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ABSTRACT

Climate variability plays a crucial role in regulating the phenological patterns
of plants and the developmental dynamics of associated insects. This study
examined the phenology of willow (Salix alba) and the developmental stages of
the gypsy moth (Lymantria obfuscata) over two consecutive years (2022—2023)
using Julian dates and accumulated degree days (DD). Significant inter-annual
variations were observed in both the plant and insect development. In 2022,
vegetative bud burst occurred earlier (Julian day 53, 0.55 DD) than in 2023
(Julian day 60, 3.86 DD), with similar delays observed in flowering and late-
season events. Increased DD requirements in 2023 suggest climatic influences on
phenological timing. Gypsy moth development also shifted temporally. In 2022,
key stages such as egg hatching and adult emergence occurred earlier and at
lower DD thresholds as compared to 2023. Adult emergence was recorded at
Julian day 158 (945.30 DD) in 2022 and at day 165 (492.22 DD) in 2023,
indicating altered developmental dynamics. Population peaks differed between
years, with a mid-June peak in 2022 (40 individuals, 608.65 DD) and a delayed,
smaller peak in 2023 (35 individuals, 593.88 DD). These findings highlight the
influence of temperature on plant—insect synchrony and demonstrate the value
of degree day models for predicting phenological responses under changing
environmental conditions.
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INTRODUCTION

Salix alba L., commonly known as white willow, silver willow or golden willow, belongs to the family
Salicaceae. The genus Salix comprises of over 450 species which span across diverse ecological zones
from tropical to cold-temperate regions (Helfenstein et al., 2014). S. alba thrives at altitudes varying
from sea level to 2400 m masl, predominantly near water bodies with a typical lifespan of 20-30 years
(Praciak et al., 2013). India hosts approximately 33 species of Salix, with 23 species found in Kashmir
valley alone, 15 of which extend to alpine or subalpine regions (Dhar and Kachroo, 1983). Of special
interest are the three varieties of S. alba: var. alba, var. vitellina (golden willow), valued for its
ornamental appeal, and var. caerulea (cricket-bat willow), renowned for its commercial significance
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(Gupta et al., 2014). Beyond their ecological and economic importance, willows play a pivotal role in
supporting biodiversity and mitigating the environmental stressors (Oliveira et al., 2024).

Plant phenological development is predominantly shaped by meteorological factors such as
temperature, solar radiation and precipitation, which significantly influence vegetative and
reproductive growth, yield and fruit characteristics (Moriondo et al., 2015; Orlandi et al., 2020).
Temperature, in particular, acts as the primary driver, enabling the development of predictive models
for phenological stages across species and geographic regions (Chuine et al., 2013). Accurate
phenological data are critical for optimizing agricultural practices, including irrigation, fertilization,
harvesting and pest control (Didevarasl et al., 2025). Phenological models like linear growing degree
day (GDD) model and curvilinear alternatives like the Wang and Engel model, have been employed
to predict flowering and fruit-setting events (Parker ef al., 2011; Orlandi et al., 2020). These models
underscore the dependence of plant and pest phenology on temperature, offering insights into the
genetic and environmental factors shaping their responses (Mosseler and Papadopol, 1989).

The Indian gypsy moth (Lymantria obfuscata Walker, 1865) is a significant pest of Salix alba
and other forest and fruit trees in the Kashmir Valley. The larva of this pest exhibit voracious nocturnal
feeding habits, primarily targeting tender leaves, while adult males are active fliers and females are
wingless (Roonwal, 1979). Integrated pest management strategies, including pheromone-baited traps,
have proven effective in monitoring and controlling populations (Munshi et al., 2008). This study
embarks on an in-depth exploration of the phenology and occurrence of major insect pests in S. alba,
employing the degree day (DD) model as a pivotal analytical framework. The DD model, rooted in
the concept of accumulated temperature, provides a nuanced perspective on the developmental
patterns of insect pests, offering valuable insights into their life cycles and seasonal dynamics
(Crimmins et al., 2020). Phenology is the study of periodic recurring biological events in plant life
cycles and their interactions with weather and climate (Schwartz, 2013). By integrating phenological
observations with pest occurrence data, this research was aimed to elucidate the intricate interactions
between S. alba and its insect adversaries. The findings may contribute to the sustainable pest
management strategies, enhancing the ecological resilience and economic viability of Salix alba
plantations. This study also underscores the broader implications of climate change on plant-pest
dynamics, offering valuable insights into adaptive strategies for mitigating its impacts on agroforestry.

MATERIALS AND METHODS

Study sites and sampling design

The study was conducted to record the phenological stages of Salix alba at three randomly selected
sites in Ganderbal district, Kashmir, India. Six mature trees were chosen at each site. On each tree,
four primary branches oriented in the cardinal directions (North, South, East and West) were selected
and marked with durable metal tags for consistent observation. Weekly observations were made from
February to October to monitor and document the phenological stages across the study sites.

