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Does phenological synchrony with an
interspecific competitor affect competitive
outcomes during the nestling phase?
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Chapter 7140

Interspecific competition is the negative effect of one species on
another species by consuming or controlling access to a resource.
It manifests itself in the segregation of niches, the monopolization
of resources, and the fitness consequences this may have on both
species. Interspecific competition may have spatial, density
dependent and temporal components. For the former two there is
ample evidence, but very few studies on the temporal components
of interspecific competition exist, let alone experimental ones.
Testing temporal components of interspecific competition is impor-
tant in the face of climate change, which differentially affects the
timing of resident and migratory competitors. In two years, we
manipulated the hatching date of two resident birds, the great tit
Parus major and the blue tit Cyanistes caeruleus, to create subplots
with early and late tit hatching. Subsequently we studied its effects
on the prey choice and offspring condition in a migratory
competitor, the pied flycatcher Ficedula hypoleuca. Timing of
breeding affected the nestling diet composition in both tits and
flycatchers, but flycatcher diet was not affected by the experimental
timing manipulation of the tits. Moreover, no consequences of the
manipulated tit timing on the condition of tit or flycatcher offspring
were found, nor on their recruitment probability. Over all, we
conclude that temporal components of interspecific competition
play little to no role during the nestling phase of cavity breeding
birds in our population.
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Introduction

Interspecific competition is the negative effect that one species has on another species by
consuming (exploitation) or controlling access (interference) to a resource that is limited
in availability (Keddy 1989; Dhondt 2012). Evidence for spatial and density dependent
components of interspecific competition is ubiquitous (Dhondt 2012), but little is known
about temporal components of competition. One example of temporal components of
competition can be found in grasses, where root phenology is thought of as an important
competitive factor (Harris 1977). In birds, it has also been shown that competitive inter-
actions over nest sites is more intense when phenologies are more synchronous (Ahola et
al. 2007). Generally however, temporal components of interspecific competition are
understudied, and no experimental study on the effect of synchrony between interspecific
competitors on the outcome of interactions exists.

Climate warming causes birds to initiate their breeding earlier, because the phenology
of their food supply advances (Visser and Both 2005; Both et al. 2009; Bauer et al. 2010).
More broadly, phenologies advance faster at lower trophic levels than at higher ones
(Thackeray et al. 2010, 2016), causing directional selection on timing at higher trophic
levels. Although much of the evidence surrounding trophic mismatch ecology has been
identified among trophic levels, relatively little is known about differential effects of
temperature on phenologies within trophic levels. Recent studies suggest that resident
and migrant birds may have differential rates of adjustment in relation to temperature,
where resident species are generally more responsive than migrant species (Phillimore et
al. 2016; Usui et al. 2017). The result of such differential adjustment to climate change
may be that the phenological synchrony between competing species increases or
decreases over time. However, the potential consequences of such phenological synchrony
are currently unknown.

