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Simple Summary

Ips hauseri is one of the most damaging insects attacking Picea schrenkiana var. tianshanica
forests in the Tianshan Mountains, where it bores into the trunk and can kill trees over large
areas. Effective management of this pest depends on understanding how its larvae develop,
yet the number of larval growth stages (instars) has not been previously established. In this
study, we reared the beetle on healthy spruce logs, collected 553 larvae, and measured the
width of their head capsules—a structure that enlarges in fixed steps at each molt and is
widely used to distinguish larval stages. Using several complementary statistical methods,
we found that the larvae pass through three instars. These results clarify the life cycle of the
species and provide a basis for predicting its development and for timing control measures
more precisely.

Abstract

Ips hauseri (Coleoptera: Curculionidae: Scolytinae) is a destructive stem pest of Picea
schrenkiana var. tianshanica, and determining its larval instars is essential for monitoring
population development and timing control. Healthy spruce logs were deployed to attract
ovipositing adults, and 553 larvae were collected through sequential destructive sampling
of previously unsampled logs from June to July 2025. Head capsule widths were measured
and analysed using kernel density estimation (KDE) and a Gaussian mixture model (GMM),
and the classification was biologically validated against the theoretical growth expectation
of the Brooks—Dyar rule, together with the Crosby growth-ratio test and linear regression.
Head capsule widths showed a clear trimodal distribution corresponding to three instars,
with mean widths of 515.82 4+ 21.50, 676.01 + 27.22, and 885.96 4+ 38.27 um for instars
I-1II. The mean Brooks-Dyar ratio was 1.311, and the natural logarithm of head capsule
width was almost perfectly linear with instar number (R? > 0.999; p < 0.001). This study
provides the first quantitative evidence that I. hauseri has three larval instars, offering a
basis for studying its developmental biology and improving population forecasting and
precise management.

Keywords: Ips hauseri; Scolytinae; larval instar; head capsule width; kernel density
estimation; Gaussian mixture model; Brooks-Dyar rule; forest pest management
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1. Introduction

Picea schrenkiana var. tianshanica is the edificator species of the Tianshan Mountain
forest ecosystem and plays an irreplaceable role in water conservation and the maintenance
of alpine biodiversity. In recent years, influenced by climate warming and the increasing
frequency of extreme drought events, P. schrenkiana forests have experienced large-scale
infestations by bark beetles, resulting in severe tree decline and widespread mortality.
Among these, Ips hauseri Reitter, 1894 (Coleoptera: Curculionidae: Scolytinae), a native and
dominant stem pest, has emerged as a critical biotic agent threatening the health of these
forests. By tunneling into the phloem and xylem, I. hauseri directly disrupts the vascular
transport system of host trees, leading to a rapid deterioration of tree vigor and ultimately
contributing to extensive forest dieback.

Accurate assessment of population developmental dynamics is fundamental to the im-
plementation of precise pest management, and the classification of larval instars constitutes
a critical step in resolving the developmental trajectory of insect pests. In entomological
research, the width of the larval head capsule is widely regarded as the most reliable
morphometric indicator for instar discrimination because it increases in a stepwise manner
during molting and remains unaffected by post-feeding contraction [1-3]. Traditional
methods of instar classification have relied heavily on the visual interpretation of frequency
distribution histograms of head capsule widths, an approach that is inherently subjective
and prone to significant error, particularly when sample sizes are large and distributions
overlap considerably between successive instars [4,5].

With the increasing application of advanced statistical techniques, objective clas-
sification methods based on Kernel Density Estimation (KDE) and Gaussian Mixture
Models (GMM) have become the prevailing standard. By fitting multimodal distribu-
tions to head capsule width data and employing the Expectation-Maximization (EM)
algorithm, these approaches automatically estimate the mean, variance, and mixing pro-
portion for each instar, thereby effectively circumventing the arbitrariness associated with
manual classification [6-9].

Furthermore, the biological validity of instar classification must be verified against
established growth patterns. As a theoretical principle of insect growth, the Brooks—-Dyar
rule posits that the head capsule width of insect larvae progresses geometrically between
successive instars, resulting in a linear relationship between the natural logarithm of mean
head capsule width and the instar number. In the present study, this rule served as a
biological validation criterion for evaluating instar groupings derived from empirical
measurements and statistical models, rather than as a source of data.

