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ABSTRACT

Rhagoletis cerasi poses a significant threat to cherry production across Europe, presenting a substantial challenge
to agricultural practitioners. This study aims to enhance the techniques used for predicting seasonal pest invasions by
focusing on climate factors, specifically air humidity. A comprehensive range of analytical techniques, including linear,
multiple, and logistic regression, was employed to investigate the relationship between climatic variables and the in-
cidence of substantial pest captures (defined as more than ten individuals per day). The results of the study indicated
that when atmospheric humidity exceeds 70%, it is the predominant predictor of elevated R. cerasi activity (3=10.80,
P=0.0302). Notably, while temperature appeared to constrain pest activity, precipitation did not demonstrate a statis-
tically significant impact. The predictive models achieved an average explanatory power (R*=0.41), and visual analyses
supported the finding that increased flight activity correlates with higher humidity levels. This research emphasizes
the crucial role of microclimatic factors, including humidity, in refining pest monitoring and management strategies.
Consequently, these findings may improve predictions and mitigate economic losses in fruit agriculture. There is opti-
mism that the insights gained will lead to more effective solutions and a prosperous future for cherry growers across
Europe.
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ABCTPAKT

Rhagoletis cerasi (Diptera: Tephritidae) e knto4oB HenpusaTen no YepelwaTa B EBpona, KaTo HeroBaTa nony/aLMoHHa
OVHAaMKKa e CUJTHO 0ByCc10BEHa OT KAMMATUYHUTE ycno0Bus. LlenTa Ha HacTosAWOoTo nscaenBsaHe e ga ce nonobpu
NporHo3aTa 3a Ce30HHMUTE HamafeHns Ype3 aHa/In3 Ha KJIMMaTUYHWU UHAMKATOPU, C aKLEHT BbPXY BJIAYKHOCTTa Ha
Bb3/yXxa. MI3non3BaHM ca IMHEHU, MHOYKECTBEHU U IOTUCTUYHU PETPECMOHHU MOE/IN 33 OLLEHKA HA BPb3KaTa MeXay
KAMMaTUYHU baKTopu U Hagnparoeu ynosu (>10 uHa./aeH). PesyntatuTe nokaseat, Ye aTMochepHaTa BIaXKHOCT Haf,
70% e eAUHCTBEHUAT CTaTUCTUYECKM 3HAYUM NPeAMKTOP 3a MNOBULLEHA aKTUBHOCT Ha R. cerasi (=10.80, P=0.0302),
[0KaTo TeMrepaTypaTa MMa FPaHUYHO BJIMSHWE, @ BaJIEeXXUTE He ca 3HauyMMu. MoaennTe AeMOHCTPUpaT cpeaHa
nporHocTnyHa cuna (R?=0.41), KaTo BM3yasM3auMmUTe NOTBbPXKAABAT 3aCUIeHa JleTaTesIHa aKTUBHOCT MPU BUCOKa
BJIAXKHOCT. M3cnefBaHeTO MOTBbP)KAaBa 3HAYEHMETO Ha MHTErpMpaHETO Ha MUKPOK/MMATUYHM MoKasaTenm —
0CO6EHO BNIAaYKHOCTTa — B CUCTEMUTE 3@ MOHUTOPUHT U YNpaB/eHWE Ha BPeAUTENS, C el MO-TOYHO NPOrHo3MpaHe
M HamasisiBaHe Ha UKOHOMMYECKUTe 3arybm B OBOLLLAPCTBOTO.

Knwouosu gymu: Rhagoletis cerasi, atTMochepHa BAaXKHOCT, MOMyAaLMOHHA AMHAaMWKA, UKOHOMUYECKU Mpar,
NPOrHo3eH Moje/l, paCTUTE/IHA 3aLlnTa
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INTRODUCTION

The European cherry fruit fly Rhagoletis cerasi L. (Dip-
tera: Tephritidae) is one of the most economically im-
portant pests of sweet cherry production in Europe. Its
univoltine life cycle, narrow host range, and synchronized
emergence with fruit ripening make it a persistent chal-
lenge for growers. Climate variability, particularly fluctu-
ations in winter temperatures and spring microclimatic
conditions, increasingly complicates the prediction of
seasonal population peaks. Improving forecasting tools
is therefore essential for optimizing monitoring sched-
ules, reducing unnecessary insecticide applications, and

preventing economic losses.