European tits and flycatchers have become model organisms in studying phenological
adjustment to climate change (Visser et al. 2003; Both et al. 2004). These birds commonly
occur in temporal forests across Europe, and may fiercely compete for breeding cavities
(Slagsvold 1975; Merilä and Wiggins 1995; Ahola et al. 2007). Tits in our population
breed on average ~15 days earlier than flycatchers (Samplonius and Both 2014), which is
a rather consistent pattern across European populations (chapter 3). Both resident tits and
migratory flycatchers generally rely on caterpillars to successfully raise their nestlings
during the breeding season (Royama 1970; Barba and Gil-Delgado 1990; Perrins 1991;
Sanz 1998; Wilkin et al. 2009; Sisask et al. 2010; Cholewa and Wesołowski 2011; García-
Navas and Sanz 2011; Burger et al. 2012; Samplonius et al. 2016b). It is still an open
question whether exploitation competition for caterpillars exists in this guild, although
the general intraspecific density dependence of reproduction in tits is mostly attributed to
differential access to food during the nestling phase (Both et al. 2000). Furthermore, it has
been shown that a higher density of tits negatively affects flycatcher fitness components,
including clutch size, fledging success, and fledging mass (Gustafsson 1987; Sasvári et al.
1987; Forsman et al. 2008). Clearly, density components are strong drivers of differential
competitive outcomes, but much less is known about temporal components.
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Temporal components affecting interspecific interactions include the phenology of
other species. The phenology of interspecific competitors was previously shown to modify
the settlement patterns of pied flycatchers, which preferred settling in areas with experi-
mentally advanced  tit laying dates (Samplonius and Both 2017a). However, it is
unknown whether competition has governed these differential settlement patterns, which
may also have been caused by perceived habitat quality or perceived predation risk. The
aim of the current study was to unravel whether synchrony between tits and flycatchers
increases exploitation competition for food, potentially resulting in reduced offspring
condition. It could be argued that competing for the same resources at the same time
negatively affects fitness of inferior competitors, as there may be more interference in
foraging areas when tits and flycatchers raise their nestlings at the same time while
foraging in the same areas. In contrast, it could also be argued that being asynchronous is
disadvantageous for the late breeding flycatchers, as more resources will then have been
exploited by the early breeding tits before the peak demand of flycatchers (Figure 7.1).
For example, if tits breed relatively early, they may consume many early caterpillar instars
which may negatively affect flycatcher prey options. Such alternative pathways of compe-
tition lead to different predictions. If most competition during the nestling phase is
governed by interference, interspecific synchrony would result in negative effects on the
proportion of caterpillars in the nestling diet and nestling condition of the competitively
inferior flycatcher. However, if most competition is governed by exploitation, synchrony
might result in a positive effect on flycatcher nestling diet and fitness. In this study we
experimentally manipulated the timing of tits across forest patches in two years to study
in what direction it affects the nestling diet and offspring condition of pied flycatchers.
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Figure 7.1 Conceptual pathways of the effect of synchrony on the outcome of interspecific competi-
tion. Synchrony might increase fitness because more resources are left to compete for, but it may
decrease fitness because it may enhance interference in foraging areas (niche segregation).
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Materials and Methods

Study populations and species
Our study was conducted in a long-term nest box study in National Park Dwingelderveld
(52°49'05"N,  6°25'41"E) in 2014 and 2015 and in Boswachterij Ruinen (52°43'37"N,
6°24'00"E) in 2015. These plots consisted of secondary growth forests, dominated by
pedunculate oak Quercus robur, scots pine Pinus sylvestris, and birches Betulaceae. See for
details on the areas Both et al. (2017). Nest boxes were checked at least twice weekly in
the earlier stages of the breeding season, and blue and great tit first egg dates were estab-
lished. In our experimental years, tits were relatively early in 2014, whereas they were
relatively late in 2015. Blue and great tits preceded flycatcher hatch dates by about 21.8
days in 2014 (5.0 May versus 26.8 May), and by 15.9 days in 2015 (16.2 May versus 1.1
June).

Heterospecific hatch date manipulations
To study the effect of tit phenology on flycatcher prey choice and fitness, we established
an experimental gradient of tit hatching phenologies ranging from early (–5.7 days) to
late (+8.1 days) at the subplot level. In our metapopulation, three study plots with a
total of about 200 nest boxes in total were selected in 2014, which were subdivided in
smaller subplots of 20 to 30 nest boxes. Twelve subplots were chosen in 2014, but six of
these (in two areas) were found unsuitable in 2015 because of low tit densities. There-
fore, four subplots were added in a tit rich area in 2015. At the end, 16 subplots were
used across two study years of 1.2 to 4.5 hectare, which contained different densities of
great tits (median 2.0 tits / ha, varying from 0.9 to 5.9). Timing treatments within study
plots were assigned at random, each study area had early and late treatments, and treat-
ments were switched between years in subplots that were used in both years. Tit
phenology treatments were achieved by swapping naturally late and early clutches from
all across the population among tit nests during incubation (2014: 76 great tit and 21
blue tit, 2015: 72 great tit and 22 blue tit). By swapping early laid clutches (during incu-
bation) to active later nests in subplots assigned as early, and late clutches to active
earlier nests in subplots assigned as late, we created a gradient of tit hatch dates among
subplots (for more details on methods and realized tit timing manipulations, see Samplo-
nius and Both 2017a). For statistical analyses, we used mean tit hatch date for each
experimental subplot, to include variation in degree of change among subplots. This vari-
able will from here onwards be called “tit timing treatment”. Some heterogeneity in
laying date was present among subplots, which could be a response to local phenological
variation. To account for this, we also included the originally planned timing of the tits in
the models (planned tit timing). This variable was calculated by the addition of 13 days
to the onset of (unmanipulated) incubation date. 

