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Cooperative breeding occurs in several major animal phyla, predominantly in arthropods and chordates. A number of comparative
analyses have focused on understanding the evolution of cooperative breeding, yielding mixed, inconclusive, and often phyla-spe-
cific findings. We argue that much of this ambiguity results from an erroneous classification of social systems into noncooperatively
and cooperatively breeding species. The shortcomings of this assumption are apparent among birds where noncooperative species
constitute a heterogeneous group: some species are clearly non—family living, with offspring dispersing at or shortly after nutritional
independency, whereas other species form persistent family groups through offspring delaying their dispersal substantially beyond
independency. Here, we propose an objective, life history—based criterion classifying noncooperative bird species into non—family
living and family living species. We demonstrate that by using the family time (the time offspring remain with its parent/s beyond
independence) and body size—scaled reproductive investment, we are able to differentiate 2 groups with contrasting life histories.
Our classification matches seasonal environmental variation experienced by different species: family living species postpone disper-
sal beyond the onset of less favorable autumn conditions. We discuss the consequences of this new social system classification for
evolutionary and ecological research, potentially allowing solutions to some of the most intriguing riddles in the evolutionary history of
birds—and cooperative behavior itself.
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INTRODUCTION for studying the evolution of reproductive cooperation. In both
groups, large-scale comparative analyses of cooperative breeding
have been published recently, taking advantage of complete and
accurate phylogenetic data available for birds and mammals (Jetz
and Rubenstein 2011; Lukas and Clutton-Brock 2012; Feeney et al.
2013). In all of these studies, as well as preceding work (Arnold and
Owens 1998; Cockburn 1998, 2003), social systems were described
in a binary fashion: species were either classified as cooperative
breeders, where individuals help raising offspring that are not
their own, or as noncooperative, where only parents are involved

dence and help to raise younger siblings (Hatchwell 2009) although in raising offspring. The presence of helpers is a straightforward

nonkin individuals can also engage in cooperative breeding (Richl criterion{ f:aSﬂy observabl.e in the ﬁeld, and provides an unequ.ivo-
2013). cal definition of cooperative breeding and could be further revised

to account for kin-based and nonkin cooperation (Richl 2013).
However, this binary categorization fails to account for an impor-
tant feature of animal social systems—namely the formation of kin
groups in the absence of cooperative breeding.

Kin groups usually arise when offspring delay their dispersal
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niak@uzh.ch. for a given period of time (Russell 2000). In some cases, this period

Understanding cooperation is fundamental to evolutionary biology,
and this question was already seen by Darwin as a great challenge
to his theory of natural selection (Darwin 1859). Hamilton’s theory
of kin selection (Hamilton 1964) resolved the apparent altruism
of cooperation among related individuals and provided us with
a framework to study the evolution of cooperation in kin groups
and, particularly, its most interesting case—cooperative breed-
ing. In many birds and mammals that breed cooperatively, young
from previous broods remain with their parents beyond indepen-

Given the abundance of cooperative breeding in birds and
mammals, and diversity of life histories and ecological covariates
observed in both of these groups, they have served as model groups
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(termed “family time” henceforth) is short, often short enough that
such a strategy can be undistinguishable from dispersing right after
reaching independence. However, in other cases, persistent family
groups are formed, which usually is associated with various forms
of nonreproductive kin cooperation (Dickinson and McGowan
2005; Griesser et al. 2006; Covas and Griesser 2007). A number of
studies have pointed out that family living is an essential first step
for the formation of cooperative breeding, as in almost all coop-
eratively breeding species oflspring have first to delay dispersal and
remain with their parents before they can become a helper at their
parents’ nest (Emlen 1994; Ekman et al. 2001, 2004). Thus, family
living is likely to represent an intermediate strategy, fitting some-
where in the continuum of social systems between pair breeders
and cooperative breeders. As such one might expect fundamental
life-history differences between family living, non—family living, and
cooperative breeding species and, consequently, merging non—fam-
ily living and family living species might be partly responsible for
equivocal and inconsistent results of comparative studies obtained
so far (Covas and Griesser 2007; Griesser and Barnaby 2010). Yet,
how should family living species be distinguished objectively from
non—family living species?

