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Simple Summary

Predatory bugs of the genus Geocoris are valuable natural enemies that feed on agricultural 
pests such as thrips, aphids, whiteflies, mites, leafhoppers, leaf beetles, and plant bugs. 
This study examined how temperature affects the development, survival, and reproduction 
of Geocoris xishaensis—a species recently recorded in Hainan, China. We reared the bugs on 
embryo-inactivated eggs of Corcyra cephalonica at six constant temperatures ranging from 
16 to 36 °C. The bugs could not complete their life cycle at 16 and 20 °C. Between 24 and 
36 °C, they developed faster as temperature increased. The estimated number of annual 
generations of G. xishaensis in Hainan ranges from 7.3 to 8.45. Among the temperatures 
tested, 32 °C gave the best overall performance and the fastest population growth of G. 
xishaensis, followed by 28 °C; both can be recommended as rearing temperatures, with 32 °C 
being preferable for rapid mass production.

Abstract

Temperature is a critical determinant of development and reproduction in predatory bugs 
of the genus Geocoris. Here, we examined thermal effects on life-history traits of Geocoris 
xishaensis Zhou, Cai & Gao (Hemiptera: Geocoridae), a species recently described from 
Hainan, China. Individuals were reared on embryo-inactivated eggs of Corcyra cephalonica 
(Stainton) (Lepidoptera: Pyralidae) at six constant temperatures (16, 20, 24, 28, 32, and 
36 °C), and developmental duration, survival, and fecundity were recorded. Age-stage, two-
sex life tables were constructed, and 60-day population dynamics were projected. Geocoris 
xishaensis failed to complete a whole generation at 16 °C and 20 °C. Between 24 °C and 
36 °C, developmental duration of each stage decreased with increasing temperature. Female 
fecundity was highest at 32 °C (241.12 eggs) and 28 °C (184.00 eggs). For the total generation 
period (including the adult preoviposition period), the lower developmental threshold 
was estimated to be 17.35 °C, with a corresponding thermal constant of 376.42 degree-days. 
The estimated number of annual generations of G. xishaensis in Hainan ranges from 7.3 to 
8.45. The intrinsic rate of increase (r) and finite rate of increase (𝜆) both peaked at 32 °C, 
reaching 0.0961 day−1  and 1.1008 day−1 , respectively. Sixty-day population projections 
revealed increasing trends at 28–36 °C. These results indicate that, of the temperatures 
tested, 32 °C gave the best overall performance, followed by 28 °C; both can therefore be 
recommended as suitable temperatures for mass rearing.
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1. Introduction
Geocoris spp. (Hemiptera: Geocoridae), commonly known as big-eyed bugs, are im-

portant predatory natural enemies widely distributed across agricultural ecosystems [1–4]. 
Characterized by their polyphagous nature, they prey on a diverse range of agricultural 
pests, including thrips, aphids, whiteflies, mites, leafhoppers, leaf beetles, and plant bugs, 
as well as the immature stages of lepidopterans [5–11]. According to current records, the 
genus Geocoris comprises 148 described species [12], which are widely distributed across 
tropical, subtropical, and warm temperate regions worldwide.

Temperature is a key environmental factor influencing insect survival and popula-
tion establishment. Numerous studies have demonstrated that it significantly affects the 
development, reproduction and population growth of Geocoris species, with the extent of 
thermal adaptation varying considerably among species. Previous studies have investigated 
the development of G. varius (Uhler) and G. proteus Distant across a temperature range of 
20–36 °C and found that the developmental thresholds for both eggs and nymphs were 
higher in G. proteus than in G. varius [13]. In addition, G. proteus exhibited greater toler-
ance to high temperatures at both the egg and nymphal stages [13]. At the intraspecific 
level, temperature similarly affects developmental performance: G. lubra Kirkaldy develops 
faster and exhibits higher nymphal survival at 27 °C than at 25 °C [14]. The big-eyed bug 
G. xishaensis, first recorded in Hainan, China, in 2021, exhibits strong predatory capac-
ity against a range of pest species, including Tetranychus cinnabarinus (Boisduval), Aphis 
craccivora Koch, Scirtothrips dorsalis Hood, Megalurothrips usitatus (Bagnall), Frankliniella 
intonsa (Trybom), Haptonchus luteolus (Erichson), and Cicadellidae sp. [5,15,16]. However, 
the thermal adaptability of G. xishaensis remains poorly understood, which hinders the 
development and utilization of this predatory bug as a biological control agent. This study 
investigated the developmental duration, survival, and fecundity of G. xishaensis under 
different temperature regimes, constructed age-stage two-sex life tables for each treatment, 
and analyzed the corresponding population parameters. These findings are intended to 
provide fundamental data and theoretical support for the indoor large-scale rearing and 
field utilization of this species.