Nestling diet preparations
To study the nestling diet of tits and flycatchers, camera boxes were installed on day 13
(hatching is day 0) in tit nests, and on day 3 in flycatcher nests. The rationale for the age
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difference in our observations is that we were interested in possible effects of competition
for the same resources, and therefore aimed minimizing differences in timing of our diet
measurements (since tits breed earlier than flycatchers). Camera boxes were the same as
original nest boxes, except that they had a space behind them that could hold a DSLR
camera. If birds did not accept their new box, we removed it and returned the nest and
nestlings to the original box. If birds did accept their new nest box, we returned the
following day to install LEDs, a camera with macro lens (Nikon D3100 with Nikon 40mm
f/2.8 G DX Micro-NIKKOR lens), and an infrared trigger attached to the camera. The
camera and lights were at first switched off to let birds acclimatize to the novel objects,
and if they did so within an hour, we switched on the camera. Again, if birds did not
accept the setup within an hour, we removed the cameras and would try again the
following day. If the setup was installed successfully, we let it run for three to four hours.
The camera makes frontal pictures each time a bird passed the infrared trigger. We
managed to successfully run 30 great tit camera sessions with an average date of 19.2
May in 2014 (out of 76 nests), 30 sessions with an average date of 28.2 May in 2015 (out
of 72 nests). We successfully ran 39 pied flycatcher camera sessions with an average date
of 27.8 May in 2014 (out of 48 nests), and 42 sessions with an average date of 29.8 May
in 2015 (out of 66 nests). Camera sessions were therefore highly synchronous between
tits and flycatchers in 2015 (1.6 day difference), but less synchronous in 2014 (8.6 day
difference). The blue tit diet was excluded from this study, because flycatcher competition
with great tits is more severe than with blue tits (Slagsvold 1975; Merilä and Wiggins
1995; Ahola et al. 2007).

Nestling diet composition
We analyzed the diets of tits and flycatchers by observing the photos taken during the
camera sessions. Prey items were generally assigned to the order, and some to family
level, but for the analyses we lumped them into three broad groups: “caterpillars” (mostly
Lepidoptera larvae, but also including the less common Coleoptera larvae and Hymen -
optera larvae), flying insects and “beetles” (mostly Coleoptera, but including Hemiptera),
or spiders. After assigning these three categories, we calculated the proportions of each
prey type and the sample size for each camera session. Unknown prey types (usually
caused by blurriness or lack of proper lighting) were removed before calculating prey
proportions. Total sample sizes of flycatcher diets were 4766 prey in 2014 (mean: 121.7,
range: 38 to 261) and 4321 prey in 2015 (mean: 102.9, range: 43 to 204); for tits these
numbers were 4176 prey in 2014 (mean: 138.7, range: 45 to 252) and 3592 prey in 2015
(mean: 119.2, range: 44 to 293). Camera sessions with fewer than 20 prey items were
excluded from the analysis. Overall prey proportions for both bird species and years can
be found in Table 7.1.

Offspring condition data
On the seventh day after hatching, we weighed tit and pied flycatchers nestlings, and we
ringed pied flycatcher nestlings. We also caught, weighed and took some morphometric
measurements of flycatcher parents on that day. We measured tarsus, a highly heritable
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trait (Alatalo and Lundberg 1986) to the nearest one tenth of a millimeter, and we meas-
ured the length of the eight primary feather between the eighth and ninth primary
feather to the nearest half a millimeter. The length of the eighth primary feather (here-
after wing length) has been shown to be a good predictor of wing length in passerines
(Jenni and Winkler 1989). On the twelfth day after hatching for flycatchers and the four-
teenth day for tits (flycatcher nestlings in our population fledge around day 15 after
hatching, while tits fledge around day 21), we returned to the nest to measure and weigh
nestlings again. This time, apart from weight, we also measured tarsus and wing length
as proxies for growth.

