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Ab StraCt: The Asian weaver ant (Oecophylla smaragdina) is a natural enemy,

generalist predator of diverse major pest species (i.e. the highly destructive oriental
fruit fly Bactrocera dorsalis) in economically strategic agricultural landscapes in Aus-
tralia and Southeast Asia countries. For effective implementation of the weaver ant for
biological control of the invasive bagworms Metisa plana, the dominant pest in the oil
palm plantation, its distribution was investigated in Malaysia. From 2018-2022, cen-
suses were first carried out to record Oecophylla colonies presence. Oecophylla colonies’
occupation patterns were monitored on 8 selected plantations. To distinguish between
brood and barracks nests, 26 captured nests were evaluated to define the main predic-
tor variable for its practical visual identification. More than 11000 palms with 10821
nests for over 500 colonies were sampled in this study. Results showed that O. smarag-
dina colonies distribution pattern exhibited three-dimensional ubiquitous occupation
dominance. We also found that by observing the colony’s dense population spatial ar-
rangements, it demonstrates them as spreading by waves featuring interconnected ir-
regular geometrical patches shaped for each colony. The height to the ground nest lo-
cation in palm canopies was the significant visual discriminant factor between Brood
and barrack nests. Moreover, polydomous arboreal nesting behavior occupation oc-
curred irrespective of palms or associated host plants sizes (> 3 m), throughout the
year. However, colony nesting behaviors were polydomous and monodomous on
shorter plants (> 2 m), while being strictly monodomous on small plants (< 1.5 m).
Colonies occupied an average 3 to 4 palms yearly beginning from the newly founding
phase up to the stable mature phase (3 to 4 years). Furthermore, we found that matured
stable colonies (3 > age 213) occupied 10-12 palms on average, on 800 m? to 2500 m?
area delimited by a minimum average 20 m? of “no ants land” zone between each col-
ony. Our results suggest that a sustained agriculture system in this area would be pos-
sible with the presence of matured colonies nests exploitation which could provide an
efficient biological control ecosystem service.

Keywords: Asian weaver ants; arboreal dominance; Elaeis guineensis; spatial dis-

tribution; ecosystem service; biological control agent; novel nesting behavior.
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1. Introduction

The Asian weaver ants (Oecophylla smaragdina) occur from India to the
Pacific and from South China to North Australia [1]. Oecophylla smaragdina
spatial and geographical distribution throughout Asia has been documented
with detailed coordinates [2]. However, the current distributional limit of O.
smaragdina in oil palm (Elaeis guineensis) plantations in Peninsular and Borneo
Malaysia had not been properly examined. The Asian weaver ants is a proven
biological control agent (BCA) of the red-banded thrips, Selenothrips rubrocinc-
tus, an important global pest of economic importance in Australian mango
(Mangifera indica) [3]. O. smaragdina it is also a component of integrated pest
management (IPM) program to control the fruit fly, Bactrocera jarvisi, a major
pest of mango in Australia [4]. Considering the potential application to keep
the invasive bagworms, Metisa plana, below the economic threshold level
(ETL) in oil palm plantations [5, 6], O. smaragdina distribution need to be ver-
ified to ensure easy access and the availability of its nests in the oil palms [7]
for population manipulations [8].

Weaver ant is well-known for the leaf nests it builds. The nests were con-
structed by pulling and rolling living leaves in place and binding them to-
gether with larval silk [1]. Oecophylla spp. colony expansion is polydomous [9,
10], i.e., it consists of multiple nests for each occupied palm tree with the pos-
sibility of having several nests in a single palm frond [11]. The nests of a single
colony are frequently distributed in the crowns of several trees expanding on
variable land surfaces depending on the colony population density [1, 12].

Before elaborating an exploitation of the Asian weaver ant colonies as a
potential natural enemy that could contribute to biological control in the
study area it is compulsory to differentiate which stage between incipient-im-
mature and mature colonies have more predatory potential over the main pest
in oil palm crop. Emergent colonies occupy only one palm tree with one nest
[1]. Matured colonies are determined by the first emergence of sexual forms
and able to reach such a development growth stage upon 18 to 24 months is
occupying a higher host tree number [13]. On this note, the measurement
method of queen abdomen [9], and workers size [14] to estimate colony age is
expensive and time consuming, hence not suitable. Ref. [15] discovered that
the lifespan of both queen and workers are dependent on the colony size. The
population size of Asian weaver ants is related to the average of total number
of occupied trees and nest’s abundance, hence to the type of colonies as incip-
ient or matured [1]. Both colonies can be found within the occupied zone, with
clear boundaries of unoccupied trees or artificial plantations borders between
palm tree blocks (waterways or roads that provide clear separation) or iso-
lated in a newly explored habitat [11]. Weaver ant average lifespan estimation
is helpful for rapid matured colonies detection. This prevents the transloca-
tion of vulnerable incipient, immature or pre-mature colonies that could act
as biological control agents in commercial crops [16]. Further, a visual dis-
crimination between brood and barrack nests is proposed, hence encouraging
only for the capture of barrack nests having only major workers [1], with a
balanced mixture of brood nests. Ref. [17] defined brood nest as being colonies
main nests consisting of all type of weaver brood ants (eggs, larvae, pupae,
reproductive adult forms and workers), while barracks (“pavilions”) repre-
sented only satellite nests covering the periphery of territory [18] inhabited
only by major veterans workers [19]. Three types of nests were clearly defined
as queen right, brood and barracks by [19].

An important aspect concerns the pleometrosis (multiple queens) or
haplometrosis (single queen) and territorial status of Oecophylla colonies [20].
In pleometrotic colonies, there is higher brood production to shorten the pe-
riod of claustral initial growth phase development, hence increase survival
[21]. The fecundity of queens in pleometrotic colonies, is higher than
haplometrotic colonies [20, 21], is inviting to raise the point that colonies hav-
ing several queens will attain maturity faster than single colonies queens. As
a territorial species, with the high densities of founding queens, intraspecific
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elimination between incipient colonies occurs, increasing mortality and in-
ducing low survival impact between incipient colonies [22, 23]. Adding to this,
neighboring colonies risk raiding [24] as a natural selection factor, dominant
colonies’ population size and territorial distribution expand [25]. This condi-
tion needs to be considered during sample collection to evaluate diverse
Oecophylla colonies in different geospatial zones.