To date, research on I. hauseri has primarily focused on its infestation characteris-
tics, spatial distribution patterns, and adult biology, whereas systematic and quantitative
investigations into the classification of its larval instars remain lacking. Given that the
larval stage constitutes the critical period for feeding damage and nutrient accumulation,
elucidating the instar structure is essential for understanding population developmental
phenology, forecasting emergence timing, and assessing infestation severity. Accordingly,
the present study conducted extensive dissections of colonized host material and employed
a combination of statistical approaches—including Kernel Density Estimation (KDE) and
Gaussian Mixture Modeling (GMM)—to delineate the larval instars of I. hauseri. The biolog-
ical validity of the classification scheme was further corroborated using the Brooks-Dyar
rule. The overarching aim of this work is to provide a foundational basis for research on the
developmental biology of this pest and to support the development of accurate monitoring
and forecasting programs.
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2. Materials and Methods
2.1. Larval Collection and Species Identification

On 16 June 2025, twenty-six uninfested and healthy log sections of Picea schrenkiana
var. tianshanica were deployed in a forest stand severely infested by I. hauseri within the
Urumgi Banfanggou Branch of the Eastern Tianshan State-Owned Forest Administration,
Xinjiang (87°14'09" E, 43°25'24” N). The log sections were cut from the trunks of several
freshly felled, healthy and uninfested trees. Each trunk was cross-cut into consecutive 1 m
sections from the base upward, and all sections from the butt and middle portions of the
bole were retained, that is, from the stump up to the height at which the over-bark diameter
decreased to approximately 10 cm; the thin upper bole and the crown were discarded. The
over-bark diameter of the retained sections therefore ranged from 10 to 20 cm, and each
section was 1 m in length. The log sections were intended to attract flying adult I. hauseri to
colonize and oviposit naturally. Following a four-day exposure period, once a sufficient
density of entrance holes had been observed, all log sections were transported to an outdoor
enclosure at a lower elevation. The cut ends of each log were sealed with paraffin wax to
minimize desiccation and maintain near-natural moisture conditions. Subsequently, all log
sections were enclosed individually within fine-mesh netting.

Because several scolytine species, notably Pityogenes spessivtsevi, can coinfest P.
schrenkiana var. tianshanica in the study area, the identity of the colonizing beetles was
confirmed before larval collection. Adults extracted from the entrance holes and nuptial
chambers were identified as I. hauseri following the diagnostic characters described by
Wang et al. [10]: the elytral declivity bears four spines on each side, of which the second
and third arise from a common base and the four spines are equidistantly spaced, and
the frons bears a prominent tubercle slightly below its centre that projects among the
frontal granules; these characters, together with its larger body size, clearly separated I.
hauseri from the much smaller P. spessivtsevi. Species identity was further corroborated by
the maternal gallery system—longitudinal egg galleries radiating from a central nuptial
chamber, the stellate polygamous pattern typical of [ps—and by the round entrance holes
marked externally by reddish-brown boring frass. Because the log sections were enclosed in
fine-mesh netting after transfer, no further colonization could occur, and their bark surface
was inspected at each sampling occasion to confirm the absence of new entrance holes,
ensuring that all dissected larvae originated from the verified 1. hauseri colonization.

Commencing from the time of adult beetle entry into the log sections, one previously
un-sampled infested log was randomly selected every four days, and five bark samples
(each measuring 20 cm X 30 cm) were excised and carefully dissected to retrieve larvae of I.
hauseri from the subcortical tissues. This sequential destructive sampling procedure was
conducted at four-day intervals until all larvae within the logs had completed development
and pupated. All collected larval specimens were preserved in 75% ethanol, transported to
the laboratory, and stored at 4 °C for subsequent morphometric analysis.

2.2. Head Capsule Width Measurement

The head capsule widths of I. hauseri larvae were measured using a stereomicroscope
(XTL-BM-18TD; Shanghai BM Optical Instrument Manufacture Co., Ltd., Shanghai, China)
equipped with a digital imaging system, which was employed to capture photographs of
each specimen. The maximum width of each head capsule was subsequently determined
from the digital images using Capture 2.1 image analysis software (Shanghai BM Optical
Instrument Manufacture Co., Ltd., Shanghai, China), with a measurement precision of
0.01 mm (10 pm).
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2.3. Larval Instar Determination
2.3.1. Exploration of Data Distribution Characteristics

The distributional characteristics of the data were explored using a combination of
Kernel Density Estimation (KDE) and frequency distribution analysis. Nonparametric
density estimation was performed using the density() function in R (version 4.5.2; R
Foundation for Statistical Computing, Vienna, Austria) with a Gaussian kernel. The
smoothing bandwidth was selected using Silverman’s rule-of-thumb estimator [11], the
default method (bw.nrd0) of the density() function, given by h = 0.9 x min(SD, IQR/1.349)

x n—1/5

, where SD is the sample standard deviation, IQR the interquartile range, and n
the sample size; for the present dataset (n = 553) this yielded h = 37.63 um. Frequency
distributions were constructed by generating histograms with varying numbers of bins
(20, 30, 40, and 50 bins). Following visual comparison, a bin number of 30 was ultimately
selected for the frequency distribution analysis, as this configuration optimally resolved

the multimodal characteristics of the data.

