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Abstract 

When two or more individuals cooperate to provision a shared brood, each carer may be able to maximize their payoffs by coordi-
nating provisioning in relation to what others are doing. This investment “game” is not simply a matter of how much to invest but 
also of the relative timing of investment. Recent studies propose that temporal coordination of care in the forms of alternation (i.e., 
turn-taking) and synchrony (i.e., provisioning together) function to mitigate conflict between carers and reduce brood predation risk, 
respectively. Such coordination is widespread in biparental and cooperatively breeding birds, yet the fitness consequences have rarely 
been empirically tested. Here, we use a long-term study of long-tailed tits Aegithalos caudatus, a facultative cooperatively breeding 
bird with active coordination of care, to assess the support for these hypothesized functions for coordination of provisioning visits. 
First, we found evidence that turn-taking mitigates conflict between carers because, in cooperative groups, provisioning rates and off-
spring recruitment increased with the level of active alternation exhibited by carers and with the associated increase in provisioning 
rate parity between carers. In contrast, offspring recruitment did not increase with alternation in biparental nests, although it was 
positively correlated with parity of provisioning between carers, which is predicted to result from conflict mitigation. Second, syn-
chronous nest visits were associated with a reduced probability of nest predation and thus increased brood survival, especially when 
provisioning rates were high. We attribute this effect to synchrony reducing carer activity near the nest. We conclude that temporal 
coordination of provisioning visits in the forms of alternation and synchrony both confer fitness benefits on carers and despite being 
intrinsically linked, these different kinds of coordination appear to serve different functions.

Keywords: alternation, brood, predation, conflict, cooperation, coordination, synchrony

Lay Summary 

Natural selection dictates that individuals should seek to maximize their genetic contribution to future generations. To achieve this 
goal, many animals provide parental care, which increases the survival and fitness of their offspring. However, providing care is costly 
so when multiple individuals care for the same young, as is commonplace in birds, each individual should prefer to contribute less 
and for other carers to invest more. Offspring will receive suboptimal care if carers cannot resolve this conflict. Taking turns to pro-
vision a brood (alternation) is hypothesized to mitigate this conflict, allowing each carer to contribute similar amounts so that the 
optimal level of care for offspring is achieved. Similarly, carers may also optimize their care by provisioning at the same time (syn-
chrony), which is hypothesized to reduce the period of activity near nests and, hence, decrease the risk of advertising the location of 
a nest to predators. Both forms of carer coordination are widely reported, but their functions have received little attention. Here, we 
tested these hypotheses by investigating the relationships between coordination and offspring fitness in long-tailed tits, finding that 
alternation was associated with increased provisioning and offspring recruitment, while greater synchrony of visits corresponded 
with increased brood survival.

Introduction

Parental care has evolved to increase parents’ genetic contri-

bution to future generations (Godfray, 1995; Trivers, 1974), but 

investment in offspring must be drawn from a finite pool of 

resources (Clutton-Brock, 1991; Stearns, 1992). Therefore, parents 

are selected to maximize lifetime reproductive success by opti-

mizing their investment in each breeding event (Stearns, 1989). 

When multiple individuals care for a shared brood, optimization 

must account for the care that others provide (Houston & Davies, 

1985; Lessells & McNamara, 2011; McNamara et al., 1999, 2003). 

This investment “game” between carers is not simply a ques-

tion of how much each should invest but also the relative tim-

ing of investment (Johnstone et al., 2014). Biparental care may be 

strictly coordinated, for example, when one parent must remain 

at the nest to protect offspring (McCully et al., 2022; Patrick et 

al., 2020; Schreiber & Burger, 2002). In such cases, successful 

reproduction relies on predictable timing of investment by both 

partners, so the function of coordination is clear. However, the 
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selective advantages of other forms of parental coordination 

are poorly understood. Specifically, in recent years two forms of 

coordinated care have been frequently reported: alternation and 

synchrony of provisioning visits (Savage & Hinde, 2019; Savage et 

al., 2020), but there have been few rigorous tests of their hypoth-

esized functions.

Alternation of provisioning visits was proposed by Johnstone 

et al. (2014) as a means of resolving conflict between parents 

investing in a shared brood. This model argues that care that is 

conditional upon observing a partner provision offspring ensures 

fair investment by each carer, resulting in an alternating pattern 

of feeds and mutually increased investment. Some alternation 

occurs by chance in a sequence of provisioning visits (Ihle et 

al., 2019a; Santema et al., 2019; Schlicht et al., 2016), but greater 

than expected alternation has been demonstrated in a range of 

biparental (Bebbington & Hatchwell, 2016; Johnstone et al., 2014; 

Lejeune et al., 2019) and cooperatively breeding species (Halliwell 

et al., 2022; Koenig & Walters, 2016; Savage et al., 2017). However, 

there is limited evidence that individual carers actively adjust 

their behavior to enhance alternation (Griffioen et al., 2021; 

Halliwell et al., 2023a; Johnstone et al., 2014; Savage et al., 2017) 

and, whilst there is some evidence that alternation mitigates 

conflict (Baldan & Griggio, 2019), evidence that it also increases 

provisioning rate and offspring fitness is equivocal. Burdick and 

Siefferman (2020) identified a positive relationship between alter-

nation and offspring growth in eastern bluebirds Sialia sialis, given 

certain conditions, and Trapote et al. (2023) found a positive cor-

relation between alternation and offspring mass in carrion crows 

Corvus corone. However, others have found no effect on offspring 

condition (Bebbington & Hatchwell, 2016; Griffioen et al., 2019; 

Iserbyt et al., 2017) or survival (Iserbyt et al., 2017), and Ihle et al. 

