Contrasting effects of cooperative group size and number of helpers on maternal investment in eggs and nestlings
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ABSTRACT
[bookmark: _Hlk114211311][bookmark: _Hlk114209352]Females are predicted to adjust their reproductive investment to optimize the trade-off between current and future reproduction. In many cooperatively breeding birds, females have been shown to reduce their investment both pre- and post-hatching in response to the presence of food-provisioning helpers. However, in species where not all group members help during the post-hatching phase, it is currently unclear to which social cues (i.e. group size vs. number of helpers) females should tune their investment. Here, we use the cooperatively breeding placid greenbul (Phyllastrephus placidus) as a model species to examine whether and how group size and number of helpers affect female investment in eggs and food provisioning. We found that females used a contrasting strategy pre- and post-hatching in response to different social cues: they laid larger eggs in larger groups while reducing their feeding rate when assisted by more helpers. We also found that fledging success increased with group size and that nestlings raised in groups with helpers fledged with longer wings but found no relation between condition of the young and number of helpers. Since the perceived contrasting investment strategies may have several underlying causes, we conclude that predicting the influence of social conditions on maternal investment may be more challenging than previously believed.


INTRODUCTION

Life-history theory predicts that animals optimize their life-time reproductive success by trading off their investment in current reproduction against the expected survival and reproduction in the future (Roff 2002; Roff and Fairbairn 2007). Female birds can balance this trade-off by tuning their investment both pre-hatching (e.g. egg size; Christians 2002) and post-hatching (e.g. feeding rate; Mutzel et al. 2013) to environmental or social drivers, such as the predicted or perceived levels of food availability or predation pressure, or the presence of helpers (Crick 1992; Lima 2009; Grüebler et al. 2018; Fortuna et al. 2021). Social drivers are particularly relevant in cooperatively breeding species where breeders may receive help in raising offspring from a variable number of non-breeders. Non-breeder contributions may take the form of food provisioning to nestlings, taking part in territory or anti-predator defence, or performing other nest-related duties (Koenig and Dickinson 2016; Cusick et al. 2018). However, understanding how maternal investment strategies are shaped by the presence of helpers remains challenging due to the various breeding stages involved, the modulating role of environmental conditions, and uncertainties on the exact amount of help to be expected (Langmore et al. 2016; Lejeune et al. 2016; Valencia et al. 2017; Savage and Hinde 2019).
Females may respond to the presence of food provisioning helpers (henceforth called ‘helpers’) by lowering their own investment. Thereby they can improve their survival and future reproductive success (‘load-lightening strategy’; Crick 1992) without jeopardizing the current investment, as helpers can compensate for the reduction in maternal investment (Russell et al. 2007; Canestrari et al. 2011). Accordingly, many studies on cooperative birds have shown that females reduce their nest feeding rates in the presence of helpers (Hatchwell 1999; MacColl and Hatchwell 2003; Koenig and Walters 2012; van Boheemen et al. 2019). Even when females reduce their food provisioning, offspring often receive more food when helpers are present (Hatchwell 1999; Russell et al. 2008). Hence, if pre-hatching and post-hatching investment are substitutable (i.e. change in investment at one stage can be compensated during another stage without affecting offspring fitness, (Savage et al. 2015)), females can also reduce their investment by laying smaller eggs when help during subsequent chick rearing can be expected (Russell et al. 2007; Dixit et al. 2017). When studying maternal investment in cooperatively breeding species, it is thus important to consider how the presence of helpers affects female investment during different stages of reproduction and how different investment decisions affect offspring fitness. 
A load-lightening strategy in response to food provisioning by helpers, either pre- or post-hatching, is particularly expected in tropical environments where birds lay small clutches and experience low nest success due to predation, but can breed multiple times per year and in multiple seasons, given their high survival rates (Ghalambor and Martin 2001; Russell and Lummaa 2009). However, load-lightening in response to the presence of helpers is not expected in all contexts. Under adverse environmental breeding conditions, such as low food availability or harsh climatic conditions (Luck 2002; Langmore et al. 2016), the effect of helpers on offspring fitness increases (Magrath 2001) and, in this case, females are predicted to take advantage of the presence of helpers to raise the value of offspring by maintaining or increasing their own investment (‘additive strategy’, Hatchwell 1999). Such increased total investment may improve the offspring’s ability to cope with initial adverse conditions (Ratikainen and Kokko 2010), which can have a long-term positive effect on their fitness (Van De Pol et al. 2006).
In the post-hatching stage (i.e. nestling provisioning), females may be able to modulate their investment in direct response to current socio-environmental rearing conditions. In contrast, this is much more challenging for pre-hatching investment, when resource availability or helper contributions during nestling provisioning may not yet be known (Valencia et al. 2017). While in some species, group size during the onset of egg laying may accurately reflect the amount of help a female will receive during the post-hatching stage (Russell et al. 2007), in many cooperative breeding systems, non-breeding group members may include both helpers and non-helpers and may show individual variation in helping contribution (e.g. Baglione et al. 2010; Kingma et al. 2010; Fortuna et al. 2021). Even though a non-breeding member’s contribution to food provisioning may be predictable to some degree by its sex, age or kinship (Koenig and Walters 2011; Green et al. 2016; Barati et al. 2018), some uncertainty may still be present at the time of egg laying. However, it remains unclear to what extent females tailor their level of pre-hatching maternal investment to the total number of group members present (as a proxy for the number of helpers), or whether they use additional social cues. Moreover, group size can also affect maternal investment strategies directly, irrespective of the fact that it represents a pool of potential helpers. This is for instance the case when larger groups increase competition for resources, with inverse effects on maternal condition and consequently on her reproductive allocation (Christians 2002), or when group size positively affects breeding conditions through reduced predation risk or increased foraging efficiency (Majolo and Huang 2017), which can also affect maternal investment strategies (Valencia et al. 2017; Fortuna et al. 2021). Teasing apart effects of group size and of number of food provisioning helpers on maternal investment strategies is thus crucial when studying maternal investment strategies.  
