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Abstract With life history traits determining the natural
selection fitnesses of individuals and growth of populations,
estimates of their variation are essential to advance evolu-
tionary understanding and ecological management during
times of global change. As life history data are incomplete
or missing for most species, I combine data and natural se-
lection theory to construct a meta natural selection model
of the population dynamic life history (PDLH) variation
in birds and mammals. This generates PDLH models for
11,187 species of birds and 4,936 mammals, covering 29 life
history and ecological traits per species. The inter-specific
variation of the meta model is used to illustrate underlying
natural selection mechanisms, and to explain a diverse range
of population dynamic trajectories by the inclusion of pop-
ulation dynamic regulation. This provides essential steps
towards improved evolutionary analyses and freely acces-
sible ready-to-use online population dynamic simulations,
covering most species of birds and mammals.
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1 Introduction

With life history traits determining the fitness of indi-
viduals they provide a gateway to the secrets of natu-
ral selection, inspiring evolutionary studies for decades.
And with the average fitness of individuals being the
growth rate of a population, life history traits are
equally essential for our ability to understand and man-
age the dynamics of natural populations. Improving
our skills in both areas are more critical now than ever,
as the expanding demands of the growing human pop-
ulation challenge our living planet with climatic change
and loss of habitats and biological diversity.

To progress understanding, we may analyse data at
face value. The Living Planet Index (LPI 2022) is one
example, where timeseries of almost 40,000 populations
measure the joint trend in the diversity of animal life
on Earth. According to the LPI, vertebrates are on
a global retreat with an average decline of about 70%
from 1970 to 2018 across all monitored populations.
Luckily, the LPI is biased by outliers, with 98.6% of

vertebrates across all systems showing no mean global
trend (Leung et al. 2020). This discrepancy highlights
the need for detailed analyses at the species level to cor-
rectly identify the conservation implications of trends.

But identified trends can have many causes, and their
population biological implications are not always as
straightforward as they seem. To identify the underly-
ing causes, it is best to analyse timeseries of abundance
data through mechanistic population dynamic models.
Many such studies, however, especially when analysing
large datasets, use mechanistic models that do not re-
flect the life histories and population ecological struc-
tures of the species in question (e.g., Witteman et al.
1990; Turchin and Taylor 1992; Kendall et al. 1998;
Murdoch et al. 2002; Sibly et al. 2005; Knape and de
Valpine 2012). By omitting the population structure
from the analysis we risk false conclusions on the role
of density dependence and ecological delays (Turchin
1990; Wolda and Dennis 1993; Murdoch et al. 2002;
Polansky et al. 2009).

The straightforward solution is age-structured mod-
els that reflect the life histories of species. Apart from
externally imposed variation and trends, the popula-
tion dynamics of a species is determined by its age-
structured demography and population dynamic reg-
ulation by density-dependent competition and natural
selection. While it is possible to estimate the two regu-
lating forces from population dynamic timeseries, these
data are usually insufficient for the estimation of the
age-structured demography. The age-structure may in-
stead be incorporated by Bayesian analyses with de-
mographic traits specified by priors (e.g., Hilborn et al.
1994; Punt and Butterworth 1999; Kery and Schaub
2011; Witting 2013; Lee et al. 2015; Lanzarone et al.
2017), or by an integrated population modelling that
incorporates independent data on the life history, age-
structure, and abundance into a joint likelihood func-
tion (e.g., Besbeas et al. 2005, 2022; Lee et al. 2015;
Frost et al. 2023).

But for many if not most species with timeseries data,
the required life history data are at best incomplete—



if available at all. Hence, I combine life history data
and natural selection theory to estimate age-structured
population dynamic life history (PDLH) models for all
species of birds and mammals with an estimate of body
mass. | use the same natural selection model to con-
struct the PDLH models of all species by the adjust-
ment of parameters, with the overall collection of single
species models forming a meta natural selection model
that explains much of the inter-specific life history vari-
ation from underlying variation in a few independent
traits.

1.1 Natural selection

My analysis elaborates on life history theory that
was developed in the 1970s and 80s (reviewed by
Charlesworth 1980; Roff 1992; Stearns 1992; Charnov
1993). Here, the fitnesses of individuals in popu-
lations were analysed in relation to trade-offs and
constraints, given constant relative fitnesses with
frequency-independent selection. I extend this analysis
with a density-frequency-dependent feedback selection
to account for the evolution of the inter-specific varia-
tion.

