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we included a dummy variable of �proportion commuting 
time�, assuming that the first and last days of the trip would 
be mostly comprised of commuting.

Statistical analyses were carried out in R version 3.5.1 
(R Core Team 2021). The R package lme4 (Bates et� al. 
2015) was used to construct LMMs and GLMMs, and beta 
GLMMs were constructed using the glmmTMB package 
(Magnusson et� al. 2020). We assessed model fit through 
visual inspection of residual plots. P-values were obtained 
by comparing models to null models without the effect 
of interest using a likelihood ratio test. For categorical 
variables, least squares means for each level of the factor 
were calculated using the R package emmeans (Lenth et�al. 
2018). To account for repeated measures and any system-
atic variation that might be attributed to year, all models 
were fitted with individual and/or burrow ID, nested 
within year as appropriate, as a random (intercept only) ef-
fect. All model structures can be found in Table 2. Data 
are presented as means and 95% confidence intervals (95% 
CIs) unless otherwise specified.

RESULTS

Patterns in Incubation
For brevity, all statistical values for this section can be 
found in Table 3.

The average date of laying was 15th May, but year had a 
significant effect on this date, probably driven by 2018 when 
eggs were laid on average 4�days later than normal (19th 
May; Supplementary Material Table 1 and Supplementary 
Material Figure 1). New pairs laid their eggs slightly later 
than experienced pairs but this was not significant (mean 
date new: 16th May, experienced: 13th�May).

Mean incubation duration for nests that hatched eggs 
was 50.9 (95% CI: 48.4, 53.6) days. There was no difference 
in duration for experienced vs new pairs, nor was there any 
variation associated with�year.

Males took a greater proportional share of the incuba-
tion period than females (male: 0.53, 95% CI: 0.51, 0.55; 
female: 0.47, 95% CI: 0.45, 0.49); this did not vary with pair 
experience or age. Despite the greater overall contribution 
of males, males and females did not differ in the number 
of incubation shifts they took on (male: 4.20 [95% CI: 3.55, 
4.85] shifts, female: 4.06 [95% CI: 3.55, 4.785] shifts). There 
was no difference in shift number between experienced 
and new pairs (experienced: 3.94 [95% CI: 3.41, 4.47] shifts, 
new: 4.32 [95% CI: 3.49, 5.15] shifts) and no effect of�year.

Females took the first incubation shift in 39.74% of 
breeding attempts, versus 60.25% for males, but these 
proportions were not found to be statistically significant 
(two-sided binomial test: P� =� 0.09). However, when the 
first shift of incubation was taken by the female, this was 

TABLE 2. Model structures for analysis. Model numbers are referenced in the text

Type Model 

Parameters

Response Fixed Random 

Patterns in incubation
  LMM 1 Julian lay date Exp + year Nest
  Poisson GLMM 2 Total incubation duration Exp + outcome + year Nest
  Beta GLMM 3 Proportional share of incubation Exp + sex + year Nest
  Poisson GLMM 4 N shifts Exp + sex + year + inc dur Nest
  Poisson GLMM 5 Shift duration � shift 1 (days) Exp + sex + year Nest: ID
  Poisson GLMM 6 Shift duration � all others (days) Exp + sex + year + egg age Nest: ID
Mass changes during incubation
  LMM 7 Start mass (g) Exp + sex + year + egg age ID
  LMM 8 Daily mass decline (% body mass) Exp + sex + year + egg age + shift day ID
  Binomial GLMM 9 Probability shifts ends in neglect Exp + sex + year + egg age + start mass 

+ shift dur
ID

  Poisson GLMM 10 Shift duration following neglect Exp + sex + year + egg age + start mass ID
  Binomial GLMM 11 Probability of hatching Exp + year + days neglect Nest
Foraging behavior
  Poisson GAMM 12 Foraging trip duration (days) s (Start mass * partner mass) + sex + year ID
  LMM 13 Percentage daily mass gain Start mass + sex + trip dur + prop forage 

