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A eusocial insect colony represents a complex biological entity that must ensure degrees of perennity once it reaches maturity (production of dispersing imagoes over many successive years) to optimize its reproductive success. It is known that a subterranean termite colony invests differentially in different castes over time and adjusts colony functions depending on colony internal and external conditions over many years of activity. However, the current study demonstrates that Coptotermes formosanus Shiraki field mature colonies go through dramatic demographic changes and breeding structure shifts, even many years after they have reached reproductive success. By analyzing the changes in age demography of C. formosanus colonies from four field sites, we here provide a new perspective on how a colony may function over decades, which reveals that each colony demographic trajectory is unique. In a way, throughout its life, a termite colony displays its own “demographic individuality” that drives its growth, its foraging ability, its competitiveness, its age demography, its senescence and ultimately its death. This study is therefore a narrated story of the life -and death- of different C. formosanus field colonies over decades of observation.
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INTRODUCTION

Animal societies have the ability to form complex groups of cooperating individuals, where a distinct degree of organization was reached in eusocial taxa (often referred to as “superorganisms”) (Wheeler, 1911; Emerson, 1939; Seeley, 1989; Hölldobler and Wilson, 2009; Boomsma and Gawne, 2018). Eusociality involves a reproductive division of labor within the social context of overlapping generations and cooperative brood care (Wilson, 1971). This major transition has evolved multiple times with remarkable degrees of evolutionary convergence among independent taxa (Mueller et al., 2005; Howard and Thorne, 2010; Harrison et al., 2018). Eusocial insects are important ecological drivers, with ants and termites combined representing more than half of the terrestrial arthropod biomass (Eggleton, 2020), while displaying remarkable degrees of biodiversity and phenotypic innovations (Hölldobler and Wilson, 2009; Chouvenc et al., 2021).

In the life cycle of superorganisms, eusocial insects such as ants and termite colonies have decoupled the default linear reproductive process of organisms (birth → juvenile development → adult maturation → reproduction), where the production of sterile individual helpers during colony growth is analogous to the development of the soma line, while the emergence of reproductively competent imagoes is limited to matured colonies as an analogy to the germ line (Oster and Wilson, 1978; Boomsma and Gawne, 2018; Ramsay et al., 2021). The establishment of the reproductive division of labor is therefore tied to two distinct types of reproductive investments playing at two different degrees of organization and at different times within the colony life cycle, especially for taxa relying on independent colony foundation strategies (Cronin et al., 2013). First, is the internal reproductive cycle of individuals in the colony aiming at producing sterile helper castes that contribute to the growth and defense of the colony. Second, is the external reproductive cycle of the colony aiming at producing reproductively competent alates that disperse and spread their genetic material to the next generation outside of the colony (Emerson, 1939; Moritz and Southwick, 2012; Shik et al., 2012; Boomsma and Gawne, 2018). Thus, independently from the life cycle of each individual within a colony, eusocial insect colonies must go through their own life cycle from birth ( = colony foundation) → juvenile development ( = colony ergonomic growth) → adult maturation ( = production of dispersing reproductive caste) → to sexual reproduction ( = dispersal flight events) (Nutting, 1969; Oster and Wilson, 1978; Porter and Tschinkel, 1985; Chouvenc and Su, 2014; Nalepa, 2015).

The theoretical framework of the ergonomic optimization of eusocial insect colony growth and their reproductive perennity provided a comprehensive background to explain the differential resource investment into castes throughout the life cycle of a social insect colony (Oster and Wilson, 1978; Houston et al., 1988). The demography of a social insect colony may change upon its variable intrinsic metabolic needs and extrinsic environmental fluctuations (Porter and Tschinkel, 1986; Kaspari and Vargo, 1995; Hou et al., 2010; Cook et al., 2011; Chouvenc and Su, 2014; Fewell and Harrison, 2016). In addition, many eusocial taxa can display diverse and plastic breeding strategies (Bourke and Ratnieks, 1999; Heinze and Keller, 2000; Vargo et al., 2003; Vargo, 2019; Eyer and Vargo, 2021). Such characteristics explain why Oster and Wilson (1978) considered eusocial insect colonies as “highly coordinated growth machines” that are optimized through selective pressures to maximize colony fitness outcomes.

Notably, the study of social insect colony demography has primarily been driven by the determination of colony size (i.e., the number of individuals in the colony), as it often defines the colony ability to acquire resources and thrive in a competitive environment (Michener, 1964; Su and Scheffrahn, 1988a; Haagsma and Rust, 1995; Tschinkel et al., 1995; Naug, 2009). Reciprocally, the optimization of resource acquisition and utilization through colony ergonomic growth and colony reproductive output influences colony size in a feedback loop (Oster and Wilson, 1978; Dornhaus et al., 2012). Therefore, acquiring demographic data about social insect colonies can provide a unique insight about its reproductive status, its breeding system, its ecological impact, its competitive ability, and other aspects that would inform how a eusocial insect colony functions as a superorganism (Oster and Wilson, 1978; Tschinkel, 1991; Schmid-Hempel, 1992; Vargo and Husseneder, 2009). However, the determination of colony size and other demographic variables from field populations is inherently challenging often because of its destructive nature and the resulting inability to follow demographic changes over time (Darlington, 1984; Tschinkel, 1998), which often results in the reliance on theoretical models to explain long term ecological patterns (Oster and Wilson, 1978; Shik et al., 2012; Su, 2013).

In subterranean termites (Rhinotermitidae), colony access is limited owing to their cryptic lifestyle and their widely spread underground foraging territory (King and Spink, 1969), which have presented additional challenges for identifying general patterns about colony demography and ecology. Such limitation has resulted in a reliance on mark-recapture protocols, with limited predictive power from the inference process (Su and Scheffrahn, 1988a; Grace, 1990; Thorne et al., 1996; Evans et al., 1998; Su and Scherer, 2003; Arab et al., 2005; Su, 2013). The quest for subterranean termite colony size estimate initially aimed at establishing termite control protocols (Su et al., 1991; Su and Scheffrahn, 1998; Su, 2001, 2019), which left aside a rather important aspect of termite colony functionality: their inherent age cohorts, their caste demographic composition, and their reproductive status over time. In theory, such colony demography must be highly variable throughout the life of the colony (Oster and Wilson, 1978). Unfortunately, to our knowledge, no study was able to gather data with comprehensive information about termite colony age demographic changes over time, except for a limited observation from Grace et al. (1995).

Termite colony age demography is a direct result of two opposite factors: (1) colony natality rate, which relies on queen(s) oviposition and quality of brood care, and (2) colony mortality rate, which depends on environmental threats on foraging individuals and the inevitable individual senescence (Nakajima et al., 1963; Šobotník et al., 2012; Chouvenc and Su, 2014; Du et al., 2017). Similar to human demographic studies of countries that use age pyramids to determine how natality and mortality shape the age structure of a population, which impact economic trends (Goldstein, 2009), an analogous investigation of individual age composition in termite colonies can directly reflect on the statuses of their general demography, health, reproductivity and resource management efficiency. To our knowledge, such study has not been done because of the need to follow the population age structure over the lifetime of a colony in the field. Therefore, making any interpretation about the demography of large perennial eusocial insect colonies remains primarily speculative or theoretical (Oster and Wilson, 1978; Su, 2013).