2.3.2. Gaussian Mixture Model Fitting and Instar Assignment

Based on finite mixture model theory, a Gaussian Mixture Model (GMM) was con-
structed for instar identification. The model assumed that the head capsule width
data originated from a weighted mixture of k normal distributions. Parameter estima-
tion was implemented using the normalmixEM() function from the R package mixtools
(version 2.0.0), which employs the Expectation-Maximization (EM) algorithm for model
fitting. The number of mixture components, k, was specified according to the number of
distinct peaks observed in the preliminary frequency distribution analysis. Model parame-
ters were estimated via the EM algorithm, and instar assignment was conducted based on
the principle of maximum posterior probability, whereby each individual was allocated to
the instar category exhibiting the highest posterior probability.

The component means and standard deviations estimated by the GMM via the EM
algorithm were used as the instar-specific parameter estimates, and the corresponding
instar-identification thresholds were defined as the estimated component mean + 2 SD.
In addition, a nonlinear least-squares (NLLS) procedure was used to fit a normal density
curve to each instar subset, providing the fitted curves overlaid on the head capsule width
histogram for visualization.

2.3.3. Validation of Instar Classification Using the Brooks-Dyar Rule

To validate the biological plausibility of the instar classification scheme, the Brooks—
Dyar rule was applied as a theoretical principle and biological validation criterion to
the observed and GMM-estimated instar means; it was not used to generate or estimate
head capsule width data. Specifically, the Brooks—-Dyar ratio was calculated according to
Equation (1), while Crosby’s growth rule—which detects overlooked instars by comparing
the proportional difference between successive Brooks-Dyar ratios against an approximate
10% threshold—was applied according to Equation (2), where X, represents the mean head
capsule width of the n-th instar, and X;,_1 represents the mean head capsule width of the
(n — 1)-th instar. Linear regression analysis was performed separately on the GMM-
estimated mean head capsule widths and the observed mean head capsule widths. A
linear model relating the natural logarithm of head capsule width to instar number was
established, and the goodness-of-fit was evaluated using the coefficient of determination
(R?). The regression analysis also served to verify conformity to the geometric growth
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principle described by the Brooks-Dyar rule, thereby ensuring that the instar classification
adheres to biologically meaningful patterns of insect development.

BD = X /Xn_1 1)
CR= (BDn - BDn—l)/BDn—l (2)

3. Results
3.1. Observed Characteristics of Head Capsule Widths by Instar

A total of 553 larval specimens of I. hauseri were measured for head capsule width,
encompassing the complete developmental cycle of the species. Frequency distribution
analysis of head capsule widths revealed a distinct trimodal distribution pattern. Kernel
Density Estimation (KDE) with a bandwidth of 37.63 um clearly resolved three well-
separated distribution peaks (Figure 1), providing preliminary evidence for the existence of
three larval instars. On this basis, the 553 larvae were assigned to three instars using the
Gaussian mixture model detailed in Section 3.2, and descriptive statistics of the resulting
groups were then calculated (Table 1). The results indicated that Instar I (n = 91) exhibited a
mean head capsule width of 515.82 &= 21.50 pm (range: 430-580 pum). Instar II (n = 138) had
a mean width of 676.01 & 27.22 pm (range: 600-740 um), representing a marked increase
relative to Instar I. Instar III (n = 324) attained the largest dimensions, with a mean width
of 885.96 £ 38.27 um (range: 770-980 um). The Brooks—Dyar ratios calculated from the
observed means were 1.311 for Instar II/Instar I and 1.311 for Instar III/Instar II, yielding
an average growth ratio of 1.311, a pattern consistent with the geometric progression of
insect growth. Applying Crosby’s growth rule, the two successive Brooks—-Dyar ratios
differed by less than 0.1%, far below the ~10% threshold, indicating that no larval instar
had been overlooked. Coefficients of variation within each instar were consistently low
(4.03-4.32%), reflecting a high degree of homogeneity in individual body size within a
given instar. This classification is robustly supported by both kernel density estimation and
growth ratio analyses, thereby establishing a solid empirical foundation for subsequent
model-based validation.
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Figure 1. Kernel Density Estimation of Head Capsule Width and Distribution of Instar Means.
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Table 1. Statistics of Observed Head Capsule Widths for Each Instar.