For this I use a natural selection theory that predicts
not only the evolution of body mass across species, but
also much of the associated covariance in other traits.
The latter is documented primarily by empirical body
mass allometries, where a trait x is given as a power
function = o< w® of body mass w, with & being the al-
lometric exponent. To obtain this level of prediction, it
is necessary to use an integrated selection that incorpo-
rates the population ecological structure of population
dynamic feedback. The essential feedback runs from
the life history over the population dynamic growth
and associated frequency-dependent selection by the
density-dependent interactive competition that occurs
among the individuals in a population, a selection that
is described by the theory of Malthusian relativity (Wit-
ting 1997, 2008, 2017a,b). To understand the essential
role of population dynamic feedbacks in natural selec-
tion, let us compare classical frequency-independent se-
lection and Malthusian relativity.

The success of classical life history theory reflects its
ability to determine whether a species has evolved by di-
rectional selection towards an evolutionary equilibrium,
known also as a selection attractor. Being based on
frequency-independent selection, this success may ap-
pear as somewhat of a paradox as it ignores the density-
frequency-dependent interactions that occur among in-
dividuals in natural populations. These interactions are
typically competitive, and as they distribute the avail-
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able resources differentially across individuals, they are
directly influencing the relative fitnesses among vari-
ants (see e.g. Hardy and Briffa 2013). This makes the
relative fitness of a variant dependent not only on the
frequencies of the other life history variants in the pop-
ulation, but this frequency dependence is even density-
dependent as individuals encounter other individuals
in competition more often at high population densities.
How can a life history theory that ignores these basis
rules of competition have any success with evolutionary
predictions?

Population dynamic feedback selection takes the al-
ternative game theoretical route (Maynard Smith and
Price 1973; Maynard Smith 1982), where it uses asym-
metrical interactions (Parker 1974) and Continuously
Stable Strategies (Eshel and Motro 1981; Taylor 1989;
Christiansen 1991) to analyse for life history evolution
by the selection of the density-frequency-dependent in-
teractive competition (including also energetic trade-
offs that cannot evolve).

Where most game theory deal with differences in be-
havioural strategies of interaction, population dynamic
feedback selection focusses on the competitive asym-
metry of life history traits like body mass, group size,
the male/female division of labour, and the associated
sexual reproduction attraction of two genders. These
interactive qualities are inversely related to popula-
tion dynamic growth by the quality-quantity trade-off
(Smith and Fretwell 1974; Stearns 1992), the costs of
resource sharing, the two-fold cost of males (Maynard
Smith 1971), and the two-fold cost of meiosis (Williams
1975). Their interactive selection is thus happening at
the cost of population dynamic growth, and this gen-
erates a population dynamic feedback loop that selects
for an energetic balance between the life history and its
associated population growth, population abundance,
level of interference competition, and interactive selec-
tion (Witting 1997, 2002, 2008).

Where fitness distributions in natural populations
verify classical life history theory, the verification of
feedback selection includes also predictions of evolution
in time and of the differentiation in life histories among
species and higher taxa. To verify the latter we start
from the origin of replicating molecules, where natural
selection selects for a gradual unfolding of population
dynamic feedback selection, with this unfolding select-
ing lifeforms from molecular replicators over prokaryote
and protozoa like self-replicating cells to multicellular
animals (Witting 2017b). This prediction includes the
selection of transitions in replicating units from asexual
replicators over sexually reproducing pairs and cooper-
ative breeders to fully evolved eusocial colonies (Wit-
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ting 1997, 2002, 2007). Another essential prediction is
the deduction of the inter-specific body mass allome-
tries (Witting 1995, 2017a) that I use in the present
paper to extrapolate life history models across birds
and mammals.

The contrast between frequency-independent and
density-frequency-dependent fitnesses seems to place
classical life history theory and population dynamic
feedback selection in direct opposition to one another.
Yet—even for multicellular animals with interactive
competition and a fully evolved feedback selection—
it is possible to consolidate the two frameworks into a
coherent whole by treating the classical method as an
instant description of current selection, and population
dynamic feedback selection as a description of natural
selection through time, including predictions of life his-
tory variation among species. This is possible because
the density-frequency-dependence is frozen at instant
moments in time, where the population densities and
levels of interference are given, and the distribution of
variants and relative fitnesses are constant.