[bookmark: _Hlk102290175][bookmark: _Hlk102295350][bookmark: _Hlk102293449]In this study, we investigate how females of a tropical facultative cooperative bird species, the placid greenbul (Phyllastrephus placidus) tune their reproductive investment to group size and the number of food provisioning helpers during different breeding stages (i.e. pre- and post-hatching). While in our study population both pairs (group size = 2) and social groups (group size ≥ 3) can successfully raise young, 72% of the pairs breed with at least one, and up to a maximum of 5 subordinates. In up to 64% of these social groups, one to four of the subordinates help with nestling provisioning and these subordinates are hence referred to as ‘helpers’ (Van de Loock 2019). While first-order kinship to the dominant female seems to be a prerequisite for helping, it is not a strong predictor of helping since only 54% of these individuals take part in provisioning (Cousseau et al. 2022). Subordinate sex, age or relatedness to the dominant male do not explain additional variation in helping propensity (Cousseau et al. 2022). Thus, during the pre-hatching phase, females may not be able to predict helper contribution post-hatching with high certainty. While in this study population nestling starvation very rarely occurs, high predation pressure can result in up to 70% nest failure (Spanhove et al. 2014). Yet, placid greenbuls are relatively long-lived (oldest individual re-trap: 19 year-old) and breeding pairs have multiple reproductive opportunities during their lifetime. We thus expect females to invest in future reproductive opportunities rather than in the current attempt when help is expected, and thus adopt a load-lightening rather than an additive investment strategy during both pre-hatching (egg size) and post-hatching (food provisioning). Given the uncertainty about the expected amount of post-hatching help and resource availability during the pre-hatching stage, we further predict that load-lightening will be less clearly expressed at this stage compared to post-hatching. We also predict that pre-hatching investment is tuned to group size as a proxy for the expected help, rather than to the actual number of helpers. Finally, as a corollary of the load-lightening hypothesis, we predict that neither nestling size, nor condition or fledging success are related to the number of helpers (i.e. helpers fully compensate for the reduction in maternal investment).
MATERIALS & METHODS
Study system 
We conducted our study in the indigenous cloud forest archipelago of the Taita Hills, South-East Kenya (3°25′S, 38°20′E), where the medium-sized, insectivorous placid greenbul inhabits dense cloud forest understory. Such habitat occurs in a highly scattered and fragmented pattern in the study area, where the landscape is dominated by exotic plantations and small-scale subsistence agriculture (Lovett and Wasser 1993; Burgess et al. 2007; Pellikka et al. 2009). Cloud forest remnants vary in patch size (between 120 and 2 ha, Pellikka et al. 2009) and level of habitat degradation as inferred from the current vegetation composition and structure (Wilder et al. 1998; Chege and Bytebier 2005; Aerts et al. 2011). Due to continued ringing and nest monitoring effort since 1996 and 2007, respectively, ca. 75% of the greenbul population is colour-banded at any time (based on the ratio of colour-banded individuals vs. total traps during mist-netting).
The greenbuls’ extended breeding season coincides with the onset of the short rainy season in November and may last up to March. Typically, female greenbuls lay and incubate a clutch of two eggs (mean +- SD: 1.94 +- 0.38; range 1-3; n = 980 clutches) for 15-17 days, and nestlings fledge around 11-12 days after hatching. Breeding pairs and groups frequently re-nest after failure and occasionally after successfully fledging chicks, and they occupy the same territory for multiple consecutive breeding seasons (Lens L. Unpubl. Data). Both the size and the composition of breeding groups remain stable during a given breeding season. Although forests fragments vary in size, degree of degradation and possibly predation pressure, size of breeding groups and number of helpers do not consistently vary between forest fragments (Van de Loock 2019).

Data collection and handling
[bookmark: _Hlk102290355]We monitored nests and recorded breeding characteristics in two large (120 and 86 ha) and six small (between 16 and 2 ha) indigenous cloud forest fragments during six breeding seasons between 2012 and 2019. Whenever possible, we measured eggs, nestlings and provisioning rates, and assessed the social structure and composition (group size, number of helpers) associated with each of the located nests. We measured egg length and width with a digital calliper (± 0.01mm) upon clutch completion. We used Hoyt’s formula (0.51 × length × width²) to calculate individual egg sizes and averaged these egg size measures per clutch (Hoyt 1979) as a measure of pre-hatching investment. We used egg size rather than mass, as the latter shows a decrease over time (Krist 2011). Nestlings were metal- and colour- banded and their body mass, wing and tarsus length were measured when ca. 9 days old (range 7 – 12 days). Nests were considered successful when offspring were still in the nest 3 days before the predicted fledging age (~ 12 days), and no signs of nest predation were observed during a follow-up visit. Post-fledging analysis revealed that this accurately reflects fledging success (Van de Loock et al. 2017) while nest disturbance around the fledging date is reduced.