Instar

Mean £+ SD (um)  Range (um) CV (%) Brooks-Dyar Ratio Crosby’s Ratio

91
138
324

515.82 £ 21.50 430-580 4.17 -
676.01 + 27.22 600-740 4.03 1.311 -
885.96 + 38.27 770-980 4.32 1.311 0.000

Density

0.006

0.004

0.002

0.000

Note: Mean + SD: mean = standard deviation; CV: coefficient of variation.

3.2. Gaussian Mixture Model-Based Instar Classification

To overcome the subjectivity inherent in traditional morphometric approaches to instar
classification, a Gaussian Mixture Model (GMM) was employed to objectively identify
larval instars from the head capsule width data. Based on the three distinct peaks revealed
by Kernel Density Estimation, the number of mixture components was set to k = 3. The
goodness-of-fit of the GMM to the observed data is illustrated in Figure 2. The fitted model
curves closely matched the observed data histogram, with the three Gaussian components
corresponding clearly to the three instar peaks and exhibiting minimal overlap among
adjacent components. The 553 individual measurements were assigned to three normally
distributed components via the GMM.

; NLLS-GMM Fit
i = = = = KDE Curve

us

500 600 700 800 900 1000
Head Capsule Width (pum)

Figure 2. Head Capsule Width Distribution and NLLS-GMM Fit (Histogram, KDE, and
GMM Comparison).

The GMM-estimated parameters are summarized in Table 2. Instar I exhibited a
GMM-estimated mean head capsule width of 515.69 &+ 21.22 pm (CV = 4.11%), Instar II
had a GMM-estimated mean of 676.02 4+ 27.64 um (CV = 4.09%), and Instar III showed a
GMM-estimated mean of 886.02 & 38.13 um (CV =4.30%). The GMM-estimated size ranges
for each instar were well defined: Instar I (<558 um), Instar II (621-731 um), and Instar III
(>810 um), with negligible overlap between successive instars. Differences between the
GMM-estimated and observed means were less than 0.03% for each instar, and discrep-
ancies in standard deviations were within 2%, indicating a high degree of model fit. The
Brooks-Dyar ratios calculated from the GMM-estimated means were uniformly 1.311, con-
sistent with those obtained from the observed data, further corroborating the reliability of
the model.
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Table 2. GMM-Estimated Parameters and Instar Identification Thresholds.

Instar n Mean + SD (um) GMM-Estimated Range (u = 20) CV (%) Brooks—Dyar Ratio
1 91 515.69 £ 21.22 <558 um 411 -
2 138 676.02 £ 27.64 621-731 pm 4.09 1.311
3 324 886.02 £ 38.13 >810 pm 4.30 1.311

Note: Mean + SD: mean =+ standard deviation; CV: coefficient of variation; GMM-estimated range: range defined
using the GMM-estimated mean and standard deviation (1 + 20).

Kernel Density Estimation provided independent support for the three-instar clas-
sification scheme. The KDE curve, fitted with a bandwidth of 37.63 pum, resolved three
well-separated distribution peaks whose locations corresponded closely to the mean values
identified by the GMM (deviation < 0.25%). The standardized bandwidth, expressed as
a z-score, was 0.2545. The convergent results of the Gaussian Mixture Model and Kernel
Density Estimation robustly support the conclusion that the larval development of I. hauseri
comprises three distinct instars. The GMM not only furnishes an objective framework
for instar classification but also provides precise parameter estimates for head capsule
width in each instar, thereby establishing a reliable statistical foundation for subsequent
biological investigations.

3.3. Regression-Based Validation of Instar Classification

To validate the biological plausibility of the instar classification from the perspective of
growth patterns, linear regression analysis was performed relating instar number to the nat-
ural logarithm of head capsule width. Based on the geometric growth principle articulated
by the Brooks—Dyar rule, regression models were constructed separately for the observed
means and the GMM-estimated means. The results of the regression analysis indicated that
the coefficient of determination (R?) was 0.999 for the observed means and greater than
0.999 for the GMM-estimated means, demonstrating that instar number accounted for more
than 99.9% of the variance in head capsule width (p < 0.001). The regression equation for
the observed means was In(head capsule width) = 5.9745 + 0.2704 x instar, whereas that
for the GMM-estimated means was In(head capsule width) = 5.9749 + 0.2706 x instar. The
two regression lines were virtually coincident, with a difference in slopes of only 0.0002.
The scatter plot and fitted regression curves in Figure 3 graphically illustrate the strict
linear relationship between instar and head capsule width, with the mean log-transformed
head capsule widths of each instar clustered tightly about the regression line. The GMM-
estimated and observed means exhibited a high degree of congruence in the regression
analysis. The regression-implied Brooks-Dyar ratio derived from the slope was 1.311,
which precisely matched the average ratio computed directly from the data, thereby mathe-
matically corroborating the geometric progression characteristic of larval growth. It should
be emphasised that this regularity resides in the instar means: although the mean Brooks—
Dyar ratio is nearly constant, individual head capsule widths within each instar still varied
appreciably (CV = 4.0-4.3%; SD = 21-38 um), so the raw measurements retain natural
biological variance and were neither smoothed nor back-generated from the model. Such
close adherence to Dyar’s rule, together with a Crosby growth-rule difference of <0.1%
between successive ratios (well within the ~10% criterion), indicates a complete instar
series with no overlooked stage rather than an artefact of data processing. The regression
validation results confirm that the increase in head capsule width of I. hauseri larvae ad-
heres rigorously to the Brooks-Dyar rule, and that the three-instar classification scheme is
substantiated on both statistical and developmental biological grounds.
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Figure 3. Comparison of GMM-Estimated and Observed Mean Head Capsule Widths across
Larval Instars.