2. Materials and Methods
2.1. Insect Rearing

The population of G. xishaensis was collected from the mango orchard of Hainan Fruits 
Island Agriculture Development Co., Ltd., Tianya District, Sanya City, Hainan, China, and 
maintained under laboratory conditions at a temperature of 26 ± 1 °C, relative humidity 
(RH) of 75% ± 5%, and a photoperiod of 14:10 (L:D). The first-instar nymphs to adults of 
G. xishaensis were reared on embryo-inactivated eggs of Corcyra cephalonica, which were 
purchased from Guangzhou Yuefeng Biological Control Technology Co., Ltd., Guangzhou, 
China. All individuals used in the experiments were obtained from a laboratory colony 
that had been reared continuously for at least five generations to ensure acclimation to 
laboratory conditions.

2.2. Life Table Study
Adults of G. xishaensis that had emerged within 24 h were collected from the same 

rearing batch and paired at a 1:1 female:male ratio. Pairs were placed in gauze cages (30 ×
30 × 30 cm, L × W × H; mesh aperture 0.180 mm) at approximately 50 pairs per cage and kept 
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under the conditions described in Section 2.1. On day 7 after pairing, four black cloth strips 
(10 × 5 cm; mesh aperture 0.125 mm) were provided in each cage as oviposition substrates 
and removed 24 h later; the eggs collected were used to establish life table cohorts at each 
test temperature. All experiments were conducted in constant-temperature incubators 
(model MGC-100BP-2L; Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai, China). 
Six constant-temperature treatments were set: 16, 20, 24, 28, 32 and 36 °C (±1 °C), at 
75 ± 5% RH and a 14:10 h (L:D) photoperiod. For each temperature, 150 newly laid eggs 
were collected and randomly allocated into five Petri dishes (9 cm in diameter), with 30 eggs 
per dish. A filter paper moistened with 2.5 mL of sterile water was placed at the bottom 
of each dish. Dishes were sealed with Parafilm®  and uniformly punctured with a No. 0 
insect pin (10–12 holes per dish), allowing controlled ventilation while preventing nymph 
escape. Egg hatching was examined every 12 h, and the number of newly emerged nymphs 
was recorded. Subsequently, each first-instar nymph was individually transferred to a 
new Petri dish (6 cm in diameter), with one nymph per dish. Each dish was replenished 
daily with 100 embryo-inactivated C. cephalonica eggs and a cotton ball saturated with 10% 
(w/v) honey-water solution as dietary provisions. Nymphal development was assessed 
every 12 h, with concurrent recording of molting events, mortality, and the number of 
nymphs reaching adult stage. After adult emergence of G. xishaensis subjected to different 
temperature treatments, the numbers of female and male adults from each treatment group 
were counted separately. To compensate for accidental mortality from handling and to 
ensure sufficient adults for 1:1 pairing at each temperature, an additional 60 eggs were set 
aside as a backup for each temperature treatment. These eggs were reared to adulthood 
under the same conditions as the main experimental cohort.

For the determination of fecundity and longevity of G. xishaensis across temperature 
treatments, male and female adults were paired at a 1:1 ratio within 36 h of emergence. Each 
pair was placed in a separate flat-bottomed glass tube (5.0 cm diameter × 11.5 cm height) 
provisioned with 100 embryo-inactivated C. cephalonica eggs and a cotton wick saturated 
with 10% (w/v) honey solution. The tubes were then sealed with black cloth for ventilation, 
which also served as an oviposition substrate for G. xishaensis. Daily observations were 
made to record adult survival; during each observation, the black cloth and food supply 
were replaced. Oviposition dates and daily fecundity of each female were recorded until all 
individuals had died. To maintain consistent 1:1 pairings across treatments—which varied 
in emergence success and adult longevity—backup cohorts reared at each temperature 
were available for supplementation. When adults of either sex were unavailable at pairing 
initiation, or when one member of a pair died prematurely, a developmentally synchronized 
adult of the missing sex was immediately selected from the backup cohort to complete 
or restore the pair. Fecundity and longevity data from these supplementary adults were 
excluded from all statistical analyses.