To our knowledge, there is no information on the spatial distribution of
Asian weaver ants’ colonies in major agricultural industries for at least large
monoculture. This is necessary to convince the industry entrepreneurs of the
worth if the Asian weaver ants could provide an important ecosystem service,
by biological control of the recurrent outbreaks of the invasive dominant bag-
worms in the oil palm crop [26, 27]. This may help planters to enhance their
pest management program implementation for different agricultural prod-
ucts to attain higher quality with lower cost of management minimizing the
use of phytosanitary applications [28]. This study proposes to gather infor-
mation to estimate the average age of O. smaragdina colonies in oil palm plan-
tations. For sustained nest manipulation in future biological control treat-
ments, we hypothesized that the total nests, occupied palms numbers per col-
ony is correlated to its lifespan up to reaching stable maturity stage growth
development by an average of 36 to 42 months. Given that, by direct visual
observation we count nests, being faster, and avoid destructive sampling.

The objectives of this study are; (1) to document the distribution of O.
smaragdina colonies and boundary estimation of colonized palms, (2) to inves-
tigate the colonies occupancy patterns in relation to the nests network exist-
ence in canopies, (3) to discriminate between barrack and brood nests visually,
by comparing their location heights from the ground and, (4) to estimate col-
onies age in relation to the average total number of nests and total number of
occupied trees per colony.

2. Materials & Methods
2.1. Study sites

The study was conducted in Malaysia (supplementary material Figure 1a
& 1b). Field experiments were approved by the Malaysian Palm Oil Board
MPOB and the Federal Land Development Authority FELDA agreement with
“Universiti of Malaya” (UM). The study was conducted in both Peninsular
and Borneo Malaysia (Supplementary material, Fig. 1). Such immense planted
area (Sarawak: 1.5 million ha — Sabah: 1.54 million ha and 2.77 million ha for
Peninsular) [29] obliged to subdivides the surveys into five geographical
zones.

Oecophylla colonies occurrences were recorded as follows: (i) Northern
Peninsular (NP), (ii) Eastern Peninsular (EP) (iii) Central Peninsular (CP) (iv),
Southern Peninsular (SP) and (v) Malaysia Borneo (MB). The geographical co-
ordinates covered were from “ladang” (plantations in Malay) are presented
as supplementary information (Supplementary material, Table 1).

2.2. Surveying the presence-absence of Asian weaver ants in oil palm plantations

An extensive census was conducted in each geographical zone from Jan-
uary 2018 to December 2022 (Fig. 1a-h.). Intensive censuses were performed,
by establishing five plots (0.5 ha each) covering the center and four extremities
of the plantation area (Figure 2). The surveys recorded the existence of cano-
pies-dwelling, ground-dwelling, or any nests on oil palm trees. Binoculars
and monocular field glasses were used to help in the detection. During an
earlier period of sampling (2018-2019), 12 hours each day of observations was
performed to lessen to 6 hours from 2020 onward. Following the approach of
[30] and [2] we surveyed all major estates. To locate the occupied areas, the
geographical coordinates were extracted using Google Landsat Maxar maps
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technology CNES/Airbus and GPS Essentials software with Samsung Galaxy
Note20 model from September 2020 to examine the colonies spatial distribu-
tion in each territory to identify its specific patterns. Weaver ants were ob-
served and monitored during daylight from early morning on random sam-
pled palm trees canopies, trunks and ground vicinity by two hours intervals
once during 10 minutes for each observation (0700 hours to 1900 hours, N >
1000 palms).

The host plants associated with colonies of O. smaragdina (promoting ex-
pansion) inside and nearby (1 km radius) oil palm plantations were recorded
systematically by taking photos of the whole tree and zoom on leaves, flow-
ers/fruits whenever available. Associated favorite plants are beneficial as a
conservation buffer zone enhancing Asian weaver ant population stability
[19]. Further identification was carried out by a botanist (Supplementary ma-
terial, Table 2). The plant species IDs were confirmed by the Singapore gov-
ernment portal website “NParks Flora & Fauna Web” plant database
(https://www.nparks.gov.sg/florafaunaweb, accessed on 23 February 2023).
The presence of antagonist ants such as the invasive Solenopsis geminata and
black ant Dolichoderus thoracicus was also recorded by performing censuses
along a 1000 m path in all occupied sampled weaver ant in the plantation (See
result related figures and discussion). Targeted species were hand-picked and
placed in 80 % ethanol vial solution for further identification. Antagonistic ant
species are reported to harm the population strength of both Oecophylla spe-
cies [31, 9].
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Figure 1. Selected sampling plantations sites in Peninsular and Borneo Malaysia.
MPOB Sabah Lahad Datu (a.), MPOB Saratok, Sarawak (b.), Sg. Buloh, Selangor (c.),

UM plantations Johor (d.), Felcra, Johor (e.), MPOB Teluk Intan, Perak (f.), Felda Kera-
tong Pahang (g.) and, Felda Gunung Besout, Perak (h.).

2.3. Nests occupancy patterns in selected plantations

To obtain a more representative size of the variety of colonies, the sam-
pling collection was performed on selected plantations, representing diverse
geographical locations (Supplementary material, Table 2). To determine sam-
pling size, we carried out a preliminary study to estimate the average number
of weaver ant colonies occupying palm trees per hectare. An average of four
colonies fall within a 500 m wide transect set up along a path in each planta-
tion block. The sampling was performed according to [7]. Figure 2 shows the
random sample point collection used. Five focal scan sampling points were
set up in oil palm blocks covering an average 0.1 ha/ 1000 m?2 surface per plot.
The data collection began from any of the four palm blocks extremities to-
wards the central territory location or vice-versa following the methodology
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of [32]. Each colony was identified and recorded for the total number of nests,
occupied palms, average growth period (i.e. incipient-immature, pre-matured
and mature) and average occupied area (m?). The ground dwelling major
workers’ average distance from base trunk was recorded for both individuals
on fixed position or active trails away from palm base trunks. Quadrants
measuring 1sq. m were used on the ground as a grid marker; however, using
a long open reel agricultural measuring tape (100 m) was more appropriate.
The estimation of the average occupied land area of each plantation was meas-
ured as follows: highest value of occupied land surface in the sample (total
number of occupied palm trees x 10-meter distance approximates between
each palms) x total number of sampled colonies (Supplementary material, Ta-
ble 3).