It is thus relatively easy to apply the mathemati-
cal framework of constant relative fitnesses to the cur-
rent fitness distributions in natural populations and
thereby estimate the outcome of natural selection in re-
lation to the current physiological and ecological trade-
offs of the species. Yet—as the population density,
level of interference, composition of variants, and rel-
ative fitnesses change with evolution—the frequency-
independent framework is usually too rigid for realistic
predictions of evolutionary variation across species and
time (Witting 1997, 2008).

This limit of traditional theory is among others
identified by predictions that distort the inter-specific
life history variation relative to observations. This
is evident in allometric theory, where hypotheses of
metabolic scaling are dominated by physiological expla-
nations (e.g., Kozlowski and Weiner 1997; West et al.
1997, 1999; Banavar et al. 1999; Brown and West 2000;
Makarieva et al. 2003; Glazier 2005) that extend into
a metabolic theory of ecology (Brown et al. 2004) with
additional life history models for the natural selection
of mass (Brown and Sibly 2006). This selection is essen-
tially frequency-independent, with Fisher’s (1930) fun-
damental theorem of natural selection predicting an in-
crease in average fitness during the selection of mass, as
measured by an increase in the growth rate (r) and/or
carrying capacity (k) of the population. Yet, the evolu-
tion of increased mass across natural species is charac-
terised by a decline in r and k (Fenchel 1974; Damuth
1981, 1987), and this shows that evolution overall has
taken a direction diametrically opposite to the direction

of physiologically explained body mass allometries.

This failure of Fisherian selection reflects—most
likely—that it is a special limit case (Witting 1997,
2000a) that applies only in the absence of frequency-
dependent interactive competition (as expected e.g. for
replicating molecules at the origin of life). The under-
lying concept of a natural selection increase in aver-
age fitness vanishes with the emergence of frequency-
dependent selection, and this allows for a selection de-
cline in r and k. And by explicitly analysing the selec-
tion of density-dependent interactive competition, pop-
ulation dynamic feedback selection provides the first
and so far only theory where the inter-specific allo-
metric exponents of several physiological and ecolog-
ical traits are explained by the natural selection of
metabolism and mass (Witting 1995, 2017a), includ-
ing the observed decline in r and k& with a selection
increase in mass. This prediction explains not only
well-known Kleiber (1932) scaling with typical +1/4
and +3/4 exponents for terrestrial taxa that forage in
two spatial dimensions predominantly, but also corre-
sponding +1/6 and 4+5/6 exponents for pelagic species
that forage in three dimensions (Witting 1995). Addi-
tional predictions explain 7) allometric transitions from
prokaryotes to protozoa and multicellular animals (Wit-
ting 2017a,b), i7) a curvature in the metabolic allometry
of placentals (Witting 2018), and iii) allometric scaling
differences in body mass trajectories of the fossil record
describing biological evolution over millions and billions
of years (Witting 2020).

In the present study I estimate the life history and
ecological traits of the population dynamic feedback cy-
cle. An essential component of the feedback is the in-
teractive foraging in overlapping home ranges that gen-
erates net energy for reproduction, with reproduction
driving the population dynamic growth that determines
the population abundance, which in term affects the
home range overlap and associated frequency of inter-
active competition that selects net energy into mass,
as the larger-than-average individuals monopolise re-
sources during interactive competition. This feedback
selection of mass is constrained by the physiological en-
ergetics of individuals, the population dynamic growth,
and the resulting foraging ecology where individual op-
portunities are constrained by the spatial dimensional-
ity of habitats, the abundance of the population, and
the trait values of the other individuals in the popula-
tion. These ecological constraints adjust the selected
allometries in relation to the spatial dimensionality of
the ecological packing of home ranges (Witting 1995),
generating Kleiber scaling by a mass-rescaling selection
that maintains the net energy of the organism during
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the selection of mass (Witting 2017a).

By estimating the essential traits of the feedback cy-
cle, the PDLH models in the present study describe the
intra-specific flow of energy as selected by population
dynamic feedback selection. Yet, the estimated mod-
els focus only on the average trait values, and not on
the underlying intra-population differentiation in en-
ergy and fitness that drives natural selection. For in-
sights on the latter you may consult theoretical studies
like Witting (1997, 2002, 2008, 2017a,b).