[bookmark: _Hlk102290396][bookmark: _Hlk114146976]We used a combination of mist-netting, visual observation, and nest video recording at each of the located nests to identify the breeding pair and to assess the presence, identity and role of other group members. These group members, or subordinates, are considered ‘helpers’ when they contribute to nestling provisioning or ‘non-helpers’ when they do not. We conducted focal observations during incubation by hiding less than 10m from the nest (2012-15) or when nestlings were ringed (2012-19). In most cases, group members were actively lured to the nest using playback of distress calls for a maximum duration of 10 min. As group members respond to these playbacks by approach and displays, presumably to distract and lead away potential predators, this method proved to be an efficient way to assess group membership and identity focal groups. Known members from neighbouring groups were never lured by the playback and multi-year data on group structure showed consistency in group memberships. Playback was not used when a predator was present. The same approach was used to capture group members when nestlings were ca. 5 days old (range 3 – 8 days) or after nest depredation. The breeding status of each group member (i.e. breeding female, breeding male, non-breeding subordinate) was determined by the presence of brood patches or cloacal swellings. Playback recordings consisted of distress calls from a handheld conspecific bird from a nearby population (recorded in 2011), alternated by silent periods. All pairs or groups were exposed to the same playback recording set for similar lengths and during at least one occasion, i.e. during observations and/or during trapping. 
[bookmark: _Hlk102290476][bookmark: _Hlk103062289][bookmark: _Hlk104920645]When nestlings were ca. 8 days old (range 6 – 10 days), we video-recorded food provisioning for 5-6 hrs continuously between 7 a.m. and 2 p.m. using a HD camera (Sony Corp.). The camera was installed on a tripod, positioned about 1.5 m from the nest, protected and camouflaged by a waterproof casing and camo-coloured poncho and secured to a nearby tree by a metal wire. From these recordings, we extracted hourly provisioning rates of breeders and helpers, as well as determined the number of helpers. We only extracted provisioning rates when we could identify the visiting individuals in at least 70% of all visits over the total recording period. To account for a potential bias due to unidentified visits, we also tested cut-off values of 80% and 90% and results were qualitatively similar. 
We omitted breeding events from the dataset when estimates of group size or number of helper were ambiguous due to the presence of individual(s) without colour- bands or whose combination could not be determined with certainty (and were not retrapped afterwards to confirm their correct identity), or when the identification rates during video recordings were too low (see above). Because the number of helpers could only be determined later in the breeding season, ‘group size’ is known for a larger number of breeding events than ‘number of helpers’. However, in the final datasets, we included those breeding events for which both group size and number of helpers could be determined, and we subsequently only retained the first observed breeding attempt in a territory during any given breeding season.

Statistical analysis
General statistical procedure
[bookmark: _Hlk114212126]We modelled variation in maternal investment (egg size and feeding rates) and reproductive success (fledging success and nestling body mass and size) in relation to group size (range: 2 – 7 individuals) and number of helpers (range: 0 – 4 individuals). Since number of helpers is constrained by group size, the two variables are correlated (Pearson’s r between number of subordinates and number of helpers among group-living females: 0.59, n = 105), and we ran separate models with either one or the other as explanatory variable. Next, we assessed the relative importance of each variable in explaining variation in maternal investment and reproductive success by ranking models based on the lowest Akaike’s information criterion corrected for small sample sizes (AICc) (Burnham and Anderson 2002), as computed with the R package MuMIn (Bartoń 2018). When the difference in AICc values between the models including either group size or number of helpers was ≥ 2, we considered that the variable in the model with the lower AIC was more strongly supported than the other one. The model selection procedure was as follows: we first retained all models with ΔAICc ≤ 2 from the most parsimonious model and then discarded models that were more complex versions of simpler (nested) ones with lower AICc values (Richards et al. 2011). All variables other than group size and number of helpers were included in all candidate models, except for mean egg size when modelling variation in nestling body mass and wing length. Continuous predictor variables were centred and divided by two standard deviations to facilitate interpretation and comparison of model coefficients (Gelman 2008). Breeding season (six levels), and female ID nested within forest fragment (eight levels: two large fragments and six small fragments) were added in all analyses as random effects to control for random variation between years and fragments (e.g. variation in rainfall) that may have affected variation in maternal investment and reproductive success among years and fragments, and for non-independence of repeated observations of the same female over years. We checked for multicollinearity by investigating variance-inflation factors (VIFs) and confirmed this to be of no concern in all our models (all VIFs ≤ 1.3; Johnston et al. 2018). Sample sizes vary between analyses due to variation in the stage at which nests were detected, or loss of nests due to predation. (Generalized) linear mixed models ((G)LMMs) were fitted with package ‘lme4’ (Bates et al. 2015), using Maximum Likelihood to allow model selection. Visual inspection of plots of fitted values against residuals did not reveal violation of normality and homoscedasticity assumptions. Based on a comparison between the sum of squared Pearson residuals and the residual degrees of freedom, we found no evidence for overdispersion for GLMMs. All models were run in R 3.6.2 (R Core Team 2019). 