Arguably, the seminal work of Oster and Wilson (1978) established the foundation for understanding the fundamental shifts required in colony demography throughout the life cycle of the colony (foundation, ergonomic growth, reproduction) for fitness maximization, but they omitted to discuss the phase that eventually all social insect colonies have to go through: colony senescence that involves the loss of critical colony functions, which ultimately leads to colony death. Paradoxically, individual senescence (or lack thereof) in social insects has been extensively investigated in the context of the superorganism (Rueppell et al., 2007; Kramer and Schaible, 2013; Giraldo and Traniello, 2014; de Verge and Nehring, 2016; Kramer et al., 2021), where sterile individuals are disposable and often not as long-lived as reproductive castes (Keller and Genoud, 1997; Lemanski and Fefferman, 2018; Giraldo et al., 2021). However, the longevity of individuals directly impacts their ability to maintain colony functions (resource acquisition, colony maintenance, brood care) as a high return on investment for the colony (Moret and Schmid-Hempel, 2009; Dornhaus et al., 2012; Chouvenc et al., 2015a; Lemanski and Fefferman, 2018; Bernadou et al., 2021). Conversely, beyond honey bee colony collapse research (Ellis et al., 2010; Dainat et al., 2012; Evans and Chen, 2021), colony senescence is a poorly studied aspect of the life of eusocial insects, especially in termites (Lepage and Darlington, 2000; Chouvenc et al., 2013a).

Often, observations of “natural” termite colony death in the field may arise from accidental events such as flooding, droughts, predation, or inherent colony senescence (Collins, 1981; Lepage and Darlington, 2000). It has been suggested that colony senescence could be initiated by a reduction or loss of reproduction, which leads to an absence of brood ultimately resulting in the accumulation of old individuals within the colony (Bodot, 1969; Darlington and Dransfield, 1987; Darlington, 1991; Grace et al., 1995; Chouvenc and Su, 2014). Studies on the use of chitin synthesis inhibitor (CSI) baits against subterranean termite colonies implied that the rapid death of the brood and the accumulation of old workers was analogous to an accelerated senescence of the colony, combined with a progressive starvation of all dependent castes (Chouvenc, 2018, 2020; Kakkar et al., 2018; Chouvenc and Lee, 2021). This recent research has provided clues on what the end of colony life may look like from a demographic perspective. However, beyond such limited observations, information on colony demographic changes over time and colony senescence in subterranean termites in the field remains fragmentary.

Finally, the colony life cycle and the inherent molting processes of subterranean termites add another layer of complexity when it comes to how to interpret demographic changes over time (Grace et al., 1995; Chouvenc and Su, 2014). Subterranean termites molt periodically until they die from a series of factors (age, injury, predation, disease, competition, resource limitation). Each time a worker molts, it grows slightly bigger which means that when comparing two groups of termites, the relative weight of individuals can be used as a proxy for the determination of the relative age of the two groups (Nakajima et al., 1963; Chouvenc and Su, 2014; Su et al., 2017). Similarly, high reproduction would lead to an influx of young individuals, while low reproduction would lead to an accumulation of old individuals over time. Therefore, if one could monitor the changes in the average weight of individuals throughout the life of a subterranean termite colony, it can be used as proxy to estimate the relative age of a termite group, which in turn could inform the natality and mortality rate for the entire colony over time.

In 1985, the University of Florida Ft Lauderdale Research and Education Center subterranean termite laboratory was established by NYS to address the rising problems resulting from the recent establishment of Coptotermes formosanus Shiraki (Blattodea:Rhinotermitidae) in Florida (Koehler, 1980), an invasive termite species in the United States, with a major structural pest status (Lax and Osbrink, 2003; Rust and Su, 2012; Chouvenc et al., 2016; Evans, 2021). To study the foraging behavior of this invasive species, field ground traps were established on properties with active termite infestation and were monitored by PMB. In addition, such traps were used to collect large numbers of termites to provide biological material for laboratory experiments. As a result, more than 250 studies were published using such source material between 1986 and 2009 from this laboratory. However, as termites were collected, a series of measurements were recorded, resulting in the acquisition of a vast database from more than 15,000 field traps over the span of 24 years from more than 120 different sites. This database was digitized between 2009 and 2014, and it was recently partially curated by TC. Therefore, as a result of the existence of this dataset, it is now possible to look into the fundamental demographic changes throughout the life of subterranean termite colonies and reveal aspects of their ecology that were previously unsuspected. The current study is the first of an upcoming series of demographic studies that will use this subterranean termite dataset to answer a set of questions that emerged during its initial analysis. In this first study, we focused on age demography of colonies over time (using worker, soldier and nymph average weights as proxies), and highlighted the senescence processes of large mature colonies, with a multidecade monitoring approach of four distinct field sites with C. formosanus activity.



MATERIALS AND METHODS


Termite Collection and Processing Protocols

Termite ground traps (often referred in the termite literature as “bucket trap”) were installed at locations with known C. formosanus activity, following the protocol established by Su and Scheffrahn (1986). However, this protocol was modified over the years to minimize potential disturbances and increase the number of termites collected, while streamlining the termite processing method when brought back to the laboratory. Paradoxically, while this modified termite trapping method was used for more than 20 years of termite collection, it was never fully redescribed properly. We here provide an updated overview of this procedure.

Wooden stakes (Picea sp.) were installed in the ground of properties with known C. formosanus activity and monitored periodically (1–3 months). When foraging termites were found feeding on a wooden stake, a hole around the stake was dug in the ground, a bottomless bucket (18 cm diam × 20 cm height) was installed, a bundle of wood was placed at the bottom of the hole and a lid was placed on top of the plastic container. A bundle of wood consists of five 15 × 10 × 0.3 cm pieces of wood (Picea sp.), each separated by two 8 cm plastic straws, and bundled all together by two plastic-coated metal wires tied around it. By twist-tying the wires, the straws compressed to the point of creating a ∼2 mm gap between each wood layer. The wood for each bundle was oven-dried at 73°C for 3 days and weighted prior to assembly. A serial number was attributed to each bundle using a 2 × 4 × 0.2 cm plastic label stappled on one of the sides of the wood bundle. Periodically, the bundles were collected from the field traps, and replaced with new bundles for ongoing monitoring. The retrieved bundles were then individually processed in the laboratory using the Tamashiro et al. (1973) method, which uses moist wooden tong-depressors as ramps for termites to sort themselves out from debris, toward a clean wooden slab. It allows for a rapid processing of a large numbers of termites while limiting injury levels. The remaining wood material from the bundle was cleaned up, oven-dried for 3 days and weighted again to determine net wood consumption. The rationale behind this overall standardized protocol using wood bundles was to create a space (provided by the compressed straws) that favors termite aggregation and access to feeding surfaces when in the bucket ( = “termite space,” Chouvenc et al., 2011), to maximize the number of termites collected, but also to expedite termite processing and minimize damage done to termites in the laboratory by simply cutting the two wires and sorting wood debris and straws from termites.

Between 1986 and 2009, a total of 15,016 wood bundle samples from ground monitoring traps located at more than 120 independent sites were collected and processed. In the current study, data from a selection of four distinct sites located in Hallandale, FL were used, here referred as sites Cf1, Cf2, Cf3, and Cf4, for a total of 3,491 cumulated traps. Here, “site” refers to a delineated monitored area, but depending on the context, may reflect the demographic changes of a single colony, or in some cases, a succession of multiple colonies, as explained in the results. These four sites were selected from the rest of the dataset because of their relatively long sampling timeline compared to all other sites (10, 11, 22, and 24 years respectively). The rest of the unused data will be used in follow-up studies that will focus on aspects of termite demographics not discussed here-in. Over the years of monitoring, new wooden stakes were regularly placed on surveyed sites in order to maintain ongoing observation of termite colonies from multiple trap locations, in case of temporary or definitive loss of foraging termite activity from one or more traps. Wood bundles were collected and replaced from field traps periodically (frequency varied greatly, see below), resulting in a large collection of groups of termites from the field. With few exceptions of triple mark-recapture procedures for colony size estimations as the ones performed in Su and Scheffrahn (1988a) and to confirm that different traps at a site were accessed by a single colony, termites were never returned to their colony of origin, but were instead used for laboratory experiments for over two decades. Such protocol implies that from the 10–24 years of monitoring, millions of termites were removed from established colonies. While this protocol inherently altered colony demographics each time termites were collected, we here argue that its impact may have been negligeable, as it was estimated that less than 0.5% of the overall termite colony population were sampled on a monthly basis (Su and Scheffrahn, 1988a; Chouvenc and Su, 2014).