Family time could provide a biological benchmark for this dis-
tinction. However, it would be too simplistic to classify as non—
family living species only those where offspring disperse from
parents, or parents abandon their offspring after reaching nutri-
tional independence, as in many seabirds. Family times exhibit
great variation and span from direct dispersal at independence
to several years (Russell 2000). Species with short family time
most likely are ecologically and evolutionarily more similar to
species with zero family time. Thus, a threshold value of family
time is needed in order to classify family living species. In such
a way, a continuous measure directly describing the degree of
parent—offspring association could be transformed into a categor-
ical descriptor, supplementing the existing “cooperative breed-
ing” category. The difficulty is finding an objective classification
of this continuous quantity (i.e., family time) allowing to extract
such threshold.

Here, we address the problem of defining family living by using
a large data set of family time of nearly 750 bird species. We
expect that evolution of delayed dispersal and family living would
be associated with major changes in life-history traits, and thus, we
predict that the footprint of these evolutionary processes should be
visible in differences between family living and non—family living
species. This evolutionary history would be reflected in a number
of key eco-evolutionary traits associated with reproduction. Such
traits could be used as benchmarks of life-history changes that
arose due to breeding either in pairs or in larger family groups.
However, such benchmark trait can only be used to measure dif-
ferences between 2 groups. Locating the positions of the splitting
point separating the groups requires a focal continuous variable
that should be a straightforward extension of the desired nominal
classification. An obvious choice in our case is the family time—as
the trait directly measuring the degree of postindependence par-
ent—offspring association. A more difficult task is finding a suitable
benchmark variable, the values of which could guide us on the
scale of focal variable.

To this end, we have used the body size—scaled initial repro-
ductive investment (Sibly et al. 2012) as the benchmark vari-
able of choice. We have used a simple numerical framework
to define an objective threshold value of family time that
best separates family and non—family living species. Breeding
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investment is closely related to individual fitness and integrates
various ecological and physiological factors that together shape
the life history of a species (Martin 1987; Martin et al. 2006;
Sibly et al. 2012). It is regarded as an accurate proxy of spe-
cies reproductive strategy, placing it on the important slow—fast
life-history axis. Moreover, it is available for substantially more
taxa than other life-history parameters and as such represents
the most widespread fitness-related measure currently avail-
able. We not only demonstrate how family time can be tied up
with reproductive investment to yield the desired classification
of family/non—family living species but also discuss how our
novel classification relates to the expected differences between
non—family and family living species in terms of their life his-
tory and ecology.

MATERIALS AND METHODS

The key temporal variable used in our study was family time,
defined as the period of time the offspring delayed dispersal
and stayed with their parents after reaching nutritional inde-
pendence. We used unpublished data from a review paper
(Russell 2000) and the major handbooks of birds (Maclean and
Robert 1985; Cramp et al. 1994; Poole 2005; Higgins et al.
2007; Del Hoyo et al. 2011) to collect data on the family time
together with detailed information on the remaining temporal
characteristics of bird breeding (incubation period, nestling
time, time to independence after leaving nest). The data on the
reproductive investment (annual sum of clutch sizes per breed-
ing pair in each species scaled by the female body mass, see
below) were retrieved from a recent publication (Sibly et al.
2012) while we also gathered additional values on reproduc-
tive investment from the literature (see above). In total, we had
data on family time, reproductive investment, and egg mass for
712 species, covering all major clades defined by the low-level
phylogenetic backbone derived by Hackett et al. (2008; see also
Jetz et al. 2012 for more details). Deliberately we have removed
cooperatively breeding species from all analyses—their status
and classification do not require any additional clarification: a
binary criterion exists (i.e., presence or absence of predominant
reproductive cooperation) that unambiguously defines them as
cooperating or otherwise.