+ year
ID

  Beta GLMM 14/15/16 Proportion of trip spent foraging/
resting/flying

Start mass + sex + trip dur + prop 
commute + year

ID

Abbreviations: exp = pair experience, experienced or new; nest = nest identity; outcome = of incubation, hatched or failed; sex = male 
or female; inc dur = total duration of the incubation period, days; ID = individual identity; shift day = day of the incubation shift; start 
mass = mass of incubating bird at beginning of incubation shift, g; shift dur = duration of the incubation shift; partner mass = partner 
mass at start of corresponding incubation shift, g; trip dur = foraging trip duration, days; prop forage = proportion of each day spent 
foraging; prop commute = proportion of trip spent commuting.
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significantly shorter (male: 4.06 [95% CI: 3.27, 5.05] days; 
female: 2.63 [95% CI: 1.96, 3.53] days), though notably, in 
all subsequent shifts, males and females were not found 
to differ in duration (male: 5.44 [95% CI: 4.93, 5.99] days; 
female: 5.10 [95% CI: 4.61, 5.63] days). Incubation shift 
duration additionally did not change over the course of in-
cubation, nor was there an effect of pair experience (first 
shift: experienced: 3.40 [95% CI: 2.74, 4.23] days; new: 3.14 
[95% CI: 2.30, 4.30] days; all shifts: experienced: 5.38 [95% 
CI: 4.92, 5.89] days; new: 5.15 [95% CI: 4.47, 5.94] days). 
Year had a significant effect on the duration of the first in-
cubation shift, possibly due to the very short first incuba-
tion shifts observed in 2019, at 2.38 [95% CI: 1.81, 3.12] 
days (Supplementary Material Table 1).

There was a significant correlation between the duration 
of an incubation shift and the duration of the previous shift 
by the partner (Pearson�s correlation coefficient� =� 0.26 
[95% CI: 0.12�0.40]; P� =� 0.0004). The temporal aggrega-
tion of changeover events across study nests during incu-
bation was not greater than random, suggesting there was 
no synchrony in nest visitation across the colony (P�=�0.71, 
n iterations�=�10,000 per�year).

Mass Changes During Incubation
For brevity, all statistical values for this section can be 
found in Table 4.

Males began their incubation shifts at a higher mass than 
females (male: 459 [95% CI: 452,�465] g, female: 435 [95% 
CI: 429,�442] g), reflecting the sexual size dimorphism of 
this species (Brooke 1990). Individuals from experienced 
pairs began their incubation shifts at a higher mass than 
those in new pairs (experienced: 452 [95% CI: 447,�457] g; 
new: 442 [95% CI: 434,�450] g). The mass at which parents 
began their incubation shifts increased slightly over the 
duration of the incubation period, and equally for both 
males and females. Starting masses increased by 0.21 
[95% CI: 0.07, 0.35] g for each day since the egg was laid 
(Supplementary Material Figure 2), such that the overall 
mean difference in starting mass between the last and first 
shifts was 8.81�g. Year had a significant effect on starting 
masses, possibly as masses in 2016 were particularly high 
(Supplementary Material Table 1).

Incubating birds lost 2.31� –� 0.17% of their body mass 
each day, equating to a decline of 10.03�–�7.42�g daily. This 
daily mass decay did not differ between males and females 
(male: 2.71% per day [95% CI: 2.60, 2.82], female: 2.75 % per 
day [95% CI: 2.64, 2.86]), and was consistent over both the 
scale of a single incubation shift and the incubation period 
in its entirety. There was no effect of experience or year on 
the body mass declines experienced by parents.

Over the 5-year study period, 8.26% of incubation shifts 
(N�=�80) ended in neglect. The probability that an incubation 

TABLE 4. Statistical values for likelihood ratio tests comparing models outlined in Table 3 to null models without the effect of interest. 
Exp = pair experience. Significant effects in bold; sizes reported in Results: Mass changes during incubation

 

Response Exp (df = 1) Sex (df = 1) Year (df = 1) 
Egg age 
(df = 1) 

Day of 
shift 

(df = 1) 
Start mass 

(df = 1) 

Shift 
duration 
(df = 1) 

Days of 
neglect 
(df = 1) 

7 Start mass �2 = 4.53, 
P�=�0.03

�2 = 29.13, 
P�<�0.0001

�2 = 16.11, 
P�=�0.001

�2 = 8.16, 
P�=�0.004

    

8 Mass loss/
day

� 2 = 1.41, 
P = 0.23

� 2 = 0.41, 
P = 0.07

� 2 = 4.35, 
P = 0.24

� 2 = 3.17, 
P = 0.08

� 2 = 2.83, 
P = 0.09

   

9 P (neglect) � 2 = 2.14, 
P = 0.14

� 2 = 2.89, 
P = 0.09

� 2 = 3.00, 
P = 0.40

� 2 = 0.18, 
P = 0.67

 �2 = 7.81, 
P�=�0.005

� 2 = 1.70, 
P = 0.19

 

