. 2. (A) Log average B. cockerelli trap catch across all locations at weekly intervals (Mean ± SE).The data are presented on a log10 scale to better reflect the difference
in magnitude of trap catches between years. (B) The average number of degree-days in a single day, averaged across month, for January–September (Mean ± SE).
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Fig. 5. Average minimum temperature for all sampling sites across each year.
The dotted line represents the lower temperature development threshold.

only year that had 0 Northwestern haplotype psyllids (Supp Table 2
[online only]), suggesting that the particularly harsh conditions may
have limited psyllid overwintering survival.

Discussion
Our results indicate there are thresholds to potato psyllid population development dictated by heat accumulation, which may allow
for targeted insecticide sprays and higher potato psyllid mortality
before the populations can build up. Our data support historical
data and recent studies, which show potato psyllid populations
have a similar pattern of population growth within seasons, with
abundance spiking in late June, and again in late July (Wallis 1955,

Munyaneza et al. 2009, Wenninger et al. 2017). This suggests that
established populations in potato have at least two distinct generations in the growing season. However, the cumulative abundance
of potato psyllids differed considerably across years, and the date of
first detection was highly variable across years. Our data suggest that
the 2014 and 2015 trap catch may be reflecting two and a partial
third generations of growth in the population. The greatest psyllid
abundance likely occurred in 2016, which likely reflects both the
higher initial population level early in the season and higher temperatures that supported a nearly complete third generation (Fig. 4).
Overall, our results suggest higher degree-day accumulation before
and within the growing season (Figs. 2B and 4), and the date of first
detection (Supp Fig. 1A [online only]) are reliable indicators of potato psyllid population size later in the season.
These results are similar to those for other agricultural pests
where early season sampling has strong predictive power. For example, preseason monitoring is a strong predictor of summer infestation in the olive fruit fly, Bactrocera oleae (Rossi) (Diptera:
Tephritidae) (Petacchi et al. 2015) because in warmer regions the insect does not enter dormancy, and has an overwintering generation.
This principle is also relevant to pests with longer life cycles like
Asian longhorn beetles, Anoplophora glabripennis (Motschulsky)
(Coleoptrea: Cerambicidae), where the number of emergence holes
in a tree from previous years is an effective predictor of future population dynamics (Smith et al. 2004). Similarly, our results suggest
that by monitoring early season trap catch and winter conditions,
growers may reliably infer the risk of potato psyllids, and potentially
CLp, during peak months.
Correlations between decreased degree-day accumulation in the
spring and low psyllid abundance may be caused by fewer psyllid
generations in low abundance years. We hypothesize that more
degree-day accumulation before 1 May increases rates of psyllid
population growth, allowing potato psyllids to undergo an extra
generation before planting of potatoes, leading to a larger overall
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Fig. 4. The sum of potato psyllid trap catch across all sites by cumulative degree-day. The dotted lines represent 612 degree-days, the estimated number of
degree-days needed for the development of a potato psyllid generation. The degree-days are binned by 100.
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tied to management, it is difficult to determine how each contribute
to this variation.
The make-up and intensity of the management program at a site
depends on the grower and seasonal trends. Conventional growers
have the option of treating potato fields with systemic insecticides
as seed or soil (in-furrow) treatments for early insect pest management (Schreiber et al. 2018), but not all choose to do so. Many different insecticide products can be applied to the foliage throughout
the growing season (Schreiber et al. 2018), but some growers make
fewer applications than others, particularly when pest levels are
deemed to be low. As a polyphagous pest, potato psyllid movement
may be affected by the distribution (Thinakaran et al. 2015, 2017;
Wenninger et al. 2019) and quality of noncrop hosts in the landscape (Huot and Tamborindeguy 2017), and it is likely that these
landscape factors also affect the variation of trap catch across sites.
Potato psyllids have long adult longevity and several generations
a year (Munyaneza 2012), meaning there can be multiple waves
of entry into crop fields. However, as yellow sticky cards capture
adults but not eggs and nymphs, we were unable to classify potato
psyllids into generations. Thus, we cannot know if differences in
potato psyllid abundance between years are due to more generations, or higher populations with the same number of generations.
The timing of planting may also affect the level of pest pressure in
a field (Munyaneza et al. 2012), as could the level of disturbance
within a colonized field (Nelson et al. 2014). The trap catch in a
given week will be affected by the timing of insecticide applications, survival of potato psyllids at all life stages, and their dispersal between fields.
Our results will be incorporated into existing predictive tools
for potato producers. There is currently a pest alert newsletter and
website for Washington growers that includes density maps created using an inverse-distance model. In the future, the phenology
data provided in this study, as well as models of other potato pests
and models of disease spread and potato development, could form
the backbone of a decision support tool for potato growers that is
similar to the tree fruit ‘decision aid system’ in Washington State
(Jones et al. 2010). Continuing to refine these predictive tools will
provide more accurate pest forecasts and management suggestions
that allow for targeted management and increased production
efficiency.