We used a body weight-scaled key parameter of reproductive
investment (productivity index; Sibly et al. 2012) calculated as:

mn.n
T, = log[—C - CJ,
my

where m, is the egg mass, n, the number of eggs per clutch, n, the
number of clutches per year, and m is the average female body
weight. We adapted the productivity index proposed by Sibly
et al. (2012) and used female body mass instead of male—female
averaged mass, as the body weight of females—that is, the sex
that physically produces the eggs—appears more appropriate as a
reference for measuring reproductive investment. We repeatedly
generated groups of family and non—family living species based
on the family-time threshold varying between 2 and 150 days.
Thus, we explicitly assumed that birds with family time < 2 days
are classified as non—family living and species with family time >
150 days are classified as family living. We decided to stop at a
family time of 150 days and classify all species with longer family
times as family living for a number of reasons: 1) we do consider
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species with family time >150 days as being certainly above the
threshold and thus surely family living species and 2) beyond the
150 days threshold, the sample size in the 2 groups becomes very
unbalanced as we successively classify more species as non—fam-
ily living and less as family living (Supplementary Figure S1, for
family time > 150 days, there are less than 25 species in family
living group and more than 650 species in the non—family living
group), which is likely to make the conclusion much less robust.
For each of the 149 iterations, a mean productivity index (7,)
value was calculated for non—family and family living species.
We then looked for the family-time threshold value that gener-
ates the maximum absolute difference in mean T, between the
2 social systems.

To explore further how our categorization of social systems
coincided with ecological conditions that might influence its evo-
lution, we investigated the distribution of inferred social systems in
relation to yearly seasonal changes and the mean growing season
of the species distribution. The mean growing season describes
overall plant vegetation timing in a given location (Michaletz et al.
2014) and strongly correlates with actual geographic location
expressed as the absolute latitude of the centroid of species geo-
graphic distribution (Supplementary Figure S6). All models were
analyzed using a generalized linear mixed model with a binomial
distribution (a 2-state response variable: family living vs. non—
family living; logit link function) in MCMCglmm (Hadfield 2010).
The model included the phylogenetic effect to account for non-
independence of species due to shared phylogenetic history. All
runs were performed with 1 000 000 iterations, 250 000 burn-in
period, and samples taken from the posterior distribution of esti-
mated fixed and random effect parameters every 1000 iterations
(resulting in effective sample size of approx. 1000). Phylogenetic
signal was calculated as the intraclass correlation coeflicient at
the level of the phylogenetic random effect according to Hadfield
(2014).

In order to ensure that the results are valid and do not result
from statistical artifacts, we have performed a number of valida-
tions based on simulation and bootstrapping. The details on each
of the validation methods can be found in the Supplementary
Materials and methods.

It is difficult to construct analytically sampling error measures
for the estimated parameter. First, randomizing/resampling
the data tends to generate functional relationships of several
kinds between the difference in 7, and family-time threshold
(depending on the iteration we were able to fit, e.g., logistic,
polynomial, exponential to the resulting pattern). Thus, auto-
matically extracting the threshold value—which could be used
to construct approximate sampling distribution—is difficult.
To provide a surrogate of sampling distribution, we have used
the following strategy: 1) we generated 1000 subsets of data by
bootstrapping (resampling with replacement) rows of original
data set; 2) for each subset performed threshold search; 3) fitted
a segmented piecewise regression to the resulting pattern (pack-
age segmented; Muggeo 2003) to extract the breaking point of
the pattern, indicating the maximum observed value (most pat-
terns either plateau or reach maximum at this value; in both
cases, the breaking point accurately identifies the threshold—in
case of the original pattern—Iigure 1—this breaking point is
equivalent to edge of the plateau, i.e., family time = 50 days);
4) constructed a sampling distribution of 1000 estimated break-
ing points, which will necessarily be centered around the origi-
nal estimated threshold.
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Figure 1

Difference in annual mass—scaled productivity index (7T,,) between family
living and non—family living species in relation to the family-time threshold
used to differentiate the 2 groups. Blue line represents original pattern, and
gray lines depict patterns obtained for bootstrapping samples drawn from
the data. The approximate sampling distribution of the threshold value of
family time is shown as a histogram on the horizontal axis.