Caterpillar peak data
We collected caterpillar frass in cheese cloths (0.5 by 0.5 meter) under nine pedunculate
oak trees spread across the study area (Tinbergen 1960; Van Balen 1973). Our focus on
pedunculate oaks stems from the observation that caterpillars are more abundant in oak
trees and many of the caterpillar species brought in by tits and flycatchers occur in oak
trees (including, but not limited to winter moth Operopthera brumata, mottled umber
Erannis defoliaria, green oak tortrix tortrix viridana, clouded drab Orthosia incerta, and
small quaker Orthosia cruda). We emptied the frass nets at intervals between 3 and 5
days, after which we dried samples for 48 hours at 60 degrees Centigrade.  We subse-
quently sieved and visually cleaned the samples to separate caterpillar droppings from
debris, and weighed the cleaned samples to the nearest 0.001 grams. We found little vari-
ation in frass fall peak date among individual trees (53 to 55.5 April in 2015, 47.0 to 51.0
April in 2014), and so we determined one caterpillar peak per year, obtained by fitting a
smoothing curve through all data for each year (Figure 7.2). These dates were used to
subtract from nestling hatch dates and camera session dates to obtain a measure of “rela-
tive date”, i.e. the date of the measurement relative to the caterpillar peak.

Statistical analyses
Because we only experimentally manipulated the tit hatching dates, with relatively little
variance within plots, we chose to first analyse the effects on the tits on the level of the
plot, and not including any individual variation in timing. In contrast, flycatchers were
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Table 7.1 Percentages of each broad prey category divided by species and year. Although unknown
prey items were removed, percentages do not add up to 100%, because small prey categories (wood -
lice, seeds, pupa, worms, snails, earwigs, bugs) were included in calculating the percentages, but
not analyzed themselves. The “flying insects” category also includes beetles.    

Caterpillars Flying insects Spiders

P. major 2014 77.0% 7.6% 7.3%

P. major 2015 72.1% 9.5% 5.5%

F. hypoleuca 2014 46.7% 17.0% 30.2%

F. hypoleuca 2015 36.4% 30.1% 23.4%
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unmanipulated, and had more variation in hatching dates within plots, and therefore we
included also individual variation in hatching dates in these models, on top of the plot
experimental effects (tit timing treatment). In all models we also included “planned tit
timing” as explanatory variable at the plot level, to account for potential local differences
in overall phenology to which tits may have adjusted their timing of breeding.

For the nestling diet analysis each of the aforementioned categories (caterpillars,
flying insects including beetles, spiders) were analyzed as a separate response variable.
For the analyses of nestling condition we averaged body mass, wing length, and tarsus
length for each nest. To calculate recruitment probability in flycatchers we noted whether
individuals ringed as nestlings had returned (binomial model, per individual nestling).
We used (generalized) linear mixed effect models ((G)LMERs) using lme4 (Bates et al.
2015) in R 3.3.1 (R Development Core Team 2016) with predictor variables being “Tit
timing treatment” (on subplot level), “Planned tit timing” (on subplot level), “Relative
date” (both quadratic and linear, on individual level), “Year”, and the interactions “Year”
* “Relative date” and “Year” * “Tit timing treatment” to study whether effects of date and
the tit timing experiment differed among years. Subplot was used as a random intercept.
If interactions or quadratic terms were non-significant, we eliminated them and only
reported the linear terms. Error structures used were quasibinomial for the nestling diet,
Gaussian for the nestling condition, and binomial for recruitment probability. Models
were weighed by camera session sample size for the nestling diet, and by brood size for
the nestling condition (as smaller broods may have larger nestlings). All graphs in this
article were made with the ggplot2 package (Wickham 2009).
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Figure 7.2 Caterpillar peak data as measured by frass fall under oak trees. Both 2014 and 2015 had
extremely low caterpillar peaks compared to the medium-low caterpillar year 2012 (highest peak
measured was in 2008, which was about 2 orders of magnitude higher than 2012). The caterpillar
peak of 2014 was set at 49 April, while that of 2015 was 54 April.
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Results