(2019b) even found a negative relationship between alternation 

and offspring survival in house sparrows Passer domesticus.

Synchronous provisioning occurs when two or more carers 

feed a shared brood within a short time window. Synchrony may 

be necessary for carers to monitor and hence alternate visits 

with a partner, but it may also have functions independent of 

alternation. Synchrony may: (a) reduce the time that carers 

spend near a nest advertising its location to predators—the pre-

dation hypothesis (Sargent, 1993); (b) facilitate efficient distribu-

tion of resources among offspring within a brood—the resource 

distribution hypothesis (Shen et al., 2010); and (c) enable signa-

ling of investment, either to demonstrate quality—the prestige 

hypothesis (Zahavi, 1977a, b)—or to retain group membership—

the pay-to-stay hypothesis (Gaston, 1978; Kokko et al., 2002). 

Alternatively, synchrony may confer no benefit to a brood but 

instead results from selection for collective foraging to increase 

foraging efficiency and/or carer safety from predators (Baldan 

& van Loon, 2022; Beauchamp, 1998; Lee et al., 2010; Mariette & 

Griffith, 2015; Smith et al., 2023; Sorato et al., 2012). Of these, the 

predation hypothesis is supported by studies linking synchrony 

to reduced carer activity near nests and/or brood predation 

(Bebbington & Hatchwell, 2016; Khwaja et al., 2019; Leniowski 

& Węgrzyn, 2018; Raihani et al., 2010). The resource distribu-

tion hypothesis is supported by studies linking synchrony to 

reduced intrabrood mass variation (Lejeune et al., 2019; Mariette 

& Griffith, 2012, 2015; Shen et al., 2010). By contrast, there is 

little support for either the prestige (Doutrelant & Covas, 2007) 

or pay-to-stay (Trapote et al., 2021) hypotheses. However, most 

studies limited their investigation to a single hypothesis or failed 

to consider that alternation and synchrony may result from the 

same behavior(s), so may miss the potentially interconnected 

functions of coordination.

Here, we investigated provisioning coordination in the long-

tailed tit Aegithalos caudatus, a facultative cooperative breeder in 

which failed breeders commonly help raise broods belonging to 

other pairs (Glen & Perrins, 1988; Hatchwell, 2016). Helpers prefer 

to help kin (Leedale et al., 2020; Russell & Hatchwell, 2002) and 

gain indirect fitness by increasing the provisioning and recruit-

ment of helped broods (Hatchwell et al., 2004, 2014; MacColl & 

Hatchwell, 2002, 2003). In contrast, they derive no direct fitness 

benefits from helping (Meade & Hatchwell, 2010). Long-tailed 

tits exhibit greater than expected alternation and synchrony 

when provisioning biparentally and cooperatively (Bebbington 

& Hatchwell, 2016; Halliwell et al., 2022). Within-brood conflict 

is minimal in long-tailed tits as they have remarkably low off-

spring starvation (Hatchwell et al., 2004), so the resource distri-

bution hypothesis does not apply in this case. In addition, since 

helpers derive no direct fitness benefits from helping, the pay-to-

stay and prestige hypotheses are not applicable either. Therefore, 

we tested two a priori hypotheses for coordinated provisioning. 

Hypothesis 1 posits that alternation facilitates conflict resolution 

between carers over investment. Long-tailed tits experience high 

annual mortality (Meade et al., 2010) and divorce rates (Hatchwell 

et al., 2000), so the scope for sexual conflict is high because 

breeders have little interest in their partner’s future fitness. We 

predicted that greater alternation would result in higher provi-

sioning rates (Prediction 1a), heavier chicks (Prediction 1b), and 

higher recruitment (Prediction 1c). Hypothesis 2 posits that syn-

chrony reduces brood predation risk. Long-tailed tits experience 

high brood predation (c.72% of nests; Hatchwell et al., 2013) and 

synchrony reduced near-nest activity (Bebbington & Hatchwell, 

2016). Therefore, we predicted that greater synchrony results in 

increased brood survival (Prediction 2).