4. Discussion

In the present study, the head capsule widths of 553 larvae were measured to deter-
mine the number of larval instars of I. hauseri. This three-instar pattern is consistent with
the condition most frequently reported within the tribe Ipini. A comprehensive review of
23 bark beetle species by Lekander [12] indicates that the number of larval instars within
the Scolytinae varies among species, ranging from two to five, with three instars being
the most prevalent condition, particularly within the tribe Ipini. For instance, Lekander
reported three larval instars for Pityogenes chalcographus (L.), Pityogenes quadridens, Ips
sexdentatus, Ips typographus (L.), Orthotomicus proximus, and Orthotomicus suturalis, while
Wilkinson documented three instars for Ips grandicollis and Ips avulsus [13]. The find-
ings of the present study add a further example to this established pattern. Moreover,
our results are consistent with multiple investigations identifying head capsule width
as a reliable and effective morphometric parameter for discriminating larval instars in
scolytid beetles [5,9,14-17].

The finding of three instars also invites brief consideration of why this number might
be adaptive for 1. hauseri. In bark beetles, instar number is generally a conserved trait,
whereas developmental rate, adult body size, and voltinism respond more plastically to
temperature and host quality. I. hauseri clearly exemplifies such plasticity in voltinism:
historically univoltine in the Tianshan, it now completes two generations per year in the
warming eastern part of the range, and its voltinism shifts elevationally from one generation
per year at high elevations to two at lower, warmer elevations [18]. A fixed programme
of three instars is plausibly adaptive in this context, since minimizing the number of
molts shortens the larval period and allows the subcortical brood to exploit the ephemeral
phloem of a dying host and to complete development within a short montane growing
season—an advantage that is accentuated under the compressed bivoltine schedule now
observed. Adding a generation while retaining three instars, rather than altering instar
number, parallels the closely related I. typographus, whose larvae consistently pass through
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three instars [12] even though its voltinism ranges from uni- to multivoltine across its
distribution. By contrast, some other bark beetles, such as Dendroctonus, can vary between
three and four instars under different conditions, indicating that developmental plasticity
in instar number differs among genera. Whether the instar number of 1. hauseri itself varies
geographically or thermally nonetheless remains untested, since the present sample derives
from a single low-elevation, bivoltine population; comparative study of high-elevation,
univoltine populations would be a valuable next step for establishing whether three instars
is invariant across the species’ ecological range.

With respect to the methodology of instar determination, the combined application of
Kernel Density Estimation (KDE) and Gaussian Mixture Modeling (GMM) in the present
study provides a more objective and quantitative classification framework compared to
earlier investigations that relied primarily on visual inspection of frequency distribution
histograms of head capsule widths [5,19]. KDE effectively resolved the multimodal struc-
ture of the data, whereas GMM, through the Expectation-Maximization (EM) algorithm,
enabled precise estimation of instar-specific parameters, including means, standard devia-
tions, and GMM-estimated size ranges [7,9,14]. The high degree of congruence between
GMM-estimated and observed values—evident in both mean estimates and standard
deviations—attests to the robustness and reliability of the statistical model. Furthermore,
the coefficients of variation (CV) within each instar were consistently low (<4.32%), indicat-
ing a high degree of morphometric homogeneity among individuals of the same instar and
thereby providing indirect corroboration of the accuracy of the model-based classification.