Pre- and post-hatching maternal investment
[bookmark: _Hlk114209818][bookmark: _Hlk103062748]We modelled variation in mean egg size per clutch and hourly maternal and total feeding rates (log(feeds/h)) using Linear Mixed Models (LMM). For all response variables, we included either group size or number of helpers (87, 103 and 107 nests, respectively). We included female tarsus length in all models on egg size to account for variation in female body size. To reduce model complexity of the egg models, we removed rare cases of one- and three-egg clutches (2 and 2 out of 93 clutches, respectively), and removed two clutches from one breeding female where egg sizes were identified as outliers (mean egg size per clutch > Q3 + 1.5 * IQR, Zuur et al. 2007; did not influence model outcome), which resulted in a final sample size of 87 nests. As the number of helpers can only be determined when nestlings are approximately 8 days old and many nests were predated before this date, variation in egg size on the subset of nests for which the number of helpers was known was reduced. Therefore, we also tested the possible effect of group size on egg size by using a larger dataset (n = 122) for which group size was determined from observations during the entire nestling period, (i.e. not just at the time videos were taken to determine the number of helpers). In all models on provisioning rates, we included nestling age (days since hatching (day 1), broods hatch synchronously) and number of nestlings to account for age and brood size effects. 
Fledging success, nestling body size and condition
We modelled variation in fledging success of hatched young (≥ 1 fledgling (1) vs. 0 fledglings) using Generalized Linear Mixed Models (GLMM) with binomial distribution (n = 133 broods). Group size or number of helpers were included as explanatory variables. Most of the nest failures occurred before the number of helpers could be determined, leading to reduced variation in fledging success (16 out of 133 nests failed; 14 of which were due to predation and 2 due to abandonment) and likely limiting statistical power. We therefore also tested the effect of group size on fledging success on a larger dataset covering the entire nestling period, including nests that were predated before the number of helpers could be determined (n = 64 cases of nest failure out of 205 nests; 48 due to predation, 14 were abandoned, and 2 were either predated or abandoned).
[bookmark: _Hlk102310373][bookmark: _Hlk114209894][bookmark: _Hlk102310427] We modelled variation in nestling wing length and body mass (147 nestlings from 86 nests) using LMM’s with group size or number of helpers as explanatory variables. In addition, to test whether laying larger eggs results in heavier or larger nestlings, mean egg size per clutch was also included in the models. Finally, to statistically control for other factors that may affect nestling size and mass, we included number of nestlings and nestling age in all models. In addition, we included nestling tarsus length in the model on nestling mass to account for variation in mass due to variation in structural body size. Nest ID was added as a random factor to control for non-independence of siblings. Because some females bred during multiple breeding seasons, nest ID was nested within breeding female ID.

Ethical note
[bookmark: _Hlk114211477]Animals were treated according to the ethical standards outlined by the National Commission for Science, Technology and Innovation (NACOSTI), the Kenya Wildlife Service (KWS) and the Ghent University ethical committee under approved permits: NACOSTI/P/14/9325/3932, NACOSTI/P/16/61881/14065, NACOSTI/P/18/61881/18658, NACOSTI/P/19/61881/27686, KWS/BRM/5001 and EC2012-052. All animals in this study were free-ranging. They were caught using conventional mist-nets and immediately upon capture they were measured and tagged around the leg with 3 colour bands (size XCL, ecotone) and one numbered aluminium ring (ring prefix AA, Nature Kenya). Every individual was released directly after handling. If several animals were caught simultaneously, they were kept in suspended cotton bags before handling. Mist-nets were erected around nest sites just before capture, monitored continuously, and removed immediately thereafter. Eggs and nestlings were taken directly from the nest and returned immediately after measuring. Care was taken to minimize the time spent close to nests. No animals were killed or harmed during this study. There was no evidence of nest abandonment due to any of our sampling methods. Throughout the study, a total of 787 individuals were manipulated one to seven times (342 full grown, 445 nestlings).

RESULTS
[bookmark: _Hlk115683662]Pre-hatching maternal investment
When examining variation in egg size using the reduced dataset for which the number of helpers could be determined (Table 1.1a), the model with group size was better supported than the model including number of helpers (ΔAICc = 2.42). However, since the null model was as well supported as the model with group size (AIC weight: 0.43 and 0.44 respectively), evidence for group size as a predictor of egg size variation was inconclusive for this dataset. Yet, when including all nests that reached the nestling stage (see Methods), a positive effect of group size on egg size was strongly supported (ΔAICc with the null model: 2.37; Table 1.1b and Fig. 1).
Post-hatching maternal investment and overall feeding rates
[bookmark: _Hlk115702791]Maternal feeding rates were inversely related to the number of helpers, and this effect was better supported than the relationship with group size (ΔAICc = 2.56; Table 1.2, Fig. 2). When overall feeding rates were examined (all group members), a model with number of helpers as explanatory variable was also better supported than a model with group size (ΔAICc = 2.44; Table 1.3, Fig. S1) and total feeding rates increased with increasing number of helpers.