10 Time 
to neglect

 � 2 = 1.48, 
P = 0.22

 � 2 = 0.30, 
P = 0.59

 �2 = 10.05, 
P�=�0.002

  

11 P (hatch) � 2 = 0.61, 
P = 0.44

 � 2 = 3.57, 
P = 0.47

    �2 = 22.02, 
P�<�0.0001

TABLE 3. Statistical values for likelihood ratio tests comparing models outlined in Table 2 to null models without the effect of interest. 
Exp = pair experience. Significant effects in bold; sizes reported in Results: Patterns in incubation

 Response Exp (df = 1) Sex (df = 1) Year (df = 4) Egg age (df = 1) 

1 Lay date �2 = 3.48, P�=�0.06  �2 = 16.27, P�=�0.003  
2 Incubation duration � 2 = 0.81, P = 0.37  � 2 = 0.55, P = 0.97  
3 Proportion share � 2 = 0.00, P = 1 �2 = 18.25, P�<�0.0001 � 2 = 0.00, P = 1  
4 N shifts � 2 = 0.74, P = 0.39 � 2 = 0.15, P = 0.70 � 2 = 7.37, P = 0.12  
5 Shift duration (1) � 2 = 0.23, P = 0.63 �2 = 8.52, P�=�0.004 �2 = 14.40, P�=�0.006  
6 Shift duration (all � 1) � 2 = 0.30, P = 0.58 � 2 = 2.52, P = 0.11 � 2 = 7.58, P = 0.11 � 2 = 0.08, P = 0.78
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shift ended in neglect was significantly predicted by the mass 
at which the incubating parent began incubation (Figure 1). 
The estimated coefficient for this parameter was 0.98 [95% 
CI: 0.96, 0.99] for each gram increase in starting mass; this is 
a log odds ratio owing to the logit link in the GLMM and in 
real terms equates to an approximate reduction in the prob-
ability of neglect of 7.10% for a 50-g increase in mass. The 
duration of the incubation shift, sex, and egg age had no ef-
fect on the probability of neglect. However, new pairs were 
more likely to neglect than experienced pairs (experienced 
probability: 0.03 [95% CI: 0.01, 0.06], new: 0.05 [95% CI: 0.02, 
0.14]). For those shifts that ended in neglect (N�=�43), the mass 
at which a parent had begun its shift predicted how long it 
sustained incubation before neglecting the egg, with heavier 
birds remaining at the nest longer before departing for sea 
(Figure 2). The number of days parents remained at the nest 
before neglecting increased by 1.15 [95% CI: 1.07, 1.22] % for 
each gram increase in starting mass; this corresponds to an 
increase in shift duration of 1.29�days for an increase in mass 
from 350�g to 400�g. Males and females remained at the nest 
for similar lengths of time before neglecting the egg (Figure 2).

Each day of neglect decreased the odds of hatching; the 
estimated log odds ratio coefficient for this parameter was 
0.45 [95% CI: 0.23, 0.85]. The effect of neglect on hatching 
success showed diminishing returns over time: while 
2� days of neglect reduced the probability of hatching to 
18.43% compared to 71.88% for no neglect, the difference 
in hatching probability between 15 and 13�days of neglect 
was <0.0001% (Figure 3). Pair experience and year had no 
effect on the probability of hatching.

Foraging Behavior
Foraging trip duration was predicted by the smoothed 
two-way interaction between mass at the beginning of 

the incubation shift and partner�s mass (EDF� =� 3.16, 
� 2�=�28.00, P�<�0.0001). The longest foraging trip durations 
were observed for light birds whose partners were in good 
condition; foraging trip duration decreased with both 
increasing start mass and decreasing partner mass (Figure 
4). There was no effect of year (� 2�=�1.78, P�=�0.75) or sex on 
trip duration (male: 6.28 [95% CI: 5.83, 6.69] days, female: 
6.20 [95% CI: 5.74, 6.69] days; � 2�=��0.35, P�=�0.54).

Over their entire foraging trips, shearwaters gained a 
mean 12.63� –� 9.24 % of their body mass, corresponding 
to approximately 50.00�–�33.89�g (mean – standard devia-
tion). Birds that began their foraging trips at a higher mass 

FIGURE 1.   Incidence of neglect as a function of starting mass (g). 
Grey shaded area indicates 95% confidence intervals of model-
estimated regression line (blue). Grey points indicate real shifts 
that ended in neglect (1) or did not (0) according to starting mass; 
point size indicates number of nests represented by datapoint 
according to legend inset.