Ecological conditions between the two study years differed markedly, with a clear and
early caterpillar peak in 2014, and a low and very flat peak in 2015 (Figure 7.2). These
differences between the years were visible in nestling diets, with especially for flycatchers
more caterpillars being fed to nestlings in 2014, but also in tits some broods in 2015 were
fed with low caterpillar proportions (Figure 7.4).  In general, great tits fed their nestlings
with more caterpillars than pied flycatchers (Table 7.1), also at the same date. Flycatchers
fed more flying insects/beetles, especially in the caterpillar poor year (2015). The gener-
ally higher spider component in the diet of pied flycatchers compared to great tits may
well be explained by the measurements of the flycatchers being carried out at much
younger chicks (chapter 2).
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Table 7.2A Great tit nestling diet glmer outputs of prey proportions in relation to manipulated hatch
date at the plot level (Tit timing treatment),  tit own original planned date at the plot level (Planned
tit timing), relative individual hatch date in relation to the caterpillar peak (Relative date), and year.
Interactions tested and eliminated or retained were “plot hatch date” * “year”. See Figure 7.2 for
data and model fitted lines. Significance codes P: <0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Tit prey1 Caterpillars Flying insects and beetles Spiders

Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 1.258 (0.221) *** –2.66 (0.224) *** –2.656 (0.192) ***

Tit timing treatment –0.078 (0.043) . 0.143 (0.043) *** 0.032 (0.038) NS

Planned tit timing –0.009 (0.130) NS –0.195 (0.128) NS 0.177 (0.111) NS

Year (2015) –0.499 (0.345) NS 0.715 (0.342) * –0.281 (0.302) NS

1Random effect variance ± stdev “subplot:year” = 0.548±0.741 (caterpillars),  0.496±0.704 (flying), 0.349±0.591 (spiders)

Table 7.2B Pied flycatcher nestling diet glmer outputs of prey proportions in relation to tit hatch
date at the plot level (Tit timing treatment), tit own original planned date at the plot level (Planned
tit timing), flycatcher relative individual hatch date in relation to the caterpillar peak (Flycatcher
date), and year. Interactions tested and eliminated or retained were “plot hatch date” * “year” and
“relative date” * “year”. See figure 1 and 2 for data and model fitted lines. Significance codes P:
<0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Flycatcher prey1 Caterpillars Flying insects and beetles Spiders

Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 0.373 (0.124) ** –2.168 (0.167) *** –1.183 (0.132) ***

Tit timing treatment 0.009 (0.023) NS –0.007 (0.028) NS –0.022 (0.024) NS

Planned tit timing –0.058 (0.069) NS 0.015 (0.083) NS –0.095 (0.072) NS

Flycatcher date –0.0703 (0.005) *** 0.057 (0.006) *** 0.040 (0.005) ***

Year (2015) –0.945 (0.187) *** 1.292 (0.229) *** –0.108 (0.199) NS

Date * year 0.063 (0.010) *** –0.046 (0.011) *** –0.039 (0.010) ***

1Random effect variance ± stdev “subplot:year” = 0.153±0.391 (caterpillars), 0.225±0.475 (flying), 0.166±0.407 (spiders)
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The timing manipulations of tits had an effect on great tit nestling diet (Table 7.2A),
but not on the diet of flycatchers (Table 7.2B). Delayed great tits had marginally fewer
caterpillars and significantly more flying insects and beetles in their nestling diet compared
to advanced tits (Table 7.2A), but no effect of tit timing on the nestling diet of flycatchers
was apparent (Figure 7.3, Table 2B). Interestingly, the timing manipulations did not affect
offspring condition in tits (Table 7.3A). Moreover, flycatcher nestling growth was not
affected by the timing manipulations of the tits (Table 7.3B). Recruitment probability of
flycatchers was also apparently not affected by the tit timing treatment (Table 7.3B).
Timing of breeding affected the nestling diet of flycatchers: lower caterpillar proportions
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Figure 7.3 Nestling diet of flycatchers was not affected by the timing of tits. Each data point is an
estimate of the proportion of prey in the nestling diet.
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and higher flying insect and spider proportions were found in later breeding birds (Figure
7.4, Table 7.2B).