RESULTS

The shifting-threshold approach indicated a maximal difference in
initial breeding investment between resulting non—family and fam-
ily living species for a cutoff value of 50 days (Figure 1). Using this
50-day threshold resulted in 529 species classified as non—family liv-
ing and 104 species being classified as family living. The remaining
79 species are cooperative breeders and were not included in our
analyses as the definition of cooperative breeding is unambiguous.
Bootstrapping of family-time values reveals noise around the origi-
nal pattern, mostly generated by resampling random species from
a continuum of family times—vast majority of samples, however,
successfully replicate the 50-day threshold (see histogram, Figure 1).

Four different validation methods all supported the 50 days
threshold (see Supplementary Materials and methods). In par-
ticular, phylogenetically corrected values recapitulated the pattern
observed in raw means (Supplementary Figure S1). Randomized
samples (see Supplementary Materials and methods: validation
2 and 3) did not exhibit the pattern observed in the original data
(Supplementary Figures 52 and S3). Moreover, the pattern also
was confirmed when equal sizes of social system groups were
used by resampling them for each threshold value with replace-
ment (see Supplementary Materials and methods: validation 4 and
Supplementary Figure S5). It is important to note that the choice
of the start of the plateau in Iigure 1 is only one possibility. One
might argue that instead of using the first observed plateau obser-
vation, it might be more suitable to shift the threshold further along
the plateau toward greater values of family time or place it at some
other unambiguous points along the estimated line (e.g., the inflec-
tion point located between 10 and 50 days of family time, equiva-
lent to roughly a half of maximum observed difference between
family and non—family breeding species). However, any other place-
ment of the threshold would result in a less parsimonious conclu-
sion (putting the threshold further on the plateau would result in
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including as non—family breeding individuals those that do not con-
tribute to predicted differences in reproductive allocation and at the
same time have abnormally long family times) or in classification
that is not stable in terms of life-history parameters (putting the
cutoff at the inflection point would yield where differences between
the 2 resulting groups would be very sensitive to even small changes
of the chosen classification threshold).

Independently of family-time considerations, an interesting
effect concerning total breeding period became apparent in our
data. Combined data on incubation and nestling time with the
time to independence and family time indicated that in most
non—family living species, offspring dispersed the latest 150 days
after the onset of breeding (Iigure 2). In contrast, in the majority
of family living species, dispersal of offspring occurred later than
150 days after the onset of breeding (Figure 2). In non—family liv-
ing species, offspring dispersal occurred later than 150 days in only
14 cases and the majority of those species have the centroid of
their geographical distribution in low latitude regions (Iigure 3).
Similarly, the majority of family living species where offspring dis-
perse before 150 days from the start of breeding (n = 24 species)
occurred mostly in temperate regions or resided in both temper-
ate and tropical climate (Figure 3). This was further confirmed
by an interaction between total breeding period (total time from
egg laying to offspring dispersal) and the mean growing season
of the species distribution in a mixed model looking at the prob-
ability of observing a particular breeding system (Supplementary
Table S1). The interaction indicates that the probability of being
a family living species increases with total time spent with parents
(sum of all predispersal periods) in regions of long mean growing
season (i.e., low latitudes) but decreases with increasing total time
spent with parents in regions where the mean growing season is
shorter (i.e., latitude increases) (Supplementary Table S1). The
generalized mixed model confirmed that the social system (family
living vs. nonfamily breeding) is highly phylogenetically structured

675 | life-cycle period

B cgg incubation

600 I nestling period

| post-fledging period
I family tme

Time spent with parents

non-family breeding family cooperative

breeding breeding
Figure 2
The distribution of total times that offspring spend with their parents,
subdivided into respective periods of the lifecycle and in relation to 3

categories of social breeding defined using our approach. The 150-day limit
is indicated with a dashed line (see Discussion for more details).
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Figure 3

Association between the total time offspring spent with their parents (from
onset of incubation to dispersal, in days), the mean growin season of species
distribution, and the range of latitudes occupied by each species. The line
lacking confidence band depicts overall relationship in all species, the two lines
with confidence bands show relationships in the 2 social breeding systems.
The 150 day cutoff (see text) is indicated with a dashed horizontal line.

(phylogenetic heritability and its 95% highest posterior density
interval—on the link function scale: 0.67 (0.54; 0.87); on the scale
of data: 0.94 (0.87; 1.06)).

