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Coordination of parental provisioning behavior is associated with enhanceadd delivery

rate and increased reproductive success in a passerine bird

Short title: Parental coordination of provisioning behavior

Abstract

In species with biparental care, there is sexual conflict over parentahiargdecause each
parent benefits when their partner bears more of the reproductive costs. Suchcamfhie
costly for offspring, but recent theoretical work predicts that parents can resolveczexXliet
through behavioral negotiation, specifically by alternating their trips to poomsastlings.
However, this idea has received almost no empirical attention. In this studsstwieet
hypothesis that parents alternate their delivery of food to offspring in Idad-tis (Aegithalos
caudatus) and investigate whether this coordination of parental care ia@ssaith greater
reproductive success. We show that parents alternate provisioning trips more thanewould b
expected by chance and that parental alternation is repeatable acrgsde whstervation periods
at a nest. More alternation is associated with increased visit synchrony esasé@ttcfood
delivery to nestlings. Moreover, we found that nests with more alternation were lgstlike
predated, probably resulting from reduced activity around the nest when parents codrelinate t
provisioning behavior. Our results support the hypothesis that alternation of offspring

provisioning is a behavioral adaptation to reduce the costs of sexual conflict.

Lay summary

Taking it in turns to provide parental care is beneficial for bird parents and chickstditad tit
parents that alternate their visits to feed chicks more provision theingssit a higher total

feeding rate and the chicks are less likely to be depredated. Parents who ta&kisdutersd to
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arrive at the nesbgether, which may simultaneously allow them to keep an eye on each other’s

efforts and reduce predation risk.
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Introduction

In most vertebrates, especially birds and mammals, parents must provide some foantaf pa
care for the successful production of offspring (Clutton-Brock 1991). However, parental care is
costly and has been linked to reduced lifespan and future reproductive output (Stearns 1992).
Therefore, a parent should invest according to the optimal trade-off betweemnéfiestud caring

for current offspring and the costs of that investment for future reproduction (Williaé&. In
species with biparental care, an individual’s optimal parental investment also depends on the

amount that its partner invests in the joint offspring. The shared benefits of offspress fi

means that each parent should prefer to invest less in the current offspriagsvbartner

invests more. Thus, there is conflict between the parents over investmeetgT8Vv2), which

may in turn be costly to offspring (Parker 1985; McNamara et al. 2003).

Various theoretical models have sought to explain how stable systems of bipeaentzdn
evolve despite parental conflict over care. Early evolutionary model$hbket Houston and
Davies (1985) considered parental investment as a fixed trait that confgeaher evolutionary

time. These models have gradually been succeeded by more biologically realistic ‘negotiation’

models (McNamara et al. 1999; 2003; Johnstone and Hinde 2006; Johnstone 2011; Lessells and

McNamara 2012) that accommodate the possibility of parents behaviorallyatiegaheir
relative investment. Negotiation models predict that partial compensathere one parent
partially increases effort in response to a decrease by its partner, faclitdtiesbiparental care

and prevents exploitation by either parent.

The predictions of negotiation models have been empirically tested manydspesially in

birds where biparental care is the norm (Cockburn 2006). A meta-analysis of experimeigal st
shows that, in general, parents do compensate incompletely for changes intbarefgrtners
(reviewed in Harrison et al. 2009), as predicted by negotiation models. Howeveffdbissenot

universal across species: some studies find complete cosapan for a change in partner effort



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

(Mrowka 1982; Paredes et al. 2005), while others show ponsg (Slagsvold and Lifjeld
1988; Schwagmeyer et al. 2002) or even a matching of effort betwesmtpéHinde 2006;
Meade et al. 2011). Hinde and Kilner (2007) suggested that thegigaracross species could
be a function of the mechanisms through which negotiation ogethfgrents are to
behaviorally respond to each other’s effort, they must somehow integrate information about the
investment of their partner. This may be achieved indirectly (fomplafrom nestling
condition or begging signals (Lessells and McNamara 2012)) or directly from their partner’s
behavior (Dall et al. 2004). In the latter case, observation of a partner’s nestling provisioning
frequency may provide a relatively simple way to monitor thestmaent of that individual.
Despite its potential importance for testing negotiation motlesmechanisms of how

negotiation would operate have received surprisingly little eogidttention.