Having unexpectedly found little effect of manipulated tit timing on tit nestling diet
and fitness, we separately tested (a posteriori) whether individual synchrony with the
caterpillar peak affected these components (Figure 7.4, Table S7.1-S7.2). We could not
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Figure 7.4 Nestling diet proportions of tits (day 14 nestlings) and flycatchers (day 4/5 nestlings) in
relation to date. Older tit nestlings and younger flycatcher nestlings have the highest synchrony in
timing, so we would expect most food competition then. Vertical dotted lines depict the timing of
the caterpillar peak. In general, the proportion of caterpillars declined and flying insects increased
over the course of the season (Table 7.2, S7.1). Caterpillars therefore become an increasingly
limiting resource at the end of the season, possibly enhancing interspecific competition.
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Table 7.3A Experimental subplot level tit nestling condition lmer outputs (mean day 7 mass per
brood (n = 99), mean day 14 mass per brood (n = 99), mean day 14 tarsus length per brood (n =
99), mean day 14 length of the 8th primary feather (wing, n = 99)) in relation to manipulated hatch
date at the plot level (Tit timing treatment, centered per year), tit own original planned date at the
plot level (Planned tit timing, centered per year), relative individual hatch date in relation to the
caterpillar peak (relative date, centered by subtracting caterpillar peak date), and year. Relative date
was also tested quadratically but never retained in the final model. The interaction tested was “plot
hatch date” * “year” but this was not retained in any final model. Significance codes P: <0.001 ‘***’,
<0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Tit nestling condition1 Day 7 mass (g) Day 14 mass (g) Day 14 tarsus (mm) Day 14 wing (mm)

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (great tit, 2014) 10.01 (0.250) *** 15.66 (0.141) *** 18.92 (0.568) *** 30.60 (0.644) ***

Tit timing treatment 0.054 (0.038) NS –0.012 (0.048) NS 0.013 (0.016) NS 0.037 (0.096) NS

Planned tit timing 0.112 (0.119) NS 0.051 (0.150) NS 0.035 (0.052) NS 0.274 (0.306) NS

Year (2015) 0.106 (0.357) NS 0.187 (1.996) NS 0.092 (0.803) NS –0.679 (0.919) NS

Species (blue tit) –3.389 (0.409) *** –4.819 (0.485) *** –2.559 (0.187) *** –3.566 (1.031) ***

1Random effect variance ± stdev “subplot:year” = 0.033±0.183 (day 7),  0.157±0.396 (day 14 m), 0.000±0.000 (day 14 t),
0.406±0.637 (day 14 w)

Table 7.3B Flycatcher nestling condition lmer outputs (mean day 7 mass per brood (n = 103),
mean day 12 mass per brood (n = 89), mean day 12 tarsus length per brood (n = 89), mean day 12
length of the 8th primary feather (wing, n = 89)), and glm output of recruitment probability (n =
600) in relation to tit manipulated hatch date at the plot level (Tit timing treatment, centered per
year), tit own original planned date at the plot level (Planned tit timing, centered per year), relative
individual hatch date in relation to the caterpillar peak (relative date, centered by subtracting cater-
pillar peak date), and year. Recruitment probability was tested separately using a binomial glm.
Relative date was also tested quadratically, but not retained in any model. The interaction tested
was “plot hatch date” * “year” but this was not retained in any final model. Significance codes P:
<0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.   