Table 1. Model parameters (with their Wald 95% Confidence Intervals) and model selection for (1) female egg investment (mean egg size per clutch, cm³), (2) female feeding rates (log(feeds/h); n = 103) and (3) total feeding rates (n = 107). When modelling egg size, two different datasets were used: (1a) a dataset restricted to nests which survived late into the nestling stage (n = 87) allowing to test both effects of group size and number of helpers and (1b) a dataset including all nests that reach the nestling stage (n = 122) allowing to test the effect of group size only. 
	1a: egg size (reduced dataset)
	Intercept
	Group size 
	Number of helpers
	Female tarsus length1
	
	K
	AICc
	ΔAICc
	Weight

	
	3.08
[3.00; 3.16]
	0.08
[-0.01; 0.17]
	
	0.14
[0.03; 0.24]
	
	3
	-7.2
	0.00
	0.44

	
	3.08
[3.01; 3.15]
	
	
	0.16
[0.06; 0.26]
	
	2
	-7.2
	0.05
	0.43

	
	3.08
[3.00; 3.15]
	
	0.00
[-0.09; 0.10]
	0.16
[0.05; 0.26]
	
	3
	-4.8
	2.42
	0.13

	1b: egg size (full dataset)
	Intercept
	Group size 
	
	Female tarsus length1
	
	K
	AICc
	ΔAICc
	Weight

	
	3.07
[2.99; 3.15]
	0.08
[0.01; 0.16]
	
	0.11
[0.02; 0.20]
	
	3
	-22.8
	0.00
	0.77

	
	3.07
[3.00; 3.14]
	
	
	0.13
[0.04; 0.22]
	
	2
	-20.4
	2.37
	0.23

	2: female feeding rates
	Intercept
	Group size
	Number of helpers
	Nestling age1
	Brood size1
	K
	AICc
	ΔAICc
	Weight

	
	0.71
[0.58; 0.83]
	
	-0.35
[-0.58; -0.12]
	0.01
[-0.22; 0.24]
	0.56
[0.34; 0.78]
	4
	198.1
	0.00
	0.75

	
	0.71
[0.59; 0.83]
	-0.30
[-0.54; -0.06]
	
	-0.01
[-0.24; 0.22]
	0.50
[0.27; 0.73]
	4
	200.6
	2.56
	0.21

	
	0.72
[0.59; 0.84]
	
	
	-0.05
[-0.29; 0.18]
	0.55
[0.32; 0.78]
	3
	203.9
	5.88
	0.04

	3: total feeding rates
	Intercept
	Group size
	Number of helpers
	Nestling age1
	Brood size1
	K
	AICc
	ΔAICc
	Weight

	
	1.53
[1.41; 1.64]
	
	0.17
[0.02; 0.33]
	0.17
[0.02; 0.32]
	0.54
[0.39; 0.68]
	4
	117.2
	0.00
	0.69

	
	1.53
[1.40; 1.65]
	
	
	0.19
[0.04; 0.35]
	0.54
[0.39; 0.69]
	3
	119.7
	2.44
	0.21

	
	1.52
[1.41; 1.63]
	0.08
[-0.07; 0.23]
	
	0.17
[0.02; 0.33]
	0.55
[0.40; 0.70]
	4
	121.0
	3.81
	0.10


For each response variable, all explanatory variables that were included in the respective models are given as column headings. Model rank is based on Akaike’s information criterion corrected for small sample sizes (AICc). K is the number of parameters estimated for fixed effects (including the intercept), ΔAICc denotes the change in AICc relative to the best model, and weight is the AICc weight of the model. Retained models are in bold. 1Nestling age and brood size (model 2 and 3 only) were included in all candidate models.
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Figure 1. Raw data (dots) and ML model predictions (line) showing mean egg size in relation to group size (including all nests from which group size was determined during the whole nestling period; n = 122). Estimates (± SE) were controlled for female tarsus length and error structure included both fixed and random error terms. 
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Figure 2. Raw data (dots) and ML model predictions (line) showing the number of feeds/hr by breeding females in relation to the number of helpers in their breeding group (n = 103). Estimates (± SE) were controlled for nestling age and number of nestlings and error structure included both fixed and random error terms. 

Fledging success, nestling body size and condition
When examining variation in fledging success using the reduced dataset for which the number of helpers could be determined (Table 2.1), the model with groups size and the null model were equally supported (ΔAICc = 0.00). In addition, the model with number of helpers showed a ΔAICc ≤ 2 with the null model and the model with group size. Therefore, evidence for group size or number of helpers as a predictor of fledging success variation was inconclusive for this dataset. Yet, when including all nests that reached the nestling stage, a positive effect of group size on fledging success was strongly supported (ΔAICc with the null model: 9.08) (Table 2.2; Fig. S2). Overall, this suggests a positive effect of the presence group members on fledging success but we cannot assess at this stage whether this is mostly driven by group size or number of helpers.