Methods

Study system and general field protocol
Data were collected during the breeding seasons (March–June) of 

1994–2022 from an intensively studied wild population of long-

tailed tits (Rivelin Valley, UK; c.3 km2; 53°23ʹ N, 1°34ʹ W). Nests 

were located by following adults building nests, typically in 

low-lying (≤3 m) shrubs (c.73% of nests; Higgott, 2019) such as 

Rubus fruticosus, but sometimes in inaccessible tree forks. Nests 

were monitored at 1- to 3-day intervals but daily approaching 

incubation, hatching, and fledging. Incubation starts once the 

clutch is complete, lasts c.15 days, and all eggs that hatch do so 

within 24 hr of the first. After hatching (d0), both parents deliver 

prey items, such as flies, spiders, and caterpillars. Helpers may 

join a group at any point between hatching and fledging (d16–

18), although helping is more common later in development. 

Long-tailed tits suffer only minimal chick starvation (0.2% daily 

per chick; Hatchwell et al., 2004) but lose 71.9% of clutches and 

broods to predation (Hatchwell et al., 2013), typically by corvids 

(e.g., Eurasian jay Garrulus glandarius) and mammals (e.g., stoat 

Mustela erminea). Therefore, most brood mortality can be attrib-

uted to complete depredation events, although broods may occa-

sionally be partially depredated (3.9% of successful nests; 9/233).

Clutch size (median = 10; range 4–12; N = 293) in accessible 

nests was recorded during incubation. Brood size (median = 9; 

range 1–11; N = 275), and the mass (to 0.1 g; mean = 7.4 g ± 0.0142 

SE; N = 1970) and tarsus length (to 0.1 mm; mean = 18.3 

mm ± 0.0188 SE; N = 1970) of nestlings were recorded on d11. Each 

chick was ringed under British Trust for Ornithology license with 

a unique combination of color rings. We took 5–20 µl of blood 

by brachial venipuncture (under UK Home Office license) for 
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genetic sex determination of nestlings using the P2–P8 sex-typing 

primers (Griffiths et al., 1998). Because clutch and/or brood size 

were important covariates, we limited our analysis to low nests 

where these metrics were sampled. The biometrics and sex of 

every chick was known in 77.7% (185/238) of broods. All appli-

cable international, national, and institutional guidelines for the 

use of animals were followed, and all regulated procedures were 

approved by the Animal Welfare and Ethical Review Body at the 

University of Sheffield.

Successful local recruitment was recorded when a fledgling 

attempted to breed in the field site in a subsequent year. Long-

tailed tits exhibit female-biased dispersal, so 20%–25% of males 

but <10% of female fledglings recruit locally (Sharp et al., 2008, 

2011). Therefore, we estimated recruitment success from resight-

ings of male fledglings breeding in subsequent years. We used 

the number of fledged males that were (median = 1; range = 0–5; 

N = 170 broods) or were not resighted per brood (median = 3; 

range = 0–7; N = 170) to model the proportion that recruited 

locally (mean = 0.241 ± 0.0212 SE; N = 170). In our open popula-

tion, c.40% of breeders were immigrants to our field site per annum; 

these were captured in mist-nets and ringed. Since the project 

started, 1,531 individuals have been recorded breeding in the site, 

but many of these never raised a brood, and only 576 (37.6%) birds 

were recorded provisioning broods in watches matching our cri-

teria, which included 239 unique breeding females, 227 breeding 

males, and 171 helpers (61 of which were also breeders).

Calculating coordination
Provisioning watches (hereafter “watches”) were typically per-

formed from d2 every other day until nest failure or fledging. 

Coordination is not possible when females are brooding young 

chicks (≤d5), so analysis was restricted to watches when both par-

ents provisioned full-time (median = 3 watches per nest; median 

brood age = d10; range d6–18; N = 894). Each season c.95% of car-

ers were identifiable by their unique combination of color rings. If 

an unringed carer provisioned during a watch (4.36% of watches; 

39/894), we assumed all feeds were by the same unringed individ-

ual and omitted watches including > 1 unringed birds.

Watch protocol was consistent throughout the study. Following 

a c.10 min habituation period, watches usually lasted for 1 hr 

between 04:00 and 19:30 unless curtailed by inclement weather 

(minimum duration: 30 min). When a carer provisioned the brood 

its identity and time were recorded to the nearest minute, either 

by direct observation through binoculars (15–25 m away) or video 

camera (1–5 m away). Watch duration was the time between the 

first and last feed (mean = 54 min 1 ± 25 s SE; range = 30–117 min; 

N = 894). We excluded any watch where identities of feeds or 

hatch date were unknown and from nests subjected to experi-

mental manipulation. Long-tailed tits provision their nestlings 

frequently, with a mean rate of 23.8 feeds/h ± 0.320 SE (range 

4.53–69.2; N = 894) per group in the sample used in this study. The 

total number of alternated and synchronized feeds was calcu-

lated per watch. An alternated feed was any that occurred follow-

ing a feed by another carer (median = 15 per watch; range 1–68; 