Flycatcher nestling Day 7 mass (g) Day 12 mass (g) Day 12 tarsus Day 12 wing Recruitment
condition1 (mm) (mm)

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 11.41 (0.469) *** 13.14 (4.27) ** 16.96 (0.798) *** 27.51 (2.448) *** –2.441 (0.254) ***

Tit timing treatment 0.041 (0.033) NS 0.032 (0.031) NS 0.017 (0.010) NS 0.051 (0.066) NS 0.006 (0.041) NS

Planned tit timing 0.085 (0.095) NS –0.094 (0.091) NS 0.024 (0.030) NS 0.271 (0.195) NS –0.063 (0.121) NS

Flycatcher date –0.012 (0.015) NS –0.030 (0.021) NS –0.014 (0.006) * –0.048 (0.044) NS –0.048 (0.028) .

Year (2015) 0.419 (0.671) NS 1.113 (6.039) NS 0.456 (1.128) NS 1.471 (0.549) ** 0.125 (0.320) NS

Parent tarsus - - - - 0.592 (0.123) *** - - - -

1Random effect variance ± stdev “subplot:year” = 0.033±0.183 (day 7),  0.157±0.396 (day 14 m), 0.000±0.000 (day 14 t),
0.406±0.637 (day 14 w)
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test this in one mixed model for tits, because “synchrony” and “manipulated tit timing”
were collinear variables. Increased synchrony with the caterpillar resulted in higher
proportions of caterpillars and lower proportions of flying insects (including beetles), and
spiders in the nestling diet of tits. Synchrony with the food peak also resulted in higher
offspring condition in tits with higher nestling day 7 mass (but not day 14 mass), longer
tarsi, and a marginally non-significant effect on wing length (Figure 7.5, Table S7.2). The
only effect of timing in flycatchers was found in tarsus length, but not in other compo-
nents of offspring condition (Figure 7.5, Table 7.3B).
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Figure 7.5 Offspring condition (averaged at the nest level) for three nestling body components of
great tits and pied flycatchers in relation to synchrony with the caterpillar peak (Table 7.3B and
S7.2). Solid lines were significant, dashed lines marginally non-significant (0.05 < P < 0.10).
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Discussion

Here, we showed that the experimentally manipulated timing of resident tits did not have
any apparent effect on flycatcher nestling diet and condition. Mismatch with the cater-
pillar peak did have an effect on the nestling diet and offspring condition in great tits, but
not on nestling condition in flycatchers, in which only linear effects of timing were found.
Overall, we conclude that in our experiment there was little support for a temporal effect
of interspecific competition during the nestling phase. Pied flycatcher reproductive
success was thus not affected by tit breeding phenology, and hence the optimal laying
date response of flycatchers to climate change is unlikely to be affected by the responses
of tits in the same habitat, unless other fitness components are affected by relative timing
between these species.

We previously demonstrated that within these same experimental manipulations of tit
timing, females preferred settling in subplots where tit hatching was advanced (Samplo-
nius and Both 2017a). Our main hypotheses put forward with regard to this pattern were
related to habitat quality, competition, and nest predation. Flycatchers may have
preferred areas with relatively early hatching tits, as this may be a sign of habitat quality
(Svensson and Nilsson 1995; Lambrechts et al. 2004), or they may have wanted to avoid
those areas to avoid competition or perceived nest predation. Since we found no evidence
that competition for food plays a role in this study system, we could reject the competi-
tion hypothesis. Nevertheless, the previously reported differential settlement patterns of
flycatchers in response to the tit timing treatment  may have been proportional to the
amount of competition that they would have experienced if flycatchers had distributed
themselves randomly. In other words, perhaps exploitation competition would have
occurred if flycatchers had not distributed themselves differentially across tit timing treat-
ments. We can therefore only tentatively reject the competition hypothesis.