Having estimated the life history traits across birds
and mammals, I use the intra- and inter-taxa variation
of birds, placentals (minus bats), marsupials, and bats
to illustrate how the physiology, demography, and ecol-
ogy of natural species are selected in a mutual balance
that follows the predictions of population dynamic feed-
back selection (Section 3.2). And in Section 3.3, I illus-
trate how the single species models are relatively easily
extended into population dynamic simulations with a
diverse set of timeseries explained by the inclusion of
population dynamic regulation.

2 Methods

To estimate the PDLH models across species, I com-
bined a wide range of life history and ecological data
from databases and the scientific literature (see data
section 2.5). I check the data of each trait for outliers
and use allometric calculations to estimate missing pa-
rameters for all species with a data-based estimate of
body mass (Section 2.6). The resulting PDLH models
combine the four components of individual growth, de-
mography, life history energetics, and population ecol-
ogy, with the parameters of each of the four sub-models
given below.

2.1 Individual growth
Individual growth with age (a) is described by

tp: the gestation (mammals) or incubation (birds) pe-
riod;

to: the age at birth (mammals) or hatching (birds),
with to = O,

t¢: the age at maximum growth, i.e., infliction point;

t;: the age at weaning (mammals) or fledging (birds);

tq: the age at independence from parents, t; < tg < tp,
with ¢, being the age at reproductive maturity,
assuming complete parental care for a < t4, and
no care for a > tg;
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w: the average body mass of adults (sexual dimorphism
is not considered although it is pronounced in some
species);

wy: the mass at t, = %o, t5, t; or t4, with relative mass
Wy = Wy /W,

Embryotic growth from age —t, to ty is calculated
by the Gompertz (1832) growth curve following com-
mon regularities for birds and mammals (Ricklefs 2010),

with the asymptote (o) of the Gompertz growth func-

tion W, = Wee ¢ " being 2.5 times g for embry-

otic growth, and the growth rate k = 1.9¢,°9 be-
ing approximately inversely proportional to the gesta-
tion/incubation period. This implies the following em-
bryotic growth

71,9t;0’9(a+tp)

W, = 2.5,12’)06111[0.41171,/72)0]6

(1)
with age —t, < a < 0 given in days and relative mass
at —tp being H)p _ e(el'gf‘%lfl)lno.4+lni)o.

Growth after birth/hatching is estimated by Richards
(1959) growth function, with species specific data-
estimates of the inflection point obtained by least-
square fitting to growth data obtained from the liter-
ature [growth curve supplementary information (SI)].
This growth function

_ Wo
Wq = (2)

(@5 + (1 — wf)e~he]!/=

passes through wy at a = tg = 0 and w; at a = t;,
with k& = —In[w§(w;* — 1)/(1 — @§)]/t; and a relative
adult mass of unity (s = 1). The infliction point W
is calculated given the fitted or extrapolated estimates
of the shape parameter z, with @y increasing from zero
to 0.5 when z increases from —1 to 1.

There is only little information available on the age
(tq) and weight (w4) at independence from parents (but
see e.g. Millar et al. 1986; Lloyd 1987; Johansson et al.
2021). While I treat independence as a knife-edge pa-
rameter, real independence is a gradual development.
Independence is often later than weaning in mammals,
and closer to fledging in birds [with median @, being
0.33 (¢v:0.77) and 0.84 (¢v:0.24) in mammals and birds
for the data in the present study]. With no clear data
estimate, I approximate the minimum mass at indepen-
dence by median fledging mass in birds, assuming that
parents invest at least 84% in the mass of offspring (ei-
ther directly, or indirectly by protecting the foraging
area of offspring). The relative mass at independence
is thus W = max(1;,0.84), with t; being the solution
to eqn 2 at wy.
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2.2 Demography

The demographic traits include

Paqt the annual survival probability of adults as avail-
able in the scientific literature (geometric mean
across adult age-classes when possible);

(aq¢ the annual mortality of adults, guq = 1 — pad;

tm: female age at reproductive maturity, t,, = ts + %,
with £ being sexual maturity;

t,: the expected reproductive period of females that
survive to t,, as t, = min[4/mplm, 1/(1 — pua)]
from Appendix A;

tg: generation time as the average age of reproduction,
as ty =ty +t, — 1 from Appendix A;

t;: the maximum lifespan of an individual,

lm: the probability that a new-born survives to t,,, es-
timated as l,, = 2/R by eqn 3;

m: the average number of offspring/eggs produced per
female per year, i.e., m = mp my where my is
the average brood/clutch size and my the average
brood frequency; and

R: expected lifetime reproduction as the average num-
ber of offspring produced over the expected repro-
ductive period for females that survive to t,,, esti-
mated as R = t,m.