N = 894), meaning that alternation did not require a consistent 

pattern of feeds (e.g., A-B-C-A-B-C), just nonconsecutive feeds 

(e.g., A-B-A-C-B-A). A synchronized feed was any nonconsecutive 

feed that occurred within 2 min of the previous feed (median = 8 

per watch; range 0–55; N = 894). This 2-min window was chosen 

to facilitate comparison with prior studies of coordination in 

this species, which found that rates of synchrony using differ-

ent window lengths were highly correlated (r
p
 ≥ 0.94; Halliwell et 

al., 2022) and key results were qualitatively the same (Bebbington 

& Hatchwell, 2016; Halliwell et al., 2022). In watches where one 

carer performed >50% of feeds, some cannot be alternated or 

synchronized, so we calculated the “Maximum possible coordi-

nation” (mean = 87.4% ± 0.414 SE; N = 894) for each watch, which 

functions as a proxy for provisioning rate parity between carers.

Because some alternation and synchrony are expected by 

chance (Ihle et al., 2019a; Santema et al., 2019; Schlicht et al., 

2016), we used a null model to estimate levels of expected coor-

dination (e.g., Halliwell et al., 2022; Ihle et al., 2019a, b; Johnstone 

et al., 2014). We randomized the order of each carer’s intervisit 

intervals within a watch 1,000 times, which were then recom-

bined to produce 1,000 randomized sequences, and the median 

number of alternated and synchronized feeds were the expected 

levels for that watch. Observed and expected alternation and 

synchrony were used to generate measures of how much each 

watch deviated from expected, termed “active alternation score” 

(mean = 0.0663 ± 0.00499 SE; N = 894) and “active synchrony score” 

(mean = 0.206 ± 0.00884 SE; N = 894), respectively. Alternation 

scores were calculated from log(observed alternated feeds + 0.5) 

− log(expected alternated feeds + 0.5), and synchrony scores like-

wise. Therefore, a positive score means that carers coordinated 

more than expected by random chance (i.e., if they provisioned 

independently), while a negative score denotes less coordination 

than expected, which may occur if carers provision in a manner 

that actively avoids alternation (i.e., in bouts of successive unin-

terrupted feeds by the same carer). We added 0.5 to each value to 

avoid taking the log of zero.

Statistical analysis
Statistical analysis was performed on R version 4.2.3 (R 

Core Team, 2023). Models were built using lme4 (Bates et al., 

2015), coxme (Therneau, 2022), and analyzed with lmerTest 

(Kuznetsova et al., 2017). Figures were produced using ggplot2 

(Wickham, 2016), survminer (Kassambara et al., 2021), and cow-

plot (Wilke, 2020). When investigating the influence of alterna-

tion and synchrony on reproductive success we used “active 

alternation score” and “active synchrony score,” respectively. 

These were analyzed in separate models because they are 

intrinsically correlated as synchronized feeds are, by definition, 

alternated. In addition, because previous studies found that 

active alternation decreased with helper presence and active 

synchrony with provisioning rate (Halliwell et al., 2022), we 

included these terms and their interactions with each coordi-

nation score as explanatory terms in our alternation and syn-

chrony analyses, respectively. A significant interaction term 

indicates that the importance of coordination varied with the 

presence of helpers (“helped during watch?”—binary factor 

denoting whether a pair was assisted by helpers in each watch, 

and “nest helped”—a binary factor denoting whether a pair was 

helped within the range of watches analyzed) or “(aggregate) 

provisioning rate”—a continuous numerical variable denoting 

the number of feeds performed per hour by all carers per watch 

(or across several watches).

Provisioning rate (Prediction 1a)

We used a normally distributed linear mixed effects model 

(LMM) to investigate the relationship between alternation and 

provisioning rate in the Full sample of watches (N = 871 at 275 

nests; Supplementary Figure S1). The response variable was the 

log-transformed provisioning rate per watch and the explanatory 

terms of interest were “active alternation score” and its interac-

tion with “helped during watch?”. Covariates and random effects 

used here and throughout are described below.
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Chick mass (Predictions 1b)

We fitted normally distributed LMMs to investigate the rela-

tionship between alternation and chick mass using a subset of 

watches taken prior to biometric assessment from nests where 

all chicks’ biometrics and sexes were known (Chick mass sample 

sex known; N = 360 at 185 nests containing 1,533 chicks). The 

response variable was each chick’s mass on d11. Terms of interest 

were “active alternation score” (aggregated across each appropri-

ate watch) and its interactions with “nest helped?” and “aggregate 

provisioning rate”.

Recruitment rate (Predictions 1c)

We fitted a binomially distributed generalized LMM (GLMM) to 

investigate the relationship between alternation and recruit-

ment rate, using a subset of watches from successful nests where 

each chick’s sex was known (Recruit sample; N = 574 watches at 

170 nests containing 719 male chicks). The response variable was 

a two-column variable (number of males recruited, number of 

males not recruited), which functions as a measure of propor-

tion recruited. Terms of interest were “aggregate active alterna-

tion score” and its interaction with “nest helped?”. Because this 

interaction term was significant, we also repeated this analysis on 

subsamples of biparental (2 carers) watches (N = 331 at 101 nests 

containing 420 male chicks) and cooperative (> 2 carers) watches 

(N = 243 at 69 nests containing 299 male chicks).