2.3. Life Table Data Analysis
The parameters of the age-stage, two-sex life table were estimated using the boot-

strap technique (with 100,000 resamples) within the TWOSEX-MSChart software (Version 
v6) [17–20]. Key demographic traits and population parameters were also calculated using 
this program [19]. Differences in life table parameters among temperature treatments 
were evaluated using the paired bootstrap test [21,22]. Differences at a probability level 
of p < 0.05 were considered significant. SigmaPlot 16 (Systat Software, Inc., San Jose, CA, 
USA) was used to plot curves for different parameters. The detailed calculation processes 
for all parameters are as follows:
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In the age-stage, two-sex life table, the age-specific survival rate (lx : the probability 
that a newly laid egg survives to age x) and age-specific fecundity (mx : the mean fecundity 
of individuals at age x) are calculated as:

𝑙𝑥 =
𝑚

∑
𝑗=1

𝑆xj

𝑚𝑥 =
∑𝑚

𝑗=1 𝑆xj𝑓xj

∑𝑚
𝑗=1 𝑆xj

where Sxj  is the probability that a newly laid egg will survive to age x and stage j, fxj  is the 
mean fecundity of females at age x and stage j, and m is the last stage of the study cohort.

The net reproductive rate (R0 ) represents the total number of offspring that an indi-
vidual can produce over its lifetime, and it is calculated as follows:

𝑅0 =
∞

∑
𝑥=0

𝑙𝑥𝑚𝑥

The intrinsic rate of increase (r) is the population growth rate under a stable age-stage 
distribution and given conditions (i.e., laboratory conditions with unlimited food), and it is 
calculated as follows: ∞

∑
𝑥=0

𝑒−𝑟(𝑥+1)𝑙𝑥𝑚𝑥 = 1

The finite rate of increase (𝜆) represents the average daily growth rate of a population 
when it reaches a stable age distribution, and it is calculated as follows:

𝜆 = er 

The mean generation time (T) is defined as the length of time that a population requires 
to increase to R0 -fold of its size at the stable age-stage distribution, and it is calculated 
as follows:

𝑇 =
ln 𝑅0

𝑟
The age-stage specific life expectancy (exj ) represents the expected survival time of an 

individual at age x and stage j, and it is calculated as follows [23]:

𝑒xj =
∞

∑
𝑖=𝑥

𝑚
∑
𝑦=𝑗

𝑆′
iy

where 𝑆′
iy is the probability that an individual of age x and stage j will survive to age i and 

stage y.
The age-stage specific reproductive value (vxj ) is defined as the contribution of indi-

viduals at age x and stage j to the future population, and it is calculated as follows [24–26]:

𝑣xj =
𝑒𝑟(𝑥+1)

𝑠xj

∞
∑
𝑖=𝑥

𝑒−𝑟(𝑖+1)
𝑚

∑
𝑦=𝑗

𝑆′
iy𝑓iy

The population dynamics of G. xishaensis over a 60-day period were predicted from life 
table parameters using the TIMING-MSChart program (Version v1) [27]. All projections 
were initiated with a cohort of 10 eggs, assuming unlimited food resources and no additional 
mortality beyond the age-stage-specific survival rates derived from the life table.

Based on the developmental duration of G. xishaensis at different temperatures, the 
lower developmental threshold (C) and the thermal constant (K, in degree-day) were 
estimated by linear regression using the least squares method [28,29]. The formulas are 
given below:

𝐶 =
∑ 𝑉2∑ 𝑇 − ∑ 𝑉∑ 𝑉𝑇

𝑛∑ 𝑉2 − (∑ 𝑉)2
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𝐾 =
𝑛∑ VT − ∑ 𝑉∑ 𝑇
𝑛∑ 𝑉2 − (∑ 𝑉)2

where V is the developmental rate, T is the experimental temperature, and n is the number 
of temperature treatments.