A key biological feature of R. cerasi is its obligatory
pupal diapause, the duration of which is strongly influ-
enced by environmental cues. Temperature and humid-
ity play central roles in diapause maintenance and ter-
mination (Higaki and Ando, 2000; Higaki, 2005; Higaki
et al., 2010), while internal physiological factors such as
metabolic reserves also contribute (Menu and Desou-
hant, 2002). Most insect species respond not to gradual
cooling but to specific temperature fluctuations that sig-
nal the end of prolonged dormancy (Higaki, 2005, 2006).
For univoltine species, bet-hedging strategies—spread-
ing emergence timing across years—serve as an adaptive
mechanism against unpredictable winter conditions, es-
pecially under climate-change scenarios that may reduce
chilling accumulation (Moraiti et al., 2014; Moraiti and
Papadopoulos, 2017). Such strategies are particularly
advantageous in environments with pronounced season-
al variability (Akhund-Zade et al., 2020).

The diapause dynamics of R. cerasi vary across pop-
ulations and are shaped by local temperature regimes,
host plant characteristics, and geographic conditions
(Boller and Prokopy, 1976; Kovanci and Kovanci, 2006;
Ranner, 1988; Papanastasiou et al., 2011). Pupae typi-
cally terminate diapause after sufficient winter chilling,
resulting in synchronized adult emergence during the
fruiting period of local cherry cultivars. However, devi-
ations from optimal chilling—such as exposure to tem-
peratures of 3-8 °C for too short or too long a period or

warming above 10 °C—may induce extended dormancy
lasting more than one year (Moraiti et al., 2014; Mo-
raiti and Papadopoulos, 2017). Extended dormancy is
associated with reduced germination rates (Vallo et al.,
1976) and fitness costs, including lower lifetime fecundi-
ty and shorter oviposition periods, although individuals
emerging from prolonged dormancy may exhibit larger
body size (Moraiti et al., 2012a). Fitness traits also differ
among geographically isolated populations, reflecting lo-
cal ecological pressures and limited gene flow (Moraiti et
al., 2012b).

Despite extensive research on diapause mechanisms,
less is known about how microclimatic factors—particu-
larly air humidity—shape the seasonal flight activity of R.
cerasi adults. Identifying reliable climatic indicators of in-
creased activity could substantially improve monitoring
efficiency and forecasting accuracy.

This study aimed to evaluate the winter survival and
seasonal population activity of R. cerasi in relation to cli-
matic conditions and varietal differences. The study spe-
cifically tested the following hypotheses: (i) air humidity
is more strongly associated with daily flight activity than
temperature; (ii) humidity levels above 70% increase the
likelihood of high trap captures (>10 individuals/day); and
(iii) temperature acts as a limiting factor for adult activity.

MATERIALS AND METHODS

The study was conducted during the winter and
spring of 2024-2025 in two adjacent sweet cherry or-
chards located at 42.103393° N, 24.722940° E. The
orchards consisted of early, mid-early, and late culti-
vars and were managed under standard integrated pro-
duction practices. No insecticidal treatments targeting
Rhagoletis cerasi were applied during the monitoring pe-
riod, and the surrounding area consisted exclusively of

cherry orchards, minimizing external population influx.

Winter assessment of pupal density

From March 5 to March 8, 2025, soil samples were
collected from three cherry cultivar groups: early,
mid-early, and late. A total of 16 samples were taken:
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4 from early cultivars, 8 from mid-early cultivars, and 4
from late cultivars. This 4/8/4 sampling scheme reflected
the proportional representation of each cultivar group
within the orchards and ensured adequate replication for
the dominant mid-early group.

Each sample covered an area of 0.25 m? (50 x 50 cm)
and was collected at a depth of 10 cm along the canopy
projection line, where pupae are most likely to accumu-
late. Samples were manually sifted using screens with
openings of 4-5 mm, and each sample was processed
twice by different observers to reduce inconsistencies.
The counted pupae were recorded, and the population
density was represented as the number of individuals per
square meter and compared with the national economic
threshold for Bulgaria (>3 pupae/m?; Ministry of Agricul-
ture and Food, 2023), which served as a reference point
for interpreting infestation pressure.