Degree-day model

The accumulation of degree days (DD) was calculated by the method of McMaster and Wilhelm (1997):
DD = Tmax2+ Tmin - MTT

Where DD are the degree-days, Tmax and Tmin are the daily maximum and minimum temperatures,

respectively and MTT is the minimum threshold temperature.

The observations in the study focused on the timing of various phenological stages, their
corresponding temperatures, and the emergence of insect pests during each stage. The phenological
stages systematically recorded were as follows: (1) Vegetative bud burst, marked by the emergence of
green tissue or leaf tips from stems or stools; (ii)) Formation of axillary buds, characterized by the
appearance of axillary buds as the petiole bent away from the stem; and (iii) Stem colouration,
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reflecting seasonal changes in stem colour influenced by sun exposure and branch position (Jenderek
et al., 2020). The development of (iv) sylleptic branches involved the initiation and growth of these
branches, while (v) differentiation of generative buds was observed when larger generative buds
became distinct from smaller vegetative buds during the ‘green bud’ stage (Saska and Kuzovkina,
2010). The (vi) colouration of generative bud scales indicated a transition of bud scales to reddish,
brownish, or yellowish hues, referred to as the ‘bud blush.” (vii) Generative bud swelling signalled
the initial expansion of inflorescences, followed by (viii) generative bud burst, where bud scales split
open to expose 50% of catkins (Kutsokon and Khoma, 2025). (ix) Catkin formation involved the
visible extension of inflorescences beyond the bud scales, with bract hairs imparting a ‘furry’
appearance, leading to (x) inflorescence expansion, where 95% inflorescences reached their full
length, termed the ‘post-peak’ stage (Marchenko and Kuzovkina, 2023). (xi) Flowering initiation was
marked by the appearance of sporadic flowers with distinguishable stamens or stigmas on 10%
flowers, progressing to (xii) blooming, when 50% inflorescences displayed pollen-bearing stamens or
receptive stigmas (Wagay et al., 2024). The later stages included (xiii) inflorescence wilting, where
50% inflorescences showed wilting, and (xiv) inflorescence dropping, marked by the detachment of
50% inflorescences from male plants. In female plants, (xv) capsule fruits final size was noted with
the swelling of pistils to their maximum size, followed by (xvi) seed dispersal, involving capsule
bursting and the release of cottony seed masses (Gage and Cooper, 2005). Vegetative stages such as
(xvii) shoot tip abortion, where shoot elongation terminated due to apex abortion and (xviii) leaf
discolouration, where 50% of leaves changed colour, were also recorded (Poethig, 2013). Finally,
(xix) leaf drop occurred when 50% leaves detached from the plant, and (xx) skeletonization,
characterized by damage to leaves from insects, disease, or chemical injury, concluded the
phenological observations (Ekholm et al., 2022).

Data analysis

The data generated on phenological stages, corresponding temperatures and pest occurrences were
statistically analyzed using both R software and SPSS software, to correlate temperature fluctuations
with the timing of developmental events. The degree-day model served as a predictive tool for
phenological and pest emergence patterns.

RESULTS AND DISCUSSION

Phenological events timeline

The phenological stages of S. alba (Fig. 1) were monitored across the two consecutive years, 2022
and 2023 (Table 1), using Julian dates and accumulated degree days as metrics. Significant variations
were observed between the two years in both the timing and degree day accumulation of phenological
events. In 2022, vegetative bud burst occurred earlier at Julian day 53 with an accumulation of 0.55
degree days (DD), whereas in 2023, it was recorded at Julian day 60 with 3.86 DD. This delay in 2023
aligns with cooler early season temperatures, which likely slowed the accumulation of heat units
required for bud burst. Chuine and Regniere (2017) emphasize that lower temperatures can
significantly delay developmental stages by reducing the rate of physiological processes.

