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Abstract  

To maximise fitness, parents should optimise their investment in each breeding attempt. When there are multiple carers, 

the optimal strategy may also depend on the relative timing of their investment, with coordination of care hypothesised to 

maximise its efficiency and reduce predation risk. The aim of this study was to test the hypothesis that carers coordinate 

provisioning as an antipredator measure that reduces the time that a brood’s location is advertised to predators (‘predation 

hypothesis’). We presented predatory and non-predatory model birds to provisioning long-tailed tit Aegithalos caudatus 

parents and helpers, predicting that coordination would increase, and carer activity near the nest would decrease following 

predator presentation, relative to controls. First, carers reduced provisioning rates and took longer to resume provisioning 

following the predator presentation. Second, contrary to predictions, we found no significant change in any metric of coor-

dination following predator presentations, relative to controls. Moreover, following predator presentation carers spent more 

time near the nest, resulting in greater near-nest activity compared to controls. In conclusion, although provisioning long-

tailed tits are sensitive to perceived predation risk, our findings do not support the prediction of the predation hypothesis 

that carers adjust coordination behaviour in response to that threat.

Significance statement

Parental care improves offspring condition and is often necessary for their survival but may also confer risk. In birds, pro-

visioning a brood may advertise its location to predators. When multiple individuals provision the same brood, they are 

hypothesised to coordinate their visits to limit the time that a brood’s location is advertised. This hypothesis has not yet 

been experimentally tested, so in this study, we investigated whether carers increase their level of provisioning coordination 

in response to elevated brood predation risk by presenting predatory and non-predatory model birds near 22 long-tailed tit 

Aegithalos caudatus nests. As anticipated, carers stopped provisioning during predator presentation. However, contrary to 

expectations, carers did not coordinate more in watches following predator presentation, but instead spent longer near the 

nest before provisioning, suggesting an increase in risk aversion or vigilance behaviour.

Keywords Alternation · Brood predation · Cooperation · Coordination · Synchrony · Parental care

Introduction 

Parental care is any action taken by an individual to directly 

improve the fitness of their offspring (Trivers 1974; Godfray 

1995). However, providing care is costly, so parents must trade-

off current investment against potential future productivity and 

optimise their investment in each breeding attempt to maxim-

ise their lifetime reproductive success (Clutton-Brock 1991; 

Stearns 1992). When offspring are cared for by multiple indi-

viduals, this optimisation process must also consider the care 

provided by others (Houston and Davies 1985; McNamara et al 

1999, 2003; Lessells and McNamara 2012). In such systems, 
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the relative timing of carers’ investment may also influence 

their fitness pay-offs, with groups of coordinated carers hypoth-

esised to receive greater net benefits than carers behaving inde-

pendently (e.g. Raihani et al 2010; Shen et al 2010; Johnstone 

et al 2014). For example, strict coordination of care is essential 

in many pelagic seabirds that have long foraging trips during 

which their partner must remain at the nest to incubate eggs, 

brood chicks, and deter predators (Schreiber and Burger 2002; 

Patrick et al 2020; McCully et al 2022). Similar coordination 

strategies are observed in many terrestrial birds with biparen-

tal incubation (Thomson et al. 1998; Al-Rashidi et al 2010; 

Boucaud et al 2016), and pairs exhibiting greater incubation 

coordination experience greater reproductive success (Spoon 

et al 2006).

Another form of parental coordination, based on condi-

tional cooperation between carers, i.e. taking-turns to deliver 

food to offspring (hereafter ‘alternation’), has been hypoth-

esised to facilitate conflict resolution between ultimately 

selfish individuals (Johnstone et al 2014; Savage et al 2017; 

Johnstone and Savage 2019). By alternating provisioning vis-

its, carers ensure that any individual’s attempt to gain advan-

tage by reducing investment is matched by a similar reduc-

tion by the other carer(s), thus preventing would-be defectors 

from benefiting from the disproportionate effort of others. 

This enables all carers to more closely achieve their optimal 

level of care without risking exploitation (Royle et al 2002; 

McNamara et al 2003) and may explain why some species 

matched experimental increases in their partner’s provisioning 

rate (Hinde 2006; Meade et al 2011). However, alternation 

requires a mechanism by which carers can reliably monitor the 

investment of others in real-time, particularly if carers forage 

solitarily (e.g. Savage et al 2017). Synchronous provisioning, 

another form of coordination, is hypothesised to provide this 

function (Mariette and Griffith 2015; Bebbington and Hatch-

well 2016; Baldan 2019; Baldan and van Loon 2022).

Synchronous nest visits have been reported in sev-

eral biparental (e.g. Doutrelant and Covas 2007; Lee et al 

2010; Mariette and Griffith 2012, 2015; Leniowski and 

Węgrzyn 2018; Khwaja et al 2019; Lejeune et al 2019) 

and cooperatively breeding (e.g. Raihani et al 2010; Shen 

et al 2010; Bebbington and Hatchwell 2016; Koenig and 

Walters 2016; Halliwell et al 2022) bird species. However, 

to synchronise provisioning, carers may have to delay the 

delivery of resources while they wait for another carer to 

arrive (Ruckstuhl 1999; Dostalkova and Spinka 2007). 

Therefore, it must provide an adaptive function that confers 

fitness benefits which outweigh the potential costs. Provi-

sioning synchrony and alternation co-occur in some species 

(Koenig and Walters 2016; Baldan and Griggio 2019; Ihle 

et al 2019b; Baldan and Quyang 2020) and are sometimes 

correlated (Bebbington and Hatchwell 2016; Leniowski and 

Węgryzn 2018), supporting the contention that synchrony 

facilitates alternation. However, synchronous provisioning is 

also hypothesised to have several other potential functions. 

Synchrony may allow carers to signal effort to conspecifics, 

either to advertise quality (Zahavi 1977a, b; Doutrelant and 

Covas 2007) or maintain group membership (Gaston 1978; 

Kokko et al 2002; Trapote et al 2021). Synchrony may also 

increase parity in resource partitioning between offspring. 