Based on the law of total effective temperature, the annual number of generations (N) 
and the timing of adult emergence of G. xishaensis can be predicted for a given geographic 
location using the following equation [30]:

𝑁 =
∑365

𝑖=1 max(𝑇𝑖 − 𝑡, 0)
𝐾1

where Ti  is the daily mean temperature on day i at each of the five locations (Sanya, Dong-
fang, Qiongzhong, Haikou and Wenchang, Hainan, China), t is the lower developmen-
tal threshold for one generation, and K1  is the thermal constant required to complete 
a generation. Temperature data for the five study regions in 2025 were obtained from 
www.tianqi24.com, and daily mean temperature was calculated as the mean of the daily 
maximum and minimum temperatures (Table S1).

3. Results
3.1. Effect of Temperature on the Growth, Development and Reproduction of G. xishaensis

Because the number of individuals surviving to the later stages at 24 °C was too small, 
pairwise bootstrap comparisons of developmental parameters were restricted to 28, 32 and 
36 °C. Eggs of G. xishaensis failed to hatch at 16 °C. At 20 °C, 52.67% of eggs hatched, but no 
nymph reached the second instar (Table 1). Between 24 and 36 °C, G. xishaensis completed 
the full life cycle (Table 1), and the duration of the egg stage, of each of the five nymphal 
instars, and of the preadult period decreased as temperature increased. Survival from egg 
to adult was also lowest at 24 °C (6.67%) and highest at 28 °C (40.67%).

Table 1. Developmental duration of Geocoris xishaensis at different temperatures.

Stage 
(Days)

Temperature (°C)

n 16 °C n 20 °C n 24 °C n 28 °C n 32 °C n 36 °C

Egg 0 – 79 25.72 ± 0.13 98 12.35 ± 0.12 121 7.80 ± 0.10 a 122 5.95 ± 0.06 b 113 4.44 ± 0.09 c
1st instar 
nymph 0 – 0 – 48 8.42 ± 0.15 107 5.30 ± 0.09 a 103 3.54 ± 0.06 b 70 3.14 ± 0.07 c

2nd instar 
nymph 0 – 0 – 30 7.07 ± 0.29 89 4.00 ± 0.09 a 75 3.08 ± 0.10 b 56 2.23 ± 0.08 c

3rd instar 
nymph 0 – 0 – 18 7.44 ± 0.32 70 3.80 ± 0.11 a 64 3.14 ± 0.09 b 53 2.04 ± 0.06 c

4th instar 
nymph 0 – 0 – 13 6.85 ± 0.45 65 4.26 ± 0.11 a 54 3.15 ± 0.13 b 47 2.40 ± 0.10 c

5th instar 
nymph 0 – 0 – 10 9.90 ± 0.43 61 6.36 ± 0.14 a 48 4.50 ± 0.15 b 45 3.44 ± 0.15 c

Preadult 0 – 0 – 10 51.20 ± 0.98 61 31.41 ± 0.33 a 48 23.33 ± 0.29 b 45 17.60 ± 0.24 c

Data in the table are presented as mean ± SE. Sample size (n) is defined as the number of individuals 
remaining after completion of a given stage. Different letters within a row indicate significant differ-
ences (p < 0.05) by paired bootstrap test (100,000 resamples). Statistical comparisons in this table 
were restricted to 28, 32 and 36 °C. SE was estimated via bootstrap resampling.

Within the temperature range of 24 °C to 36 °C, the durations of adult preoviposition 
period (APOP) and total preoviposition period (TPOP) of G. xishaensis decreased with 
rising temperature (Table 2). Although G. xishaensis completed generation development at 
24 °C, its TPOP survival rate was only 2%. Between 28 and 36 °C, the TPOP is shortest at 
36 °C (20.00 days; 28 °C vs. 36 °C: p < 0.0001; 32 °C vs. 36 °C: p < 0.0001) and longest at 
28 °C (34.85 days; 28 °C vs. 32 °C: p < 0.0001). The longevity of adult females decreased 
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with increasing temperature, from 50.63 days at 28 °C to 14.00 days at 36 °C; adult males 
showed the same pattern, from 44.18 to 12.77 days. The oviposition duration at 28 and 
32 °C was significantly longer than that at 36 °C (28 °C vs. 36 °C: p < 0.0001; 32 °C vs. 
36 °C: p < 0.0001). Fecundity per female was highest at 32 °C (241.12 eggs) and 28 °C 
(184.00 eggs), and lowest at 36 °C (47.67 eggs); however, no significant difference was 
observed between 32 °C and 28 °C (p = 0.1946).