Predation and survival (Prediction 2)

To investigate survival time, we used a Cox proportional hazard 

mixed model (CPHMM) (Therneau, 2022) with the two-column 

response variable (days until event, fledged or failed) applied to 

the Predation sample, which included watches from nests depre-

dated prior to ringing, for which brood size was assumed equal 

to clutch size (N = 894 watches at 293 nests). Data were right cen-

sored with all fledged broods defined as age 18. Terms of interest 

were “aggregate active synchrony score” and its interaction with 

“aggregate provisioning rate”.

Covariates and random effects

We controlled for biologically important covariates that could 

influence provisioning behavior. “Provisioning rate variation”—a 

continuous numerical variable denoting variation in the provi-

sioning rate during each watch (mean = 0.582 ± 0.00733 SE; N 

= 894); included because as carers’ intervisit intervals become 

more consistent, the null model’s ability to disrupt patterns of 

coordination fundamentally diminishes (Supplementary Tables 

S1 and S2 and Supplementary Figure S2). “Brood size” (linear and 

quadratic)—an integer numerical variable denoting the number 

of live chicks on d11; included because it affects demand on car-

ers. “Watch duration”—a continuous numerical variable denot-

ing the time (minutes) between the first and last recorded feeds 

per watch; included because the total number of feeds increases 

with watch duration. “Watch start time” —a continuous numer-

ical variable denoting the time each watch started (mean = 9:54 

am ± 5 min SE; N = 894); included because long-tailed tits have 

higher provisioning activity soon after sunrise (Hatchwell et al., 

2004; MacColl & Hatchwell, 2002). “Maximum possible coordi-

nation”—a continuous numerical variable denoting the high-

est theoretical percentage of feeds that could be alternated (or 

synchronized) during a given watch. “Hatch date” (linear and 

quadratic)—an integer numerical variable denoting the number 

of days between March 1 and hatching (Median = May 3; range 

April 15–June 6; N = 293); included to account for within-season 

environmental variation. “Brood age”—an integer numerical 

variable denoting the number of days between hatching and a 

watch; included because provisioning rate increases with age. 

“Chick sex”—a binary factor denoting whether a chick is male or 

female; included because male chicks are typically heavier (Nam 

et al., 2011). “Brood sex ratio”—a continuous numerical variable 

denoting the ratio of female:male chicks within a given brood 

(mean = 0.511 ± 0.0124 SE; N = 185); included to account for dif-

ferences in chick mass between broods with different sex ratios. 

“Tarsus length” (linear and quadratic)—a continuous numerical 

variable denoting chick tarsal length (mm). “Mean carer num-

ber”—a continuous numerical variable denoting the mean num-

ber of carers observed provisioning during all watches of a given 

nest (mean = 3.21 ± 0.0798 SE; N = 69, cooperative nests only). 

Random effects were as follows. “Year”—factor denoting the year 

a watch was performed. “Nest ID”—factor denoting the identity 

of a nest. “Pair ID”—factor denoting the unique combination of 

parents. “Female ID” and “Male ID”—factors denoting the unique 

identity of each mother and father, respectively. “Rowref”—obser-

vation level random effect used to account for overdispersion in 

Poisson-distributed models. Full model details are available in 

Supplementary Table S3.

Results

Hypothesis 1: Alternation facilitates conflict 
resolution
Prediction 1a: Alternation increases provisioning rate

As predicted, we found a significant positive relationship between 

provisioning rate and alternation (LMM: p = 0.002, Table 1; Figure 

1A). This effect did not differ significantly between biparental and 

cooperative breeding groups (p = 0.096, Table 1). There were also 

significant positive effects of maximum possible coordination, 

i.e., parity of provisioning rates among carers (b = 0.067 ± 0.012 

SE, χ2 = 33.23, p < 0.001, Supplementary Table S4), brood size 

(linear) (b = 0.162 ± 0.069 SE, χ2 = 5.44, p = 0.020, Supplementary 

Table S4), and the presence of helpers (b = Yes: 0.078 ± 0.030 SE, 

χ2 = 5.73, p = 0.017, Supplementary Table S4) on provisioning rate, 

showing that helpers increased total food delivered, as reported 

previously (Hatchwell et al., 2014; MacColl & Hatchwell, 2003). 

We also found significant negative effects of watch duration 

(p = 0.015, Supplementary Table S4) and watch start time (p < 

0.001, Supplementary Table S4); no other term was significant 

(Supplementary Table S4).

Prediction 1b: Alternation increases chick mass

The prediction that greater alternation would be associated with 

heavier nestlings was not supported (LMM: p = 0.285, Table 1; 

Figure 1B). However, as expected larger chicks were heavier, chick 

mass increasing with tarsus length before plateauing (p < 0.001; 

Supplementary Table S5), and male offspring were larger than 

females (p < 0.001; Supplementary Table S5); no other term was 

significantly related to chick mass (Supplementary Table S5).