Negotiation models also predict that each parent is forced to réduwen investment below
the level at which offspring fitness would be maximized (McNanetra. 1999; 2003; Houston
et al.2005; Lessells and McNamara 2012). If so, offspringswifier a fitness cost from
parental conflict; a prediction borne out by empirical studies lgRetyal. 2002; 2010).
However, Johnstone et al. (2014) have recently argued thattiflctand its potential cost
may be reduced through a process referred to as ‘conditional cooperation’ (Keser and van

Winden 2000; Gachter 2007); a tar-tat style alternation of provisioning where individuals
withhold provisioning until the partner has provisioned. Johnstone et al.’s (2014) model predicts
that alternation of provisioning trips results in greater total parémtestment and an optimal
provisioning rate that maximizes both parents’ fitness. The authors tested their model using data
on great tits Parus major and found empirical evidence foreatternation of provisioning
trips in that species that were greater than expected by chahost@lte et al. 2014). However,
whether alternation actually mitigates sexual conflict iamatoves reproductive success in wild
systems, thus functioning as an evolutionary mechanism for aaimg biparental care, was

not tested and remains unclear.
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In practice, alternation of parental provisioning may also reqoaemale and femaleestvisits
are synchronised so that each parent can directly monitor their partner’s investment. This type

of nest visit coordination has received far more attention than atlienn with studies focusing
on three principal functions for synchronised provisioning behaviorst, if provisioning has
signalling function (Kokko et al. 2002), then it may pay to syoolse visits with other carers
at the same nest or nearby nests (e.g. Doutrelant & Covas 2@@éebMcDonald et al.
2008a,b). Second, synchronised provisioning may function to egukéclation risk for carers or
for broods by reducing nest conspicuousnegs Martin et al. 2000; Raihani et al. 2010).
Finally, synchronous nest visits may serve a similartfando that proposed for alternation, by
facilitating efficient provisioning of broods (Shen et al. 2010) #edleby enhancing

reproductive success (Mariette & Griffith 2012, 2014).

In this study, weest forthe activealternation of provisioning visits by parents in socially

monogamous long-tailed tit Aegithalos caudatus pairs and subsequently testithesheta

between alternation, synchrony and reproductive sucéés$rst pool provisioning data from

across breeding pairs to establish whether, across the population as a wholaltagti@on of

provisioning trips occurs. Subsequently we use between-pair variation in obserusatialigo

explore the correlates and predictors of this behavRnevious experimental investigation of

parental investment in the long-tailed tit has shown that parents nxgietineental changes in
their partner’s provisioning rate (Meade et al. 2011), suggesting that individuals monitor and
coordinate their partner’s efforts with their own. Since long-tailed tit adults may forage 100m or
more from the nest (Gaston 1973; BJH unpublished observations), active alternation of
provisioning trips is only possible if parents are able to observe each other enteriesithe n
possibly by ensuring that nest visits occur synchronously, or close together. We éest thre
hypotheses: (i) parents alternate provisioning trips with those of their parthaltefination

confers fitness benefits for parents and their offspring and (iii) alternation is adHtawough



106  synchronous arrival at the nest, allowing each parent to observe the provisioning behgssior of

107 | partner.

108

109 Methods

110  Study system

111  This study was based on a long-term data set from a population of between 25 and 72 pairs of
112 long-+tailed tits in the Rivelin Valley, Sheffield, UK (53° 23° N, 1° 34’ W). Each year, at least

113 95% of all adults in the population are individually recognizable from unique color ring

114  combinations. Nestlings are ringed when 11 days old and any unringed adult birds are caught in
115  mist nets and color ringed (under British Trust for Ornithology licence). Breeding pairs are

116 identified in early spring, nests are found during nest-building and are then monitared unt

117  fledging or failure. Typical clutch size is 10 eggs, which are incubated for around 15 days;

118  hatching is synchronous and nestlings usually fledge aged 16-17 days old. Nests lvitisnest
119  are typically observed for 1 hour (mean + SD = 52 £ 0.25 minutes; range = 30-120 minutes) on
120  alternate days from day two of the nestling period (hatch day = day 0) until failure or ftedging
121  the identity of each provisioning parent and the time of eachisigtorded in minutes (for

122 further details on provisioning observations, see MacColl and Hatchwell (2003a)).