The lower developmental temperature thresholds and thermal constants estimated for 
each developmental stage of G. xishaensis are presented in Table 3. For the total generation 
period (including the adult preoviposition period), the lower developmental threshold 
was estimated to be 17.35 °C, with a corresponding thermal constant of 376.42 degree-days. 
Based on the lower developmental threshold of 17.35 °C for G. xishaensis and the daily mean 
temperatures of five locations in Hainan, China (Sanya, Dongfang, Qiongzhong, Haikou, 
and Wenchang), the annual effective accumulated thermal units were estimated at 3180.36, 
3141.42, 2749.12, 3052.28, and 3078.76 degree-days, respectively. Dividing these values by 
the generation thermal constant of 376.42 degree-days yielded an estimated 8.45, 8.35, 7.30, 
8.11, and 8.18 generations per year for the five locations, respectively.

Table 2. Adult longevity and fecundity of G. xishaensis at different temperatures.

Parameter
Temperature (°C)

n 24 °C n 28 °C n 32 °C n 36 °C

Adult pre-oviposition period (APOP; day) 3 4.33 27 3.70 ± 0.18 a 21 3.05 ± 0.30 ab 15 2.60 ± 0.21 b
Total pre-oviposition period (TPOP; day) 3 56.33 27 34.85 ± 0.57 a 21 26.33 ± 0.58 b 15 20.00 ± 0.53 c

Female adult longevity (day) 3 59.33 27 50.63 ± 4.96 a 25 33.80 ± 3.56 b 15 14.00 ± 1.98 c
Male adult longevity (day) 7 29.14 34 44.18 ± 4.36 a 23 26.91 ± 3.98 b 30 12.77 ± 1.23 c

Sex rate (♀/♂) — 0.43 — 0.79 — 1.09 — 0.50
Oviposition days (day) 3 37.33 27 37.63 ± 4.33 a 21 32.29 ± 3.23 a 15 8.07 ± 2.14 b
Fecundity(eggs/female) 3 82.33 27 184.00 ± 20.87 a 25 241.12 ± 39.22 a 15 47.67 ± 12.46 b

Values are mean ± SE. Sample size (n) is defined as the number of individuals remaining after 
completion of a given stage. Different letters within a row indicate significant differences (p < 0.05) 
by paired bootstrap test (100,000 resamples). Statistical comparisons in this table were restricted to 
28, 32 and 36 °C. SE was estimated via bootstrap resampling.

Table 3. Lower developmental threshold and thermal constant of G. xishaensis.

Stage Lower Developmental 
Threshold (°C)

Thermal Constant 
(Degree-Day) Regression Equation R2 p

Egg 17.32 84.22 T = 17.32 + 84.22V 0.9951 0.0025
1st instar nymph 17.22 56.27 T = 17.22 + 56.27V 0.9748 0.0127
2nd instar nymph 18.39 39.85 T = 18.39 + 39.85V 0.9920 0.0040
3rd instar nymph 19.63 34.39 T = 19.63 + 34.39V 0.9653 0.0175
4th instar nymph 17.56 44.65 T = 17.56 + 44.65V 0.9987 0.0007
5th instar nymph 17.86 62.96 T = 17.86 + 62.96V 0.9981 0.0001

Generation 17.35 376.42 T = 17.35 + 376.42V 0.9978 0.0011

Estimated from the stage-specific developmental durations at 24, 28, 32 and 36 °C and the correspond-
ing sample sizes (n) given in Tables 1 and 2.