Flowering initiation remained consistent between the two years, both occurring at Julian day 64.
However, the DD accumulation differed, with 1.10 in 2022 and 7.47 in 2023, suggesting a prolonged
response to thermal conditions in the later year. The flowering peak and blooming stages exhibited
significant delays in 2023. In 2022, the flowering peak was observed at Julian day 74 (23.02 DD) and
blooming at day 75 (28.85 DD). In contrast, these stages were delayed in Julian days 81 and 82 in
2023, with degree day accumulations of 593.88 and 39.92, respectively. Such delays may indicate
altered climatic conditions, such as cooler spring temperatures or extended growing seasons (Bita and
Gerats, 2013). Subsequent phenological events, including stem coloration, development of sylleptic
branches and differentiation of generative buds, consistently occurred later in 2023 as compared to
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2022, accompanied by higher degree day accumulations. By the end of the growing season, stages
such as leaf discoloration, leaf drop and skeletonization also occurred later in 2023 (Julian days 277,
295 and 303) as compared to 2022 (Julian days 274, 288 and 298), with degree day accumulations
increasing correspondingly. These findings are consistent with the broader literature on the
temperature-driven pheno-logical shifts. Menzel et al. (2006) reported that inter-annual temperature
variability and extended growing seasons can delay the onset of autumnal senescence, particularly in
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Fig. 1: The phenological stages of Salix alba
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Table 1: The timeline of phenological events in Salix alba with temperate deciduous
Julian dates and degree days (2022 and 2023) species. Similar trends have
2022 2023 been observed across Europe
Phenological stages Julian Degree Julian Degree where warming-induced
: dates days dates days jpcreases in GDD result in
1\:/legetapve.b1.1tc.1 t’_urSt Zi 01'515 22 ;ig prolonged  photosynthetic
owering mnitiation . . ..
Formation of axillary buds 65 165 66 996 Activity and delayed leaf
. coloration and abscission
Flowering peak 74 23.02 81 38.26 Estrell dM L 2006:
Blooming 75 2885 82 3992 (Estrella and Menzel, 2006;
Stem coloration 95  133.81 105 117.08 Vitasse e al, 2011). The

Development of sylleptic branches 106~ 204.06 114  142.05 observed delay in S. alba
Differentiation of generative buds 115 245.7 120  162.04 pheno-phases thus reflects
Coloration of generative bud scales 125  323.16 131  209.52  the sensitivity of willow

Generative bud swelling 135 388.41 138 263.12 phenology to cumulative
Generative bud burst 145  456.99 150 352.53  thermal conditions rather
Inflorescence dropping 146  463.93 151 356.42  {han calendar time alone.
Seeds disperse initiation 148  480.87 153 366.97

Catkin formation 152 51448 159  418.06  Gypsymothdevelopment stages
Inflorescence expansion 161  608.64 165 49222 The phenology and thermal
Inflorescence wilting 181  856.7 187  814.43 requirements of gypsy moth
Flowering completion 186 93225 192 866.94 (Lymantria obfuscate) were
Capsule fruits final size 201 1131.15 205 1047.5 compared across the two
Peak seed disperse 203 1160.88 207 1075.83  consecutive years (Fig. 2)
Shoot tip abortion 225  1467.26 232 1444.98 which revealed marked inter-
Seeds disperse completion 227 149559 234 1479.42 S .

L eaf discolouration 274 207255 277 200137 onnualvariationinthe timing
Leaf drop 288 217729 295 208749 @nd  degree-day  (DD)
Skeletonization 298 2211.75 303 211332 accumulations  associated

with different developmental
stages. In 2022, oviposition began on Julian day 54 with an accumulated 0.55 DD, and hatching
occurred by day 59 at a similar thermal threshold. The larval stage commenced by day 75 after
reaching 28.85 DD and progressed to pupation by day 146 with 463.93 DD. Adult emergence occurred
around day 158 following the accumulation of approximately 945.30 DD. In contrast, during 2023,
egg laying was delayed until day 60, coinciding with higher initial thermal accumulation (3.86 DD),
and hatching was observed by day 66 at 9.96 DD. Larval development began later, on day 82 (39.92
DD), and pupation was achieved by day 150 (352.53 DD), while adult emergence occurred on day
165 with a total of 492.22 DD.

The later onset of all developmental stages in 2023, coupled with reduced cumulative DD values,
suggests that cooler early-season temperatures slowed the rate of heat accumulation, thereby
extending the duration of each stage. These findings are consistent with the concept that insect
development is tightly regulated by temperature-dependent physiological processes, where
insufficient thermal accumulation delays ontogenetic transitions (Regniere ef al., 2012; Chuine and
Regniere, 2017). Temperature influences enzyme activity, metabolic rate and hormonal regulation,
which in turn determine the pace of embryonic and larval development (Koch, 2015). The greater
degree-day requirement observed for the egg stage in 2023 (3.86 DD vs. 0.55 DD in 2022) implies a
slower post-diapause warming period, potentially affecting the timing of hatching and subsequent
cohort synchrony, a pattern also prominent in L. dispar populations under fluctuating spring
temperatures (Wei et al., 2014).