123 In this paper, we use provisioning observations of breeding pairs recorded in 2000-2007 and
124  2010-2011. Although approximately half of breeding pairs with nestlings have helpers atthe ne
125  who provision the offspring (Hatchwell et al. 2004), we restrict our analyses to ridststw

126  helpers. We also excluded any observation periods where adult provisioning rates were

127  experimentally manipulated for other behavioral studies (e.g. Meade et al. 2011). Brooding of
128  young nestlings by females reduces female nestling provisioning rates¢Mae@ Hatchwell

129  2003b), so we only included observations that took place after females had ceased brooding (i.e.
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after day 5 of the nestling stage). Therefore, whilst nests are typicatlpedsevery two days
from hatching to fledgling, the number of watches per nest used in our analyses is reduced by
these constraints, as well as by nest failure and poor weather conditiofisal Hataset after

these exclusions included 248 nest watches at 98 nests, with an average of 2 $peatcbst.

Calculating alternation of provisioning visits

For each nest watch, we calculated observed alternation, A, as A = F/ (t-1), where F is the
number of times a bird fed after the other and t is the total number of feeds in the abservat
Repeatability of alternation at a nest was determined by regressiradtérnation values from

nests where two or more watches were conducted (n = 54 nests, mean number of watches = 4).
Where three or more watches were conducted, we randomly selected which alternatsn value

were regressed using a random number generator.

A certain amount of alternation will occur by chance as a function of the stynbativeen

parents’ provisioning rates and also the interval (henceforth “inter-feed interval”) between

successive feeds by each parent. For example, in the case of provisioning rafees,emdy
feeding at the same rate can have 100% alternation, and this metric mustiedasrtee
difference between provisioning rates increases. Furthermore, the inténtézedl must
inevitably decline as provisioning rate increases. To determine whednaduals alternate
feeding more than expected by chance, we calculated expected alternation usingappows

procedure based on these two factors.

We first extracted all observed inter-feed intervals of individuals provisioniregges between 7

and 19 feeds per hour. In our observed data, provisioning rates below and above these values were
rare (2-7 feeds/hour: n = 12, 4.4% of all watches; 19-31 feeds/hour: n = 10, 3.7% of all watches)
and were excluded due to low sample size. Considering all provisioning rates togé&thdeed

intervals varied considerably (range 1 - 55 mins; mean = 6 mins). For provisioning rate X, the

inter-feed intervals of birds who provisioned at rate x were randomized so that they were no
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longer associated with particular nest watches or individuals, which theaour simulated data
would not be derived directly from the observed data. This randomization was repeateth for ea
of the 13 possible provisioning rates (7-19) and separately for males and femalesd \tHesese
pools of randomized inter-feed intervals to create simulated nest wéiclles 169 different
possible combinations of male and female feeding rate (13 male provisioning i8tésmale
provisioning rates). To generate expected alternation values where the femai®psat rate x
and the male provisions at rate y, we randomly selectetl imter-feed intervals from the female
pool of intervals associated with rate x andY inter-feeding intervals from the male pool
associated with rate y. We made separate cumulative totals of thfeadentervals from x and

y and then combined the cumulative totals from x and y, in ascending order, into oesertese
over which all the feeds and inter-feed intervals occur (Table 1). According to thesseiazsl

with each inter-feed interval, we could then calculate alternaticor ds€f observed nest watches
described above (see Supplementary Figure A for a schematic of the describet).fidé¢ho
repeated this process until all the inter-feed intervals from the dggnalisioning rate x and male
provisioning rate y pools were used up, then moved onto the next combination of provisioning
rates. In each combination of provisioning rates, we ran 10000 bootstrap simulations of the

resulting alternation values to produce our simulated dataset of expectediafternat

The difference between female and male feeding rates has an inevitiigledaefon the degree of
expected alternation, as explained above. Rather than investigateedg paeabbserved and

expected alternation for each of our 169 provisioning rate combinations (each with a small

number of observed cases), we grouped the bootstrapped alternations of the 169 provisioning rate
combinations according to the difference between the feeding rates of the twis.pEnen

process yieldd 13 categories of provisioning rate difference (i.e. 0 when parents fed at the same
rate, up to 12 when parents fed at 7 and 19 feeds per hour). The observed alternation values
calculated from provisioning watches were grouped in the same way. To determiherwhet

observed alternation differed significantly from expected, we tested whetherobszrved



181 | alternationfor each provisioning rate difference was greater than the bootstrapped expected

182  alternation (= 95% confidence intervals).