The estimated threshold that we use to categorize social sys-
tems in birds coincides with a natural hiatus in the distribu-
tion of family times (Figure 4). Excluding family times equal to
zero, the distribution is bimodal with a ridge around the value
of 50 days (Figure 4). Interestingly, when including zero fam-
ily times, the distribution is trimodal as most species tend to
disperse directly after achieving independence. This first gap
separates species having zero and nonzero family time and thus,
for reasons explained in the Introduction and the Materials
and Methods, cannot be used as a suitable threshold to define
families.

DISCUSSION

Our results confirm that social breeding systems are more het-
erogeneous than previously appreciated (but see Russell 2000).
Using birds as a model system and a central life-history trait, the
annual reproductive investment, we demonstrate that noncooper-
atively breeding species are heterogeneous in terms of the postin-
dependence offspring dispersal and can be further divided into
2 distinct categories. One of the most easily observable features
of social breeding—mnamely, the formation of persistent groups
composed of kin individuals delaying their dispersal-—occurs
also in species lacking any traces of reproductive cooperation.
However, contrary to reproductive cooperation, classifying family
living species is more ambiguous as it cannot be assessed based
on a bicategorical descriptive behavior. The fact that offspring in
some species remain some time beyond independency with their
parents may just reflect variation in dispersal timing as found in
many species, or behavioral inertia in moving from one phase of
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Distribution of family times in 1103 bird species. Dashed line indicates the
50-day family-time threshold that was chosen to separate family living and
non-family living species.

life cycle to the other, particularly if short delays in dispersal are
costly to neither parents nor offspring. Our approach provides an
objective way of finding the critical family-time value that results
in the biggest difference between the 2 social systems. Moreover,
the result coincides with naturally observed discontinuity in the
distribution of family times in our larger set (i.c., including spe-
cies for which we did not have the productivity index and that
could not be included in the main analysis). Although similar
considerations relating delayed dispersal and breeding ecology
have been made in evolutionary biology (e.g., Russell et al. 2004),
our approach is unique in providing an actual definition that is
based on measurable properties of bird reproductive biology.
Importantly, our analyses have proved to be robust to all statis-
tical artifacts that might generate similar results—all validation
procedures confirmed the presence of the observed pattern and
supported its uniqueness (in both randomization analyses that
break association between productivity and family time, the pat-
tern disappeared).

Annual productivity () is a central and fundamental life-
history variable (Sibly et al. 2012), reflecting adaptations of
bird life histories to varying ecological conditions (Lack 1968;
Griebeler et al. 2010; Sibly et al. 2012). Thus, it is also affect-
ing the link between social systems and reproductive strategies
(Emlen 1994; Arnold and Owens 1998; Cockburn 1998; Covas
and Griesser 2007). Splitting non—family living and family living
species according to a threshold value of family time equal to
50 days maximizes the difference in annual investment observed
in these 2 groups. On average, non—family living species have
a higher annual productivity compared with family living ones,
confirming studies indicating that delayed dispersal is more fre-
quent in species with low adult mortalities and low reproduc-
tive output (Arnold and Owens 1998; Ekman et al. 2001; Russell
et al. 2004). The difference is substantial—non—family living
species produce on average 1.5 times more eggs per year per
unit of body mass than family living taxa. It is possible that the
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strategy of forming family groups buffers out costs of rearing
offspring and results in being able to maintain similar overall
success with a lower annual productivity. Alternatively, delayed
dispersal, while being beneficial to the offspring, may be costly
for parents—forcing them to decrease their reproductive out-
put considerably and favoring offspring quality over quantity.
Although our study does not point to one particular alternative,
we hope it will stimulate further research toward understanding
costs and benefits of family living.