Table 2. Model parameters (with their Wald 95% Confidence Intervals) and model selection for fledging success (at least one nestling successfully fledged  (≥ 1 fledgling (1) vs. 0 fledglings). Two different datasets were used: (1) a dataset restricted to nests which survived late into the nestling stage (n = 133) allowing to test both effects of group size and number of helpers; (2) a dataset including all nests that reach the nestling stage (n = 205) allowing to test the effect of group size only. 
	1: fledging success (reduced dataset)
	Intercept
	Group size 
	Number of helpers
	K
	AICc
	ΔAICc
	Weight

	
	23.55
[11.37; 35.74]
	11.86
[1.51; 22.22]
	
	2
	56.1
	0.00
	0.41

	
	19.43
[7.70; 31.17]
	
	
	1
	56.1
	0.00
	0.41

	
	23.76
[6.71; 40.82]
	
	4.48
[-2.54; 11.50]
	2
	57.7
	1.53
	0.19

	2: fledging success (full dataset)
	Intercept
	Group size 
	
	K
	AICc
	ΔAICc
	Weight

	
	1.03
[0.47; 1.60]
	1.31
[0.45; 2.18]
	
	2
	247.8
	0.00
	0.99

	
	0.94
[0.40; 1.47]
	
	
	1
	256.9
	9.08
	0.01


For each response variable, all explanatory variables that were included in the respective models are given as column headings. Model rank is based on Akaike’s information criterion corrected for small sample sizes (AICc). K is the number of parameters estimated for fixed effects (including the intercept), ΔAICc denotes the change in AICc relative to the best model, and weight is the AICc weight of the model. Retained models are in bold. 

[bookmark: _Hlk114213168]Nestling wing length increased with the number of helpers (Table 3.1, Fig. S3) (ΔAICc with model containing group size: 2.31). Egg size did not explain variation in nestling wing length (ΔAICc with best model without egg size: 2.30). To investigate whether the effect of helpers on nestling wing length was mediated by increased food provisioning, we tested an alternative model with total feeding rates instead of number of helpers. However, we did not find support for an effect of total feeding rates on nestling wing length (Table S1). For nestling mass, the model with group size was better supported than the null model but the ΔAICc was ≤ 2 (Table 3.2), suggesting that group size was not a strong predictor of the data. Models including the number of helpers and egg size were not supported by the data (ΔAICc ≥ 2 with the best model; Table 3.2).


Table 3. Model parameters (with their Wald 95% Confidence Intervals) and model selection for (1) nestling wing length and (2) nestling mass (147 nestlings from 86 nests).
	1: wing length
	Intercept
	Group size 
	Number of helpers
	Mean egg size
	Nestling age1
	Number of nestlings1
	
	K
	AICc
	ΔAICc
	Weight

	
	40.03
[39.04; 41.02]
	
	2.52
[0.94; 4.10]
	
	5.39
[3.84; 6.95]
	-0.89
[-2.18; 0.41]
	
	4
	815.2
	0.00
	0.56

	
	40.03
[39.04; 41.02]
	
	2.52
[0.94; 4.10]
	-0.01
[-1.69; 1.67]
	5.39
[3.84; 6.95]
	-0.89
[-2.19; 0.41]
	
	5
	817.5
	2.30
	0.18

	
	40.00
[39.10; 40.90]
	2.15
[0.67; 3.63]
	
	
	5.79
[4.28; 7.30]
	-0.60
[-1.87; 0.67]
	
	4
	817.6
	2.31
	0.18

	
	40.00
[39.10; 40.90]
	2.15
[0.67; 3.62]
	
	-0.16
[-1.87; 1.55]
	5.78
[4.27; 7.29]
	-0.59
[-1.87; 0.68]
	
	5
	819.8
	4.57
	0.06

	
	39.98
[38.92; 41.03]
	
	
	
	5.78
[4.16; 7.39]
	-0.71
[-2.06; 0.65]
	
	3
	822.2
	6.98
	0.02

	
	39.97
[38.92; 41.03]
	
	
	-0.19
[-1.95; 1.59]
	5.77
[4.15; 7.39]
	-0.70
[-2.05; 0.66]
	
	4
	824.5
	9.21
	0.01

	2: nestling mass
	Intercept
	Group size 
	Number of helpers
	Mean egg size
	Nestling age1
	Number of nestlings1
	Nestling tarsus length1
	K
	AICc
	ΔAICc
	Weight

	
	18.40
[17.59; 19.20]
	-0.52
[bookmark: _Hlk114212983][-1.10, 0.05]
	
	
	-0.01
[-0.61; 0.59]
	-0.36
[-0.83: 0.11]
	4.07
[3.52; 4.61]
	5
	528.4
	0.00
	0.33

	
	18.42
[17.57; 19.28]
	
	
	
	0.01
[-0.59; 0.63]
	-0.32
[-0.78; 0.15]
	3.99
[3.45; 4.52]
	4
	528.8
	0.40
	0.27

	
	18.42
[17.62; 19.22]
	-0.56
[-1.14, 0.02]
	
	0.28
[-0.31; 0.87]
	-0.01
[-0.61; 0.58]
	-0.38
[-0.85; 0.09]
	4.07
[3.53; 4.61]
	6
	529.9
	1.49
	0.15

	
	18.44
[17.59; 19.30]
	
	
	0.22
[-0.39; 0.82]
	0.02
[-0.58; 0.62]
	-0.32
[-0.79; 0.15]
	3.99
[3.45; 4.52]
	5
	530.6
	2.21
	0.11

	
	18.41
[17.57; 19.25]
	
	-0.20
[-0.80; 0.39]
	
	0.02
[-0.58; 0.63]
	-0.30
[-0.77; 0.17]
	4.03
[3.48; 4.58]
	5
	530.7
	2.27
	0.10

	
	18.43
[17.59; 19.27]
	
	-0.21
[-0.80; 0.39]
	0.22
[-0.39; 0.83]
	0.02
[-0.58; 0.63]
	-0.31
[-0.78; 0.16]
	4.03
[3.48; 4.58]
	6
	532.5
	4.09
	0.04


For each response variable, all explanatory variables that were included in the respective models are given as column headings. Model rank is based on Akaike’s information criterion corrected for small sample sizes (AICc). K is the number of parameters estimated for fixed effects (including the intercept), ΔAICc denotes the change in AICc relative to the best model, and weight is the AICc weight of the model. Retained models are in bold. 1Nestling age, number of nestlings and nestling tarsus length (second model only) were included in all candidate models.