For example, if a brood is provisioned twice in quick succes-

sion, the chick fed first may be satiated or still processing the 

food when the second feed is delivered, and thus synchrony 

may limit the ability of more competitive chicks to monopo-

lise resources (Shen et al 2010; Mariette and Griffith 2012, 

2015). Alternatively, synchrony could result from group for-

aging (Forbes 1993), which may increase foraging efficiency 

by allowing carers who are less experienced or familiar with 

the area to use cues from others to inform their foraging 

decisions, and/or reduce the risk of carers being preyed upon 

when foraging (Beauchamp 1998; Lee et al 2010; van Rooij 

and Griffith 2013; Mariette and Griffith 2015; Baldan and 

van Loon 2022).

Synchrony has also been hypothesised to reduce brood pre-

dation risk (‘predation hypothesis’). By provisioning a brood 

together, carers may reduce the number of discrete feeding 

events (Skutch 1949), activity near the nest (Martin et al 2000; 

Bebbington and Hatchwell 2016; Leniowski and Węgrzyn 

2018) and/or begging call duration (Haskell 1994; Briskie et al 

1999), all of which may advertise the nest location to predators. 

Several studies have linked provisioning synchrony to reduced 

activity near a nest (Bebbington and Hatchwell 2016; Lenio-

wski and Węgrzyn 2018) and increased brood survival (Raihani 

et al 2010; Leniowski and Węgrzyn 2018), but to our knowl-

edge, only one has yet identified a link between synchrony and 

predation risk. In a multispecies study, Khwaja et al (2019) 

found that New Zealand bellbirds Anthornis melanura from 

predator-free island populations synchronised provisioning 

visits less than mainland populations which historically expe-

rienced brood predation. However, in 24 other such intraspecific 

comparisons, many did not provision synchronously, and in 

those that did, synchrony did not vary consistently with preda-

tion risk (Khwaja et al 2019).

In this study, we investigated the predation hypothesis 

in a population of long-tailed tits Aegithalos caudatus, a 

passerine bird that may provision offspring biparentally, or 

cooperatively when pairs are helped by failed breeders (Glen 

and Perrins 1988; Hatchwell et al 2004). Helping is a kin-

selected behaviour and helpers receive no direct fitness ben-

efits from their cooperative investment, so all carers share a 

common interest in brood survival (Hatchwell et al 2014). 

Long-tailed tits coordinate their provisioning via alternation 

and synchrony, with observed coordination exceeding levels 

expected by chance (Bebbington and Hatchwell 2016; Hal-

liwell et al 2022), and they behave in a manner that actively 

enhances their level of coordination (Halliwell et al 2023). 

Long-tailed tits experience very high rates of nest predation, 
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with 72% of nests failing due to depredation of the eggs 

or nestlings (Hatchwell et al 2013), usually by corvids e.g. 

Eurasian jay Garrulus glandarius. So, we conducted an 

experiment to test whether coordination (i.e. alternation and 

synchrony) is adjusted in response to elevated predation risk. 

Specific objectives were: first, to determine whether model 

predator presentation disturbed the provisioning behaviour 

of long-tailed tits, predicting that carers would reduce provi-

sioning during periods of acutely elevated perceived preda-

tion risk. Secondly, we tested whether increasing perceived 

predation risk caused an increase in subsequent coordination 

behaviours, predicting that carers would increase coordina-

tion and reduce total time spent near the nest in watches 

following predator presentation. We also predicted that any 

adjustment of coordination and nest activity in response 

to the predator threat would diminish with time following 

removal of the model predator.

Methods

Study system and general field protocol

Data were collected during the breeding seasons 

(March–June) of 2021 and 2022 from a population of long-

tailed tits in a ~  3km2 field site in the Rivelin Valley, Shef-

field, UK (53°23′N, 1°34′W). Nests were located by follow-

ing adult birds during nest building, and once located, were 

monitored at 1–3 day intervals to record lay dates and the 

start of incubation, with daily checks to record hatch date 

within 24 h. Brood size was recorded on day 11 (d11) after 

hatching (d0) when chicks were ringed. Long-tailed tits 

typically build their nests in low vegetation (< 3 m), but 

sometimes also in tree forks (> 3 m). Our experimental pro-

tocol required model presentation within 2 m of the nest, so 

we conducted experiments only on nests within reach of an 

observer (< 2 m) (N = 22). Whilst this restricts our investi-

gation to a subset of potential nest locations, with slightly 

lower predation risk than average, predation by corvids 

occurs at a high rate across the full range of nest heights 

and in all areas of the field site (Hatchwell et al 1999; Hig-

gott 2019), so pairs with low nests should still be sensitive 

to predator threats. All birds in our study were individually 

identifiable after being ringed with a British Trust for Orni-

thology ring and a unique combination of two colour rings 

either as nestlings in our field site or during nest building if 

immigrants. In total, 21 breeding females, 20 breeding males 

and 11 helpers (10 males, 1 female) were observed at 22 

nests. Three (5.8%) of 52 carers were subjected to our exper-

iment twice in successive years resulting in a small degree 

of pseudoreplication. However, in all cases these birds had 

different partners in the two years, and our analyses were pri-

marily focused on the property of groups (i.e. coordination) 

rather than that of individuals. Therefore, we believe that any 

disproportionate effect of this small number of individuals is 

likely to be minimal. Furthermore, the birds in our field site 

must regularly encounter predators throughout the year so 

we believe that brief exposure to a model bird is unlikely to 

influence their response to the same models 12 months later. 

Overall, 68% of broods were provisioned biparentally in our 

sample, with the remainder provisioned cooperatively by 

parents plus one (23%), or three (9%) alloparental helpers. 

It was not possible to record data blind because our study 

involved focal animals in the field.

Experimental protocol

Long-tailed tits provision their brood in the nest from hatch-

ing (d0) until failure or fledging (d16–18). Breeding females 

brood the chicks until around d5, during which time males 

provide most food, but from d6 onwards brooding ceases and 

carers provision chicks directly. We conducted experiments 

on d8–10 at 22 nests (d8: N = 12; d9: N = 6; d10: N = 4) in 

April–May 2021 and 2022. At each nest, we performed an 

experiment comprising a series of provisioning watches 

with intermittent periods of model presentation (Fig. 1). 

First, an observer (CH) set up a wooden pole (1.2 m tall) for 

model presentations and a video camera on a tripod ~ 2 m 

from the nest to record the time, to the nearest second, that 

each carer fed the brood, before retreating to an observation 

position > 20 m from the nest. The first watch was a control 

provisioning period of 1 h which commenced upon the first 

feed observed after an initial 10-min acclimation period. 