Timing of reproduction reduced the proportion of caterpillars in the tit and flycatcher
nestling diet. Surprisingly, no effect of mismatch on nestling diets or offspring condition
was detected in flycatchers, which contrasts with what was found in chapter 2. This
difference between species may be explained by flycatchers being more generalist species
than tits (Török 1986), as supported by the higher caterpillar proportions in the tit diet
(Table 7.1), and by the caterpillar peaks being extremely low in 2014 and 2015 (Figure
7.2). Flycatchers can apparently compensate better for caterpillar shortages than tits,
possibly making tits more vulnerable to differential changes in phenology across trophic
levels (Both et al. 2009; Thackeray et al. 2016). This is supported by the observation that
tits show higher degrees of phenological flexibility than flycatchers (Phillimore et al.
2016), which is expected from a more specialist species, and from year round residents
who can anticipate local conditions better. Despite flycatchers having a more generalist
diet, population consequences of phenological mismatch have been shown to occur in
flycatchers (Both et al. 2006). More generally, long distance migratory bird populations
that did not advance their phenology have declined (Møller et al. 2008), and population
consequences were more pronounced in seasonal habitats with narrower food peaks
(Both et al. 2010). Such habitat components may in fact be key in studying the effects of
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interspecific competition on bird populations in the future. Interspecific competition may
be stronger in more seasonal habitats, driving species to habitats with broader food peaks.

It has previously been hypothesized that resident species may ultimately outcompete
migrants when climate change causes winter warming and resident species start occu-
pying more of the available breeding space (Berthold et al. 1998), but it has also been
shown that climate change favours diet generalists (Davey et al. 2012; Le Viol et al. 2012;
Salido et al. 2012).  A study in wood warblers Phylloscopus sibilatrix showed that diet
flexibility allowed this species to escape negative consequences of phenological mismatch
(Mallord et al. 2016). However, this escape may only be possible when choosing habitats
which allow for diet flexibility. The reason why we found no effect of competition on the
nestling diet in our study may partly be due to the observation that like wood warblers,
pied flycatchers are rather generalist species: they take caterpillars when they can, but
they do not suffer from mismatch as much as great tits do (this study). Since this study
was performed in years with extremely low abundances of caterpillars (Figure 7.2), we
consider this result rather robust. Ultimately, the interaction between the resident –
migrant continuum and diet flexibility may be an important avenue of future research in
studying the potential effects of interspecific competition under climate change. The
prediction would be that especially migrants with a highly specialized diet will suffer
from interspecific competition with ever increasing populations of resident species.
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Table S7.1 Great tit nestling diet glmer outputs of prey proportions in relation to mismatch with the
caterpillar peak. This was an a posteriori test to find out whether date affected the nestling diet
apart from the manipulated hatch date at the subplot level. Significance codes P: <0.001 ‘***’,
<0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.  

Tit prey1 Caterpillars Flying insects and beetles Spiders

Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (2014) 1.594 (0.258) *** –2.835 (0.296) *** –2.895 (0.172) ***

Timing2 –0.014 (0.002) *** 0.008 (0.003) ** 0.009 (0.002) ***

Timing 0.045 (0.017) ** –0.017 (0.030) NS 0.001 (0.023) NS

Year (2015) –0.442 (0.392) NS 0.502 (0.441) NS –0.329 (0.257) NS

1Random effect variance ± stdev “subplot:year” = 0.747±0.865 (caterpillars),  0.899±0.948 (flying), 0.233±0.483 (spiders)

Table S7.2 Great tit offspring condition in relation to synchrony with the caterpillar peak. This was
an a posteriori test to find out whether date affected the nestling diet apart from the manipulated
hatch date at the subplot level. Significance codes P: <0.001 ‘***’, <0.01 ‘**’, <0.05 ‘*’, <0.1 ‘.’.  

Tit nestling condition1 Day 7 mass (g) Day 14 mass (g) Day 14 tarsus (mm) Day 14 wing (mm)

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P

Intercept (great tit, 2014) 10.92 (0.363) *** 15.98 (0.753) *** 19.23 (0.166) *** 32.07 (1.755) ***

Timing2 –0.004 (0.001) ** –0.002 (0.002) NS –0.0013 (0.0006) * –0.006 (0.003) .

Timing - - - - - - - -

Year (2015) –0.440 (0.340) NS –0.022 (0.955) NS –0.100 (0.155) NS –1.520 (2.289) NS

Species (blue tit) –3.316 (0.396) *** –4.746 (0.471) *** –2.541 (0.182) *** –3.349 (0.991) ***

1Random effect variance ± stdev “subplot:year” = 0.000±0.000 (day 7),  0.072±0.268 (day 14 m), 0.000±0.000 (day 14 t),
0.000±0.000 (day 14 w)
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