DISCUSSION
We show that females of a tropical cooperative breeder modulate both their pre- and post-hatching reproductive investment in relation to social conditions. Contrary to our predictions, females with more potential helpers in the group did not systematically reduce their investment during the breeding event. Rather, they employed an additive strategy during the pre-hatching stage by producing larger eggs in larger groups, while they practiced load-lightening in the post-hatching stage by reducing their own feeding rate when assisted by a larger number of helpers. As predicted, pre-hatching investment was tuned to group size rather than to the actual number of helpers. Furthermore, we found that fledging success increased with group size and that nestlings were on average larger in groups with more helpers. In contrast, the condition of these young was not related to number of helpers, despite the fact that nestlings received more food when helpers were present. 

Additive strategy during pre-hatching investment
Post-hatching load-lightening has been shown in many cooperatively breeding species, but there is less evidence for similar effects in pre-hatching investments (Russell and Lummaa 2009; Dixit et al. 2017; Valencia et al. 2017; Cusick et al. 2018; Zhao et al. 2019; Fortuna et al. 2021). Contrary to our predictions, we found that females used an additive strategy during pre-hatching investment, with egg size increasing with group size, even though food provisioning by helpers could theoretically compensate for the reduced maternal investment in eggs (illustrated in this study by increased total provisioning rates with helpers; see also Russell et al. 2007). Two different hypotheses have been proposed in the literature that may explain investment in current instead of future reproduction in species with a slow pace of life (Dixit et al. 2017).
First, the effect of the presence of helpers on maternal investment strategies has been shown to vary with food availability and climatic conditions during breeding, where, under adverse environmental conditions, females take advantage of the presence of helpers to raise the value of offspring by maintaining or increasing their own investment (Luck 2002; Langmore et al. 2016). For instance, in rufous treecreepers (Climacteris rufa) (Luck 2002), females showed compensatory provisioning rates when breeding in a continuous landscape but additive provisioning rates when breeding in fragmented one. An additive strategy during the pre-hatching phase in placid greenbuls may thus suggest that environmental conditions for breeding in the study area are poor. The Taita Hills represent the most fragmented and disturbed region within the Eastern Arc Mountains biodiversity hotspot (Newmark 1998). The two larger forest patches in the current study suffered 30% indigenous forest loss between 1955 and 2004 (Pellikka et al. 2009) and some sections are heavily degraded, with similar vegetation characteristics as in small fragments (Thijs 2015). How habitat fragmentation and degradation affect food availability and costs of reproduction in placid greenbuls, remains unclear. Under this hypothesis, the fact that egg size was not associated to the number of helpers suggests that females do not know how many non-breeders in the group will take part in food provisioning, but instead use group size as a proxy for the presence of helpers.
[bookmark: _Hlk82609044]Alternatively, under conditions of high predation risk, females are expected to invest less in current reproduction, in order to save energy for future breeding attempts (Lima 2009). Along this line, when nest predation risk is reduced (Fontaine and Martin 2006; Fortuna et al. 2021), females have been shown to increase their reproductive investment. In placid greenbuls, subordinates, regardless of whether they help with nest feeding or not, have been observed to participate in anti-predator behaviour such as predator mobbing and distracting predators from the nest (DVL and BA personal observations). In addition, we have shown that the probability that at least one young fledged increased with group size, which is consistent with higher survival after fledging in larger groups (Van de Loock et al. 2017). This suggests that larger groups are more efficient in protecting nestlings against predators, thereby reducing predation pressure. Thus, females may increase egg investment in the presence of subordinates because of the increased prospect of having fledged offspring. A similar explanation was proposed to explain increased egg investment in cooperative groups in Iberian magpie (Cyanopica cooki) (Valencia et al. 2017). While we originally hypothesized group size to be used by females as a proxy for expected help with food provisioning, this explanation in fact implies a different role for non-breeding subordinates, with females adjusting their pre-hatching investment to the total group size in response to the reduced predation risk, regardless of the number of subordinates helping with food provisioning. 
Owing to the correlative nature of our study, it is not possible at this stage to assess whether plasticity in egg investment is a response to nutritional conditions during breeding, or to predation pressure, and both may play a role in modulating maternal investment strategy in our species. Alternatively, the positive relationship between egg size and group size may result from a confounding effect of territory quality or climatic conditions affecting both variables (Legge 2000; Christians 2002; Langmore et al. 2016; Bourne et al. 2020).
Load-lightening strategy during post-hatching investment
Maternal feeding rates decreased with the number of helpers, implying that females adjust their feeding rate to the actual contributions made by group members (Russell et al. 2008; Canestrari et al. 2011). In addition, we showed that a reduction in maternal feeding rates was fully compensated (and even over-compensated, as overall feeding rates increased in groups with more helpers present) when assisted by helpers, suggesting that maternal load-lightening does not impose costs on offspring (see below). Placid greenbuls are relatively long-lived passerines (oldest individual re-trap: 19 year-old) with an extended breeding season (up to 5 months), multiple reproductive opportunities (up to 4 nest attempts recorded within one breeding season, of which up to 2 successful) and low rates of nestling starvation (rarely recorded, unpublished data DVL & BA). Such life-history characteristics are expected to favour a maternal load-lightening strategy (Ghalambor and Martin 2001; Russell and Lummaa 2009). A comparative study on a taxonomically diverse set of 27 cooperative breeding species identified load-lightening during post-hatching as the prime strategy in 63% of these species (Hatchwell 1999). Therefore, a load-lightening strategy during nestling feeding in placid greenbuls seems in accordance with the current theory on post-hatching maternal decision-making in cooperative breeders. 