Monitoring flights during the active season

Adult activity of R. cerasi was monitored using two
yellow Rebel® sticky traps placed in the central part of
the orchard (or the tree crown) at a height of 1.5-2.0
m above ground level. The traps were positioned 20 m
apart, approximately 1 m from the nearest tree canopy,
to ensure unobstructed visibility and minimize edge ef-
fects. Trap inspections were conducted every five days
from April to June 2025, a frequency commonly used in
regional monitoring programs and sufficient to capture
changes in population dynamics during the flight period.
Captures were expressed as the average number of in-
dividuals per day and compared with climatic variables
recorded during the same period.

Climate data

Climatic data for December 2024-March 2025 were
obtained from an automatic weather station locat-
ed centrally within the orchards. The station recorded
hourly air temperature (minimum, maximum, and mean),
soil temperature at 10 cm depth, relative humidity, and
precipitation. Derived variables included the number of
hours below 0 °C and -5 °C, minimum winter tempera-
ture, cumulative precipitation, and mean daily soil tem-
perature.

Statistical processing

All analyses were performed in R (version 4.x.x; R
Core Team, 2024) using RStudio. Visualizations were
produced with the ggplot2 package (Wickham, 2016).
Linear regression models were fitted using Im(), and lo-
gistic regression models using glm() with a binomial link
function. Predictor variables included relative humidity,
air temperature, soil temperature, and precipitation.

Normality of residuals was assessed using the Sha-
piro-Wilk test, and logarithmic transformations were
applied where necessary. Model fit was evaluated using
R? for linear models and AIC and ROC/AUC metrics for
logistic models. Parameter estimates (B, SE, t, P, R?) are
reported in the Results section.

RESULTS

Observations on the overwintering population

Using the analyzed soil samples, we assessed the
population density of Rhagoletis cerasi pupae for each
variety group. Comparing samples below and above the
economic threshold enables a quantitative evaluation of
the overwintering population across various regions (Ta-
ble 1).

The average density for early-ripening cultivars was
the lowest at 3.0 pupae/m®. Two of four samples were
below the economic threshold, suggesting relatively low

winter pressure in this category.

In medium-early ripening cultivars, an average den-
sity of 9.5 pupae per square meter was notably higher.
Importantly, 87.5% of the samples (7 out of 8) surpassed
the critical threshold. This suggests a substantial, uni-
form population overwintering, which may pose a risk of
early infestations during the growing season.

The late-ripening cultivars showed the highest count
at 18.0 pupae/m?, with every sample (100%) exceeding
the set threshold. This indicates favorable conditions for
pupae survival and/or a buildup of the population from

previous seasons.
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Table 1. Summary data from samples by ripening cultivar groups

Ripening cultivars group Number of samples

Average number of pupae/m>  Threshold exceeded (>3/m?)*

Early ripening 4
Medium-early ripening 8
Late-ripening 4

3.0 2 from 4 (50%)
9.5 7 from 8 (87.5%)
18.0 4 from 4 (100%)

* Economic threshold for control in Bulgaria: >3 pupae/m?® (Ministry of Agriculture, 2023).

The boxplot (Figure 1) shows the distribution of pu-
pal density for Rhagoletis cerasi across various variety
groups, clearly demonstrating an upward trend from ear-
ly to late varieties. In the early group, a low median pupal
density is observed, with some values approaching the
economic threshold and several samples falling below
it. The medium-early varieties show a greater and more
stable density, with most individual values exceeding the
economic damage threshold and displaying less variabil-
ity. The most considerable increase in pupal density is
found in late varieties, which not only have the highest
density but also exhibit a wider range of values, spanning
from 12 to 24 pupae/m? The dashed red line marks the
threshold value of 5 pupae/m? above which all points in
the medium-early and late categories are situated. This
trend suggests increased overwintering of the popula-
tion in later-maturing varieties, accompanied by a higher

risk of economic damage.
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Figure 1. Distribution of Rhagoletis cerasi pupal density by ripen-
ing cultivar group (m?)