To avoid overlapping on distinctive colonies, the antagonism test was
performed (hostile behaviors): (i) the mandibles open toward the intruder,
with or without elevated abdomen, (ii) chasing acts, (iii) any part of the tres-
passer’s body seized in the maxillae of one or more resident ants in act of bit-
ing, and finally one or more resident ants with its body curled around the
invader while biting to the death as in wrestling. A small number of ants were
captured from one tree and were released on a neighboring tree. Ants from
the same colony will pass and forage, communicating with each other spon-
taneously between released and resident ants. To monitor distinctive colonies
of O. smaragdina within a plantation, the data was collected at different blocks
either from a far distance or separated by human made obstacles.

0.5 ha

Figure 2. Experimental design demarcation plan.

The experimental plan is presenting a portion of palm blocks used for the
study of nesting occupation patterns.
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2.4. Brood and barrack nests discrimination

The nests position was investigated by visual discrimination (Figure 3 (a-
d). To discriminate between brood and barrack nests, observations of the dis-
tinct type of nests was carried out in selected plantations by random palm
trees sampling. Upon noticing systematically different nests located at high
and low position above the ground, we captured 42 brood and 10 barracks
nests from identified matured Oecophylla colonies (See supplementary mate-
rial, tables 5 & 6). The sampling location were at UM, Felcra from 8-14 August
2019, Felda Gunung Besout (28/11-15/12/2020; 15/6-27/6/2022), MPOB Teluk
Intan (16/12 — 19/12/2020 and 10/01 — 15/01/2021) and Felda Keratong (3/04 -
14/05/2022). First, we sought for nests in the daytime and tagged the tree
fronds where those nests are selected for further collection. Upon finding a
nest, we recorded the height from the nest's ground to the nearest meter unit.
We collected those nests at night (2300 - 0400 hours) as the genus O. smaragdina
is known to be diurnal [33]. The tree fronds where the nests rested were slowly
bent using a long scythe. By using scissors, the exact nest-portions of the frond
were cut and immediately put into a sealed thick plastic bag. The ants were
neutralised by pyrethroid knock down and brought back to the laboratory.
Careful collection permitted to keep nests integrity. Each nest's volume was
measured by fitting the nests to an ellipsoid form and measuring the principal
axes to the nearest centimetre. The number of leaflets that consist of the nest
architecture, i.e., leaflets attached by larval silk, was also counted (Supplemen-
tary material, tables 4 and 5).
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Figure 3. a-d. Identification of brood and barrack nests. .

Incipient colony with first brood nests under construction (a.) at highest
position (red circles) newly occupying territory of invasive bagworms M.
plana defoliating palm trees (red circle). New large brood nest located at high
frond position from ground (b.). New barrack type of nests (3) at lower palm
frond level (red arrows) (c.) showing the ground level reach is at close dis-
tance. Below is the enlarge photo Fig. 3 a named as Fig. 3 d showing a new
brood nest located at higher position from ground at the top of palm frond
canopies (red arrow), occupying that infested palm (red right bracket).

In the laboratory, each nest was carefully disentangled and number of
ants based on its age [i.e. adults (major workers, minor workers, and alates of
each sex), pupae (worker, male, and queen pupae), and larvae] was directly
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counted. Since direct counting of eggs was not feasible without a stereomicro-
scope, egg clusters and their approximated size (to the nearest 0.5 cm in di-
ameter) were determined.

2.5. Nests distribution patterns in relation to maturity status

Preliminary studies to estimate age were conducted from January 2014
to end in 2016 by monitoring nine incipient colonies in UM plantations. By
visual check it is possible to estimate the average prime of life status of a col-
ony. The nest distribution pattern of O. smaragdina was investigated in relation
to their age status; i.e. Matured (ant richness level 4), pre-mature (ant richness
level 3), immature (ant richness level 2), and incipient colonies (ant richness
level 1) are arbitrary index designing the four growth stage of colony life de-
velopment. The following description given in Supplementary material, ta-
bles 3 and 4 identify the status of incipient, immature, pre-mature and mature
colonies.

These definitions are the prelude to describe the growth stage of devel-
opment of a colony. It is necessary to verify if each stage corresponding to an
age calculated in months, is associated to the number of both occupied tree
and nest abundance fluctuations. In order to verify the species average age
parameters in relation to the total nest and occupied palm trees per colony,
the above sampling dataset was again repeated for validation by 2018. From
early January 2018 to the end of 2022, the nests and occupied palms dynamic
fluctuation of nine tagged incipient colonies were monitored on every three
months frequency basis with their age noted in months (plantations in Sungai
Buloh, Selangor state). From earlier colony foundation (incipient) up to ma-
turity level, every six months during 1.5 year and bimonthly up to subsequent
2 years, the first emergence of sexual forms was monitored in several selected
plantations (using a sharp surgical blade to slightly dissect brood nests on
short palm trees of 3 m). To avoid bites nuisance, brood nests were dissected
from 1 m high occupied plants nearby (few meters) each sampled colonies
from the same palm blocks. Difficulties of maintaining records arise once the
Oecophylla ants shift to new nests abandoning earlier broken ones due to
leaves deterioration or fronds pruning. Once any highly positioned occupied
fronds is bent down for checking brood nests content, it does not come back
to the initial higher position which may provoke the nests to be vacated. To
compensate for this shortcoming, monitoring on shorter various occupied
plants helped resolve this. The upper first third of frond occupied nests should
be used, by holding the tips of leaflets, for such sampling to avoid ant bites.

3. Statistical analysis
3.1. Discriminant analysis

Ref. [34] method was applied to identify the discriminant factor between
brood and barrack nests. Data was preprocessed and subjected to outlier re-
moval by using the box and whisker plot method. The data normality was
tested using the Shapiro-Wilk test (See Supplementary material, Table 4), fol-
lowing [35]. Then the dataset was transformed and standardized. To test for
differences between nest types, an ANOVA test and Tukey's test were fitted
for the individual variable.