183 Predictors and fitness correlates of alternation

184  To investigate potential predictors of alternation at a nest, we used a migdetinotuding mean

185 breeder age (in years), hatch date (to nearest day), duration of the pair bond (in years), brood size
186  (number of chicks on day 11 of the nestling period) and nestling age (days since hatching) as

187 fixed effects. We also included the difference between the respectiveigmongsrates of the

188 male and female because the difference between their provisioning rates shewdstrang

189  negative effect on alternation (see above). The start time of the nelst(twatearest minute) was

190 included to control for potential differences in provisioning behavior across the day aneldve us

191  nest identity as a random variable to account for regea¢asures across nests.

192  To explore the fitness correlates of parental alternation, we used a setoffiodels to test the
193 relationship between alternation (mean across watches at a given nest) anspfmsae

194  variables. (1) Mean total provisioning rate: this was modelled as a Gausgiamsesswith brood
195 size included as a covariate to control for potential variation in provisioning ratéh@inumber
196  of chicks. Because alternation is expected to increase with provisioning ratenbg elsahe

197 inter-feed intervals become smaller (see above, and Johnstone et al. 2014) wedmodelle
198 alternation as deviation from that expected by chance, to account for the random irdfuence
199  provisioning rate. Deviation scores were calculated by subtracting the meateebgiéernation
200 from the mean observed alternation across all watches at each nest. (2) Mean chithisnaas
201  modelled as a Gaussian response, including alternation, brood size and mean tarsus length as
202  covariates, the latter of which controlled for structural body size variation. (3)t&lesarvival:
203  expressed as survival of parents to the year following observations of provisioningheha
204  modelled survival as a binary response in a mixed model including alternation dgtpsand

205 year as a random effect to account for survival differences between years. ddigpecs the



206  study area occurs in an individual’s first winter and thereafter the probability of re-sighting is

207  almost 100% in our study population (McGowan et al. 2003), so we could reliably measure
208  survival from re-sighting data. We did not account for adult age effects inrthiead model,

209 because there is no discernible effect of age on survival in the study populatiote @ieh

210  2010). (4) Nest fate: nests were categorized as either ‘depredated’ or ‘fledged’ and nest fate was

211 | modelled as a binary response variablestling age is expected to be lower on average in nests

212 | that fail before fledging, so here we restricted our analysis to nests watctiad ®of the

213 | nestling period (n = 64We included alternation, provisioning rate and brood size as fixed effects

214  and year as a random effect.

215  Analysis of provisioning synchrony

216  For each nest watch we calculated a synchrony score from the time intervaltedtemating
217  parental nest visits. Synchrony, s, was calculated as: s = F/t, wretkdnumber of alternated
218  nest visits where the second visit was within one minute of the first ankttistal number of

219  visits in the observation period. We tested the relationship between altermatisprahrony

220  using a generalized linear mixed model with Poisson error and nest identitgradoe effect.

221  The provisioning rate during an observation period inevitably influences synchrony basause
222  the rate increases, a greater proportion of feeds occur within a minute of each othereltiethe

223 also included provisioning rate as an explanatory variable.

224  To investigate potential fithess correlates of coordinated parental siéstwe examined nest
225  activity by estimating the time that parents spend in the immedatetyiof nests per

226  provisioning visit. Data for this analysis were obtained from filmed observations i

227 2012 (n =10 nest watches at 7 nests) where the nest and the surrounding 10m was visible
228 | throughout a provisioning watch 40-50 minutesFrom the start of each nest watch, we timed
229  (to the nearest second) how long one or both parent(s) were visible (i.e. within 210m of the nest)

230 until a cumulative total of 5 minutes with one or both parents in the vicinity ofestewas
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reached. The total number of feeds during this 5 minutes provided a measure of the number of
feeds per unit time spent near the nest; pairs that provision more often durmghthiative five
minutes logically spend less time near the nest per feed. Mean synchromsyfeceexh of these
nests were also calculated, using provisioning data available from separatatdrs®recorded

in the same breeding attempt. We then investigated the relationship betweemtier of feeds

per 5 minutes around the nest and mean synchrony scores across nests.

All statistical analyses were carried out in R Studio, version 2.15.3 (R core develdpament
2014). In each analysis, we sequentially removed non-significant terms in order df lowes
significance until only significant terms remained. Mixed models were performed in the “nlme”
package (Pinheiro et al. 2015) and general linear models were performed using r bagespack

Figures were produced using the “ggplot2” package (Wickham 2009).