The observer recorded the time, to the nearest second, that 

a carer arrived within 15 m of the nest, so that the time 

between arrival and feeding, termed the ‘loitering period’, 

could be calculated. If two or more carers arrived simulta-

neously, they were recorded as arriving at the same time, 

but the observer noted the order in which they were identi-

fied. Some arrivals did not result in feeds (4.69%, N = 1,561) 

so were omitted from our final analysis. In addition, some 

arrivals (4.03%, N = 1,491) were missed, in which case the 

time of arrival was assumed to be the time first seen on 

camera; the longer a carer loitered the lower the chance that 

their arrival was missed, so we reasoned that missed arrivals 

would typically occur with short loitering periods. Watches 

were performed for one hour after the first observed feed, 

and watch duration was calculated as the time between first 

arrival and final feed.

Following the control period, the observer fixed the first 

taxidermic model atop the pole before retreating to the same 

observation position. The model was either a non-predatory 

(rock dove, Columba livia) or predatory (Eurasian jay) bird; 

jays commonly depredate long-tailed tit eggs and chicks, but 

not adults. The first model was presented for ~ 15 min (dove 

mean (± SE): 15 min 19 s ± 6 s, N = 22; jay mean (± SE): 
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15 min 22 s ± 8 s, N = 22), while the observer and video 

camera recorded arrival and feed times to the nearest second. 

Although we did not systematically quantify other behav-

iours during this period, carers usually responded to the jay 

by intensely alarm-calling and mobbing the model before 

retreating from the nest area. In contrast, during the dove 

presentation, carers alarm-called less and rarely mobbed 

the model, often resuming provisioning within 2 min of 

the presentation. After 15 min the observer retrieved and 

concealed the model before returning to the same obser-

vation position to perform another 1 h provisioning watch. 

The observer then repeated the presentation procedure and 

subsequent observation period for the other model. All 

watches at a focal nest were performed on the same day, 

back-to-back, with minimal breaks between watch periods 

and the next model presentation. Each experiment typically 

lasted 4–5 h. The order of model presentations was stratified 

to minimise confounding order effects in model treatment 

(dove first: N = 10 trials; jay first: N = 12 trials). Neverthe-

less, our experimental design resulted in a potential order 

effect because the control period necessarily preceded the 

model presentations to avoid any impact of model presenta-

tions on the non-presentation control period. To assess the 

impact of this, we analysed the effect of watch order (includ-

ing non-presentation controls) on each of our investigated 

metrics, finding no significant effect of watch order, nor any 

change in significance of the key terms with or without the 

inclusion of the watch order term (Table S1). Therefore, final 

analyses reported in the paper did not include presentation 

order.

Due to resource constraints, we presented the same preda-

tory and non-predatory models at each nest, so the responses 

of each group to our treatment were not truly independent 

as they responded to the same individual models, intro-

ducing a degree of potential pseudoreplication (Milinski 

1997). Therefore, we cannot rule out the possibility that 

carers’ responses were influenced by the unique individual 

characteristics of our chosen models as well as differences 

between the predatory and non-predatory species overall; 

though, we believe that this effect should be very small when 

presenting taxidermic models. Further, our protocol is in line 

with similar studies presenting the same model(s) to differ-

ent subjects (e.g. Giles and Huntingford 1984; Ghalambor 

and Martin 2000, 2002; Peluc et al. 2008). Therefore, we 

think it is safe to assume that our predatory and non-preda-

tory models were a fair representation of the predation threat 

exhibited by jays and doves.

Calculating coordination

Effect of experimental treatments on provisioning 

behaviour

To establish whether model presentations disturbed regular 

provisioning behaviour, we first calculated the time between 

the removal of each model (dove or jay) and the first feed 

by any carer during the subsequent watch, termed the ‘Lag 

time’ (Fig. 1). Secondly, we calculated the ‘Number of feeds’ 

by all carers during control watches, during model presenta-

tion periods (dove or jay present) and in watches following 

model removal (post-dove and post-jay). This was analysed 

as the total number of feeds per watch, which functioned 

as a measure of provisioning rate when watch duration was 

included in the model.

Does predation threat increase coordination?

To test the prediction that carers increase their coordina-

tion in response to elevated predation risk, we calculated 

provisioning and coordination metrics by all carers during 

control watches and post-dove and post-jay watches, as fol-

lows. ‘Alternation’ – the number of alternated feeds, defined 

as the number of feeds that occurred following the feed of 

another carer, i.e. non-consecutive feeds (e.g. A-B-A-C-B) 

Fig. 1  Illustration of the experimental protocol and models used: rock dove (Columba livia) (left) and Eurasian jay (Garrulus glandarius) 

(right). Treatment model illustrations by SC Anderson 
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(median = 16, range = 3–37, N = 66 watches at 22 nests). 

‘Arrival synchrony’ – the number of synchronised arriv-

als, defined as the number of arrivals that occurred within 

a time window of 2 min following an arrival by another 

carer (median = 10, range = 1–30, N = 66). ‘Feed synchrony’ 

– the number of synchronised feeds, defined as the number 

of feeds that occurred within a 2-min time window of a feed 

by another carer (median = 10, range = 1–30, N = 66). Previ-

ous studies of long-tailed tits found that levels of synchrony 

between 1-, 2-, and 3-min window lengths were highly cor-

related  (rp > 0.94; Halliwell et al 2022) and studies of long-

tailed tits and other species with comparable provisioning 

rates found qualitatively similar results for different syn-

chrony windows (Mariette and Griffith 2015; Bebbington 

and Hatchwell 2016; Ihle et al 2019a; Halliwell et al 2022), 

with 2 min being most widely used. Therefore, 2 min was 

chosen to ensure that our methods were consistent and com-

parable with previous studies of coordination in long-tailed 

tits. ‘Present upon arrival’ – the number of feeds where the 

focal carer arrived back within 15 m of the nest with another 

carer loitering nearby (median = 6, range = 0–24, N = 66). 