Data Acquisition

The termite population obtained from a single wood bundle sample represents a snapshot of its foraging demographics at a given foraging location. By accumulating several snapshots over many years, it provided a trend in foraging population dynamic of a given colony at any given time. Each time a wood bundle was brought back from a field trap, it was processed in the laboratory, all castes were separated to individual containers, and a series of variables were recorded: Site of origin, trap #ID at the site, date placed in the ground, date collected from the ground, initial wood weight, final wood weight, and the number and the total mass of workers, soldiers, nymph, alates and secondary reproductives, if any. Data about the presence of a brood (eggs/larvae) was not found in the trap records, but it is unknown if the presence of a brood was overlooked or it was never found at foraging sites [although, the brood in Coptotermes is expected to be found at the central part of the nest, not at foraging sites, according to Kakkar et al. (2017), who used laboratory colonies with primary reproductives only].

Workers represented the largest proportion of the individuals collected, so in order to determine the number of workers without having to count them individually, a subsampling protocol was established to estimate the total number of workers from the processed wood bundle. Five groups of 10 workers were randomly subsampled from the pooled workers and the total weight of each group of 10 workers was noted to calculate the average worker weight from each subsample. Then, the average weight of an individual worker from a given wood bundle was determined by averaging the five worker weight subsample averages, indirectly providing information (standard deviation = weight heterogeneity within a given trap) on the potential variability of worker weights within a given foraging trap. Once the average worker weight was determined, the total worker mass was then used to estimate the total number of workers from a wood bundle. For all other castes, all individuals were counted, and the average individual weight was inferred from the total mass of each caste.



Data Curation

Data acquisition quality was variable over the 24 years of trap collection. While the protocol was standardized in the early days of termite trap collection, the manual labor to process the traps and record the variables were partially performed by many different temporary technicians over the years. As a result, some variables were acquired inconsistently, weight calculations were sometimes inaccurate, and notes sometimes lack context to make sense of it. In addition, as the initial records were manually collected in notebooks, the subsequent digitalization process possessed inherent typos. Therefore, by cross-referencing all resources available, the dataset was carefully curated to ensure the reliability of the data obtained and outliers were all checked for validity. A majority of suspicious outliers resulted from a simple misplaced decimal or from typing an adjacent number on the keypad. By checking back on the original written records, each of them was corrected accordingly. However, despite a thorough curation process, many trap records were unusable owing to their lack of reliability (undecipherable handwriting, orders of magnitude outliers with no clue on how wrong the calculations were made, entry too incomplete to make sense out of it, etc.). Thus, out of the 3,491 wood bundles collected from traps at the four sites of interest, 3,067 trap records could be used with confidence in this study, while 424 unreliable trap records were removed from the analysis. Finally, the wood consumption data only was partially recorded over the years, explaining some of the discrepancies in the number of traps used across variables in the results.

It is here important to emphasize that the data was acquired with the initial purpose of informing on the quality of the termites collected from the field prior to using them for experimentation in the laboratory (1986–2009). There was no initial tangible intent to compile all entries from all these years and to perform the analysis presented in the current study. Therefore, while data collection could have been more rigorous in hindsight, additional variables could also have been acquired (worker instar composition, dry weight, molting frequency, sex determination of individuals, distances between traps, etc.), but because of limited time and resources, the need to focus on the experiments at that time, and no plan for a multidecade analysis, we are limited to what was collected.



Variables of Interest

The average weight of individual castes was used as a proxy to determine the relative developmental stage of the foraging population at the time of the sampling, which directly reflects on which instars were present, and by extension, reflected on the general demography of the colony (Grace et al., 1995; Chouvenc and Su, 2014; Su et al., 2017, see “development pathway context” overview below). Therefore, the variability of the age composition of individuals over time was the primary focus of the study.

While colony size could have been an important variable to obtain, the number of termites collected at each sampling event cannot be used as a proxy to estimate the actual population size of colonies. Coptotermes formosanus colonies can reach populations of several millions, can fluctuate extensively over time, and colony size estimation protocols for a single point in time is resource and time consuming, which prohibits the scaling of the process to repeated measurement (King and Spink, 1969; Su and Scheffrahn, 1988a; Su, 2013). In addition, the overall data on caste ratios, total number of termites collected, feeding activity over time, and on other aspects this dataset can inform on termite colony functioning will be discussed in future papers. However, in special “demographic transitions” described in the current study, some of these variables were inspected to provide additional elements for interpretations.



Developmental Pathway Context to Interpret Colony Age Demographics

A background about developmental pathways in Coptotermes is first necessary to place age demography data in a relevant context (Figure 1). In Coptotermes, eggs (E) hatch into first instar larvae (L1), which then molt into a second instar larva (L2). Here, despite hemimetabolous development, the use of the “larva” term follows the analogous function of immature individuals as found in social Hymenoptera, while “nymph” refers to an individual on the imaginal line (wing buds present), as per Thorne (1996). Second instar larvae (L2) can then molt into a first instar worker (W1 = nutritionally competent individual that start performing various tasks in the nest), which then successively molt into older worker instars (→ W2 → W3 → …) until they die of old age (W6+), and workers progressively grow bigger as they molt into older instars (Shimizu, 1962; Higa, 1981; Du et al., 2016). Thus, a group of workers with a relatively small average weight indicates a group of relatively young workers, and vice versa. Also, weight fluctuation may have nutritional and moisture components, but we assume it to be negligeable in the context of this study and was not determined at the time of sampling. It was also shown that foraging termites display degrees of age polyethism, as older workers tend to forage further away from the central part of the nest than younger workers (Du et al., 2017; Su et al., 2017; Lee et al., 2021). It therefore explains why the demographic profile of a colony may vary among traps on any given sampling date, as the age cohort of foragers are not homogeneously distributed throughout the colony foraging territory (Lee et al., 2022). For a given colony with multiple monitored foraging sites, it can therefore be inferred that a trap with a majority of old workers is located further away from the central part of the nest than a trap with a majority of relatively young workers (Shimizu, 1962; Su et al., 2017; Lee et al., 2022). In mature colonies of C. formosanus, soldiers (S) are produced from various worker pathways through a presoldier stage (PS), which depends on the availability of workers at the time they initiate differentiation into soldiers: W1 → PS2 → S2, W2 → PS3 → S3, and W3 → PS4 → S4. Contrary to workers, the weight of soldiers cannot be used as a proxy for their relative age, as the soldier caste is final and no longer molts. Instead, the later the soldier pathway, the bigger the soldier, so the average weight of soldiers indirectly informs on the relative worker demographics at the time the individuals engaged into soldier development (Park and Raina, 2003; Chouvenc and Su, 2014). Nymphs (N) are produced seasonally toward the production of imagoes (alates) for dispersal flight events (Chouvenc et al., 2017). In Coptotermes, nymphs are produced from second instar larva (L2 → N1 → N2 → … → N6 → Alate) and can be found at foraging sites (Albino and Costa-Leonardo, 2011). Late instar nymphs may also be the source for the production of secondary reproductives (Chouvenc and Su, 2014). Relatively few alates were collected in this study, as it is possible that alates move above ground (trees) prior to their dispersal flights and may only be present in traps for a short period.
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FIGURE 1. Developmental pathways expected in mature colonies of Coptotermes formosanus, modified from Chouvenc and Su (2014). Ln, Larva instar; Wn, Worker instar; Nn, Nymph instar; PSn, Presoldier type, and Sn, Soldier type. Values in parenthesis(n) indicate the expected number of antennomeres for each given instar.