3.2. Effect of Temperature on the Age-Stage Specific Survival Rate of G. xishaensis
Given that G. xishaensis failed to complete a full generation at 16 and 20 °C, and that only 

three females survived to reproductive maturity at 24 °C, data from these three temperatures 
were excluded from subsequent curve fitting and demographic parameter analyses. This 
was done to ensure the robustness and comparability of life table parameter estimates across 
treatments. The age-stage specific survival rate (Sxj ) curves overlapped across temperature 
treatments (Figure 1), indicating variable developmental rates among different stages of 
G. xishaensis and the coexistence of multiple stages at the same period. The curves also 
revealed a relatively rapid decline in survival during the nymphal stages of G. xishaensis. 
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Additionally, as temperature increased, the developmental duration from egg to the fifth 
nymphal instar decreased progressively, indicating that higher temperatures accelerated 
the overall development of G. xishaensis.

Figure 1. Age-stage specific survival rate (Sxj ) of Geocoris xishaensis at different temperatures.

3.3. Effect of Temperature on the Age-Specific Survival Rate, Age-Stage Specific Fecundity, 
Age-Specific Fecundity, Age-Specific Net Maternity of G. xishaensis

Age-specific survival rate (lx ) across the three temperature treatments (Figure 2) 
showed that survival of G. xishaensis was relatively high during the egg stage at all tempera-
tures, but declined sharply during the nymphal period. The longest population survival 
duration (129 days) was observed at 28 °C, followed by 32 °C (101 days) and 36 °C (47 days). 
The curves for age-specific fecundity (mx ), age-stage specific fecundity (fx 7 ), and age-specific 
net maternity (lx mx ) exhibited similar fluctuating patterns, characterized by successive rises 
and declines (Figure 2). At 28 °C, fx 7 , mx , and lx mx  all peaked on day 44, with maximum 
values of 6.50, 3.02, and 1.13 eggs day−1 , respectively. At 32 °C, all three parameters peaked 
on day 35, at 40.67 (contributed by 21 females), 23.08, and 5.69 eggs day−1 , respectively. At 
36 °C, fx 7  and mx  both peaked on day 40 (7.50 and 3.75 eggs day−1 , respectively), whereas 
lx mx  peaked earlier on day 22 at 0.63 eggs day−1 .

3.4. Effect of Temperature on the Age-Stage Specific Life Expectancy and Age-Stage Specific 
Reproductive Value of G. xishaensis

Age-stage specific life expectancy (exj ) of G. xishaensis declined progressively with age 
across the three temperatures tested. Notably, the exj  curves showed that all stages of G. 
xishaensis had the longest life expectancy at 28 °C (Figure 3). The vxj  curves showed that 
after females began oviposition, reproductive value increased sharply to a peak and then 
declined progressively (Figure 4). After females began oviposition, reproductive value rose 
sharply, peaked, and then declined progressively. The highest peak reproductive value was 
observed at 32 °C, reaching 101.29, while the lowest was at 36 °C, with a value of 34.20.

https://doi.org/10.3390/insects17111142

https://doi.org/10.3390/insects17111142


Insects 2026, 17, 1142 8 of 14

Figure 2. Age-specific survival rate (lx ), age-stage specific fecundity (fxj ), age-specific fecundity (mx ), 
age-specific net maternity (lx mx ) of G. xishaensis at different temperatures. Note: The y-axis scale of 
the 32 °C panel differs from those of the 28 and 36 °C panels in order to accommodate the exceptionally 
high peak in age-specific fecundity (fx  = 40.67 eggs day−1 ).

Figure 3. Age-stage specific life expectancy (exj ) of G. xishaensis at different temperatures.
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Figure 4. Age-stage specific reproductive value (vxj ) of G. xishaensis at different temperatures.

3.5. Life Table Parameters of G. xishaensis at Different Temperatures
The intrinsic rate of increase (r) and finite rate of increase (𝜆) of G. xishaensis both 

peaked at 32 °C, with values of 0.0961 days−1  and 1.1008 days−1 , respectively (Table 4). 
The net reproductive rate (R0 ) was highest at 28 °C and 32 °C. Mean generation time (T) 
decreased with increasing temperature.

Table 4. Population life table parameters of G. xishaensis at different temperatures.