Prediction 1c: Alternation increases recruitment rate

Recruitment did not increase with alternation per se, but there 

was a significant effect on recruitment of the interaction between 

alternation and whether a nest had helpers (GLMM: p = 0.021, 

Table 1; Figure 1C). This result indicates that in helped broods, 

recruitment was positively related to alternation, while in bipa-

rental broods there was no such effect (Figure 1C). The analyses 

of biparental and cooperative nests separately supported this 
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conclusion. At cooperative nests, recruitment increased signifi-

cantly with alternation (p = 0.003; Table 1) and carer number (b 

= 0.554 ± 0.252 SE, χ2 = 5.31, p = 0.021, Supplementary Table S6), 

meaning that both higher levels of alternation and more helpers 

independently increased offspring recruitment rate. In contrast, 

there was no significant effect of any terms on recruitment at 

biparental nests (Supplementary Table S7). In the overall model, 

the only other significant term was a positive effect of maximum 

possible coordination (b = 0.375 ± 0.188 SE, χ2 = 3.97, p = 0.046, 

Supplementary Table S8), so male recruitment rate increased 

with parity of provisioning rate between carers.

Hypothesis 2: Synchrony reduces brood 
predation risk
Brood survival time, our response variable directly linked to pre-

dation risk, was significantly related to the interaction of syn-

chrony and provisioning rate (CPHMM: b = −0.544 ± 0.206 SE, z = 

−2.64, χ2 = 6.97, p = 0.008, Supplementary Table S9; Figure 2A), 

meaning that the effect of synchrony to prolong nest survival 

increased with provisioning rate. Overall, there was a negative 

effect of brood size on survival (Figure 2B), although the relation-

ship was quadratic (linear b = −0.966 ± 0.688 SE, z = −1.40, χ2 = 

1.97, p = 0.149; quadratic b = 1.332 ± 0.665 SE, z = 2.00, χ2 = 4.01, p 

= 0.045, Supplementary Table S9), with a small initial increase in 

survival before a larger decrease at large brood size. As expected, 

brood age (b = −1.156 ± 0.185 SE, z = −6.26, χ2 = 39.23, p < 0.001, 

Supplementary Table S9) was significantly related to survival 

time, but all other terms showed no significant effect on survival 

time (Supplementary Table S9).

Discussion

In this study, we investigated the role of coordinated provision-

ing in resolving conflict between carers and reducing brood pre-

dation in biparental and cooperatively breeding long-tailed tits. 

First, we found support for the hypothesis that alternation (i.e., 

conditional cooperation) facilitates conflict resolution because 

greater alternation was associated with increased provisioning 

rate (all nests), parity of investment among carers (all nests), and 

local recruitment of offspring (cooperative nests only). Second, 

our results support the hypothesis that synchronous provision-

ing reduces predation risk because greater synchrony was asso-

ciated with prolonged nest survival when provisioning rates were 

high. Viewed together, our results suggest that large, high-activity 

groups of highly coordinated carers experienced the best repro-

ductive outcomes because their offspring were more likely to 

fledge and recruit locally.

Since its conception (Johnstone et al., 2014), the conditional 

cooperation model for provisioning has received much empirical 

attention, with many studies showing that carers alternate vis-

its more than expected by chance (e.g., Bebbington & Hatchwell, 

2016; Halliwell et al., 2022; Johnstone et al., 2014; Koenig & 

Walters, 2016; Lejeune et al., 2019; Savage et al., 2017). However, 

the hypothesis that parents alternate provisioning visits to mit-

igate conflict remains contentious because alternation could be 

plausibly explained by shared environments rather than condi-

tionality (Ihle et al., 2019a; Santema et al., 2019; Schlicht et al., 

2016). A notable exception to this problem is the recent demon-

stration that long-tailed tits conditionally delayed feeding (i.e., 

loiter near the nest) in a manner that facilitates alternation 

(Halliwell et al., 2023a). It is also problematic that evidence for 

a beneficial effect of alternation is sparse. A prior study of long-

tailed tits showed that alternation was positively correlated with 

provisioning rate (Bebbington & Hatchwell, 2016), and others 

have shown that alternation was positively related to offspring 

mass (Trapote et al., 2023) or mass gain (Burdick & Siefferman, 

2020). However, no previous study has identified a direct positive 

effect of alternation on offspring survival or recruitment. Here, 

we corroborated the link between alternation and provisioning 

rate and found that provisioning rate increased with parity of 

effort among carers, suggesting increased investment when con-

flict between carers was mitigated. Crucially, we also found that 

alternation was positively correlated with offspring recruitment 

in cooperative groups, an important component of fitness in this 

species (MacColl & Hatchwell, 2004).