FIGURE 2.   Number of days until neglect occurred as a function 
of mass at the start of the incubation shift (g) for females (orange) 
and males (blue). Grey shaded areas indicate 95% confidence 
intervals of model-estimated regression for females (orange line) 
and males (blue line) separately. Confidence intervals plotted 
with 50% opacity; darker areas indicate overlap.

FIGURE 3.   Probability of hatching as a function of days of 
neglect. Grey shaded area indicates 95% confidence intervals 
of model-estimated regression (blue line). Grey points indicate 
actual nests where the breeding attempt was successful (1) or 
not (0) according to the number of days the parents neglected 
the egg for; point size indicates number of nests represented by 
datapoint according to legend inset.
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had lower percentage foraging gains on their trips: birds 
gained less mass per gram increase in their starting mass 
(see Table 5 for test statistics and parameter estimates). 
Males were found to gain a greater percentage of mass on 
their trips. Total mass gained foraging was not related to 
foraging trip duration or the amount of time the bird spent 
foraging.

During their foraging trips, birds spent 42.25�–�10.87% 
of their time foraging, 39.90�–�14.43% of their time resting, 
and 17.86� –� 13.02% of their time in flight. The mass at 
which a bird began foraging significantly predicted the 
time it spent foraging and resting: heavier birds spent less 
time foraging, and more time resting (Table 6, Figure 5), 
such that a bird weighing 400�g would reduce foraging time 
by 6.00% and increase resting time by 7.05% compared to 
a bird weighing 350�g. We did not find evidence for a rela-
tionship between mass and flight behavior.

DISCUSSION

While incubation is a clear opportunity for parents to em-
ploy a cooperative turn-taking approach to providing care, 
it is not well understood what underlies the decision of 
foraging parents to return to the nest, or for incubating 
parents to temporarily or permanently desert the nest. 
Here we demonstrate the critical importance of changes in 
parental body mass and reserves for incubation behavior in 
the Manx Shearwater. While incubating birds appeared to 
respond principally to the return of their partner from sea, 
we found that foraging trip duration was mostly driven by 
the requirement of the foraging bird to recoup its lost body 
mass, with those birds that departed the nest at a lower 

mass spending a proportionally longer time at sea. Similar 
results have been reported for Storm Petrels (Bolton 1996), 
Little Penguins (Eudyptula minor; Kato et� al. 2008), and 
Short-tailed Shearwaters (Carey 2011), and probably re-
flect the importance of regulating energy reserves for 
these long-lived species. However, although the principal 
determinant of foraging trip duration was the mass of the 
outgoing bird, we also found that departing birds whose 
partners were in good condition took correspondingly 
longer trips, matching previous findings in this species 
(Gillies et�al. 2021), and suggesting that shearwaters take a 
more cooperative approach to incubation behavior.

The mass losses sustained by incubating shearwaters 
had clear implications for their subsequent foraging be-
havior, with birds that ended their shift at a lighter mass 
spending more time at sea and exhibiting greater foraging 
gains, suggesting individuals try to maintain their mass 
at a particular baseline. During their trips, heavier birds 
spent less time foraging and more time resting, mirroring 
previous findings for shearwaters whose breeding invest-
ment was experimentally reduced, and which were there-
fore probably in better condition (Fayet et�al. 2016). This 
effort could reflect each individual�s optimal balance be-
tween mass gains and limits to energetic expenditure. If 
birds have less mass to gain, it may be beneficial to invest 
less in the highly energetic activity of foraging, and instead 
spend more time resting. Decisions when to rest and when 
to forage may be employed strategically, so that as the bird 
approaches good condition it pays only to explore better 
foraging opportunities, and to pass up less profitable ones 
by resting. Shortening the duration of the trip itself may 
not be an optimal way to conserve energy, both because 
shearwaters are constrained to return to the colony at 

FIGURE 4.   (A) Perspective plot of predicted foraging trip duration (days) as a function of the smoothed two-way interaction of mass 
at the start of the foraging trip (g) and the mass of the partner (g). (B) Confidence intervals of the predictions, where red = +2 standard 
errors from prediction surface, green = �2 standard errors from prediction surface, and black = prediction surface.
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