Yet, load-lightening post-hatching seems to contradict the apparent additive strategy pre-hatching. If the additive strategy pre-hatching reflects a response to nutritional condition during the nestling stage, the contrasting strategies adopted by females appear incongruous since females would be expected to adopt a similar strategy during both stages. One possible explanation is that an increase in female investment would have a small effect on offspring fitness when the number of helpers increases (e.g. when nestlings receive enough food), which would not favour an additive strategy post-hatching (Savage et al. 2015). In this context, females are expected to maintain their investment, or even load-lighten if nestlings receive more food, when the number of helpers increases (such as in our study population) (Savage et al. 2015).
However, if pre-hatching investment is a response to reduced predation risk in larger groups, this means that investments pre- and post-hatching reflect separate responses to different environmental conditions (predation risk pre-hatching vs. quantity of food provisioned post-hatching). Unlike compensatory effects of food provisioning helpers, anti-predator benefits of subordinates are not predicted to induce load-lightening, since reduced predation pressure increases reproductive success independently of the amount of maternal investment provided to offspring (Carranza et al. 2008). Females can thus adopt opposite strategies depending on the type of contribution provided by subordinates (Carranza et al. 2008). Since load-lightening strategy has been found to benefit females through higher female survival probabilities and higher lifetime reproductive success in many species (Khan and Walters 2002; MacColl and Hatchwell 2004; Russell et al. 2007; Cockburn et al. 2008; Covas et al. 2008; Kingma et al. 2010; Li et al. 2015), this would suggests that females are able to invest more in both current and future reproduction when breeding cooperatively.
Finally, the reduction in maternal food provisioning may also be the consequence of a trade-off on resource allocation between reproductive phases (Reid et al. 2000) since we showed that females in larger groups laid larger eggs. How much load-lightening may allow to compensate for increased pre-hatching investment and/or save energy for future reproduction, remains to be studied.
Effects of  social context on breeding outcomes 
We showed that females with helpers fledged offspring with longer wings whereas offspring did not differ in body condition. While body condition may represent an important component of fitness as it is associated with higher post-fledging survival in placid greenbuls (Van de Loock et al. 2017), growing longer wings may allow nestlings to fledge earlier and increase their ability to escape predators (Martin 2015). While females in larger groups laid larger eggs, this cannot explain the presence of larger nestlings, since egg size was not associated with nestling size (nor with condition) at fledging. While it thus remains unclear how females benefit from laying larger eggs, we here propose two possible explanations: (i) larger eggs have other fitness benefits (e.g. increased hatching rate; Krist 2011), or (ii) pre- and post-hatching investments have an synergistic effect where higher pre-hatching investment must be complemented by a higher post-hatching investment for potential benefits of larger eggs to be realized (‘silver-spoon’ hypothesis, Savage et al. 2015). The latter can occur when larger hatchlings require more food during their development. Under such a scenario, producing larger eggs is a valuable strategy only when extra care can be expected during food provisioning. The lack of a relationship between egg size and offspring size or condition may reflect a confounding effect of such interdependence, i.e. where the benefit of a high egg investment by group-living females is (partially) lost when no helpers are available to deliver additional food to the nestlings. How pre- and post-hatching investments interact in contributing to offspring fitness therefore deserves further study, especially because such ‘silver spoon’ effects between egg size and food provisioning, while described conceptually (Savage et al. 2015), have never been reported in cooperatively breeding species.
While we found a clear positive effect of the social context on fledging success, we failed to disentangle whether this effect was mostly driven by group size or by the number of helpers. Both may actually contribute to reproductive success. First, in our study population, nestling starvation is very rare and predation is the main cause of nest failure. The higher fledging success in larger group may likely be attributed to the collective anti-predator behaviour of all subordinates (both helpers and non-helpers), independent of the specific food supply by helpers. Second, we found that nestlings from groups with more helpers fledged with longer wings. This may contribute to fledging success if, as suggested above, this allows nestlings to fledge earlier (Martin 2015).
Conclusion
By differentiating between total number of subordinates (group size) and number of food-provisioning subordinates (helpers), we were able to reveal unexpected contrasting maternal investment strategies during the pre- and post-hatching phase, in response to different social conditions. Our study highlights the importance of examining multiple reproductive investments during different breeding stages, as well as different social contexts, when aiming to predict how cooperative breeding affects maternal investment strategies.
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