‘Present upon feed’ – the number of feeds where the focal 

carer fed whilst another carer loitered nearby (median = 5, 

range = 0–24, N = 66). ‘Loitering time’ – the mean loiter-

ing period duration by all carers who provisioned the brood 

during a watch (mean (± SE) = 45.8 s ± 3.8 s, N = 66) and 

‘Duration of time with carer(s) nearby’ – the total time dur-

ing each watch where one or more carers loitered within 

15 m of a nest (mean (± SE) = 11 min 54 s ± 36 s, N = 66); 

when watch duration was included as a covariate this meas-

ure functioned as an analysis of the proportion of a watch 

where at least one carer was loitering nearby.

To further test the dynamics of any potential response 

to predation threats, we compared several metrics of carer 

behaviour between sub-sections of control watches and post-

dove and post-jay watches, each split into thirds by watch 

duration (mean third duration (± SE) = 18 min 47 s ± 8 s, 

N = 198); response variables were: ‘Number of feeds’ (pro-

visioning rate), ‘Loitering time’, and the levels of each coor-

dination metric (‘Arrival synchrony’, ‘Present upon arrival’, 

‘Present upon feed’, ‘Feed synchrony’, ‘Alternation’). This 

analysis attempted to determine the time frame on which 

carers adjusted their provisioning behaviour in response to 

elevated predation risk.

Statistical analysis

All statistical analyses were performed in R version 4.2.1 (R 

Core Team 2022). All models were built using lme4 (Bates 

et al 2015) and P values extracted using lmerTest (Kuznet-

sova et al 2017). Where appropriate, we used the package 

emmeans (Lenth et al 2019) to perform post hoc testing. Fig-

ures were produced using the packages ggplot2 (Wickham 

2016), cowplot (Wilke 2020) and ggsignif (Ahlmann-Eltze 

and Patil 2021). Our general approach to analyses was to use 

full mixed effects models with all biologically relevant fixed 

and random effects. To confirm that our findings were not 

influenced by overparameterisation of these models, we also 

conducted analyses of the same dataset using stepwise elimi-

nation of non-significant terms and an information theoretic 

(AIC) approach, but results were very consistent between 

these methods (see online resource details, Table S3). There-

fore, here we present only the results of full mixed effect 

models.

Effect of experimental treatments on provisioning 

behaviour

To determine whether model presentation treatments 

affected provisioning behaviour, we first built a normally 

distributed linear mixed effects model (LMM) to compare 

the lag time between model removal and the first subse-

quent feed for dove and jay treatments. The response vari-

able was log-transformed ‘Lag time’ because the assumption 

of normality was met only when the response variable was 

appropriately transformed. This model’s term of interest was 

‘Treatment’ (post-dove or post-jay), with the fixed effects 

covariates as follows. ‘Provisioning rate’ – the total number 

of feeds by all carers per hour in the watch following model 

removal (in this case: mean (± SE) = 25.09 feeds/h ± 1.33, 

range = 7.94–46.42, N = 44). ‘Carer number’ – the number 

of unique carers which provisioned during each watch fol-

lowing model removal (in this case: 2: 70.5%, 3: 20.5%, 4: 

2.3% and 5: 6.8%; N = 44). ‘Brood size’ – the number of live 

chicks recorded in the nest on d11 (median = 9, range = 2–11, 

N = 22). ‘Watch start time’ – the time of day each experiment 

started (mean = 08:30 BST, range = 07:20–12:40, N = 22). 

‘Brood age’ – the number of days since hatching upon which 

a watch was performed (d8: N = 12; d9: N = 6; d10: N = 4). 

Finally, ‘Hatch date’ – the number of days since March 1 

of each year on which each brood hatched (median = April 

30, range = April 19 – May 29, N = 22). Random effects 

were ‘Year’ and ‘Nest ID’ – a unique identifier for each 

nest. Detailed descriptions of all fixed and random effects 

are available in Table S2 (online resource). Secondly, we 

built a Poisson-distributed generalised linear mixed effects 

model (GLMM) to compare provisioning rates during con-

trol watches, model presentations, and watches following 

model removal (post-dove and post-jay). The response vari-

able was ‘Number of feeds’ and the term of interest was 

‘Treatment’ (control, dove present, jay present, post-dove 

or post-jay) with fixed effect covariates as follows: ‘Carer 

number’ – for provisioning watches, this was the number of 

carers that provisioned during each watch (in this case: 2: 

69.7%, 3: 21.2%, 4: 3.0% and 5: 6.1%; N = 66); for model 

presentation periods, this was the maximum number of 
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carers observed provisioning the nest during the experi-

ment (2: 68.2%, 3: 22.7%, 4: 0.0%, 5: 9.1%; N = 22), ‘Watch 

duration’ – the time, in minutes, between first arrival and 

last feed of each watch (including display periods: mean 

(± SE) = 41 min 18 s ± 125 s, N = 110), ‘Brood size’, ‘Watch 

start time’, ‘Brood age’ and ‘Hatch date’, as above. Random 

effects were ‘Year’, ‘Nest ID’ and ‘Rowref’, which was an 

observation level random effect providing a unique identifier 

for each provisioning watch; included throughout to account 

for overdispersion in Poisson-distributed models.

Does predation threat increase coordination?

To test the prediction that carers increased coordination in 

response to a perceived predation threat, we first produced a 

series of Poisson-distributed GLMMs to compare coordina-

tion metrics between control watches and watches following 

model presentations. The response variables were as fol-

lows: ‘Arrival synchrony’, ‘Present upon arrival’, ‘Present 

upon feed’, ‘Feed synchrony’ and ‘Alternation’, as described 

above, with ‘Treatment’ (control, post-dove or post-jay) 

being the term of interest in each model. Fixed effect covari-

ates for these models were: ‘Provisioning rate’ (in this case: 

mean (± SE) = 22.94 feeds/h ± 1.06, range = 7.94–46.42, 

N = 66), ‘Carer number’, ‘Watch duration’ (in this case: 

mean (± SE) = 58 min 36 s ± 48 s, N = 66), ‘Brood size’, 

‘Watch start time’, ‘Brood age’, ‘Hatch date’ and ‘Maximum 

possible alternation’ – a variable that reflects the dispar-

ity in provisioning rate within groups of carers, e.g. if two 

carers feed at the same rate, all feeds (except the first) are 

potentially alternated, but if one carer feeds more than all 

others combined there exist several feeds which cannot be 

alternated (mean (± SE) = 87.80% ± 1.34%). Therefore, this 

variable represents the percentage of visits performed during 

a watch which could theoretically be alternated (or synchro-

nised) given the relative number of feeds by all carers during 

that watch (see Table S2 for further details). Random effects 

were ‘Year’, ‘Nest ID’ and ‘Rowref’.