In contrast to the effect in cooperative nests, offspring recruit-

ment was not significantly related to alternation in biparental 

nests, although it was positively correlated with parity of pro-

visioning between carers. According to the conditional cooper-

ation hypothesis (Johnstone et al., 2014), alternation optimizes 

Table 1. Effect of active alternation score and associated interaction terms on provisioning rate at each watch, and offspring condition 
and reproductive success at each nest.

Response variable Key terms Estimates ± SE df χ2 p

Prediction 1a: Alternation increases provisioning rate

N = 871 watches at 275 nests.
Log(provisioning rate) Alternation 0.032 ± 0.012 1,870 9.74 0.002

Alternation * Helped during watch? Yes: 0.048 ± 0.029 1,870 2.78 0.096

Prediction 1b: Alternation increases chick mass.

N = 360 watches at 185 nests containing 1,533 chicks.
Chick mass Alternation −0.036 ± 0.031 1,1532 1.14 0.285

Alternation * Nest helped? Yes: 0.103 ± 0.078 1,1532 1.73 0.188

Prediction 1c: Alternation increases recruitment rate

All nests—N = 574 watches at 170 nests containing 719 male chicks.
Proportion recruited Alternation −0.340 ± 0.202 1,169 0.58 0.445

Alternation * Nest helped? Yes: 0.929 ± 0.402 1,169 5.36 0.021
Biparental nests only—N = 331 watches at 101 nests containing 420 male chicks.
Proportion recruited Alternation −0.401 ± 0.245 1,100 2.37 0.123
Cooperative nests only—N = 243 watches at 69 nests containing 299 male chicks.
Proportion recruited Alternation 0.800 ± 0.293 1,68 9.09 0.003

Note. Significant values (p < 0.05) in bold.
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investment by ensuring parity in provisioning rates, suggesting 

that successful conflict resolution should also benefit offspring 

raised biparentally. It is possible that the parity term masked an 

effect of alternation in biparental nests, although it is unclear why 

this would not also be the case in cooperative nests. Recruitment 

from biparental nests is also low compared to cooperative nests 

(Hatchwell et al., 2014), so our capacity to detect effects of provi-

sioning behavior on relatively infrequent recruitment events may 

be low.

Although alternation was correlated with provisioning and 

recruitment rates, it did not influence nestling mass signifi-

cantly. This is surprising given the effect on provisioning rates 

and the fact that heavier chicks are more likely to recruit locally 

(Hatchwell et al., 2004; MacColl & Hatchwell, 2002). However, this 

apparent anomaly is probably because our offspring mass analy-

sis used only watches prior to biometric assessment (i.e., d6–11), 

whereas our provisioning rate and recruitment analyses utilized 

watches to the end of the nestling period (i.e., d6–18). If the ben-

efits of alternation and higher provisioning rates occur later in 

development or are cumulative, as with the effect of brood size 

on survival, we might not detect an effect on chick mass until 

after d11.

Long-tailed tits also exhibit prerequisites for the predation 

hypothesis; they have a short breeding season and raise only one 

brood per year, despite losing most nests to predators (Hatchwell 

et al., 2013), so there should be strong selection for strategies to 

reduce nest conspicuousness. Bebbington and Hatchwell (2016) 

reported that synchrony reduced the total time that long-tailed 

tits spent near the nest when provisioning, which can advertise a 

nest’s location to predators (Sahin Arslan & Martin, 2024; Martin 

et al., 2000; Skutch, 1949). Here, we found that greater synchrony 

was associated with increased brood survival, particularly when 

provisioning rates were high. This makes intuitive sense because 

as the frequency of visits increases, so does the chance of adver-

tising a brood’s location to predators. However, we found that 

nests provisioned more frequently, and smaller broods, both 

experienced reduced predation even when provisioned asynchro-

nously. This suggests that begging intensity influences predation 

risk because well-fed groups should be more satiated and thus 

beg less intensely, while smaller broods inherently produce less 

noise (Briskie et al., 1999; Haskell, 1994). Synchronous provision-

ing may reduce overall begging intensity by overlapping carers’ 

near-nest loitering periods prior to feeding, thus limiting the total 

time that one or more carers are near the nest when begging is 

loudest (Sargent, 1993). Therefore, long-tailed tits must trade-off 

potential reproductive output against the risk of brood predation, 

with synchrony playing an important role in reducing predation 

risk. On the other hand, it should be noted that in an experiment, 

carers did not increase synchrony in response to temporarily 

increased perceived predation risk (Halliwell et al., 2023b), sug-

gesting that synchrony is not dynamically adjusted in response 

to varying predation risk, but rather is an antipredator strategy 

performed consistently across the nestling period.