Statistical Analysis

For all monitored sites (Cf1, Cf2, Cf3, and Cf4), the worker average weight, the soldier average weight, and the nymph average weight were scatter-plotted over time, where one datapoint represents the average weight of one trap. For each caste, an average weight trend was generated using a rolling average function (period = 3, i.e., previous, current, next sampling event) to soften sharp fluctuations and outliers over time. The generated figures are purely descriptive of the demographic changes that occurred at these four foraging sites over time. Next, for each site, the relationship between the average weight of workers and the weight of soldiers and nymphs, respectively, were all positively correlated (Pearson correlation, p < 0.001 for all), so a simple linear model (lm, linear) was used in R v 4.1.0 (R Core Team, 2021) using the default and ggplot2 packages.

Then, the seasonal fluctuations of caste weights were investigated by pooling the data from several years with cyclical trends into a single combined annual dataset (1989–1993 for Cf1, 1993–1996 for Cf2, 1997–2008 for Cf3, and 1988–1997 for Cf4). From these combined annual datasets, for workers and soldiers, weights followed sinusoidal seasonal function (lm, sin). However, nymph weight followed a different seasonal pattern, progressively increasing from May to January, but then plateauing or decreasing from January to May as they eventually go through imaginal molt. A cubic polynomial function was therefore applied (lm, poly3) on the combined nymph datasets (best fit).

To investigate the demographic changes during critical transitions, additional parameters were produced. The standard deviation ( = heterogeneity of age cohorts within a given trap) associated the average worker weight values (obtained from five subsamples of 10 workers) was scatter-plotted with the average worker weight, and 95% ellipses were generated with ggplot2, using pre-transition, transition, and post-transition values as factors of the ellipses for visual representation. This analysis allowed us to determine if there was a strong heterogeneity of worker weight among subsamples during a demographic transition, implying a potential colony fusion event, a territorial takeover from a neighboring colony, or a long hiatus in oviposition activity. Finally, when comparing two different time periods, data from each period were independently pooled and compared using t-tests or ANOVA, depending on the number of factors.



Notes About Data Interpretation

In this paper, our ability to interpret demographic events from the dataset fundamentally relies on the established literature about Coptotermes foraging ability (Shimizu, 1962; Nakajima et al., 1963; King and Spink, 1969; Su and Scheffrahn, 1988a; Grace et al., 1995), on the recent advancements in our understanding of Coptotermes biology at the colony level (Messenger et al., 2005; Chouvenc and Su, 2014; Du et al., 2016, 2017; Su et al., 2017; Kakkar et al., 2018; Chouvenc, 2019) and on our direct observation of large mature colonies reared in our laboratory for a decade (Chouvenc, 2022). However, to our knowledge, the dataset provided in this study is beyond the timescale and the population scale of any previous study on any social insects. The complexity of the demographic variation of colonies over time maintains degrees of challenges on potential interpretative scenarios. In addition, the data acquired through field traps are reflecting a demographic fraction of the foraging populations at the time of collection. These data represent a temporary window within the life of termite colonies and remains mostly fragmentary. Therefore, there is an inherent speculative approach to result interpretation in the current study. However, they are all rooted in our own experience of rearing subterranean laboratory colonies to maturity (Chouvenc, 2022), and in the extensive literature about Coptotermes foraging ability in the field and in the laboratory. Ironically, a voluminous section of such literature was produced over several decades by using the termites referred to in the current study (virtually everything published from Su and colleagues between 1986 and 2009).




RESULTS AND DISCUSSION


Sampling Metadata

Sampling frequency varied greatly among sites and across time. A summary of the overall data acquired for each of the four sites provides an overview of the sampling effort and the resulting termite activity profile of each surveyed site (Table 1).


TABLE 1. Summary of the trap sampling metadata.
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Demographic Observations Over Time

Each site displayed a unique demographic profile in the population structure of foraging termites over time. Such observations provide a novel understanding about age demographic succession within single colonies, as the average age or developmental status directly depends on the mortality and natality rates of individuals. The following section provides comments on the observations made for each site, which reflects on how colonies display unique demographic profiles over time. However, the sites are described in order of interpretative complexity, where the information provided from the first site informs aspects of the second site, etc. Finally, the interpretation of demographic changes is provided linearly through the chronology of events for each colony, so it is highly recommended to refer to the figures when indicated throughout the following sections, as the visual representation of the data is indispensable to follow our interpretations.



Site Cf1, a Simple Perennial Trajectory With Final Senescence

This site apparently contained a single termite colony during the time of observation (1988–1997). The worker average weight (Figure 2A) was relatively stable between 1988 and 1993, with noticeable seasonal fluctuations that followed a sinusoidal function (F2,307 = 90.73, p < 0.001, R2 = 0.372) (Figure 2B). Such seasonality was previously noticed in Coptotermes (Waller and La Fage, 1987a) where workers tend to be bigger in winter months than in spring-summer months. In 1993–1994, a drop in worker’s weight reflected a relatively progressive change in the age structure of foragers, with the presence of many younger workers, potentially indicating an increase of either egg production from primary reproductives, an addition of secondary reproductives, and/or the progressive death of many old individuals, resulting in an overall rejuvenation of the population. However, starting in 1995, the colony progressively accumulated old workers until 1997 when the colony finally collapsed and died (as a result, monitoring was terminated), supporting the observations by Grace et al. (1995) and Chouvenc (2018) that senescent colonies primarily contain old individuals. Such observation reveals that reproduction stopped relatively suddenly, with the putative death of the queen(s) in late 1994, as it was previously observed that in absence of reproduction, Coptotermes workers and soldiers can survive for 3–4 years in laboratory and then die of old age (Chouvenc et al., 2013b). Alternatively, queens may stop laying eggs several months prior to their death (Bess 1970), implying that reproduction may have stopped while the presence of the live queen could have temporarily inhibited the production of secondary reproductives (Costa-Leonardo et al., 2004; Chouvenc and Su, 2014), although the socio-physiological processes involved in the emergence of replacement or supplementary reproduction in Coptotermes remain poorly understood.
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FIGURE 2. Colony demographic changes for Coptotermes formosanus at site Cf1. Each data point represents an average caste weight from a field trap. For the 1988–1997 demographic trends of each caste, the red line represents the rolling average function (period = 3) (A) Workers’ average weight between 1988 and 1997. (B) Workers’ average weight seasonality, following an annual sinusoidal function (F2,307 = 90.73, p < 0.001, R2 = 0.372). (C) Soldiers’ average weight between 1988 and 1997. (D) Soldiers’ average weight seasonality, following an annual sinusoidal function (F2,307 = 21.41, p < 0.001, R2 = 0.122). (E) Nymphs’ average weight between 1988 and 1997. (F) Nymphs’ average weight seasonality, with an annual growth that follows a polynomial function (poly3, F3,128 = 26.37, p < 0.001, R2 = 0.382). Note the absence of nymphs at foraging sites after the 1995 dispersal event and throughout the colony senescence.