Population Parameters
Temperature

28 °C 32 °C 36 °C

Intrinsic rate of increase (r) (day−1 ) 0.0693 ± 0.0045 b 0.0961 ± 0.0077 a 0.0607 ± 0.0148 b
Finite rate of increase (𝜆) (day−1 ) 1.0717 ± 0.0049 b 1.1008 ± 0.0085 a 1.0626 ± 0.0156 b

Net reproductive rate (R0 ) (offspring) 33.12 ± 6.86 a 40.19 ± 9.73 a 4.77 ± 1.68 b
Mean generation time (T) (day) 50.55 ± 1.19 a 38.46 ± 1.23 b 25.71 ± 1.36 c

Data are presented as Mean ± SE. Means within a row that do not share any common lowercase letter 
are significantly different at the 5% level (paired bootstrap test).

3.6. Population Projection of G. xishaensis at Different Temperatures
Simulation of the population growth dynamics of G. xishaensis over a 60-day period 

revealed that population size increased at all tested temperatures (Figure 5). The largest 
population growth was observed at 32 °C.

https://doi.org/10.3390/insects17111142

https://doi.org/10.3390/insects17111142


Insects 2026, 17, 1142 10 of 14

Figure 5. Population projections of G. xishaensis over a 60-d period at different temperatures.

4. Discussion
Knowledge of the optimal temperatures for the development and survival of biological 

control agents is essential for their efficient mass-rearing and field release in augmentative 
biological control programs [31]. Numerous studies have demonstrated that developmental 
temperature requirements vary considerably among Geocoris species. For example, the 
optimal temperature range for development is 24–30 °C for G. varius, 26–33 °C for G. proteus, 
and 24.5–30 °C for G. punctipes [13,31]. In the current study, r was highest at 32 °C and 
did not differ significantly between 28 and 36 °C, whereas the developmental period was 
shortest at 36 °C; the temperature supporting the fastest population growth thus did not 
coincide with that supporting the fastest development, indicating that r cannot be predicted 
from developmental rate alone. Because r is jointly determined by T and R0  (r = lnR0 /T); 
as temperature increased, both R0  and T declined, but they acted on r in opposite directions, 
the former lowering r and the latter raising it. The two, however, did not decline in the same 
manner: survival decreased progressively and significantly, being 40.67%, 32% and 30% at 
28, 32 and 36 °C, respectively (28 > 32 > 36); fecundity did not differ between 28 and 32 °C 
and declined significantly only at 36 °C; whereas T decreased monotonically throughout 
and was shortest at 36 °C. Combining the effects of survival and fecundity, R0  did not differ 
between 28 and 32 °C, and both were significantly higher than at 36 °C. The decline in R0  at 
the high-temperature end, superimposed on the continuous shortening of T, produced a 
peak in r at 32 °C rather than a monotonic trend: at 36 °C, T was shortest, but survival and 
fecundity were both at their lowest, and the reduction in R0  offset the gain from the shorter T, 
so that r was comparable to that at 28 °C but did not exceed that at 32 °C; R0  was comparable 
at 28 and 32 °C, but T was longer at 28 °C, so r was lower there; 32 °C therefore combined a 
reproductive output comparable to that at 28 °C with a shorter generation time, so that both 
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components were near their optima and r was maximal. Although r was similar at 28 and 
36 °C, the two temperatures achieved it through opposite routes: the former compensated 
for a longer generation time with higher survival and reproductive output, whereas the 
latter compensated for the combined losses in survival and reproduction with the fastest 
development, reflecting a temperature-dependent trade-off between developmental rate and 
reproductive output. Because r did not differ between the two, their relative performance 
must be assessed using secondary criteria: taking r as the primary criterion and R0  and 
fecundity as secondary criteria, the three temperatures ranked 32 °C > 28 °C > 36 °C. 
Although 36 °C still permits completion of the life cycle, reproduction is clearly constrained, 
indicating that this temperature, while within the range permitting survival, approaches 
the upper thermal limit for reproduction; near 36 °C, population growth of G. xishaensis is 
limited by reproduction rather than by developmental rate.