Figure 1. (A) Provisioning rate (feeds/hour) vs. active alternation score 
per watch from the full sample of watches (N = 871 watches at 275 
nests). Note: straight line at X = 0 is where the number of observed 
alternated visits is equal to expected, and the gap between this line 
and the rest of the data is due to the lower resolution of the null model 
(obs. vs. exp.) at low provisioning rates. (B) Chick mass (grams) at d11 
vs. aggregate active alternation score per nest from a subsample of 
watches taken prior to weighing where all chick sexes were known 

(N = 360 watches at 185 nests containing 1,533 chicks). (C) Proportion 
of male offspring recruited into the local breeding population vs. the 
aggregate active alternation score at biparental (N = 331 watches at 
101 nests containing 420 male chicks) and cooperative nests (N = 243 
watches at 69 nests containing 299 male chicks) that fledged and in 
which all chick sexes were known. Data points were translucent, so 
overlapping data points results in darker shades. Predicted relationships 
(± 95% CI) are fitted from GLMMs, see Table 1.
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This begs the question of why carers do not provision broods 

less frequently with larger loads? The diet of nestling long-tailed 

tits, small invertebrates delivered to nestlings carried in the bill, 

means the capacity of carers to adjust provisioning strategy to 

mitigate predation risk is very limited. Therefore, the best strat-

egy to reduce near-nest activity and associated offspring begging 

may be to provision synchronously (Sahin Arslan & Martin, 2024; 

Bebbington & Hatchwell, 2016; Martin et al., 2000; Skutch, 1949). 

The problem of advertising nests to predators may be particularly 

acute for cooperative species if extra carers increase activity at 

the nest, enhancing the need for synchrony to reduce vulnera-

bility to predators. Alternatively, if helpers are effective at nest 

defense, offspring may be better protected in larger groups, as in 

Florida scrub jays Aphelocoma coerulescens (Mumme, 1992), poten-

tially negating the need for synchrony. To date, there have been 

insufficient studies of cooperative species to compare levels of 

coordination across social systems, but we suggest that such 

studies would be particularly worthwhile.

Our results indicate that although alternation and synchrony 

are intrinsically linked, they appear to serve independent func-

tions in long-tailed tits. Alternation facilitates conflict resolution 

between carers (Johnstone et al., 2014), particularly in coopera-

tive groups where the potential for conflict is greater (Savage et 

al., 2017), while synchrony reduces predation risk. Indeed, these 

distinct functions are consistent with the notion that they result 

from different behavioral strategies. Alternation is partly facili-

tated by carers delaying provisioning if it was not their turn to 

feed, while synchrony is facilitated by carers arriving back to 

the nest together, presumably resulting from group foraging 

(Halliwell et al., 2023a). However, synchrony may have an addi-

tional function of facilitating alternation; by overlapping loitering 

periods, synchrony may limit the amount of time a carer must 

wait near the nest for another to arrive (e.g., to avoid feeding con-

secutively). Therefore, scheduling nest visits via synchrony could 

facilitate efficient negotiation by allowing carers to gather infor-

mation about the timing of others’ last contributions without 

the need for prolonged loitering periods near the nest, which 

could advertise its location to predators. Indeed, these two met-

rics of coordination are positively correlated in long-tailed tits 

(Bebbington & Hatchwell, 2016) and other species (Mariette & 

Griffith, 2015), although that does not demonstrate a causal link 

between the two.

In conclusion, to our knowledge, this is the first study to demon-

strate that coordinated provisioning by carers increases the pro-

duction of recruits, and it joins the short list of studies finding 

that it reduces brood predation risk (Leniowski & Węgrzyn, 2018; 

Raihani et al., 2010). We found support for the conditional coop-

eration hypothesis because higher alternation and parity of pro-

visioning rates corresponded with higher provisioning rates and 

recruitment of offspring raised cooperatively, and the predation 

hypothesis because in above average provisioning rate groups, 

higher synchrony corresponded with increased brood survival. 

These results support the idea that alternation and synchrony 

may co-occur while having independent functions. Moreover, our 

previous studies suggest that each form of coordination results 

from different behaviors by carers—synchrony arising from col-

lective foraging and alternation through conditionality in nest 

visits, which is facilitated by overlapped loitering periods prior 

to provisioning (i.e., synchrony). Finally, we suggest that coopera-

tive breeding systems offer a particularly rich and variable social 

environment in which to investigate the occurrence and func-

tions of coordinated care.

Supplementary material

Supplementary material is available online at Evolution Letters.

Data and code availability

All data and analysis code used in this study are available at 

Dryad: https://doi.org/10.5061/dryad.9p8cz8wqj.

Figure 2. Kaplan–Meier curves for the cumulative probability of brood survival vs. brood age for (A) nests above the mean average aggregate 
provisioning rate and above the mean average aggregate active synchrony scores (N = 151 watches at 38 nests), above average aggregate provisioning 
rate and below average aggregate active synchrony score (N = 339 watches at 98 nests), below average aggregate provisioning rate and above average 
aggregate active synchrony score (N = 238 watches at 97 nests) and below average aggregate provisioning rate and below average aggregate active 
synchrony score (N = 166 watches at 60 nests), and (B) nests with equal to or above the median average brood size (N = 482 watches at 159 nests) and 
nests with below average brood size (N = 412 watches at 134 nests).
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