Discriminant analysis (DA) was employed to differentiate the barrack
and brood nests. The establishment of the DA model was executed at a = 0.05.
The DA was performed on the training and validation datasets to identify the
significant variables that contribute to the discrimination of the nests. The DA
model was validated by partial least square discriminant analysis (PLS-DA).
The correct classification by the PLS-DA model was assessed using the train-
ing and validation datasets. Then, a list of variable importance in the projec-
tion (VIPs) was compared to the significant variables determined by the DA
model (Supplementary material, table 7).
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3.2. Colonies age estimation

Outline of the colonies age estimate applied using statistical analysis
based on [36]: Obtain data on the age structure of the colony: This information
was collected through census data from incipient stage growth development
(1 occupied palm with new egg laying founding queen having a complete
sealed nest means already 3 months old at least): 9 colonies total. The experi-
mented was conducted in Ladang Sungai Buloh. In the meantime, other
known colonies’” age were sampled (18) by recording the total nest and occu-
pied palm tree per each colony. The plantation management had recorded the
time of first occupation history (only error by a few months). So the data is
strong. The mathematical models is used to estimate the age of the colony: the
Poisson Probability model as explained in methodology. Validate the model:
The model was validated by comparing the estimated age structure with the
observed recorded and known precise age structure of the colony.

For age estimation, data was pre-processed and subjected to outlier re-
moval by using the Tukey Fence method (K=1.5). Then data normality was
tested using the Shapiro-Wilk test. We computed the Pearson product mo-
ment correlation coefficients between the total numbers of nests per colony
versus the total number of occupied palm-trees and age estimated in months
for each colony. Subsequently, we analyzed the correlation of the total num-
ber of occupied palm-trees per colony versus the estimated age in months.
The Pearson correlation range strength was validated according to [37] and
[38]. We verify the probability of predicting the average colonies’ age in
months in function of its nest abundance and number of occupied palms.

For this evaluation, we sampled 18 colonies from the selected plantations
in which it was known the age in months of nest and occupied palms, this
information was given by plantation managers. We added the 9 monitored
incipient colonies to have a total of 27 colonies for this analysis (See raw da-
taset Excel tables” attachment). Based on the study of [39], we check which
lambda (A) setting of the Poisson Probability Density Function produced the
best range to detect the most acceptable prediction of the maximum total
number of nests per colony in relation to their age in months.

Frequency distribution of occupied tree-palms per colony was fitted to
the negative binomial and Poisson distribution in order to determine whether
the temporal distribution of matured and incipient nests followed an aggre-
gated or random pattern. Then the number of nests occupying palms per sam-
pling unit was summarized. The K parameter was used to estimate the tem-
poral factor associated to the nests and palms distribution level (i.e., it gives
an indication of colonies approximate age in months), for this we obtain K as
the best estimate for K [40]. The parameter is estimated with successive itera-
tions and the fits of the negative binomial and Poisson models were tested
with the Pearson X2 statistic [40]. Finally, the Negative binomial and Poisson
distributions were fitted to the observed frequency of nests in the 1¢t and 49t
month and the distribution patterns at the two times were compared. The cor-
relations between the total abundance of old and incipient nests occupying
palms-trees per colony, as well as nests from different areas with different
ages, were analysed using Spearman’s correlation.

In addition, the colony age estimation takes into consideration the study
of [41], which suggested that new nests’ construction duration is 14 days. For
this purpose, six matured colonies per each three plantations (identified by
rapid visual nesting method) were randomly selected. The colonies were ex-
amined under the Poisson model for the probability of predicting their aver-
age lifespan expressed in months in relation to each colony total nests occu-
pying palms (Supplementary material, raw dataset Excel tables). The Asian
weaver ant colonies have an average temporal maximum period to reach the
optimal growth development stage of full maturity: there is no more extra oc-
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cupied palm tree and nest construction considering that the population dy-
namic attained its peak. The MATLAB software R2021b tool [42] was applied
to estimate the maximum age of a colony expressed in months and corre-
sponding to the optimum growth development stage period corresponding to
an average total number of nests per colony that is reliable, acceptable to de-
termine a colony average age.

4. Results
4.1 Spatial distribution of Asian weaver ant colonies

The surveys recorded that the Asian weaver ants are widely distributed
throughout Malaysia. The results show that sites record of their areas of oc-
currences, existing throughout the year, Oecophylla colonies prevalence. Colo-
nies of O. smaragdina develop a systematic procedure of occupation. The
weaver ants established absolute control of palm trees by colonizing under a
three-dimensional pattern of colony occupation (canopies, trunk-palm fronds
and ground, central, secondary and tertiary territories respectively). A major-
ity of studied areas/estates confirmed the presence of Oecophylia colonies. It is
important to notice that the large palm trees and imposing canopies type of
phenology appear to be a preferred habitat of Oecophylla ants. Some planta-
tions management is practicing a combination of mix cropping with a variety
of the Oecophylla colonies host plants (diverse plants species) to provide ref-
uge. Moreover, the common host plants harboring weaver ant colonies are
presented (Supplementary material, Table 5). Weaver ants demonstrated pol-
ydomous nesting behaviors when occupying associated fruit trees with a
height > 3 m, and polydomous/monodomous pattern for shorter plants <2 m
high. However, colonies were strictly monodomous when occupying shorter
plants inferior or equal to an average <1 m (Supplementary material, Table 8).
However, a survey conducted in Felda Keratong Pahang exposed a negative
presence of the Asian weaver ant colonies from large plantation blocs (Sup-
plementary material, Table 1). Only few isolated palms were occupied with
matured colonies ant richness level 4 in one spot closer to residential areas.
Some plantations had a poor O. smaragdina colonies presence (Felda Gunung
Besout Perak). Some plantations management is practicing a combination of
mix cropping with a variety of host plants (diverse plants species) to provide
refuge within and beside the plantations. Moreover, the common associated
plants harboring weaver ant colonies are presented (Supplementary material,
Table 5). Odontoponera denticulata ant species presence was consequent with
many nest holes recorded in the vicinity of occupied O. smaragdina territories
(Fig 4. A-B). Such species are potentially strongly antagonistic to weave ant,
since the collapse of O. smaragdina colonies was high in each area whenever
colonies of O. denticulata and Solenopsis geminata (Fig. 4 C) presence was posi-
tive (N = 50).
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Figure 4. (A-C). Antagonistic ant species presence interference. Photos credit: Exélis
Moise Pierre.

Figures 4 A-B show Odontoponera denticulata photo taken with a ZEISS
Stereo Discovery V20 microscope mounted by AxioCam MRc software image
analyser. Figure 4 C shows the invasive Solenopsis geminata.