The most compelling biological validation of the present findings comes from their
conformity to the theoretical growth principle embodied in the Brooks-Dyar rule. The
computed Brooks-Dyar ratios between successive instars were consistently 1.311, a value
that aligns closely with the ranges reported in the literature for diverse insect taxa, in-
cluding Dendroctonus valens (1.33) [20], Eucryptorrhynchus brandti (1.1-1.5) [21], Heilipus
lauri (1.42) [22], and Chironomus sancticaroli (1.67) [23]. More critically, the exceptional
linear relationship observed between the natural logarithm of head capsule width and
instar number (R? > 0.999) provides robust evidence that the growth of the larval head
capsule adheres rigorously to a geometric progression, thereby corroborating the biological
validity of the three-instar classification from a developmental perspective. This strict
linear growth pattern has been similarly well documented in other insect species, includ-
ing Dastarcus helophoroides (Coleoptera: Bothrideridae) [9], Dendrolimus pini (Lepidoptera:
Lasiocampidae) [24], Acanthoscelides macrophthalmus (Coleoptera: Chrysomelidae) [25],
Conotrachelus perseae (Coleoptera: Curculionidae) [26], and Anagotus fairburni (Coleoptera:
Curculionidae) [27].

Although the number of instars in I. hauseri conforms to the general pattern observed
within its tribe Ipini, it is important to acknowledge that inter-specific variation in instar
number does exist across the Scolytinae. For instance, species within the tribe Hylastini,
such as Hylastes brunneus Erichson and Hylurgops palliatus, possess four larval instars.
Within the tribe Hylurgini, members of the genus Dendroctonus (e.g., D. ponderosae and D.
frontalis) predominantly exhibit four instars, whereas D. micans undergoes five instars [14].
Conversely, certain species, such as Pityophthorus confertus Swaine of the tribe Corthylini,
are reported to have only two instars [5]. Such interspecific variation likely reflects adaptive
evolution to distinct ecological niches, host characteristics, and prevailing environmental
pressures. In the case of I. hauseri, retaining three instars is consistent with this broader
pattern of niche-related adaptation and, as discussed above, may reflect a life-history
strategy suited to the short montane growing season of the Tianshan Mountains.

It should be noted that the present study relied primarily on morphometric data for
instar classification. Although the application of statistical models substantially reduces
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subjective bias, a certain probability of misclassification persists in regions where the head
capsule width distributions of adjacent instars overlap. Furthermore, larval development
may be influenced by a variety of factors, including environmental conditions, intraspecific
competition, sex, and pathogen infection, any of which could induce atypical growth in indi-
vidual specimens and thereby complicate accurate instar assignment. Future investigations
could incorporate microscopic morphological characters that differ among instars—such as
features of the mouthparts—as auxiliary criteria to further refine the classification scheme.

In summary, this study has integrated morphometric measurements, Kernel Density
Estimation (KDE), Gaussian Mixture Modeling (GMM), and growth pattern analysis to
provide convergent and unequivocal evidence that the larval stage of I. hauseri comprises
three distinct instars. This finding not only aligns with the general pattern observed among
phylogenetically related species within the tribe Ipini, but the calculated growth ratios also
conform to the prevailing patterns documented for scolytid beetles, thereby establishing a
foundational framework for understanding the biology of this species.

5. Conclusions

This study provides the first quantitative determination of the larval instar structure
of I. hauseri. The observed data demonstrate that I. hauseri undergoes three distinct larval
instars during its development, with mean head capsule widths of approximately 516, 676,
and 886 um. This conclusion was supported by kernel density estimation, Gaussian mixture
modeling, nonlinear least-squares fitting, the Brooks-Dyar rule, and linear regression. Head
capsule growth follows a strict geometric progression (growth ratio of approximately 1.31;
coefficient of determination greater than 0.999), consistent with the pattern that prevails in
the tribe Ipini. The instar criteria established here provide a practical tool for staging field
populations and a foundation for further research on the developmental biology, phenology,
and precise management of this important forest pest.

Author Contributions: ].]J.: Software, Validation, Writing—original draft, Data curation, Investigation,
Formal analysis. A.S.: Supervision, Project administration, Funding acquisition, Writing—review
& editing. W.Z.: Investigation, Resources, Data curation. Y.L. and L.R.: Investigation, Validation,
Resources. M.Z. and Y.Z.: Data curation, Investigation. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Key Research and Development Program of Xinjiang
Uygur Autonomous Region, China (grant number 2026B02001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest.

1. Castafieda-Vild6zola, A.; Illescas-Riquelme, C.P; Valdez-Carrasco, J.; Cazado, L.E.; Sanchez-Pale, ].R.; L6pez-Martinez, V.
Recognition of Five Larval Instars in Conotrachelus perseae (Coleoptera: Curculionidae). J. Entomol. Sci. 2019, 54, 113-121.