The weight profiles of soldiers followed closely the ones from workers throughout the observation (Figures 2A,C), including some degree of seasonal fluctuations (F2,307 = 21.41, p < 0.001, R2 = 0.122) (Figure 2D) but less pronounced than the one observed in workers. Notably, the magnitude of the final increase of weight in soldiers after 1995–1997 was not as marked as the one observed in workers [worker average weight/soldier average weight ratio before January 1995 = 1.04 ± 0.06 (n = 69), after January 1995 = 1.21 ± 0.04 (n = 13), t = 8.82, df = 80, p < 0.001]. This reflects that as the termites were aging in the absence of population renewal during colony senescence, W5 and higher worker instar accumulated in the colony and as soldier replacement is presumably limited to pathways initiating from W3 maximum (Chouvenc and Su, 2014), the production of “bigger” soldiers was not possible through W4 and higher. Therefore, toward the end of colony senescence, the production of soldiers may be terminated by default (absence of < W5), preventing the ∼1:1 average weight ratio between the two castes observed throughout the rest of the senescence of the termite colony, because of the progressive accumulation of old workers. Nymphs were produced by the colony at the Cf1 site between 1988 and 1995 (Figure 2E), confirming that by the time the observation started, the colony already reached maturity and was at least 5 years-old (Chouvenc and Su, 2014). Nymph weight followed a seasonality, with relatively small nymphs being observed at foraging sites around May of each year. These nymphs progressively increased their weight as they went through successive molts to mature, until reaching a plateau between Jan and May of the following year pattern (Figure 2F, F3,128 = 26.37, p < 0.001, R2 = 0.382) as they eventually turned into alates and exited the colony via dispersal flights (April-June). Our observation confirms that in Coptotermes mature colonies, nymphs can be found at foraging sites year-round (Albino and Costa-Leonardo, 2011). Remarkably, nymphs were absent from the colony from July 1995 until the death of the colony in 1997. This nymph absence highlights that with the lack of reproduction starting around late 1994, the brood that initiated nymphal development in 1994 was able to proceed to maturity into imago in 1995. However, the subsequent absence of eggs and larvae in 1995 shut down possibilities for the nymphal pathway to occur in the following years (Raina, 2006), ultimately resulting in a nymphless colony throughout senescence.

A strong positive relationship (lm, F1,620 = 879.0, p < 0.001, R2 = 0.586) (Figure 3A) was found between the weight of worker and soldier throughout the period of observation. A weaker relationship was found between workers’ weight and nymphs’ weight (lm, F1,258 = 151.1, p < 0.001, R2 = 0.369) (Figure 3A). This discrepancy can be explained by the fact that soldiers are produced through the pool of available workers and both their developmental status are inherently tied. In addition, the changes of their demographic representation at foraging site partially depends on a sinusoidal seasonal fluctuation, while being continuously produced throughout the year through overlapping generations. On the contrary, nymphs are initiated yearly during a limited period of time and then progressively matured throughout the following year. During this time, many larvae that would have contributed to the production of workers are instead initiating a nymphal developmental pathway, reducing the pool of individuals that would otherwise sustain the production of workers and soldiers. Therefore, nymph initial production (L2 → N1) may directly contribute to a temporary increase in the average age of workers in the following months while nymphs continue to mature. It is therefore possible that the seasonality fluctuations in the workers age demographic are partially the result of temporary larval investment into nymphal production and not just from environmental fluctuations (Waller and La Fage, 1987b).
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FIGURE 3. Relationship between the average weight of workers and the average weight of soldiers and nymphs in field traps throughout the time of a site observation. (A) Site Cf1 (1988–1997), worker-soldier (lm, F1,620 = 879.0, p < 0.001, R2 = 0.586) and worker-nymph (lm, F1,258 = 151.1, p < 0.001, R2 = 0.369) relationships. (B) Site Cf2 (1986–1996), worker-soldier (lm, F1,523 = 989.6, p < 0.001, R2 = 0.654) and worker-nymph (lm, F1,197 = 38.6, p < 0.001, R2 = 0.167) relationships. (C) Site Cf3 (1988–2009), worker-soldier (lm, F1,852 = 1,687, p < 0.001, R2 = 0.664) and worker-nymph (lm, F1,611 = 646.7, p < 0.001, R2 = 0.514) relationships. (D) Site Cf4 (1986–2009), worker-soldier (lm, F1,1064 = 2,116, p < 0.001, R2 = 0.665) and worker-nymph (lm, F1,508 = 323.2, p < 0.001, R2 = 0.389) relationships.


In addition, Coptotermes late instar nymphs were suggested to be a non-dependent caste because of their ability to directly feed on wood at foraging sites (Crossland and Su, 2006; Albino and Costa-Leonardo, 2011). We here also argue that their presence at foraging site is an efficient strategy for the colony to limit the cost of the inherent nutritional requirements for alate production, by bringing the developing nymphs directly to where the resources are located. Some of the relatively young nymphs show up in May at foraging sites at 6–9 mg, already as advanced nymphal instars. It implies that the initial development of nymphs most likely starts much earlier, safe around the central area of the nest, while later instar nymphs move to foraging sites. Therefore, it establishes that the developmental process from N1 to alate takes much more than a year to complete, implying that the alate production cycles for two consecutive years largely overlap.

Finally, only 8 secondary reproductives were haphazardly collected as singletons at site Cf1 between 1989 and 1994. Their presence was not visibly associated with any demographic events but their relative rarity cannot exclude that other secondary reproductives may have been present in the colony at the central part of the nest or other non-monitored foraging sites. Notably, no secondary reproductive was found in the colony after 1995 when the colony accumulated extremely large worker and soldier individuals (Figures 2A,E, 3A), reinforcing the argument that in the absence of larvae, the nymphal pathway necessary to produce secondary reproductive is shut to the senescent colony, sealing its final demise (Nakajima et al., 1963; Lenz et al., 1988; Myles, 1999; Raina, 2006; Chouvenc and Su, 2014).



Site Cf2, a Perennial Trajectory With a Reproductive Shift

This site was monitored for 11 years, from 1986 to 1996 (Figure 4A), but sampling events between 1986 and 1996 were irregular, providing a relatively poor resolution in workers’ demographic changes. However, in 1991–1992, old workers progressively accumulated in the colony, followed by a sudden rejuvenation of the worker pool in 1993 (here referred as “transition A”). Following this transition, a drastic drop in worker’s weight was observed until 1996, with weak sinusoidal seasonal patterns (Figure 4B, F2,201 = 4.89, p = 0.008, R2 = 0.047). As seen in Cf1, the soldier weight closely followed the weight variation observed in workers (Figure 4C), although an apparent delay of ∼3 months can be seen in variation patterns. Again, this reflects that soldier production and replacement are driven by the worker pool available at the time of individual workers initiating soldier differentiation (Park and Raina, 2003; Liu et al., 2005; Chouvenc and Su, 2014), for which additional time is needed for the full presoldier-soldier differentiation. Contrary to workers, the seasonality of the change in soldier weight was strongly marked (Figure 4D, F2,201 = 161.4, p < 0.001, R2 = 0.616). Nymphs were haphazardly collected from traps from 1987 to 1992, with a notable absence of nymphs throughout 1991, but their presence could then reliably be confirmed after transition A (Figure 4E), with a distinct seasonal production (Figure 4F, F3,115 = 87.2, p < 0.001, R2 = 0.695), as observed in Cf1. Finally, similar as Cf1, the trends of relationships between weight of workers and the weight and soldiers (R2 = 0.654) and of nymphs (R2 = 0.167). It confirms that larvae are engaging in the nymphal developmental pathway within a narrow window of time and mature over the following year, while worker and soldier developments are tied and partially depend on the pool of larvae available at the time of their differentiation. Note that contrary to Cf1, no final senescence and colony death was observed in Cf2, and nymphs were associated even in traps with relatively old workers (Figure 3B).
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FIGURE 4. Colony demographic changes for Coptotermes formosanus at site Cf2. Each data point represents an average caste weight from a field trap. For the 1986–1996 demographic trends of each caste, the red line represents the rolling average function (period = 3). (A) Workers’ average weight between 1986 and 1996. (B) Workers’ average weight seasonality, following a weak annual sinusoidal function (F2,201 = 4.89, p = 0.008, R2 = 0.047). (C) Soldiers’ average weight between 1986 and 1996. (D) Soldiers’ average weight seasonality, following an annual sinusoidal function (F2,201 = 161.4, p < 0.001, R2 = 0.616). (E) Nymphs’ average weight between 1986 and 1996. (F) Nymphs’ average weight seasonality, with an annual growth that follows a polynomial function (poly3, F3,115 = 87.2, p < 0.001, R2 = 0.695). “Transition A” represents a major reproductive shift within the colony, with a hiatus in reproduction, followed by the re-establishment reproduction via secondary reproductives ( = SR).