Results

Alternation of provisioning visits

Across all provisioning rate difference categories, alternation occurred morehaiteexpected
by chance, alternation being significantly higher in all categories teampier 95% CI for
bootstrapped expected alternation (Fig. 1). As expected, the difference in provisioning rate
between males and females was a strong predictor of observed alternation: sffeaacds in

the feeding rates of the two parents corresponded with greater mean alternation (ANOMéA:

=457.21, P <0.001; Fig. 1). Mean alternation was significantly different for all 13 categjories
provisioning rate difference (Tukey HSD, all P < 0.05). Observed alternation for a given pair of

birds provisioning the same nest was significantly correlated across wgkane?).



254  Predictors of parental alternation

255  Alternation was not predicted by any of the variables we tested: hatchmatef day, combined
256  breeder age (mean = 3.70 years £ 0.12 SE), pair-bond duration (mean = 0.19 years = 0.03 SE),
257  brood size (mean = 8.31 + 0.14), nestling age (mean = 9.57 days + 0.20 SE) but was significantly

258  negatively correlated with provisioning rate difference (Table 1

259

260 Parental alternation and reproductive success

261  Mean provisioning rate was not significantly related to brood size, but was weakly but

262  significantly positively correlated with deviation from expected alt@ngfTable 1,(Fig. 3a).
263  This increase in provisioning rate with alternation was not reflected in rh@dnnsass, which
264  was not significantly correlated with alternation (Table 1). Removing tassascovariate

265 improved the relationship between alternation and chick mass but it remained mboasi(P =
266  0.07). Alternation was not significantly associated with parental survival to tbeviiog] year for

267 either sex (Table)l

268

269  Nest fate (i.e. fledged successfully or depredated) was not significantly relaseal parental
270  provisioning rate or brood size.The probability of fledging was significantly highenoiods

271  where parents alternated more (Table 1, Fig. 4).

272 Provisioning synchrony

273  The mean synchrony score of provisioning parents was 13.3% + 0.51SE of feeds occurring within
274  the same minute (n = 247 nest watches on 97 pairs). Synchrony increased with both alternation
275 (GLMM: g =0.012 £ 0.002, P < 0.001; Fig. 3b) and, logically, with total provisioning rate

276  (GLMM: =0.041 + 0.002, P < 0.001). In the sample of seven nests filmed in 2012, pairs that
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provisioned more synchronously fed broods more often per five minutes of nest activity by one or
both parents (Fig. 5). We interpret this pattern as evidence that when parerntseare m
synchronised in their provisioning visits, the number of feeds per unit time of pareivig} ac

near the nest increases. In other words, synchronised visits reduced the amount of parental

activity near the nest per feed and hence may reduce nest conspicuousnessois.preda

Discussion

Our study shows that long-tailed tit parents alternate their provisioning sigitificantly more

often than expected by chance, and that they do so consistently over the nestling period.
Moreover, higher rates of alternation were associated with higher total provisionirayemnd |
depredation risk. The latter is probably the result of the fact that pairs who atdtrete

provisioning more also provisioned more synchronously and therefore reduced the time they spent

near the nest. We discuss these findings and their implications below.

Alternation of provisioning trips

Parental alternation of provisioning was recently suggested as a mechamictbparents can
reduce their conflict over care, but actual tests of this idea are langeding. To our knowledge,
the only previous study that investigated parental alternation is that ofdlodestal. (2014),
who show that great tit parents take turns in feeding young more than expected by chance.
However, some evidence suggests that parental coordination may occur in otiest §jrst,

two experimental studies have shown that parents match the effort of their,panich

suggests some form of tit-for-tat negotiation or bargaining (Hinde 2006; Meade et al. 2011).
Second, synchrony of provisioning visits has been reported in several bipareried §peg.

long-tailed finches Poephila acuticauda (van Rooij & Griffith 2013) and zebra finches
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Taeniopygia guttata (Mariette and Griffith 2012; 2015)), and cooperative breeders (e.g. bel
miners Manorina melanophrys (McDonald et al. 2008) and pied babblers Turdoides bicolor
(Raihani et al. 2010)). Since synchrony in the current study appears to be closely linked with
alternation, it seems likely that behavioral coordination of provisioning migatdoenmon way

in which parents reduce sexual conflict, as predicted by Johnstone et al. (2014).