Supplementary Data
Supplementary data are available at Environmental Entomology
online.
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population size. For example, 2016 had the highest daily average
degree-days in April, the highest average amount of degree-days’ accumulated as sampling began, and the largest average trap catch in
the first sampling week. In contrast, 2017 had the fewest degree-days
in the early season, and the lowest average trap catch in the first
sampling week (Figs. 2 and 3A; Supp Fig. 1B and Table 3 [online
only]). We thus suggest there may be a direct relationship between
the date of first detection and the total psyllid trap catch due to extra
reproduction in potato fields, although detailed phenology models
are needed to assess this hypothesis.
Our results may also reflect effects of climate on psyllid migration and development. Prior studies show cold temperatures are associated with decreased psyllid abundance and increased mortality
(Henne et al. 2010; Workneh et al. 2013). This was in line with
our sampling data, as years with the coldest winters were associated with the lowest psyllid trap catch (Fig. 5; Table 1). Moreover,
as most psyllids in our study were of the migratory Western haplotype (Swisher et al. 2012; Swisher et al. 2014b), colder winters may
have delayed the date at which they began to migrate into the Pacific
Northwest. Cold winters also limit the development and abundance
of weedy alternative hosts such as bittersweet nightshade (S. dulcamara) and matrimony vine (L. barbarum) that provide early season
resources for psyllids and serve as sources of dispersal into potato
crop fields (Murphy et al. 2013; Nelson et al. 2014; Thinakaran
et al. 2015, 2017)
We hypothesized that temperature would drive potato psyllid
populations, but differences in temperature correlate to other environmental factors, which may affect variation in potato psyllid
abundance across years. Cold snaps can kill host plants and psyllids, but high amounts of snow may increase available meltwater.
Warm spring temperatures might decrease die-off of wild hosts or
increase the amount of meltwater available, providing additional
host resources to overwintering potato psyllid populations. Rainfall
could affect the availability of alternative hosts in the landscape that
are not irrigated and depend solely on rainfall and waterways for
moisture. Several solanaceous weed species exhibit increased germination with increasing soil osmotic potential (Zhou et al. 2005,
Waggy 2009, Stanton et al. 2012). In the Columbia River Valley,
the summer months are usually without rain; precipitation is most
likely to occur in late September or October as the potato harvest
begins and potato psyllids no longer have access to crop hosts. The
matrimony vine is an overwintering host of potato psyllids and can
have a flush period of vegetative growth triggered by even small
amounts of rain (Thinakaran et al. 2017). Another host is bittersweet nightshade, found in damp areas like streams and drainage
ditches (Whitson et al. 2004, Murphy et al. 2013, Castillo Carrillo
et al. 2016). Higher degree-day accumulations may have a causal relationship with increased potato psyllid because it causes an increase
in population development, or it may be correlated to favorable environmental conditions, like increased host plant or water resources.
There are some similarities in potato psyllid trap catch across
latitude and longitude (Fig. 1B) that may be driven by larger population trends and geography. The higher trap catch in 2015 and 2016
seen around 46° N may be explained by proximity to the Columbia
River in the southern edge of the range, and the Potholes Reservoir
at the northern edge. There is also a large concentration of potato
fields in that area. It also appears that the sites with the highest trap
catch in those years were on the eastern edge of the sampling region.
That region is the Central Basin, which has the lowest elevation in
Eastern Washington and annual average precipitation that ranges
from 15 to 35 cm. However, because difference in sampling site is
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