[CrossRef]

2. Fan,L.; Wang, J.; Wang, W.; Zheng, Y. Larval Instars and Adult Flight Period of Monochamus saltuarius (Coleoptera: Cerambycidae).
Forests 2022, 13, 910. [CrossRef]

3. Li, N.; Wu, L.; Geng, Y.; Wei, D.; Chen, M. Determination of Larval Instars of Semanotus bifasciatus (Coleoptera: Cerambycidae)
Based on Frequency Distributions of Morphological Variables. J. Entomol. Sci. 2020, 55, 405-415. [CrossRef]

4. McMullen, L.H.; Atkins, M.D. The Life History and Habits of Scolytus unispinosus LeConte (Coleoptera: Scolytidae) in the Interior
of British Columbia. Can. Entomol. 1962, 94, 17-25. [CrossRef]

https:/ /doi.org/10.3390/insects17070739


https://doi.org/10.18474/jes18-139
https://doi.org/10.3390/f13060910
https://doi.org/10.18474/0749-8004-55.3.405
https://doi.org/10.4039/ent9417-1
https://doi.org/10.3390/insects17070739

Insects 2026, 17, 739 11 of 11

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

Amman, A.G.; Amman, S.L.; Amman, G.D. Development of Pityophthorus confertus. Environ. Entomol. 1974, 3, 562-563. [CrossRef]
Wu, H.; Appel, A.G.; Hu, X.P. Instar Determination of Blaptica dubia (Blattodea: Blaberidae) Using Gaussian Mixture Models. Ann.
Entomol. Soc. Am. 2013, 106, 323-328. [CrossRef]

Peterson, M.K.; Appel, A.G.; Hu, X.P. Instar Determination of Blattella asahinai (Blattodea: Ectobiidae) from Digital Measurements
of the Pronotum Using Gaussian Mixture Modeling and the Number of Cercal Annuli. J. Insect Sci. 2019, 19, 17. [CrossRef]
Chen, Y,; Seybold, S.]. Application of a Frequency Distribution Method for Determining Instars of the Beet Armyworm (Lepi-
doptera: Noctuidae) from Widths of Cast Head Capsules. J. Econ. Entomol. 2013, 106, 800-806. [CrossRef] [PubMed]

Shaheen, T.; Guo, J.; Wang, Y.; Zhou, J.; Tang, G.; Zhang, Z. Determination of Larval Instars of Dastarcus helophoroides (Coleoptera:
Bothrideridae) Using Head Capsule Width Frequency Distribution. Insects 2024, 15, 1013. [CrossRef] [PubMed]

Wang, Z.; Ma, X.; Zhou, Q.; Zheng, G.; Xia, W.; Zhang, Y.; Wang, C.; Jin, P;; Lii, Q.; Zhang, X. Identification of Ips Species
(Coleoptera: Scolytinae) in China. Sci. Silvae Sin. 2021, 57, 79-91.

Silverman, B.W. Density Estimation for Statistics and Data Analysis; Chapman and Hall: London, UK, 1986.

Lekander, B. Scandinavian Bark Beetle Larvae: Descriptions and Classification; Research Notes No. 4; Department of Forest Zoology,
Royal College of Forestry: Stockholm, Sweden, 1968; pp. 1-186.

Wilkinson, R.C. Larval Instars and Head Capsule Morphology in Three Southeastern Ips Bark Beetles. Fla. Entomol. 1963, 46,
19-22. [CrossRef]

Dallara, P.L.; Flint, M.L.; Seybold, S.]. An Analysis of the Larval Instars of the Walnut Twig Beetle, Pityophthorus juglandis Blackman
(Coleoptera: Scolytidae), in Northern California Black Walnut, Juglans hindsii, and a New Host Record for Hylocurus hirtellus.
Pan-Pac. Entomol. 2012, 88, 248-266. [CrossRef]

Bleiker, K.P.; Régniere, J. Determining the Instar of Mountain Pine Beetle (Coleoptera: Curculionidae) Larvae by the Width of
Their Head Capsules. Can. Entomol. 2015, 147, 635-640.

Logan, ].A.; Bentz, B.].; Vandygriff, ].C.; Turner, D.L. General Program for Determining Instar Distributions from Head Capsule
Widths: Example Analysis of Mountain Pine Beetle (Coleoptera: Scolytidae) Data. Environ. Entomol. 1998, 27, 555-563. [CrossRef]
Smith, G.D.; Carroll, A.L.; Lindgren, B.S. Life History of a Secondary Bark Beetle, Pseudips mexicanus (Coleoptera: Curculionidae:
Scolytinae), in Lodgepole Pine in British Columbia. Can. Entomol. 2009, 141, 56-69. [CrossRef]

Jiao, J.; Zhang, W.; Guo, T; Sattar, A.; Ren, L.; Yu, L. Study on the Biological Characteristics of Ips hauseri in the Banfanggou Forest
Area of Urumqi. . Beijing For. Univ. 2026; in press.