Secondly, to test whether treatment influenced loiter-

ing times and consequently the total time that carers were 

nearby the nest, we built two normally distributed LMMs. 

The response variables were log-transformed ‘Loitering 

time’ and ‘Duration of time with carer(s) nearby’, with the 

term of interest being ‘Treatment’ (control, post-dove or 

post-jay). Fixed effect covariates were: ‘Provisioning rate’, 

‘Carer number’, ‘Watch duration’, ‘Brood size’, ‘Watch start 

time’, ‘Brood age’ and ‘Hatch date’. Additionally, to further 

investigate the time during a watch with carer(s) nearby we 

re-ran the original model with mean loitering time included 

as a covariate to account for the effect of potentially differ-

ent loitering times during different watches; we report both 

model outputs. Random effects were ‘Year’, ‘Nest ID’ and 

‘Rowref’.

As the final test of this hypothesis, we used a series of 

Poisson-distributed GLMMs to compare ‘Provisioning rate’ 

and coordination metrics between successive Sects.  (1st,  2nd, 

and  3rd) of control watches and watches following model 

removal. The response variables were: ‘Number of feeds’, 

‘Arrival synchrony’, ‘Present upon arrival’, ‘Present upon 

feed’, ‘Feed synchrony’, ‘Alternation’ and ‘Loitering time’, 

with the terms of interest being ‘Section’ and its interaction 

term with ‘Treatment’, which measures whether watches 

exposed to different treatments varied in their subsequent 

coordination through time. Fixed effect covariates were: 

‘Provisioning rate’, ‘Carer number’, ‘Watch duration’, 

‘Brood size’, ‘Watch start time’, ‘Brood age’, ‘Hatch date’ 

and ‘Maximum possible alternation’ (except the provision-

ing rate and loitering time models), which was calculated for 

each individual section of the watch, i.e. ‘Maximum possible 

alternation’ for  1st,  2nd, and  3rd sections separately. Random 

effects were ‘Year’, ‘Nest ID’, ‘Rowref’ and ‘Watch ID’ – a 

unique identifier for each watch from which a section was 

sampled.

Results

Effect of experimental treatments on provisioning 
rates

Presentation of a model predator had the anticipated 

effect of disturbing provisioning behaviour. First, the 

time between removal of the models and the first sub-

sequent feed by any carer was significantly longer after 

the jay presentation than after the dove (LMM: P < 0.001, 

Table 1, Fig. 2a). Second, there were significant differ-

ences in provisioning rates for the two treatments during 

model presentation periods and following model removal 

(LMM: P < 0.001, Table 1, Fig. 2b). Overall, only 5.8% 

(3/52) of carers fed during presentation of the jay, whereas 

51.9% (27/52) fed during dove presentation. Thus, provi-

sioning rate was significantly lower during the jay pres-

entation than during the dove presentation (Tukey’s HSD: 

P < 0.001), which in turn was significantly lower than pro-

visioning rate during the preceding control period (Tuk-

ey’s HSD: P < 0.001). Interestingly, post-jay provision-

ing rate was significantly higher than post-dove (Tukey’s 

HSD: P < 0.001), which in turn was higher than during 

control watches (Tukey’s HSD: P < 0.001). These results 

show that the jay presentation had the anticipated negative 

effect on provisioning behaviour relative to the dove, and 

provisioning rates during subsequent watches suggest that 

there was some compensation for reduced provisioning 

during model presentations, especially following presenta-

tion of the jay (Fig. 2b).
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Does predation threat increase coordination?

To investigate whether a model predator affected coordina-

tion, we compared coordination levels in control watches 

and watches following experimental treatments. We found 

no significant difference between control, dove and jay 

treatments in any metric of coordination: arrival synchrony 

(GLMM: P = 0.888, Table 2, Fig. 3a), loitering period over-

lap (Present upon arrival GLMM: P = 0.252, Table 2; Pre-

sent upon feed GLMM: P = 0.229, Table 2, Fig. 3b), feed 

synchrony (GLMM: P = 0.965, Table 2, Fig. 3c) or alter-

nation (GLMM: P = 0.641, Table 2, Fig. 3d). We note that 

Figs. 3a and b appear to show less synchrony during control 

watches, although the models did not identify such an effect 

(Table 2). This is because the level of synchrony inevitably 

increases with provisioning rate which was higher follow-

ing model presentation (Fig. 2). The models control for this 

effect, but the Figs. do not.

To examine whether perceived predation threat affected 

loitering behaviour, we first compared loitering times during 

control watches and watches following model presentations. 

The mean duration of loitering periods differed significantly 

between treatments (LMM: P = 0.006, Table 3, Fig. 4a), 

being significantly longer in post-jay watches than post-

dove (Tukey’s HSD: P = 0.013). In contrast, there was no 

significant difference in mean loitering times during control 

watches and watches post-dove (Tukey’s HSD: P = 0.105) or 

post-jay (Tukey’s HSD: P = 0.732). We then tested whether 

an increase in perceived predation threat reduced parental 

activity near nests. The time that one or more carers was 

present near the nest differed significantly between treat-

ments (LMM: P = 0.009, Table 3, Fig. 4b), but contrary to 

expectations, post-jay watches had a higher carer presence 

than post-dove watches (Tukey’s HSD: P = 0.022). This 

result appears to be a direct consequence of the increased 

time that carers spent loitering near the nest following the 

Table 1  Effect of experimental 

treatment on provisioning 

behaviour of long-tailed tits. 

Fixed effect of interest was 

‘Treatment’. Significant values 

(P < 0.05) in bold 

Response variable Estimates ± SE df χ2 P

Lag time to feed

Log (lag time) post-jay: 0.897 ± 0.271 1 10.950  < 0.001

Provisioning rate

Number of feeds dove presentation: -1.497 ± 0.309

jay presentation:—4.182 ± 0.636

post-dove: 0.226 ± 0.081

post-jay: 0.360 ± 0.081

4 66.817  < 0.001

Fig. 2  The lag time (in minutes) between model removal and the first 

feed during the subsequent watch for the dove (N = 22) and jay (N = 22) 

treatments. (b) Provisioning rate (feeds per hour) when dove or jay 

were present, during control watches and watches following model 

presentation (post-dove and post-jay) (N = 22 watches per treatment). 