Throughout the winter, no snow accumulated. The
total hours with temperatures falling below 0 °C were
627, with 79 hours registering -5 °C below, and the low-
est temperature documented was -11.03 °C, measured
10 cm above the ground (Table 2). These circumstanc-
es might result in some level of population decline. Still,
they do not suggest a complete failure.

Table 2. Cold indicators during the 2024-2025 winter

Indicator Value Meaning

Hours below 0 °C 627 hrs  Prolonged cold period
Hours below -5 °C 79 hrs Potentially lethal levels
Absolute minimum -11.03°C The most extreme value
Presence of snow cover n/a Increased thermal risk

A linear regression analysis (Figure 2) revealed a sig-
nificant positive correlation between average winter soil
temperature and pupal density, with an R* of 0.9998
(P<0.01).

Pupae per m*

6.00 6.50

625
Average Soil Temperature (°C)

Figure 2. A linear relationship between average soil temperature
and pupal density of Rhagoletis cerasi
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The results demonstrated that soil temperature account-
ed for all the variability in pupal counts. The model sug-
gested that for each 1 °Crrise in soil temperature, the an-
ticipated number of R. cerasi pupae increased by roughly
16.68 individuals per square meter. Despite low winter
air temperatures, with a lowest recorded temperature
of -11.03 °C and minimal snow cover, elevated soil tem-
peratures in specific plots may have reduced pupal mor-

tality and improved overwintering success.

Activation of the Rhagoletis cerasi population

The initial adult R. cerasi was captured on April 20,
2025, in the southern section of the area (SC2), where
the soil temperature registered at 15.2 °C (Table 3). By
April 24, activity was detected throughout all sections,
indicating that emergence from the soil occurred simul-

taneously over a 4- to 5-day period.

Table 3. Dates of first trap captured adults

20

Captured individuals (daily total)

o

16
Soil temperature (*C)

Soil cage Position Date of Soil o
first catch temperature (°C)
SC2 Southern 20.04.2025 15.2
SC3 East 21.04.2025 16.1
SC4 West 22.04.2025 17.0
SC1 North 24.04.2025 17.8
SC5 Centre 25.04.2025 18.1

The daily activity patterns indicate a noticeable rise
following April 22. A maximum of 21 individuals per day
was recorded between April 30 and May 3, correspond-
ing with soil temperatures reaching 17 °C or above.

The overall catch between April 19 and May 3 was
highest in SC2 and SC3, suggesting a favorable microcli-
mate in the orchard's southern and eastern regions.

The regression model (Figure 3) revealed a significant
correlation between soil temperature and daily catch
(R*=0.39, P=0.0057). For each 1 °C rise, the number of
individuals captured increases by 3.26.

Figure 3. Linear model: soil temperature vs. daily catch

Using logistic regression (Figure 4), the impact of
soil and air temperatures on the likelihood of meeting a
threshold of at least 10 individuals per day was assessed.
Soil temperature demonstrated a prominent positive in-
fluence (B=1.08, P=0.0618). The chance of a mass flight
surpasses 50% when soil temperatures reach 217.5 °C
and air temperatures reach 216 °C.

Probability
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Figure 4. Predicted probability of flight (logistic surface)

Population dynamics during the vegetation season

Monitoring the activity levels of R. cerasi during their
active season (April to June 2025) revealed clear periods
in their development: initial emergence, sexual matura-
tion, peak activity, and decline (Figure 5). The first indi-
viduals were spotted on April 25, when the temperature
was 16.7 °C, and the humidity was 69%.
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In the following weeks, activity steadily increased,
peaking at the end of May, with 243.5 individuals re-
corded daily on May 25, 2025. However, following the
start of June, activity began to decline significantly, and
by the end of the month, the population had become al-

most inactive.