4.2. Colonies nests distribution patterns

From the overall occupancy, it is revealed that weaver ants do not have
any particular preference for palm trees based on age and height. Sight occu-
pation depends largely on colonies” safety and survival factor coupled with
their association of arboreal fruit host tree species (Supplementary material,
Table 5). While O. smaragdina predilection for dwelling in taller palms is un-
matched, their absence is still rare in shorter palms. In one case only circum-
stantially due to the black ants D. thoracicus presence [7], then weaver ants
manage to take dominance status the following years (Teluk Intan, Perak plan-
tations) [11]. Conversely, in a southern plantation in Johor, their abundance
was higher in a younger plantation with the first fresh fruit bunches yet to
emerge soon.

Of the 1599 recorded palms ranging from 2.5 to 15 years and 3 m to 15 m
high, Oecophylla colonies occupied the trees irrespectively of their age and
height. It was observed that incipient colonies were established within close
distance from each other. All newly constructed nests comprise only young
leaflets while old ones are being abandoned gradually. A nest occupation can
last up to more than 6 months, depending on the quality of freshness of palm
fronds leaflets.

Between matured and pre-matured colonies, there is a threefold superi-
ority difference in mean nest numbers. The distribution of nests consisting of
a dominant sequence facilitates the rapid detection of matured colonies in the
field (Supplementary material, Table 4). All observed matured colonies in this
sampling fulfilled the definition (Table 1).

There was a strong positive correlation for both nest and palm numbers
in association with the age of each colony as both Pearson correlation coeffi-
cients gave significant large positive relationship with r(7)= 0.987, p <0.001,
covariance=165.5 (outliers: 101, 63); r(7)=0.846, p = 0.004, covariance = 11.4; for
total nests and occupied palms respectively (Fig. 5).
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Table 1. Random sampling of selected oil palm plantations in Malaysia.

Total Average Range of Total Number Average Estimated
Number . . range of oc-
Planta- Number Number occupied of occupied number of .
. of colo- cupied land
tions . of  of nests/ palms/col- palms/total palm/ col-
MES T hests* colony ony sampling ony surface/col-
ony m?
UM Jr* 27 1105  40.92 8-21 320 11.85 800-2100
Felcra Jr 20 1109 5545 10-12 200 10 1000
BO“JS;ead 16 832 52 10-15 197 123 1000-1500
MIOB a6 a5 7-15 351 13 700-1500
MPOB Sb 20 1083  54.15 12 240 12 1200
MPOB Sr 16 1598 99.8 12-25 219 13.6 1200-2500
Felda Pr 10 390 39 7-8 72 7.2 700-800
Total 136 7333 386.32 7-25 1599 80 4 x 100
Mean 19.4 1047.5 55.2 7-25 228.42 11.42 1342.85

. *A dozen incipient colonies were detected at UM plantations, Johor; MPOB Teluk
Intan, Perak had many immature colonies: data discarded. **Outlier very low occupa-
tion surface; Sb = Sabah, Sr = Sarawak, Jr = Johor, Pr = Perak. *Nests formed only by
young palm leaflets; old ones are abandoned. *** Total surface = 5,100 ha = 5,100,000
m?; considering 80% of occupation, 4.08 x 10° m? is the average total occupied surface
for all plantations representing an average 816,000 palm trees. 'Age is estimated from
close monitoring beginning from 2018 up to 2022: this does not interfere with the
method of age maturity estimation incipient stage of this study.

Age: months | (= D 1 + 1

Mature
colonies Total Nests | + —E S +
Occupied palm [H 1
Age:months [ H[ |- ]
Pre-mature

colonies Total Nests - I-[j— -=4 ]

Occupied palm Iﬂ]—( J

Age: months D]—I |
Incipient —
Immature Total Nests
colonies
Occupied palm

]+ j
j

0 20 40 60 80 100

Figure 5. Box plot of mature, pre-mature and Immature/incipient O. smaragdina colo-
nies.
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4.3. Discrimination of brood and barrack nests

All collected nests from selected plantations presented close similarity
among the main factor differentiating between nest categories. There were
significant differences between brood and barracks nests (Table 2; Supplemen-
tary material, Table 6; supplementary material Fig. 2). The discriminant anal-
ysis model had identified seven variables that significantly contributed to the
discrimination of the barrack and brood nests (Supplementary material, Table
6). Based on the F-statistics, the ranking of significant variables was as follows:
Number of minor workers > height from the ground > number of worker pu-
pae >number of larvae > number of total workers > number of leaflets > num-
ber of winged queen (Supplementary material, Table 6).

Wilks' lambda for the DA model (p < 0.0001) showed that the brood and
barrack nests were significantly different from each other. This finding is con-
firmed by Fisher distance (p < 0.0001). The training and validation datasets
had a 100% correct classification of the nest type. The DA's ability to differen-
tiate the brood and barrack nests was evident with the separation of both
groups (See Fig. 6 and supplementary material, Fig. 3). The PLS-DA model
corroborated the ability of the DA model to discriminate between brood and
barrack nests (Table 3; Supplementary material, Table 6). Based on variable
importance in the projection (VIP) value, the ranking of significant variables
was as follows: Number of minor workers > height from the ground > number
of worker pupae > number of larvae > number of total workers > number of
major workers > number of leaflets. The DA results supported the ANOVA
finding (Table 2) since these variables showed a significant difference in value
between the barrack and brood nests. Moreover, the DA had successfully
identified these variables' ranking, which the ANOVA test cannot provide.
The DA model also found that the variables associated with nest characteris-
tics played insignificant roles in discriminating the barrack and brood nests
except for the height from the ground. Since the ground's height is the most
practical approach to determine the nest type compared to the six significant
variables, the nest which height is 8.0 = 1.3 m is identified as a brood nest, as
shown in supplementary material Table 6.

Contrary to the DA model, the PLSDA model did not identify the num-
ber of winged queens as significant variables. The PLS-DA had 96.15% correct
classification of brood and barrack nests when applying the training and val-
idation datasets, which was lower than the DA model. Nevertheless, the
Wilks' lambda for the PLS-DA model (p < 0.0001) showed that the brood and
barrack nests were significantly different from each other. The Fisher distance
(p <0.0001) confirmed this result. Hence, the DA model was able to differen-
tiate the brood and barrack nests (Table 3).