Central emboldened lines are median values. Lower and upper bounda-

ries of boxes are lower and upper quartile values, respectively. Upper 

and lower boundaries of tails are maximum and minimum observed 

values within upper  (3rd quartile + 1.5 * interquartile range) and lower 

fence (1.st quartile – 1.5 * interquartile range), respectively. Points are 

outliers (values outside of fence range). Significance indicators from 

Tukey’s HSD post-hoc analysis: *** = P < 0.001
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jay treatment rather than a change in loitering period over-

lap, because when mean loitering time was included in the 

model, this variable (LMM: P < 0.001, Table 3), rather than 

treatment (LMM: P = 0.067, Table 3) predicted the time that 

one or more carers spent near the nest.

To further understand the dynamics of carers’ adjust-

ments to their provisioning behaviour in response to 

predators, we investigated whether provisioning rate, 

coordination and loitering times varied through watches 

when split into three sections. Firstly, provisioning rate 

Table 2  Effect of experimental 

treatment on levels of 

coordination in subsequent 

watches. Fixed effect of interest 

was ‘Treatment’

Response variable Estimates ± SE df χ2 P

Arrival synchrony

Number of synchronised arrivals post-dove: 0.036 ± 0.107

post-jay: 0.057 ± 0.117

2 0.238 0.888

Present upon arrival

Number visits where the focal carer arrived back with 

another carer loitering

post-dove: 0.168 ± 0.134

post-jay: 0.241 ± 0.146

2 2.759 0.252

Present upon feed

Number visits where focal carer fed whilst another loitered post-dove: 0.174 ± 0.134

post-jay: 0.249 ± 0.147

2 2.945 0.229

Feed synchrony

Number of synchronised feeds post-dove: 0.026 ± 0.105

post-jay: 0.028 ± 0.115

2 0.072 0.965

Alternation

Number of alternated feeds post-dove: 0.047 ± 0.083

post-jay: -0.021 ± 0.092

2 0.889 0.641

Fig. 3  Percentages of: (a) 

arrivals synchronised, (b) feeds 

where the focal carer fed with 

another carer nearby, (c) feeds 

synchronised, and (d) feeds 

alternated, in control watches 

and watches following model 

presentation (post-dove and 

post-jay) (N = 22 watches per 

treatment). Central emboldened 

lines are median values. Lower 

and upper boundaries of boxes 

are lower and upper quartile 

values, respectively. Upper 

and lower boundaries of tails 

are maximum and minimum 

observed values within upper 

 (3rd quartile + 1.5 * interquartile 

range) and lower fence (1.st 

quartile – 1.5 * interquartile 

range), respectively. Points are 

outliers (values outside of fence 

range). Significance indicators 

from Tukey’s HSD post-hoc 

analysis: N.S. = P > 0.05



Behavioral Ecology and Sociobiology          (2023) 77:107  

1 3

Page 9 of 15   107 

generally increased through watches (LMM: P = 0.002, 

Table  4, Fig.  5a), although this effect did not differ 

between treatments as evidenced by the absence of a 

significant interaction term between section and treat-

ment (LMM: P = 0.234, Table 4). Secondly, there was no 

significant difference between sections in the levels of 

arrival synchrony (GLMM: P = 0.143, Table 4), loiter-

ing period overlap (Present upon feed GLMM: P = 0.953, 

Table 4; Present upon arrival GLMM: P = 0.855, Table 4) 

or feed synchrony (GLMM: P = 0.158, Table 4, Fig. 5b). 

However, there was a significant difference in alternation 

between sections (GLMM: P = 0.037, Table 4, Fig. 5c), 

but with no effect of treatment (GLMM: P = 0.999, 

Table  4). Contrary to the prediction of the predation 

hypothesis, alternation was significantly lower in the first 

third of a watch (Tukey’s HSD:  1st–2nd, P = 0.033) sug-

gesting that disturbance associated with camera set up and 

model presentation may have inhibited coordination for a 

brief time. Finally, mean loitering time was significantly 

influenced by the interaction of watch type and section 

(LMM: P = 0.042, Table 4, Fig. 5a), meaning that the 

variation in loitering time between Sects.  (1st,  2nd, or  3rd) 

of a watch depended on whether it was a control, post-

dove, or post-jay watch. This effect was seemingly driven 

by the fact that in both control and post-jay watches, loi-

tering times were significantly longer in the first third 

(Tukey’s HSD:  1st–2nd Control, P = 0.013;  1st–3rd Control, 

P < 0.001;  1st–2nd jay, P < 0.001;  1st–3rd jay, P < 0.001), 

whereas in post-dove watches there was no difference 

between thirds (Tukey’s HSD:  1st–2nd, P = 0.862;  1st–3rd, 

P = 0.838). These results suggest that initial set up of the 

experiment may have induced a brief change in provision-

ing behaviour, though to a lesser extent than the predator 

presentation.

Table 3  Effect of experimental treatment on loitering behaviour in subsequent watches. Significant values (P < 0.05) in bold

Response variable Fixed effects Estimates ± SE df χ2 P

Loitering time

Log(mean loitering time) Treatment post-dove: -0.222 ± 0.105

post-jay: 0.090 ± 0.116

2 10.130 0.006

Carer(s) nearby (without mean loitering time)

Duration of time where a carer(s) was nearby Treatment post-dove: -2.604 ± 1.154

post-jay: 0.572 ± 1.267

2 9.416 0.009

Carer(s) nearby (with mean loitering time)

Duration of time where a carer(s) was nearby Treatment post-dove: -0.248 ± 0.705

post-jay: 1.257 ± 0.737

2 5.395 0.067

Mean loitering time 4.011 ± 0.388 1 106.711  < 0.001

Fig. 4  Log-transformed mean loitering times, and (b) percentage 

of a watch where at least one carer was loitering nearby, for control 

watches and watches following model presentation (post-dove and 

post-jay) (N = 22 watches per treatment). Central emboldened lines 

are median values. Lower and upper boundaries of boxes are lower 

and upper quartile values, respectively. Upper and lower boundaries 

of tails are maximum and minimum observed values within upper 

 (3rd quartile + 1.5 * interquartile range) and lower fence (1.st quartile 

– 1.5 * interquartile range), respectively. Points are outliers (values 

outside of fence range). Significance indicators from Tukey’s HSD 

post-hoc analysis: N.S. = P > 0.05, * = 0.05 ≥ P > 0.01
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Discussion