The observed reduction in cumulative DD at adult emergence in 2023 (492 DD as compared to
945 DD in 2022) may reflect physiological plasticity or local thermal adaptation within L. obfuscata
populations. Gray (2018) emphasized that developmental rates in Lymantria species post-diapause are
both age- and temperature-dependent, often displaying nonlinear responses near the lower development
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Fig. 2: Developmental stages of gypsy moth in relation to degree days (2022 & 2023)

developmental thresholds. This plasticity enables populations to survive in the regions with varying
climatic conditions but can also lead to desynchronization between life stages and host phenology
when temperature regimes deviate from the norm (Mallard et al., 2020). Similarly, Hill ez al. (2021)
reported that inter-annual variation in temperature regimes can significantly alter the rate and
synchrony of development in gypsy moth populations, leading to temporal asynchrony between life
stages and host plant leaf-out, thereby influencing feeding success and survival. Moreover, the slower
progression of larval and pupal stages in 2023 aligns with the findings of Harvey et al. (2020) who
demonstrated that suboptimal temperatures during early larval instars can extend development and
cascade into later life stages, ultimately influencing fecundity and survival. Similar developmental
delays have been observed in L. monacha and Malacosoma disstria when exposed to low-temperature
regimes (Gray et al., 2001; Regniere and Nealis, 2007). Such inter-annual thermal variability,
therefore, not only modulates the phenological timing of L. obfuscata but may also affect its voltinism,
population dynamics and potential outbreak risk (Logan et al., 2003; Van Asch and Visser, 2007).
The results underscore strong coupling between temperature, degree-day accumulation, and the
phenological plasticity of L. obfuscata, consistent with previous research on L. dispar and related
species (Gray, 2018; Hill et al., 2021). These findings highlight the importance of integrating local
temperature variability and degree-day modelling into predictive frameworks for pest emergence and
management under changing climatic conditions in temperate ecosystems like Kashmir.
Understanding such fine-scale phenological shifts is critical for forecasting pest pressure and
optimizing intervention timing, as even modest temperature deviations can significantly alter the
seasonal dynamics of outbreak-prone forest defoliators (Regniere et al., 2012; Buckley, 2022).

Monitoring of adult gypsy moth population

Adult L. obfuscata moth populations were tracked biweekly during early summer of 2022 and 2023
(Fig. 3), alongside accumulated degree-days (DD), revealing clear differences in emergence timing,
peak abundance and decline dynamics. In 2022, adults first appeared in early June, with
approximatelyl5 individuals recorded at 480.87 DD. The population climbed steadily to 30
individuals by mid-June (514.48 DD), peaking at 40 adults during the 3™ week of June (608.64 DD).
After this maximum, the population declined through late June (25 individuals at 856.70 DD) into
early July (15 individualsat932.25 DD). In contrast, 2023 presented a delayed and subdued phenological
profile. Initial adult captures in mid-June revealed only 10 individuals at 418.06 DD. The number rose
to 25 by 3™ week (505.55 DD) and reached a slightly lower peak of 35 individuals at 593.88 DD in
late June. The descent was sharper: 20 individuals by early July (814.43 DD), followed by just 10 by
mid-July (866.94 DD). The 2023 season displayed a clear delay in adult emergence, with peak
emergence shifting approximately one week later as compared to the year 2022, and peak abundance
slightly reduced. These delays coincide with the earlier pattern of cooler thermal accumulation and
slower developmental progression across the earlier life stages, consistent with phenological theory
in ectotherms where cooler temperatures prolong development and shift timing (Liebhold et al.,
2000). Interestingly, the cumulative DD corresponding to peak adult emergence was lower in 2023
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Fig. 3: Adult gypsy moth population on Salix alba and degree day accumulation (2022 & 2023)

(593.88 DD) than in 2022 (~ 609 DD). While degree-day models often predict adult flight within the
established thresholds of 900-1300 DD in many regions (Olaya-Arenas et al., 2024), our observations
suggest either locally adjusted development thresholds or temporal distribution differences in cohorts,
highlighting the need to calibrate regional degree-day models with real-time field data. Overall, the
data indicated that phenological events and gypsy moth development stages experienced temporal
shifts between 2022 and 2023, with 2023 generally showing delayed phenological stages and altered
DD accumulations. The synchronization between plant phenology and gypsy moth development
stages suggests potential implications for pest management strategies, as changes in phenological
timing could affect the interaction dynamics between the host plants and the gypsy moth populations.

Conclusion: The study highlights significant inter-annual variations in phenological events of Salix
alba and the developmental stages of gypsy moths, influenced by environmental conditions. In 2023,
the phenological events such as vegetative bud burst, flowering and leaf drop occurred later in
comparison to 2022, requiring higher degree day accumulations, likely due to cooler early-season
temperatures. Similarly, gypsy moth development showed delayed transitions, with higher degree day
thresholds for egg hatching, larval development and adult emergence in 2023. monitoring adult
populations revealed a delayed and lower peak in 2023, indicating altered population dynamics. These
findings emphasize the role of climate variability in shaping plant-insect interactions and highlight
the importance of degree day models for predicting the phenological shifts and informing adaptive
management strategies in forestry and pest control.
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