Thomas, J.B. The Life History of Ips pini (Say) (Coleoptera: Scolytidae). Can. Entomol. 1961, 93, 384-390. [CrossRef]

Liu, Z.; Xu, B.; Sun, J. Instar Numbers, Development, Flight Period, and Fecundity of Dendroctonus valens (Coleoptera: Curculion-
idae: Scolytinae) in China. Ann. Entomol. Soc. Am. 2014, 107, 152-157. [CrossRef]

Luo, W.; Ji, Y.-C.; Wen, J.-B. Application of a Frequency Distribution Method for Determining Instars of Eucryptorrhynchus brandti
(Coleoptera: Curculionidae) from Several Morphological Variables. Biocontrol Sci. Technol. 2016, 26, 1329-1336. [CrossRef]
Castafieda-Vildézola, A.; Gonzélez-Hernandez, H.; Equihua-Martinez, A.; Valdez-Carrasco, J.; Pefia, ].E.; Emiliano Cazado, L.;
Franco-Mora, O. Head Capsule Width Is Useful for Determining Larval Instar in Heilipus lauri (Coleoptera: Curculionidae). Fla.
Entomol. 2016, 99, 822-825. [CrossRef]

Richardi, V.S.; Rebechi, D.; Aranha, ].M.R.; Navarro-Silva, M. A. Determination of Larval Instars in Chironomus sancticaroli (Diptera:
Chironomidae) Using Novel Head Capsule Structures. Zoologia 2013, 30, 211-216. [CrossRef]

Sukovata, L. A Comparison of Three Approaches for Larval Instar Separation in Insects—A Case Study of Dendrolimus pini.
Insects 2019, 10, 384. [CrossRef] [PubMed]

Wu, L.-H.; Wang, C.-P.; Wu, W.-]. Description and Differentiation of the Four Larval Instars of Acanthoscelides macrophthalmus
(Coleoptera: Chrysomelidae: Bruchinae). Ann. Entomol. Soc. Am. 2012, 105, 259-267. [CrossRef]

Alejandra Payan-Arzapalo, M.; Castafieda-Vildézola, A; Valdez-Carrasco, J.; Emiliano-Cazado, L.; Emilio Castillo-Mérquez, L.;
Ricardo Sédnchez-Pale, J.; Carlos Reyes-Aleman, J. Determination of Larval Instar of Conotrachelus perseae Barber (Coleoptera:
Curculionidae). Southwest. Entomol. 2015, 40, 581-588. [CrossRef]

Brockelsby, W.D.; Miskelly, C.M.; Glare, T.R.; Minor, M.A. The Number of Larval Instars in the Flax Weevil (Anagotus fairburni)
(Coleoptera: Curculionidae). N. Z. J. Zool. 2025, 52, 1-11.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/insects17070739


https://doi.org/10.1093/ee/3.3.562
https://doi.org/10.1603/an12131
https://doi.org/10.1093/jisesa/iez087
https://doi.org/10.1603/ec12367
https://www.ncbi.nlm.nih.gov/pubmed/23786067
https://doi.org/10.3390/insects15121013
https://www.ncbi.nlm.nih.gov/pubmed/39769615
https://doi.org/10.2307/3493582
https://doi.org/10.3956/2012-16.1
https://doi.org/10.1093/ee/27.3.555
https://doi.org/10.4039/n08-054
https://doi.org/10.4039/ent93384-5
https://doi.org/10.1603/an13066
https://doi.org/10.1080/09583157.2016.1193845
https://doi.org/10.1653/024.099.0448
https://doi.org/10.1590/s1984-46702013000200011
https://doi.org/10.3390/insects10110384
https://www.ncbi.nlm.nih.gov/pubmed/31684061
https://doi.org/10.1603/an11129
https://doi.org/10.3958/059.040.0317
https://doi.org/10.3390/insects17070739

	Introduction 
	Materials and Methods 
	Larval Collection and Species Identification 
	Head Capsule Width Measurement 
	Larval Instar Determination 
	Exploration of Data Distribution Characteristics 
	Gaussian Mixture Model Fitting and Instar Assignment 
	Validation of Instar Classification Using the Brooks–Dyar Rule 


	Results 
	Observed Characteristics of Head Capsule Widths by Instar 
	Gaussian Mixture Model-Based Instar Classification 
	Regression-Based Validation of Instar Classification 

	Discussion 
	Conclusions 
	References