In this study, we presented a model predator (jay) and non-

predator (dove) near the nests of provisioning long-tailed tits 

to test whether carers actively increased their behavioural 

coordination in response to elevated predator threat. Almost 

all carers completely ceased provisioning during predator 

presentation and took significantly longer to resume feeding 

Table 4  Effect of experimental treatment on provisioning rate, levels of coordination and loitering duration between sub-sections of watches 

split into thirds. Significant values (P < 0.05) in bold

Response Variable Fixed effects Estimates ± SE df χ2 P value

Provisioning rate

Number of feeds Section 2nd: 0.113 ± 0.131

3rd: 0.390 ± 0.124

2 12.926 0.002

Treatment * section post-dove,  2nd: -0.199 ± 0.172

post-dove  3rd: -0.333 ± 0.164

post-jay,  2nd: 0.032 ± 0.167

post-jay  3rd: -0.151 ± 0.160

4 5.572 0.234

Arrival synchrony

Number of synchronised arrivals Section 2nd: 0.235 ± 0.215

3rd: 0.147 ± 0.204

2 3.889 0.143

Treatment * section post-dove,  2nd: -0.090 ± 0.270

post-dove,  3rd: -0.155 ± 0.257

post-jay,  2nd: -0.043 ± 0.260

post-jay,  3rd: -0.090 ± 0.249

4 0.373 0.985

Present upon arrival

Number visits where the focal carer arrived back with another carer 

loitering

Section 2nd: -0.168 ± 0.268

3rd: -0.009 ± 0.242

2 0.314 0.855

Treatment * section post-dove,  2nd: 0.201 ± 0.336

post-dove,  3rd: -0.017 ± 0.307

post-jay,  2nd: 0.296 ± 0.328

post-jay,  3rd: 0.192 ± 0.300

4 1.319 0.858

Present upon feed

Number visits where focal carer fed whilst another loitered Section 2nd: -0.275 ± 0.267

3rd: -0.116 ± 0.239

2 0.096 0.953

Treatment * section post-dove,  2nd: 0.304 ± 0.334

post-dove,  3rd: 0.092 ± 0.305

post-jay,  2nd: 0.424 ± 0.327

post-jay,  3rd: 0.291 ± 0.298

4 2.045 0.727

Feed synchrony

Number of synchronised feeds Section 2nd: 0.106 ± 0.207

3rd: 0.039 ± 0.195

2 3.690 0.158

Treatment * section post-dove,  2nd: 0.092 ± 0.263

post-dove,  3rd: 0.031 ± 0.249

post-jay,  2nd: 0.058 ± 0.252

post-jay,  3rd: -0.060 ± 0.241

4 0.417 0.981

Alternation

Number of alternated feeds Section 2nd: 0.215 ± 0.161

3rd: 0.123 ± 0.155

2 6.601 0.037

Treatment * section post-dove,  2nd: -0.035 ± 0.206

post-dove,  3rd: -0.064 ± 0.198

post-jay,  2nd: -0.012 ± 0.201

post-jay,  3rd: -0.027 ± 0.195

4 0.111 0.999

Loitering time

Log(mean loitering time) Section 2nd: -0.462 ± 0.128

3rd: -0.666 ± 0.132

2 49.817  < 0.001

Treatment * section post-dove,  2nd: 0.269 ± 0.183

post-dove,  3rd: 0.469 ± 0.183

post-jay,  2nd: -0.123 ± 0.181

post-jay,  3rd: -0.009 ± 0.181

4 9.882 0.042
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following removal of the predator than the non-predator 

(Fig. 2), suggesting an acute anti-predator adjustment in 

provisioning behaviour. However, contrary to expectations, 

carers did not increase coordination in response to preda-

tor treatment, relative to the control period or non-predator 

treatment (Fig. 3). Furthermore, the proportion of time 

that at least one carer was present near the nest was higher 

following the predator than the non-predator treatment 

(Fig. 4b) because of longer loitering periods following the 

predator treatment (Fig. 4a). Surprisingly, rates of alterna-

tion decreased in the first period of a watch (Fig. 5c), sug-

gesting that disturbance may interrupt patterns of coordina-

tion even for control watches. Overall, we found no support 

for the prediction that carers would increase coordination in 

response to elevated perceived predation risk.

Previous studies have demonstrated that more synchro-

nous pairs exhibited lower activity near the nest per provi-

sioning visit (Bebbington and Hatchwell 2016; Leniowski 

and Węgryzn 2018) and suffered lower rates of brood failure 

(Raihani et al 2010; Leniowski and Węgryzn 2018). Circum-

stantial evidence in support of the predation hypothesis was 

also reported in New Zealand bellbirds (Khwaja et al 2019). 

However, to our knowledge no prior study has experimen-

tally manipulated perceived predation risk to directly test 

whether parents adjust their coordination of care in response. 

Therefore, our aim was to experimentally test the hypothesis 

that carers coordinate provisioning visits as an anti-predator 

measure to reduce carer activity near the nest, thus limiting 

the time that the nest location is advertised to predators. We 

anticipated that the presentation of a model predator close 

to nests would elevate carers’ perception of predation risk, 

and that coordination would be elevated in watches follow-

ing predator presentation before declining with time since 

model presentation. However, despite the high rate of nest 

predation experienced by long-tailed tits (72%; Hatchwell 

et al 2013) and a clear response to the model jay, carers 

did not increase their synchrony, or any associated metric 

of coordination. While we found no evidence of facultative 

adjustment of coordination in response to an elevated preda-

tion risk, this does not necessarily mean that synchrony has 

no function in reducing predation risk. Long-tailed tits may 

experience a near constant risk of predation and their coordi-

nation of care (Halliwell et al 2022, 2023) may be an evolved 

response to that threat. Therefore, it would be interesting to 

investigate whether broods fed by better coordinated groups 

of carers are more likely to survive than those provisioned 

by poorly coordinated carers.