Our finding of a significant repeatability of alternation between observations séaithe pairs
provisioning at the same nest suggests that alternation may be assodtatsthes properties of
individuals or the nest environment. However, because long-tailed tits are birnglded and
have high mortality (Meade et al. 2010) and divorce rate (Hatchwell et al. 2000), we had only
very few observations from more than one nest belonging to the same pair, addveot make
pairwise comparisons of alternation values from the same pairs in differennigragémpts. If
such observations were possible, pairs might be expected to alternate morefinstti@nt
breeding attempt in order to establish response rules and parental effortJeliaktone 2011;
Lessells and McNamara 2012), then relax the degree to which they alternate in subseque
attempts. On the other hand, the coordination of pair activities may imprtve msmber of

pair’s breeding attempts increases, thus providing a mechanism for the frequently observed
relationship between reproductive success and pair-bond longevity (Black 1996). It would be

interesting to test these alternative predictions in species with longdropais-

Repeatable alternation of provisioning visits for individual pairs could alse simply as a
function of repeatable provisioning rate differences. If a pair deviates the ssuatdrom
expected alternation in each observation and also maintains a fairly coestiingfrate,
alternation would be similar across observations. Provisioning rate differencebaigtatble if
birds are following the negotiation rules of Lessells and McNamara (2012), where thenchale
female each establish and maintain a negotiated parental effortretimybreeding attempt.
Indeed, previous studies indicate that parental effort is repeatable in Il@agtitai(MacColl and

Hatchwell 2003b), as is the effect of an individual’s care on the effort of others (Adams et al.
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2015), supporting the notion of individual consistency in provisioning behavior. Thus it seems
most likely that repeatability in alternation can be explained by an meglytiation of effort and
consistent subsequent behavior by each pair member, rather than being determihed(bygot

environmental) factors.

Fitness correlates of alternation

We found a positive relationship between parental alternation and total provisideirgsra

predicted by the model of Johnstone et al. (2014), thus supporting the notion that alternation can
reduce the costs of sexual conflict for offspring. It should be noted, however, that tfegth

current study nor previous ones are able to rule out potential confounds of parental quality, whic
might simultaneously affect provisioning effort and the ability to coordinate care aBotur
expectations, neither higher total provisioning rate nor alternation directlye@suimproved

nestling condition. It is possible that in this study the increase in provisioningitatalternation

(Fig. 3a) was too weak to cause detectable differences in nestling mass. Indeed, previgus studie
have shown that helpers in this facultative cooperatively breeding spacsesacaubstantial

increase in provisioning rate with positive consequences for nestling growth and subsequent
recruitment (MacColl & Hatchwell 2002; Hatchwell et al. 2004). On the other hand, evidence
from other biparental passerines suggests that increased parental provisioning deesssatrily
result in greater chick mass (Titulaer et al. 2012), especially in spedeksge broods where

any increases in provisioning rate are likely to be diluted by the high demand for food by the
offspring (Bonneaud et al. 2003). Therefore, subtle links between provisioning rate and

alternation, such as long-term survival benefits for offspring, may remain undetedtesdsiudy.

Alternation of nest visits could also allow parents to moderate the sucaistl of reproduction
through negotiation of parental investment, but we found no relationship between alteainati

adult survival to the following year. This result is perhaps not surprising considegihggh



352 annual mortality (c.44%) in our study population (McGowan et al. 2003; Meade et al. 2010).
353  Furthermore, the fact that total provisioning rate increases with altenrsatggests that any
354  benefit of increased efficiency of care through negotiation may be maskecdrégsed

355  provisioning effort by parents.

356  The more marked relationship between alternation on reproductive success repoitethhere
357 alternation in successful nests was significantly higher than that inthattgere depredated.
358  Predators are likely to be attracted to nests through the activity of the parer@2009), so we
359  suggest that this finding may be linked to the positive relationship between tadtearad

360 synchrony, because overall, parents spent less time at the nest when prowssiisimgere more
361  synchronized. Therefore, alternation and the associated synchrony of provisionghgppsiar to

362  confer a direct fithess benefit by improving the chances that offspring stovieglging.

363 It should also be noted that we investigated the coordination of provisioning visits +taileuy
364 it broods fed by parents only, omitting those broods where helpers assisted pareirig fiorca
365 nestlings. A previous study found that the presence of helpers at the nest did aseitfoeerisk
366  of nest predation (Hatchwell et al. 2004), a result that appeared counterangurew that

367  activity near the nest is likely to increase its conspicuousness, and givemgidiled tits are
368 too small to defend the nest against their principal nest predators (BJH perswbs)d be

369 interesting to extend the analysis to examine the provisioning behaviour ofatarehged nests
370  to investigate whether nest visits exhibit similar, or even greates|esetoordination to avoid

371  anincreased risk of attracting nest predators.