Population Dynamics of *Rhagoletis cerasi® and Climate Indicators (2025)
Mean catch (bars), air temperature (red dashed), and humidity (blue dot-dashed)
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Figure 5. Diurnal activity of Rhagoletis cerasi and relevant climat-
ic conditions in the 2025 season

The initial individuals were recorded on April 25,
2025, with a temperature of 16.7 °C and a humidity lev-
el of 69%. Increased activity was observed to align with
higher humidity and mild temperatures, peaking at the
end of May, when a maximum of 243.5 individuals per
day was recorded on May 25, 2025.

The linear regression analysis between temperature
and average catch did not indicate a statistically signifi-
cant relationship (P=0.979; R>=0.00006), suggesting no
linear correlation between these two variables. On the
other hand, the multiple linear regression model that
incorporated temperature, humidity, and precipitation
exhibited moderate explanatory power (R*=0.41). In this
model, humidity was identified as a statistically signifi-
cant predictor (B=0.80, P=0.0302), whereas tempera-
ture was marginally significant (P=0.0853). Conversely,
precipitation had no significant effect (P=0.65). Figure
6 illustrates the relationship between humidity and av-
erage catch, while Figure 7 compares the observed and
predicted values from the model.

Multiple Linear Regression (Humidity as significant predictor)
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Figure 6. Relationship between air humidity and average daily
catch of Rhagoletis cerasi

The diagram illustrates the outcomes of a multiple
linear regression, highlighting a positive correlation be-
tween atmospheric humidity and population activity.
The blue regression line, along with a light grey area
representing the 95% confidence interval, suggests that
catch rates are likely to increase as humidity levels rise.
The significant coefficient value (P=0.0302) supports the
notion that atmospheric moisture is crucial for aligning
the species' flight patterns and peak activity.

The logistic model, which predicts the likelihood of
reaching the flight threshold of at least 10 individuals
per day, showed marginal significance for air humidity
(B=0.270, P=0.0711). On the other hand, temperature
(P=0.3490) and precipitation (P=0.9102) had no signifi-
cant impact.
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Figure 7. Predicted probability of above-threshold catch (210
ind./day) of Rhagoletis cerasi relative to air humidity
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Figure 7 illustrates this relationship, showing that the
probability of surpassing the catch threshold increases
when humidity levels exceed 70%, although this obser-

vation lacks rigorous statistical validation.

The graph displays the findings from the logistic re-
gression, which assesses how atmospheric humidity af-
fects the probability of attaining a threshold of 210 in-
dividuals per day. The dashed blue line represents the
predicted likelihood, while the grey shaded region in-
dicates the 95% confidence interval. Observations that
surpass the threshold are marked with green dots, while
those that do not are shown with grey dots. The pat-
tern suggests an increased probability when humidity
exceeds 70%, but it falls short of statistical significance
(P=0.0711). This supports the theory that microclimatic
conditions affect population activity.

The analysis of the three models highlights that at-
mospheric humidity is the primary climatic factor asso-
ciated with the increased activity of R. cerasi. Although
temperature contributes positively, it is not a key factor,
and precipitation is not a significant statistical predictor.
This overview emphasizes the importance of incorporat-
ing humidity as a key variable in forecasting population
dynamics and refining agricultural monitoring and man-
agement strategies.

The correlation between the recorded population
dynamics of Rhagoletis cerasi and the predicted figures
from a multivariate linear model (Figure 8) shows strong
agreement during peak periods and a moderate level of
predictability (R*=0.41). The visual correlation between

the real and estimated values supports the assertion that
air humidity plays a crucial role. In contrast, the influence

of other factors seems minimal.
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Figure 8. Comparison between observed population dynamics
of Rhagoletis cerasi and predicted values from a multivariate lin-
ear model

To provide a clearer comparison of the regression
approaches used, Table 4 presents the main statistical

parameters of the three models.

To summarize, the findings from the three models
suggest that atmospheric humidity is the main climat-
ic element associated with the heightened activity of
Rhagoletis cerasi. Although temperature contributes to
the overall picture, it is not a critical factor, and precip-
itation has not been demonstrated to be a statistically
significant predictor. The identified trends and graphical
representations highlight the necessity of considering
humidity as a crucial variable in forecasting population
dynamics and in enhancing agricultural monitoring and

management.