Our conclusion that long-tailed tits did not adjust coordi-

nation as an anti-predator strategy contrasts with our finding 

on provisioning rates. There was an almost complete cessa-

tion of provisioning during presentation of a model predator 

and for a period following its removal. This response shows 

Fig. 5  Provisioning rate 

(feeds per hour), (b) percent-

age of feeds synchronised, (c) 

percentage of feeds alternated, 

and (d) log-transformed mean 

loitering time between thirds 

 (1st blue,  2nd orange and  3rd 

green) of control watches 

and watches following model 

presentation (post-dove and 

post-jay) (N = 22 watches per 

treatment). Central emboldened 

lines are median values. Lower 

and upper boundaries of boxes 

are lower and upper quartile 

values, respectively. Upper 

and lower boundaries of tails 

are maximum and minimum 

observed values within upper 

 (3rd quartile + 1.5 * interquartile 

range) and lower fence (1.st 

quartile – 1.5 * interquartile 

range), respectively. Points are 

outliers (values outside of fence 

range)
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that our manipulation had the anticipated effect on perceived 

predation risk and is similar to previous studies reporting 

reduced provisioning rates in response to predator threats 

(Lima and Dill 1990; Peluc et al 2008; Ghalambor et al 

2013; Dorset et al 2017). We anticipated that carer activity 

near the nest would decrease during watches following pred-

ator treatment. However, once feeding resumed, provision-

ing rates were elevated following the predator treatment, an 

effect we attribute to compensation for the prolonged period 

(~ 25 min) when provisioning ceased. This result is consist-

ent with a previous study of this species that found higher 

provisioning rates in response to experimental increases in 

perceived brood demand (Meade et al 2011). We also found 

that the duration of loitering periods was longer following 

the predator than the non-predator presentation, presumably 

because carers were more risk averse or vigilant when close 

to the nest, as reported in house wrens Troglodytes aedon 

(Dorset et al 2017). Higher provisioning rates and longer 

loitering periods led to at least one carer being present near 

the nest for longer following presentation of the predator 

than the non-predator. This result was contrary to the predic-

tion that carers would respond to elevated predation risk by 

reducing activity near the nest, mediated by an increase in 

coordination (Raihani et al 2010; Bebbington and Hatchwell 

2016; Leniowski and Węgrzyn 2018).

One explanation for these results is that rather than reduce 

their time near the nest in response to a predator, carers 

instead are more cautious about provisioning the brood. If 

being witnessed provisioning compromises brood safety more 

than simply being witnessed near the nest, then carers may 

increase vigilance rather than adjusting coordination. Ulti-

mately, this depends on whether nest locations are typically 

revealed by provisioning visits directly (Skutch 1949) or by 

activity near the nest (Martin et al 2000) and associated off-

spring begging (Haskell 1994; Briskie et al 1999). Which of 

these is the dominant driver of nest advertisement is unknown 

in long-tailed tits. Alternatively, the longer loitering periods 

following the predator treatment could reflect an increased 

attentiveness for potential nest defence (Montgomerie and 

Weatherhead 1988; Kleindorfer et al 2005). The small size 

of long-tailed tits relative to predators (long-tailed tit 7–8 g 

vs Eurasian Jay 140–180 g; Snow et al 1998) means they are 

incapable of physically deterring corvids. However, carers 

may still be able to distract predators as a last resort, and they 

often approached the model predator closely, mobbing it with 

frequent alarm-calls. Such behaviour could function as an 

instruction to the chicks to stop begging (Greig-Smith 1980; 

Knight and Temple 1986) and the prolonged loitering periods 

following predator presentation could, therefore, result from 

chicks continuing to beg less than during control treatments. 

However, we know little about vocal communication between 

parents and nestlings in this species, so this explanation is 

speculative.

In addition to testing the predator hypothesis for 

parental coordination, our results are potentially informa-

tive about the utility of randomisation approaches that 

test whether coordination occurs more than expected 

by chance. Several studies have used randomisation 

approaches to demonstrate higher than expected levels 

of alternation and synchrony (e.g. Johnstone et al 2014; 

Savage et al 2017; Halliwell et al 2022). However, alter-

native explanations have been suggested (Schlicht et al 

2016; Ihle et al 2019a; Santema et al 2019), specifically, 

that a common response by all carers to acute (e.g. preda-

tor disturbance) or chronic changes (e.g. weather) may 

cause temporal autocorrelation between carers’ intervisit 

intervals. Randomisation of these temporally autocor-

related intervisit intervals may therefore underestimate 

expected coordination (Schlicht et  al 2016; Ihle et  al 

2019a; Santema et al 2019) and hence increase the prob-

ability that observed coordination will appear higher than 

expected. Our results appear to corroborate this critique 

given that 94% (49/52) of carers ceased provisioning 

during model predator presentation. However, we also 

note that alternation was lowest immediately following 

a period of disturbance, suggesting that long-tailed tits 

are best able to coordinate their care when undisturbed 

for long periods. Furthermore, alternation was also low-

est in the first third during control watches, suggesting 

that the disturbance caused by observers may also disrupt 

coordination. Thus, the extent of behavioural coordination 

may be underestimated even if no predator is encountered 

during a watch. Therefore, whilst we agree that acute and 

chronic changes in conditions during provisioning watches 

may cause underestimation of apparent coordination by 

randomisation approaches (Schlicht et al 2016; Ihle et al 

2019a; Santema et al 2019), we also highlight that any 

disturbance may likewise limit the scope for detecting 

behavioural coordination. We suggest that this possibility 

should be considered when quantifying coordination from 

observational data.

In conclusion, our results did not support the hypothesis 

that carers coordinate provisioning to reduce predation risk, 

as we found no change in coordination following predator 

treatment, relative to controls. Nevertheless, we cannot rule 

out the hypothesis that synchrony is an adaptation to reduce 

brood predation, as carers may perform a fixed level of coor-

dination which is not adjusted in response to variable preda-

tion risk. Whilst carers responded to predator treatment by 

ceasing provisioning, surprisingly alternation decreased in 

the period immediately following disturbance, suggesting 

that disturbance temporarily interrupted provisioning coor-

dination. We detected some limited response to predator 

threat as carers increased their loitering time in the period 

immediately following predator treatment, which we sug-

gest may be caused by increased risk aversion or vigilance 
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