Two additional notable observations were made: one during transition A and one during the final sampling event. First, the within-trap worker average weight heterogeneity during demographic transition A (January 1993 – September 1993) was higher (0.256 ± 0.131a, n = 36) than the heterogeneity prior (November 1988 – December 1992) to the transition (0.181 ± 0.100b, n = 187, p < 0.01) and the heterogeneity after (October 1993 – August 1996) the transition (0.145 ± 0.071b, n = 203, p < 0.01) (ANOVA, F2,423 = 24.82, p < 0.0001, Tukey HSD, different letters in text indicate α = 0.05 significant difference). Transition A followed a period where older workers and larger soldiers accumulated, with a temporary absence of nymphs in 1991 but a resumption of the presence of nymphs at the foraging sites in 1992 was observed. Combined, these observations imply that the termite colony may have gone through a temporary senescence, with a putative absence or reduction of oviposition for almost a year (starting in late 1990). During transition A, groups of foragers composed primarily of both old and young individuals but with few middle-aged individuals could be observed (high weight heterogeneity). Such situation may be explained by a relatively sudden resumption of oviposition within the colony through the presence of secondary reproductive (three of them were found in 1993, while none of them were collected prior to transition A). An alternative scenario remains possible, where the aging colony at Cf2 fused with a younger neighboring colony (Su and Scheffrahn, 1988b; Vargo and Husseneder, 2009; Husseneder et al., 2012; Lee et al., 2019; Vargo, 2019), resulting in a rapid drop in worker and soldier weights. However, the resumption of the presence of nymphs prior to transition A may make this alternative scenario unlikely, but not mutually exclusive.

The second notable observation relates to a written note found in the records by PMB on August 1st 1996 saying “Sentricon baits found on site, termite collection terminated.” This note was important, as it indicated that the owner of the property had commercial subterranean termite hexaflumuron bait stations (Su, 1994) installed, and that the site could no longer serve as a source for termite experiments in the laboratory. Unfortunately, the opportunity to observe the accelerated senescence of a CSI-baited colonies in the field with the rapid accumulation of old workers (Chouvenc, 2018; Gordon et al., 2022) was missed. However, the last sampling event still revealed the initial colony demographic shift that would be expected with the loss of the brood and young workers (Chouvenc and Lee, 2021), with a sudden rise of the soldier ratios, from an average of 4.26 ± 3.6% (n = 28) in the three months before the implementation of the CSI baits, to 32.44 ± 13.47% (n = 8) on August 1st 1996 (t-test, df = 34, t = 10.18, p < 0.001), and with the sudden increase in workers’ weight from an average of 3.25 ± 0.21 mg (n = 28) in the three months before the implementation of the CSI baits, to 3.68 ± 0.20 mg (n = 8) on August 1st 1996 (t-test, df = 34, t = 5.29, p < 0.001). Therefore, despite the lack of final observation of colony collapse when exposed to CSI baits (Su, 1994, 2019), all the early signs of accelerated colony senescence were confirmed.



Site Cf3, Successional Reproductive Shifts and Long-Term Inbreeding

Site Cf3 differed from the two previous sites on many aspects. First, the time frame of observation was over 22 years (1988–2009), giving a long-term perspective of termite colony activity at this site. Second, the demographic of the colony at this site went through a major shift during a 1995–1996 transition (here referred as “transition B”). Finally, no seasonality was found in worker and soldier weight throughout the observation (Figure 3C). Despite the visual compression of demographic changes from the long observation period (Figure 5A), a remarkable series of aging/rejuvenating cycles in the worker pool was visible. As the colony observation was initiated in 1988–1989, it was already going through a rapid decline in workers’ age demographic, as it was going through a phase of increased oviposition, phasing out an old cohort of workers. Such a pattern indicates that the colony had already reached maturity for several years, as confirmed by the already established presence of nymphs. Then, a slowdown of oviposition resulted in aging cohorts of workers in late 1990. Another rejuvenation period occurred in 1991, followed by another period of reduced oviposition with an accumulation of aging cohorts of workers through 1994. Then, this cycle came to an end with a fundamental shift observed in 1995 (“transition B”), with a prolonged period of high oviposition that lasted for more than 15 years, resulting in a semi-permanent state of a young worker demographic at foraging sites throughout Cf3. The aging/rejuvenation cycle resumed briefly in 2005 and in 2009, with a temporary accumulation of relatively old workers. The fate of the colony is unknown, as collection was terminated in 2009. Soldier colony demographics followed the patterns observed in workers over the years (Figure 5B). Contrary to Cf1 and Cf2, no seasonality fluctuations could be observed in Cf3 workers and soldiers (sinusoidal functions, p < 0.41) throughout the 22 years monitoring period, suggesting that various other factors (environmental and internal) may have influenced population demographics of this colony beyond seasonality and nymph production cycles, as observed in Cf1 and Cf2.
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FIGURE 5. Colony demographic changes for Coptotermes formosanus at site Cf3. Each data point represents an average caste weight from a field trap. For the 1988–2009 demographic trends of each caste, the red line represents the rolling average function (period = 3). (A) Workers’ average weight between. (B) Soldiers’ average weight. (C) Nymphs’ average weight between. “Transition B” represents a major reproductive shift within the colony with the ongoing production of secondary reproductives ( = SR, 1,253 produced after 1995) which may have resulted in cycles of inbreeding. No clear annual demographic cycles could be found in workers and soldiers.