In this study, the lower developmental threshold for generation development of G. 
xishaensis was estimated at 17.35 °C by linear regression. However, at a constant 20 °C, eggs 
hatched successfully but individuals failed to complete a full generation. This discrepancy 
may be explained by two factors. First, the lower developmental threshold is a theoretical 
value derived by extrapolating the linear relationship between developmental rate and 
temperature within the optimal temperature range; it represents the temperature intercept at 
which the developmental rate equals zero, which is not equivalent to the minimum temper-
ature required to complete an entire generation. Second, the threshold was estimated under 
constant-temperature conditions, whereas in nature, fluctuating daily temperatures can 
produce different developmental outcomes even at the same mean temperature. A constant 
20 °C represents continuous exposure to moderately low temperatures, whereas diurnal 
temperature fluctuations in the field may promote development through high-temperature 
compensation. Thus, the inability to complete a generation at a constant 20 °C does not 
necessarily imply the same outcome under field conditions with a daily mean of 20 °C; this 
hypothesis requires further validation using fluctuating temperature experiments.

In the present study, survival differed among stages and the effect of temperature 
varied with stage. The first instar was the only stage whose survival declined gradually 
with temperature (88.43%, 84.43% and 61.95% at 28, 32 and 36 °C, a range of 26.5 percent-
age points), whereas stage-specific survival in the remaining instars varied by less than 
16 percentage points and did not change consistently in either direction. At 36 °C, egg 
survival remained high (75.33%, compared with 80.67% and 81.33% at 28 and 32 °C), so 
the sharp drop in first-instar survival indicates that the greater part of the mortality at high 
temperature occurred after hatching rather than during the egg stage. Survival of the third 
and fifth instars was, by contrast, highest at 36 °C (94.64% and 95.74%), and that of the 
fourth instar differed little among temperatures (84.38–92.86%). Consequently, although 
first-instar survival at 36 °C was 22.5 percentage points below that at 32 °C (61.95% vs. 
84.43%), survival to adulthood was nearly identical at the two temperatures (30.0% vs. 
32.0%), the deficit being offset by higher survival from the third instar onwards. This pattern 
of a sharp early decline followed by above-average survival in later instars is consistent 
both with strong selection during the first instar and with the greater thermal tolerance of 
the larger, thicker-skinned later instars. The only exception was the second instar at 32 °C 
(72.82%), the single stage at which 32 °C ranked neither first nor second, although this 
did not prevent 32 °C from supporting the highest r. The range in stage-specific survival 
was much wider at 36 °C (33.8 percentage points) than at 28 °C (15.2), indicating that 
mortality at high temperature was concentrated in the first instar rather than distributed 
across development.

Beyond temperature, factors such as prey (or diet), host plant and photoperiod also 
influence the development and reproduction of Geocoris species, and some of these factors 
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exhibit interactive effects [14,32–36]. For instance, the developmental duration of G. lubra 
under a 10:14 (L:D) photoperiod was significantly longer than under 12:12 and 14:10 
photoperiods, although none of the three photoperiod treatments significantly affected 
survival rate [14]. Regarding diet, the developmental time of G. varius fed on two artificial 
diets (based on pork liver and ground pork) was significantly longer than that of individuals 
fed on Ephestia kuehniella eggs [33]. Jayanth et al. examined the performance of Geocoris 
ochropterus fed on the cotton aphid Aphis gossypii Glover reared on two host plants—cotton 
(Gossypium hirsutum L.) and roselle (Hibiscus sabdariffa L.)—and found that individuals on 
the aphid–cotton combination exhibited a shorter developmental period, higher survival 
rate, longer female longevity, and greater fecundity [34]. The present study focused on 
temperature as the sole factor. Future work should incorporate photoperiod, prey and host 
plant to comprehensively evaluate the development, reproduction, and predation behavior 
of G. xishaensis, thereby providing a stronger basis for its practical application.

The results of this study demonstrate that temperature is a key factor influencing the 
development and reproduction of G. xishaensis. Among the temperatures tested, 32 °C gave 
the best overall performance and the fastest population growth of G. xishaensis, followed by 
28 °C; both can be recommended as rearing temperatures, with 32 °C being preferable for 
rapid mass production. It should be noted that the 4 °C interval used in this study limits the 
resolution of the thermal response, and the true optimum may lie between the temperatures 
tested. Future work should therefore include additional temperatures between 28 and 32 °C 
and between 32 and 36 °C, so as to define the optimal temperature range for mass rearing.
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www.mdpi.com/article/10.3390/insects17111142/s1, Table S1: Daily mean temperature in five regions 
of Hainan Province, 2025.
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