Table 4. Comparison between the three statistical models used to assess the activity of Rhagoletis cerasi

Model Variables included Significant factors Coefficient (B) Statistics Explanatory power
Linear regression Temperature - — P=0.979 R? = 0.00006
Multiple Linear Temp., humidity, Humidity B =10.80 P =0.0302 R? = 0.41
Regression precipitation
Logistic regression  1cmP- humidity, Humidity (limit) B =0.270 P=0.0711 AIC = 21.29
precipitation
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DISCUSSION

The present research verifies that atmospheric hu-
midity is a vital climatic indicator of the seasonal behav-
ior of Rhagoletis cerasi. The evidence indicates that when
humidity exceeds 70% and temperatures exceed 18 °C,
the average daily catch increases (Figure 5) and the prob-
ability of increased flight activity increases (Figure 4).
These results align with the findings of Hulshof and Van
den Brink (2004), who observed that the mass activity of
this species is enhanced under ideal temperature and hu-
midity conditions. This relationship also has practical rel-
evance, as humidity thresholds can support more precise
timing of monitoring activities in commercial orchards.

The multivariate regression analysis (Table 3) reveals
that humidity is the sole statistically significant predic-
tor (B=10.80; P=0.0302), while temperature is marginally
significant (P=0.0853). There is no effect observed from
precipitation. These results are consistent with the find-
ings of Daniel and Grunder (2012), which emphasized
that microclimatic elements, particularly humidity, play
a crucial role in flight synchronization, regardless of im-
mediate climatic changes such as precipitation. The fact
that humidity remains significant even when multiple
climatic variables are included in the model further sup-
ports its dominant role in shaping adult activity.

The logistic model (Figure 7) shows marginal signif-
icance for humidity (3=0.270; P=0.0711) in relation to
the likelihood of exceeding the threshold catches, under-
scoring the biological importance of this variable. While
the statistical significance is not conclusive, the graph
clearly shows a trend of heightened activity at humidity
levels above 70%. This trend is consistent with our initial
hypothesis that higher humidity increases the probabili-
ty of exceeding daily capture thresholds.

The visual representations displayed (Figures 3-8)
and the analytical findings (Table 3) illustrate that the
models exhibit a moderately strong ability to predict out-
comes, especially during the peak period. The multivar-
iate model has an R? value of 0.41, which is considered
satisfactory for operational forecasting. This model can
function as a basis for adaptive population management

in this area. Nevertheless, these predictive values should
be interpreted with caution, as the study was conducted
in only two orchards during a single season, which may
limit the generalizability of the results.

The findings emphasize the significance of humidity
as a crucial parameter for monitoring and early warning
systems associated with R. cerasi. Rather than concen-
trating exclusively on temperature, it is important to
enhance or reevaluate this method by integrating var-
ious climatic elements. This approach will enable more
accurate planning of agricultural strategies and minimize
the chance of missing critical biological stages. In practi-
cal terms, incorporating humidity-based thresholds into
routine monitoring could help optimize inspection inter-

vals and improve the timing of control measures.

CONCLUSIONS

This research highlights the importance of atmo-
spheric humidity as a critical climatic element influencing
the seasonal behavior of Rhagoletis cerasi. Results from
three statistical models suggest that humidity levels
exceeding 70% are associated with a greater likelihood
of surpassing threshold catches and increased flight
activity, particularly when temperatures exceed 18 °C.
Although temperature influences overall population dy-
namics, it is not the main predictor, and precipitation is
not statistically significant.

The multiple linear regression model demonstrated a
satisfactory level of explanatory power (R*=0.41), indi-
cating its effectiveness for operational forecasting. This
suggests that incorporating atmospheric humidity into
the tracking and strategizing of plant protection mea-

sures can enhance the management of cherry flies.

Adjusting agricultural techniques to account for mi-
croclimatic conditions enables prompt decision-making
and enhances pest management, minimizing the poten-
tial for financial loss. Adjusting agricultural practices to
account for microclimatic conditions enables timely de-
cision-making and improves pest management, thereby
minimizing potential financial losses. At the same time,

the conclusions should be interpreted with caution, as
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the study was conducted in only two orchards over a
single season, highlighting the need for future multi-year
and multi-location research.
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