Table 2. Differences between brood and barrack nests by ANOVA - Tukey (HSD) anal-

ysis.
Contrast Difference Stanc}::;llllzczd dif- Critical value Pr>Diff Significant
brood vs barrack 3.9524 9.4998 2.0086 <0.0001 Yes
Tukey's d critical value: 2.8405
Lower bound  Upper bound
Category LS means Standard error (95%) (95%) Groups
brood 7.9524 0.1824 7.5859 8.3188 A
barrack 4.0000 0.3739 3.2490 4.7510 B
Category* LS means(Varl) Groups
brood 7.9524 A
barrack 4.0000 B

* Is the summary of all pairwise comparisons for Q1 (Tukey HSD).
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Table 3. Classification matrix of barrack and brood nests by discriminant analysis and 1
partial least square — discriminating models. 2

Number of nest

Model Significant variables ranking Cor.rect apd p-v.alues 01fz Total
tvpe Dataset classifica- Fisher distance’: nest
yp Variable, F-statistics Variable and VIP tion, %
Brood Barrack
and p-value value
Number of minor Training dataset
workers (F-statistics: 0(<
127.6578, p-value: < Brood = 100.00 18 (1) 591y 18
0.0001); 0(<
Height from the Barrack 100.00 5 599yy 10C1) 8
ground (F-statistics: Total ~ 100.00 26
90.2458, p-value: <
0.0001); Validation dataset
Number of worker pu- 0(<
pae (F-statistics: Brood  100.00 18 (1) 0.0001) 18
39.5015, p-value: < 0(<
0.0001); Barrack  100.00 0.0001) 10(1) 8
Discri- Number of larvae (F-
minant statistics: 38.3714, p- Not related
analysis  value: <0.0001);
Number of total work-
ers (F-statistics:
21.0614, p-value: <
0.0001);
Number of leaflets (F- Total 100.00 26
statistics: 9.6910, p-
value: <0.0031); and
Number of winged
queen (F-statistics:
5.1609, p-value: <
0.0274)
Number of minor Training dataset
workers (VIP: 2 (<
1.7272); Brood 95.24 16 (1) 0.0001) 18
Height from the 0(<
around (VIP: Barrack 100.00 0.0001) 10 (1) 8
1.6345); Total 96.15 26
Partial Number of worker
pupae (VIP: Validation dataset
least 1.3537); 2(<
;gléir;l__ Not related Number of larvae Brood  95.24 16 (1) 0.0001) 18
(VIP: 1.3427); 0(<
anr;iHZis Number of total Barrack  100.00 0.0001) o 8
Y workers (VIP:
1.1093);
Number of major
workers (VIP: Total 96.15 26
0.9928); and
Number of leaflets
(VIP: 0.8210)
Note: 'Wilks' lambda calculated p-value <0.0001 at significant level (o) of 0.05. 3

2Calculated p-value of Fisher distance < 0.05 in parenthesis indicated the brood and 4

barrack nests were significantly different.
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Figure 6. Discriminant analysis centroids graph. .

The DA model also found that the variables associated with nest charac-
teristics played insignificant roles in discriminating the brood and barrack
nests except for the height from the ground. Since the ground's height is the
most practical approach to determine the nest type compared to the six sig-
nificant variables, the nest which height is 8.0 = 1.3 m is identified as a brood
nest, as shown in table 2 and supplementary table 6.

4.4. Age estimation validation by Pearson correlation coefficient analysis

All residual distributions followed a normal distribution. Results of the
Pearson correlation indicated that there is a significant large positive relation-
ship between total nests (two outliers, 85, 77 representing 11.11% of the obser-
vations) and total palms (no outliers) (v (16) = 0.831, p < .001) (Supplementary
material, table 4). There is a significant large positive relationship between
number of nests and the occupied palm trees (no outliers), and strong positive
correlation (r (16) = .991, p < .001), (r (16) = .845, p < .001) with the estimated
colonies age (2 outliers, 53, 49), respectively. In the second analysis, there was
one potential outlier in the pair, which is 5.56% of the observations ([48, 34]),
while in the third the pair did not contain outliers (Supplementary material,
Table 8). All Pearson correlation coefficients had a strong correlation between
number of nests and occupied palms with each recorded colony age in months
(14 colonies) (Supplementary material, Table 8 and Figs. 4 a-c).

4.5. Colonies age estimation

The results for A = 25, A = 40 and A = 50 are not informative enough to
detect any association between the average nest abundance and colony age
(Figs. 7 a-c). The analysis for A = 60 is expressing a relation between the total
number of nests per colony and the expected age in months for each colony.
This corresponds to a Poisson ratio of 0.05. The Poisson distribution detected
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a prediction probability for each colony average age in function of the total
number of nests per colony up to the age of 4-5 years old. It is better to include
Lambda (x-axis) in an interval [50, 60] to obtain the maximum Poisson proba-
bility density function (PPDF) (this is the y-axis, 0.05, 0.055) because the error
is a very small value (5/1000) (Figs. 7 a-d). Hence the PPDF is valid to predict
the association between the total numbers of nests per colony in function of
the age in months up to a maximum of 5 years (See Fig. 7 d; supplementary
material, Figs. 4 a-c).
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Figure 7. Poisson probability density function (a-d).

Figures 7 a-d show the Poisson probability density function at lambda 25
(Fig. 7 a), lambda 45 (Fig. 7 b), lambda 50 (Fig. 7 c) and lambda 60 (Fig. 7 d).
The results for lambda 60 is expressing a relation between the total number of
nest per colony and the expected age in months for each colony. This corre-
sponds to a Poisson ratio of 0.05. The Poisson distribution detected a predic-
tion probability for each colony average age in function of the total number of
nests per colony up to the age of 4-5 years old.