372

373 General conclusions

374  Long-tailed tit pairs alternated their provisioning visits more than would fpecéed by chance.

375  This coordination of parental care was associated with an increase in totsibpiog rate and a
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reduction in nest predation. The finding of a positive relationship between reproductiesssucc
and alternation, combined with the repeatable nature of alternation, is cegrglatature but
strongly supports the contention of Johnstone et al. (2014) that alternation of visits provides a
means of mitigating the cost of sexual conflict for offspring. The behaviordlanesns

underlying parental investment strategies are vital to our understanding obhingoenvof stable
biparental systems and our results contribute substantially to the notion that canrdihaest

visits is a behavioral adaptation to mitigate the costs of sexual caviicicare.
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493  Supplementary material

494  Figure S1Schematic demonstrating how observed inter-feed intervals from nest watche
495  were converted into simulated provisioning watches to calculate expectedeahation (see

496  Methods)
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Table S1 Demonstration of how randomly selected female and male inter-feed intals are

combined to produce a time-series from which simulated alternation can beared.

Female Cumulative Male Cumulative
intervals female intervals male
intervals intervals
4 4 7 7
8 12 2 9
4 16 6 15
13 29 2 17
6 32 5 23
38 7 30
7 37
12 44
56

Cumulative Sex

combined identity of
intervals interval
4 Female
7 Male

9 Male
12 Female
15 Male
16 Female
17 Male
23 Male
29 Female
30 Male
32 Female
37 Male
38 Female
44 Male
56 Male




502
503

Table 1 Coefficients for parameters predicting and correlating with measuresf parental
alternation, with significant terms in bold text.

Parameter Estimate +t SE P value
Predictors of alternation Provisioning rate difference -2.55+0.45 <0.01
Combined breeder age -0.26 £ 0.60 0.67
Hatch day 0.09£0.16 0.57
Length of pair bond 0.09+2.19 0.97
Brood size 0.80+£0.53 0.14
Time of day -0.63 +0.36 0.08
Nestling age 0.03+0.31 0.92
Fitness correlates Provisioning rate Deviation from expected alternation -0.37 +1.10 0.03
Brood size 0.49+0.34 0.15
Chick mass Mean alternation <0.01+<0.01 0.11
Mean chick tarsus 0.43 £0.06 <0.01
Brood size -0.05 + 0.002 <0.01
Male survival Mean alternation -0.02 £0.02 0.34
Female survival Mean alternation 0.02 £0.02 0.29
Nest fate Alternation -0.04 £0.02 0.04
Brood size 0.28 £ 0.66 0.51
Provisioning rate 0.03+£0.05 0.54
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Figure legends 1-5

Figure 1. Mean observed and expected alternation in relation to the difference iropnogisate
between the parents. Bars for observed values represent standard error and bars for expected
values represent 5 and 95% confidence intervals. All observed mean alternatiorexedgesthe
upper 95% confidence intervals of expected scores and, as expected, alternatioa de@eas

function of increasing provisioning rate difference.

Figure 2. Relationship between two randomly sampled measures of alternationneatues f

repeated observations at the same nest. The line represents fitted MslluEsgl. = 33.1, P <

0.001, R2 = 0.377) with its standard error represented by shaded areas.

Figure 3. Relationships between: (a) total provisioning rate (feeds/hour) and alterRagigr (
7.447,P < 0.01); and (b) synchrony of provisioning visits between parents (number of alternated
feeds that occurred within a minute of the previous feed) and alternatig<£F35.98, F<

0.001). Lines show the predicted values.

Figure 4. Mean +SE proportion of nests that produced fledglings as a function of varyegsdeg
of alternation, which was was modelled as a continuous variable but for visoalizatposes is

grouped according to the level of alternation achieved on day 6 of the nestling period.

Figure 5. Relationship between the mean nest activity (see methods) and maaongyswores

for nestan 2012. The regessionlineis derived from values predicted byiaea model ad



549  shows a significant relationship between nest activity and syachrony score (LM: /=

550 13.78, P = 0.014), with standard error represented by shading.
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