Why is the 50-day threshold a biologically meaningful cut-
off to define family living? In nontropical climatic zones, the
period of year comprising the most favorable conditions for
breeding spans over approx. 150 days (rounded to full months;
mean 155.72+£10.49 days [www.weatherbase.com, accessed 5
December 2014]; favorable conditions defined as months with
average temperature greater or equal to 11 °C, the temperature
associated with an average large-scale vegetation onset in temper-
ate locations and the start of the optimal photosynthetic activity;
Morison and Morecroft 2006) and starts roughly in April/May
in the northern hemisphere (respectively in September/October
in the southern hemisphere), concluding with a decrease in food
abundance and an onset of less favorable conditions in September
in the northern hemisphere (respectively March in the southern
hemisphere) (Morison and Morecroft 2006). For most non—family
living species, the total breeding period is shorter than 150 days
(Figure 2) and hence does not progress beyond this boundary of
worsening conditions. The total breeding period of most family
living birds, however, exceeds 150 days (Figures 2 and 3). The
outcome of our analysis reveals an ecological footprint of the
evolution of family living with respect to seasonally occurring
unfavorable conditions (Russell 2000). Delaying dispersal beyond
autumn may only be possible in species where offspring can benefit
from prolonged association with their parents, increasing their sur-
vival (Ekman et al. 2001; Covas and Griesser 2007). Our approach
indicates that these benefits may outweigh costs of family living
only if it is associated with long-enough association of individuals
forming a family group.

Relating family and non—family living to the assumed 150 days
period of unfavorable conditions (IFigure 3) reveals yet another
interesting biogeographical pattern: all pair-breeding species that
live in high latitudes lie below this line, whereas all the remain-
ing (pair and family breeding) species laying above this line live
exclusively in mid- and low latitudes. Thus, prolonged parental
care and delaying dispersal seem to be ecologically constrained in
high latitudes but provide clear advantage in lower latitudes, shift-
ing the distribution of kin-group forming species toward lower
latitudes (Russell 2000). The nature of this constraint requires fur-
ther research: it is possible that solely climatic constraints prevent
birds from delaying dispersal into harsher and less viable condi-
tions; however, other factors contributing to delayed dispersal (e.g.,
access to high-quality territories inherited from parents) also may
be latitude constrained.

Interestingly, in both groups, there are species that do not match
this 150-day criterion. Apart from random noise in the data (i.e.,
inaccurate data on family time—or timing of any other part of
the reproductive cycle), such cases may be explained by accounting
for geographical distribution of such species. Most non—family liv-
ing species crossing the 150 days’ timeline come from low absolute
latitude regions (i.e., tropical/subtropical) or are widespread spe-
cies with mixed climatic preferences. Similarly, family living species
with total breeding period below 150 days tend to be temperate
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climate ones. Thus, mismatches occur mostly in cases where the
150-day threshold may not be accurate and limiting, supporting
our result.

The consequences of this new classification for our understand-
ing of the evolution of social behavior in birds still remain to be
explored. Our preliminary results not presented here indicate
that discrepancies between the traditional and new classification
of social breeding systems are substantial. For example, our clas-
sification significantly alters observed associations between social
system and environmental unpredictability in terms of envi-
ronmental dependency of cooperative breeding, extending and
greatly clarifying earlier analyses (e.g., Jetz and Rubenstein 2011).
Our analyses indicate that merging together nonfamily and family
breeders erroneously associates 2 very different strategies, and in
terms of environmental sensitivity, family breeders are more simi-
lar to cooperative breeders (Griesser et al. 2014). Moreover, fam-
ily living taxa exhibit markedly higher levels of sexual body size
dimorphism compared with non—family living and cooperatively
breeding species, which emphasizes the great evolutionary unique-
ness of family breeding in terms of sexual selection pressure and
how it is related to overall life-history patterns in birds (Drobniak
et al. 2014).

To conclude, our life-history-based approach shows that
cooperative breeding and non—family living are not the only
alternatives on the scale of social modes in birds. Family living
in the absence of cooperative breeding represents an intermedi-
ate state, which hitherto has not received sufficient attention.
More importantly, family living may represent a transition stage
in the evolution of cooperative breeding as almost all coopera-
tive breeding birds live in family groups (Riehl 2013). Using
family living as an intermediate social system, one can provide
a more parsimonious, multistage description of how coopera-
tive breeding might have evolved in birds (Emlen 1994; Ekman
et al. 2004; Covas and Griesser 2007). Appreciating this social
system will open new research perspectives and solve exist-
ing inconsistencies in our understanding of the evolution of
cooperation.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://wwwbecheco.
oxfordjournals.org/
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