Nymphs were produced periodically each year (Figure 5C) with a marked seasonality in their maturation cycle (Figure 6A, F3,263 = 27.3, p < 0.001, R2 = 0.237). However, nymph demographics displayed two distinct weight patterns (t-test, t = 24.95, df = 611, p < 0.001) from before transition B (8.69 ± 1.4 mg, n = 231) and after transition B (5.87 ± 1.3 mg, n = 382), as nymphs produced after the transition were much smaller (Figure 5C). Alates produced by C. formosanus can vary in size depending on the timing of dispersal within the season and the colony of origin (Chouvenc et al., 2017), but the current observation also indicates that it may depend on the colony breeding structure, as reflected in the small nymph weight after transition B. The change in breeding structure was marked by the number of secondary reproductives found in the colony over time: while 31 supplementary reproductives were haphazardly collected in field traps (12 out of 412 traps) at the Cf3 site between 1988 and 1996, a total of 1,253 supplementary reproductives were collected between 1996 and 2009 (188 out of the 442 traps in this period). The large number of secondary reproductives was associated with relatively small workers, soldiers and nymphs. In addition, secondary reproductive were also much smaller after transition B, from averages of 5.43 ± 0.76 mg, n = 12 prior to the transition, to an average of 3.99 ± 0.44 mg, n = 188 after the transition, (t = 10.38, df = 198, p < 0.001). Reproductive functionality and sex of these secondary reproductives were not reported in the records, but Coptotermes mature colony may accumulate both functional and non-functional brachypterous neotenics (Myles, 1999; Costa-Leonardo et al., 2022). While the relatively small weight of workers and soldiers can partially be explained by the high reproductive rate of the colony from the large number of supplementary queens in the colony after 1996, the small weight of nymphs cannot. Instead, we suggest that transition B led to a long cycle of inbreeding within the colony (Vargo, 2019), resulting in developmental limitations for all castes, with smaller morphs produced as proposed by Husseneder et al. (2005). This observation in Cf3 also highlights that over time, colony demographic traits and breeding structure can be altered to extremes, as a colony may resort to various reproductive strategies throughout its lifetime, to ultimately optimize its fitness while being constrained by its ongoing demographic status.
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FIGURE 6. Additional demographic analyses from site Cf3 and site Cf4. (A) Nymphs’ average weight seasonality from Cf3, with an annual growth that follows a polynomial function (poly3, F3,263 = 27.3, p < 0.001, R2 = 0.237). (B) Nymphs’ average weight seasonality Cf4, with an annual growth that follows a polynomial function (poly3, F3,302 = 41.8, p < 0.001, R2 = 0.293). (C) Details of the demographic “transition C” from Cf4, showing a high nymph ratio event prior to the senescence of the colony (pre-transition C). (D) Weight heterogeneity among worker groups (with 95% ellipses) during transition C, (heterogeneity = 0.25 ± 0.11a) was higher than pre-transition C (0.15 ± 0.07b) and post-transition C (0.11 ± 0.05b) (ANOVA, Tukey post hoc, α = 0.05), suggesting a temporary colony fusion process with a young neighboring colony, during the colony senescence of the initial colony at site Cf4.




Site Cf4, a Succession of Complex Demographic Shifts

This last site was observed for the longest period of time (1986–2009) and displayed the most complex demographic changes when compared with the three previous sites, with a potential succession of established colonies over time. However, the information obtained from Cf1, Cf2, and Cf3 sites provided us with some key elements that guided our interpretation of the demographic changes over time at the Cf4 site (Figure 3D, Figure 7). The first obvious observation is that the C. formosanus population at this site went through two major demographic transitions, one around 1989 (referred as “transition C”) and another one around 2002 (referred as “transition D”). As explained below, site Cf4 may actually reflect the succession of two distinct colonies and one dramatic breeding structure shift over the decades. Worker age demography in 1986 appeared to be relatively young but a rapid accumulation of old workers occurred in 1988 (Figure 7A), with a similar trend for soldiers (Figure 7B). Remarkably, the colony produced a large number of small nymphs in 1987 (Figures 6C, 7C) with an average of more than 50% of nymphs in traps. This event happened just prior the rapid accumulation of old workers. Out of the 15 foraging traps collected between January and April 1987, 12 of them had > 40% nymphs, and 4 among these traps had > 90% of nymphs. This aberrant nymph ratio was never observed again at any point in time across all four sites. The large accumulation of nymphs and the rapid aging of the worker cohort both suggests that colony suddenly lost its reproductive ability and that most individuals were getting ready to “jump the ship” with most (if not all) larvae differentiating into nymphs instead of workers and soldiers. Such ‘last swarm’ strategy was not previously reported in Coptotermes (Osbrink et al., 2016; Chouvenc, 2020) but was observed in other lower termite species when resources are exhausted, or when reproduction is terminated, as most competent individuals turned into alates in a last fitness boost attempt (Gulmahamad, 2002; Korb and Lenz, 2004). However, out of season dispersal flight events of Coptotermes have been reported for colonies in the process of being baited by a CSI formulation (Su, 1994), as a possible analogous last-ditch effort to disperse one last time. In the case of Cf4, as most larvae engaged in nymph differentiation in early 1987, it directly competed with the renewal of the worker and soldier populations, contributing to the rapid to aging cohorts of the sterile castes. No secondary reproductives were found between 1987 and 1989, supporting a complete absence of reproduction at this point.
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FIGURE 7. Colony demographic changes for Coptotermes formosanus at site Cf4. Each data point represents an average caste weight from a field trap. For the 1986–2009 demographic trends of each caste, the red line represents the rolling average function (period = 3). (A) Workers’ average weight. (B) Soldiers’ average weight. (C) Nymphs’ average weight. “Transition C” represents colony senescence and simultaneous colony fusion with a young neighboring colony. “Transition D” represents a generational demographic turnover followed by putative cycles of inbreeding associated with secondary reproductives = SR), and a temporary absence of nymph production prior to colony “re-maturation” (2003–2005).


While the 1987–1989 cascading demographic events should have led to the final senescence of the colony by 1990, as observed in Cf1, something else happened for Cf4 in 1988 that prevented such observation. In late 1988, a single trap at site Cf4 suddenly switched workers and soldiers demography, from ∼ 4.5 mg individuals to ∼ 2.0 mg individuals, between two consecutive sampling events (Figure 6C), confirming that a neighboring colony with a relatively young demography took over this foraging trap. Then, during the 1989 transition C event, the majority of foraging traps temporarily displayed highly heterogenous worker age groups (Figure 6D), implying that the two colonies were in the process of fusion (Su and Scheffrahn, 1988b), with a mix of old and young workers, leading to an intermediate average worker weight with a relatively high standard deviation within each trap. This mixed population was temporary, as all workers and soldiers from the initial colony eventually died of old age, leaving all traps with a uniformly “young” population during the post-transition C from the newly established colony (Figure 6D, ANOVA, post hoc α = 0.05). Therefore, the transition C event provides a remarkable example of a weakening senescent colony that was simultaneously being taken over by a relatively young neighboring colony (Husseneder et al., 2005; Messenger and Su, 2005; Messenger et al., 2005; Lee and Su, 2011; Bernard et al., 2017), which involved a temporary colony take-over process (Lee et al., 2019).

From 1990 to 1996, the newly established colony went through various cycles of aging/rejuvenating cohorts of workers and soldiers (Figures 7A,B), similar to what was observed at previous sites, with a cyclical production of nymphs (Figure 6B, poly3, F3,302 = 41.8, p < 0.001, R2 = 0.293). However, although some nymphs were found in 1989-1991 in the newly established colony, their numbers were very few when found (often < 10 nymphs per trap at best, with most traps displaying no nymphs). The number of nymphs found then increased substantially starting in 1992. The initial small weight of workers and the reduced number of nymphs therefore confirmed that the colony was relatively young and in the process of maturing (Chouvenc and Su, 2014) during and after transition C. Between 1990–1995 only 8 secondary reproductives were haphazardly collected, putatively as supplementary reproduction to the primary queen and king. However, a demographic shift occurred after a rise of the workers’ weight in 1995 suggesting the potential loss of the primary reproductives, or a long pause in oviposition. Supporting such interpretation is the accumulation of secondary reproductives in 1996 (16 collected that year), which resulted in a drop of the weight of soldiers and workers for two consecutive years (until 1998), as oviposition resumed.