5. Discussion

5.1 Distribution of Oecophylla smaragdina colonies

This paper engaged in this investigation to widen the latitude of infor-
mation and knowledge contributing to understand better the versatile func-
tions of this generalist predator. Previous studies mentioned the omnipres-
ence of Oecophylla colonies in oil palm plantations but without defining the
extension of their distribution nationwide [28]. O. smaragdina established
prevalence by its abundance and rapid spatial expansion and colonization in
the Australian, Brunei and Sulawesi forest canopies [43,44] and oil palm trees
of Southeast Asia, as it rarely was challenged by other ant species [45]. This
study managed to offer a detailed mapping of the Asian weaver ants in Ma-
laysia, establishing the first investigation ever. The study findings demon-
strate Oecophylla colonies wide accessibility. However, there was no record
from the forest mangroves or oil palm plantation in Rembau, Negeri Sembilan
[46]. The Asian weaver ants have not been well documented in this major
Southeast Asia industry. Our findings corroborate well with other studies in
terms of the prevalence and colonies abundance of Oecophylla genus in the
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tropics [18, 2]. Palm trees age, location and the nature of the cultivated soil are
not influential factors on the Asian weaver ant habitat choices. It is rather the
density of palm trees population, offering a good sunny exposure angle to
colonies that would become determinant under thicker and large canopies
[47]. Ref. [48] suggested that such phenology factor of host trees influence
Oecophylla colonies preference choices. Ref. [9] expressed the concept of a new
matured colony with few trees occupation along some dozen of nests. This is
showing much less population abundance (based on the higher nests number
per colony) than Oecophylla colonies found in oil palms. The conditions of col-
onization of weaver ants in large monoculture plantations are different from
Australian orange, cashew nuts and citrus orchard tree phenology. This idea
of an association between tree crops phenology and colony of O. smaragdina
was expressed by several authors, which provided better shelters with larger
canopies [47] and easier folding softer large leaves, a mixture of a suitable am-
bient microclimate and sunny exposition to nests [19, 49]. By analogy of this
concept fruiting trees producing extra floral nectar and honeydew items, such
as rambutan, mangosteen and mango are reported to promote Oecophylla ant
colonies distribution and expansion which is similar with present study find-
ings [50, 51, 52]. In addition, weaver ants are also known to inhabit wild or
domesticated fruit trees such as citrus [45] with an extensive list of plants’
family species provided by [19]. These plants are promoting the expansion of
Oecophylla colonies in tropical agrosystems as they establish a buffer zone to
support Oecophylla colonies expansion, hence enhancing ant long-term con-
servation [31, 19].

5.2. Colonies nests distribution patterns

The distribution of nests was similar to other studies in various fruit
plants [53] such as in mango [54] in coconut [55] in Citrus spp [31]. They are
polydomous in nature [12] and a single tree may harbour many nests [7, 11].
Ref. [13], demonstrated that in mango orchards, a single colony of O. smarag-
dina managed to occupy 2 to 30 trees with 25 to 153 nests. A colony by its nests
network expansion could occupy an average surface of 1600 m?, comprising
17 major trees [56] with over hundreds of nests [1] which is in accordance with
the findings of this study. Nest distribution may be influenced by the proxim-
ity of palm trees and interconnected palm canopies provide bridges for colony
expansion. Nevertheless, the weaver ants exhibited the obvious trend of
ground foraging activities [57, 31], suggesting that the existence of unoccu-
pied palm trees is not depressing their expansion potential. Further in already
occupied palm trees blocks, the nests” absence in these empty trees are repre-
senting the border zone between these absolute territorial Asian weaver ants’
colonies [1]. Each colony of the weaver ants featured a deliberate control with
systematic no “ants land” as separation zones. Chemical cues are left by ants
as a demarcation between colonies to strongly mark their boundaries [1].
Their territorial behavior towards trespassers which comprises all other ant
species and arthropods. Any established O. smaragdina colony in the oil palm
plantations represents a vast community of dozens of thousands of workers
[58]. The Asian weaver ants demonstrated a three-dimensional pattern of en-
largement resulting in a mosaic of colonies through the oil palm landscape
with its surroundings [45]. The ants are able to expand faster and occupy a
larger portion of the oil palm including all the surrounding landscape (various
trees, plants within the plantations and available nearby forestry corridors)
taking their presence with a far distance in depth. Weaver ants are establishing
their new habitats with a high level of cooperation between nest mates. In
general, it was easy to obtain the exact number of nests per palm tree and per
colony. Each colony establishes a large security perimeter around their terri-
tory with various layers of successive columns used as filtration defensive lev-
els to expel any strangers, intruders into their residency areas [19, 59]. On the
other hand, Asian weaver ants were seen multiplying their nests with individ-
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uals spreading further from each palm tree occupied in both ground and can-
opies as reported by [32]. There was no obvious competition from any other
ant ground nesting species or arboreal species within occupied oil palm blocks
which coincide with [45] study on O. smaragdina dominance in oil palm plan-
tations. However, any nearby insect or neighboring Oecophylla ants passing by
their territory was fiercely and promptly eliminated with the help of colony
mates’ cooperation. Occupancy patterns are specifically territorial with com-
pact groups and individuals spreading from nests in palm canopies, trunk
trails to the ground with an average radius of 5 m around each tree with few
layers of weaver ant defensive rows (n > 1000 palm trees) [19]. The presence
and intense foraging activities of the ants on large soil areas is conspicuous
and their repeated attacks once anyone passed their residence zones is sys-
tematic. On the ground of base trunks of each occupied palm tree, the sight of
layers of ants’ successive columns was striking. Since many palm trees in a
particular block and plantations areas were not occupied by extensive nesting
networks, the control measures of the antagonistic presence of D. thoracicus
(and invasive ants S. geminata) is compulsory. The black ants are reported to
impair significantly or stop the promotion of Oecophylla colonies distribution
and expansion for unknown reasons [60, 9], hence it is recommended to de-
stroy any antagonistic ant species if any control treatment for the invasive
bagworms M. plana is to be applied. Ref. [61] made the same recommenda-
tions for control measures against antagonistic ants Pheidole megacephala and
Anoplolepis longipes in T. cacao plantations. On this note, Odontoponera denticu-
lata and O. smaragdina can be co-dominant [62] and further investigation to
verify any adverse antagonistic effect is needed. It is necessary to conduct fur-
ther study on the seasonal colonies nest territorial dynamic [32] and abun-
dance [63], in particular its interaction with rainfall interception [64].

5.3. Difference between brood and barrack nests

O. smaragdina preference to position their brood nests at the top of the
canopies under direct sunlight, has demonstrated a predilection to solar radi-
ation exposure [65]. These findings concur with those found by [66, 45]. Func-
tionally, Oecophylla colonies brood nests location at top of palm canopies hav-
ing higher insolation is verified in the literature with a tendency towards sun-
shiny exposure, because they are being unable to capitalise on the heat radi-
ance of the soil [18]. Beside that aspect, another important point touches to the
territorial defensive strategy of O. smaragdina [28]. The characteristic arrange-
ment observed between brood and barrack nests in the palm trees is seen as a
pure safety and survival strategy [1]. By putting brood nests at higher height
from the ground, it is to prevent the colony overall individuals exposure to
danger related to the maintenance activity during fronds pruning. The bar-
rack nests are positioned at much lower ground level with only bigger size
major workers securing the canopies territory and representing the first line
of defence [7]. The barrack nests are functioning as a different level of defence
line for each occupied palm tree to secure the colony from any intruders [67,
18, 68]. There might be a possible relation between the height impacts of palm
trees preferential occupancy by O. smaragdina determined by the mutualistic
relation with honey dew tended homopterans predilection for shaded larger
canopy found in taller trees as reported for O. longinoda [69].

5.4. Average colonies age status of Oecophylla smaragdina

Between each stage of colony development (incipient-immature, pre-ma-
ture and mature), there is an average evolution period which determines their
population stability. There is a uniform replication of the task from an incipi-
ent colony to become an immature, pre-matured colony. It takes above two
years and half to establish a matured colony fully autonomous under the lead-
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ership of their gravid mother queens [13] with three years being more reason-
able and a minimum to define the maturity period and age of established sta-
ble colonies more suitable for manipulations (BC, IPM treatments) [16]. This
shift phase is crucial during the ending of pre-matured growth as newly ma-
tured colonies (aged 24 months to 30 months) need one more year (36 to 42
months of age) to strengthen the colony size to optimum level [16]. The tem-
poral factor consideration could be variable in function of the number of dea-
late queens initially taking part in colony foundation [20]. The cooperation of
more queens to develop a colony is predictive of a significant fluctuation in
the average period taken to establish a colony from embryonic stage towards
a final stable juncture [70, 71]. Incipient polygynous colonies reach maturity
much earlier than monogynous colonies since the former may produce a far
more abundant work force and broods [20, 13, 16]. Once the nest population
increases, Oecophylla ant reaction is to shift the overcrowding of individuals
to a new satellite nest to fulfil the balance threshold of an optimum acceptable
repartition, thus such abundance contributing to the colonies wider distribu-
tion and expansion [72]. This might explain one of the factors of the rapid dis-
tribution expansion of the species in oil palm plantations and tropical forests.
In the present study the labelling of pre-matured colonies up to the first emer-
gence of sexual forms signifies that such colonies are still in a vulnerable stage,
hence not yet suitable for usage as pest control manipulations as suggested by
[16] and [73]. This is the first time that such adaptive period evolution is de-
tected in the growth development of Oecophylla colonies. This is inferred that
a newly matured colony is not yet stable until a further year of its existence.
Oecophylla population is expected to reach a satisfactory level of size strength
upon that extended period [16].

The founding queen body size fluctuation over years has been evaluated
and shows a correlation with the average age of the colony [9]. Identifying the
location of the mother queens’ colonies [13, 74] is logistically unpractical with
high improbability to replicate successfully the similar experiment carried out
in situ [75, 76, 77]. Destructive sampling was avoided by visual check only,
consumes less time, and is easier, hence sustainable. Incipient colonies ages
one to two months correspond to the emergence of the first adults in
Oecophylla spp [78]. It is rare that incipient colony’s lifespan is monitored for
ten years. Only barrack nests were affected by pruning during harvesting of
fresh fruit bunches (FFB) due to its position at lower height (statistically
strongly significant).

Agricultural intensification simplifies and modifies the agricultural
landscape, disturbing the ecosystem services that biodiversity provides to
agroecosystems, particularly the biological control [79, 80]. This is the case in
neighbouring Philippines by a recent study proposing the adoption of the
Asian weaver ant colonies as an efficient substitute of the harmful highly toxic
chemicals in use inside cocoa plantations [81]. Biological control is offering
ecosystem services free from nature to humans and a vast monoculture like
the oil palm plantations in South- East Asia could have a high impact that
could be affecting such ecosystem service (conservation biological control)
[82]. Many of the associated host plants are flower nectar producers, like the
Melastoma malabathricum whom attractant by recruiting the Asian weaver ant,
induce the repellence of poorly efficient pollinators to promote more effective
Xylocopa bees [83]. The Asian weaver ants in South-East Asia represents a stra-
tegic potential influential of the ecological and evolutionary paths of plant—
pollinator interactions [84]. The future introduction of the Asian weaver ant
might ease management burden costs, terminate highly toxic pesticides appli-
cations harmful to non-target taxa and accordingly provide environmental
preservation [28].

6. Conclusion

This is the first study highlighting Oecophylla ant geographical distribu-
tion in Malaysia in the mega oil palm plantations major industry. Despite their
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absolute territorial behaviour, the wide availability of weaver ants, does give
clues on the low cost of this species management if included for the control of
invasive nuisance in areas where O. smaragdina is present. The colony’s dense
population, three-dimensional occupation pattern, exhibited spreading waves
featuring interconnected irregular geometrical patches shaped for each. How-
ever, some plantations were not occupied, hence the planting of additional
favourite host plants mixed crops is recommended to enhance weaver ant
conservation and three-dimensional distribution expansion. While O. smarag-
dina is a characteristic polydomous species, it is the first case reporting
monodomous nesting behaviors on short plants. Odontoponera denticulata was
identified, for the first time ever, as a possible antagonistic species disrupting
the smooth Asian weaver ant colonies’ territorial dynamic. Brood and barrack
nest visual distinction is possible by the height to the ground factor, corre-
sponding to higher and lower location respectively in the palm canopies. It is
also the first report establishing a strong correlation between the numbers of
nests, occupied palm trees with the estimated colonies age up to 60 months
by Poisson probability density function. Matured stable colonies (average 3
years) of O. smaragdina demonstrated occupation stability above 10 years pe-
riod by resilience and altruism. This is the first study estimating the optimal
population superiority average reaching a peak by five years of age in relation
to the nest abundance. The combined method of visual fast identification of
the colonies maturity status with the brood and barrack nests distinction is
practical, innovative and sustainable for future potential biological control
treatments.

The possibility of having the introduction of multiple queens in O. sma-
ragdina could be advantageous by establishing a biological control efficient
ecosystem services. This could provide a complementary method from the
ongoing excessive toxic chemicals applications prevailing in the oil palm in-
dustry pest management. The Asian weaver ant survival might be vulnerable
in the long term from such practices. Constituting sub-colonies for relocation
might maintain the integrity of the original colony. An evaluation on the po-
lygyny status of O. smaragdina species in South East-Asia is necessary. It might
lend more clues on the factors enabling colonies to enhance their abundance,
developing their expansion by colonising more territories and stabilising their
population dynamic faster. Further studies about the effect of O. smaragdina
over natural enemies in oil palm crop should be investigated.
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