The succession of events during 1998–2000 is unclear because of fragmentary sampling. However, key elements allow us to propose a solution to this puzzle. First, the weight of soldiers and workers increased continuously between 1998 to 2001, indicating a potential colony senescence. Second, there was a complete absence of nymphs between 1999 and 2004 also supporting ongoing senescence of the colony. Finally, 117 secondary reproductives were collected in a single trap in late 1998, and 68 secondary reproductives in early 2002, potentially indicating an attempt to resume oviposition. Interestingly, a few nymphs (<200 total) were produced and found in traps in early 2002 (transition D), at the same time as the 68 secondary reproductives, confirming that at least a small egg production occurred in the previous year and the oviposition resumption attempt was not a complete failure. Although a de- novo nymph production was proposed (Raina et al., 2004), i.e., workers differentiating into tertiary reproductives (Thorne, 1996), this scenario remains unlikely in Coptotermes (Lenz et al., 1988; Myles, 1999; Chouvenc and Su, 2014). With transition D, oviposition restarted, which resulted in the rapid rejuvenation of the worker pool, as old workers also died of senescence. However, the small worker/soldier weight and the lack of nymphs from 2003 to 2005 could instead imply that transition D reflected the taking over by a new juvenile neighboring colony, as observed in transition C, which would then finally mature with the first production of small nymphs toward alates for the 2006 season. Several elements however indicate that this alternative interpretation is unlikely. First, during 2002–2009, 296 additional secondary reproductives were found throughout this period, including in 2003–2005 when no nymph could be found. The development of functional secondary reproductives is often not possible in young Coptotermes colonies (Lenz and Runko, 1993; Costa-Leonardo et al., 2004; Chouvenc et al., 2015b). Second, just like we found in Cf3, the weight of secondary reproductives dropped dramatically after the transition D, from an of average 5.45 ± 1.46 mg, n = 24, to an average of 3.38 ± 0.80 mg, n = 77 (t = 8.91, df = 99, p < 0.001). Third, contrary to the newly established colony after transition C, which rapidly accumulated workers and soldiers between 3.5 to 4.5 mg (in < 2 years), sterile castes after transition D remained relatively small (2.0–3.0 mg) for > 6 years of observation. Fourth, nymphs were particularly small after transition D, with a shift from 9.29 ± 1.86 mg, n = 418, to an average of 5.65 ± 0.1.25 mg, n = 101 (t = 18.69, df = 517, p < 0.001). Finally, while wood consumption and the number of termites collected were not analyzed in this study because of the high variability over time and because it will be the focus of a future study, wood consumption rate at Cf4 changed notably after transition D, from 5.92 ± 3.12 g/d/trap, n = 579, to 2.78 ± 1.37 g/d/trap, n = 222 after the transition (t = 14.49, df = 799, p < 0.001), suggesting a potential reduced efficiency in wood foraging. All of these combined observations support that the colony was undergoing cycles of inbreeding (Husseneder et al., 2005) from secondary reproductives that accumulated since the early 2000s, as we previously concluded for site Cf3 after transition B. For Cf4, transition D resulted in a colony that most likely lost a large portion of its population, with a 2002 temporary senescence. Then, a delayed resumption of reproduction occurred through cycles of inbreeding. Without a critical mass of individuals, we here suggest that it temporarily lost its ability to produce nymphs (2003–2005) as the colony lost its “mature” status by temporarily displaying the profile of a juvenile colony (Chouvenc and Su, 2014), which it then regained in 2006 as the colony grew back to a critical mass of individuals and started producing small nymphs and alates again ( = colony “re-maturation”), until 2009 when the monitoring ended.




CONCLUSION

A subterranean termite colony is a complex biological entity that must thrive through various challenges once it has reached maturity (production of alates). Oster and Wilson (1978) provided a theoretical framework on how eusocial colonies may achieve degrees of perennity once they have completed their ergonomic growth and reached maturity, by investing differentially in different castes over time and adjusting colony functions depending on colony internal and external conditions over many years of activity. However, the current study indicates that colonies may go through dramatic demographic changes and breeding structure shifts, even many years after they have reached maturity, to maintain perennity and maximize fitness output. In a way, throughout its life, a colony displays its own demographic individuality, as the life of a colony is marked by internal and external events that drives its growth, its foraging ability, its competitiveness, its age demography composition, its senescence and ultimately, its death.

In this study, the single colony at site Cf1 reflected a simple perennial trajectory, as the colony sustained annual production of alates for at least a decade and went through cyclical seasonal variations of worker, soldier and nymph age structures. Eventually it lost reproductive abilities, and entered senescence with the accumulation of old individuals, lost colony essential functions, and ultimately died within 3 years. Site Cf2 introduced the concept of a temporary senescence within the life of a termite colony, as oviposition may be temporarily halted or highly reduced, which could have led to colony death. However, secondary reproductives were successfully produced which resulted in a rejuvenation of the population, phasing out old cohorts of sterile helpers, while resuming nymph production. Site Cf3 then showed that a subterranean colony can maintain its foraging activity and alate production for more than two decades. It also showed that the large accumulation of secondary reproductives, after the putative loss of primary reproduction and temporary senescence, can lead to rapid colony rejuvenation in conjunction with extensive cycles of colony inbreeding, resulting in the production of relatively small individuals across castes. Finally, site Cf4 displayed the most complex and dramatic colony demographic shifts, which involved a massive nymph production prior to a rapid colony senescence, in conjunction with a young neighboring colony take-over. The new colony then went through a decade-long perennial productivity before losing reproduction, which led to a critical attempt to resume oviposition with many secondary reproductives, almost fail to do so, but eventually managed to survive through cycles of inbreeding after losing a critical mass of old individuals. It temporarily lost its maturity status for a few years by demographically behaving like a juvenile colony, then eventually resumed nymph production toward a return to a perennial mature colony functioning. This study also provides new insights on the colony senescence process in subterranean termite field colonies. Colony senescence is not always straightforward from a demographic perspective and this study provides diverse scenarios where final colony collapse and death may sometimes be avoided by establishing secondary reproduction, which depending on the internal context, can be a chaotic transition and may not always be successful. Alternatively, colony senescence and collapse can be accelerated when neighboring colonies take over the foraging territory of the dying colony.

Regardless of the demographic changes and reproductive outcomes over the many years of the life of a mature colony, this study highlights that each colony may attempt different strategy to ultimately optimize its fitness. Cf1 went through a quiet death after many years of alate production. Cf2 was able to establish a stable colony productivity after a temporary loss of reproduction. Cf3 avoided colony senescence by massively producing secondary reproductives and imposing cycles of inbreeding, which still resulted in a large production of alates that would disperse and engage in sexual reproduction, potentially negating the temporary effects of inbreeding. Finally, on Cf4, the initial colony went through an alate production hail Mary, the second established colony took over and engaged in a perennial reproductivity, then narrowly avoided colony collapse by finally establishing secondary reproduction successfully.

To conclude, this study provides novel elements on how subterranean colonies function over time and revealed that each colony demographic trajectory is unique through their perennity. It also showed that a single sampling event of a colony only provides limited information, which lack the complex historical context of what was the demographic status before and after such single data snapshot. The dataset used in this study allowed us to reframe such demographic context over decades of observation. Yet, this analysis represents a fraction of the comprehensive dataset collected by PMB, which remains to be further curated and analyzed in future studies for a set of specific questions. Finally, while we acknowledge the inherent speculative nature of data interpretation in this study, owing from the uniqueness of the dataset, all interpretations were carefully considered and deemed as the most likely scenarios, when taking all of the available evidence. However, we encourage future researchers that may be skeptical of such interpretations, to subject them to further testing, and confirm or refute them. Regardless, we hope this study can be used, either way, as a building block toward a better understanding of social insect colony demographic complexity.
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