These parameters are estimated for species that are as-
sumed to be naturally selected around a population dy-
namic equilibrium with a per-generation growth rate of
unity

A=lnpt,m/2=1, (3)

assuming an even sex ratio and a pairwise reproduc-
ing unit. While many birds and mammals have more
elaborate reproducing units, I do not attempt to esti-
mate e.g. the frequencies of, and number of helpers in,
co-operative breeding units across birds and mammals
(the models of these species should be interpretated ac-
cordingly).

2.3 Life history energetics

The demographic traits are linked to the energetics of
the organism by

we: body mass as combustion energy (SI unit J); ob-
tained as we = ¢y qgCi—ew, with w being mass in
grams, C,—¢ the conversion of wet organic matter

)

to dry [0.40 for birds (Mahoney and Jehl 1984),
and 0.35 for mammals (Prothero 2015)], and ¢4,
the conversion of dry matter to energy [22.6 kJ /g
from Odum et al. (1965) and Griffiths (1977)];

B: basal mass-specific metabolism (ST unit W/g);

B: field mass-specific metabolism (SI unit W/g) also
the pace (SI unit Hz for w as w,) of the metabolic
work carried out per unit body mass;

« : the handling of net resource assimilation (resource
handling in short, SI unit J), defined as net energy
(€) generated per metabolic pace, with o = €/8;

€: the net assimilated energy of adults is the product
(e = af; SI unit W) of resource handling («) and
metabolic pace (8). Following the selection attrac-
tor of sexually reproducing pairs (Witting 2002),
half of the joint net energy (2¢) of the female/male
unit is allocated to reproduction, while the other
half is used in intra-specific interactions. Net en-
ergy is estimated as € = weBR/t,. from eqn 4; and

€4 average gross energy €, = wp + €/2 (SI unit W;
given as a relative measure €, = ¢,/€) is total
field metabolism plus net energy allocated to re-
production. The latter is €/2 as the reproducing
unit uses half of their net energy in reproduction,
with the metabolism of intra-specific interactions
burning the other half.

Net energy defines lifetime reproduction by the number
of offspring it produces. Assuming complete parental
investment until ¢;, we have

R= et,n/,B/w6 (4)

where

B = (wa + tefwg) /w (5)
is a scaling parameter that scales w. to the mass
at independence (wq) and accounts for energy that
is metabolised by the offspring during parental care
(te = tp + tq), with t.8wy being the energy that is
metabolised by the offspring during t., assuming con-
stant mass-specific metabolism () and an average size

1 [l
Wy = — / w, da (6)
te azftp

that is calculated by the growth model of eqns 1 and 2,
with —t, being the negative age at fertilisation.
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2.4 Population ecology

Important population ecological components include

N: population density (abundance), as the number of
animals per km?;

b: the standing biomass of the population, as b = wN
in kg/km?;

€,: the energy consumed by the population, calculated
as €, = €,N (in W/km?);

h: the average home range of an individual (in km?);

ho: the average home ranges overlap h, = hn, given as
home range divided by the available of space (1/N)
per individual;

v: the frequency of competitive encounters per individ-
ual per unit home range overlap, given as a relative
measure v  vy/ly, where Iy o h'/ is the length
of foraging tracks (proportional to the dth root of
the home range in d-dimensions) and v; o Bzw'/?4
the average foraging speed obtained from allomet-
ric correlations where (3 is the intercept of the
metabolic allometry § = ﬁgw_l/Qd (Witting 1995,
2017a); and

I: intra-specific interference competition per individ-
ual, calculated as a relative measure I o« h,v
Nho from the overlap in home ranges and the fre-
quency of encountering other individuals per unit
home range overlap (Witting 1995, 2017a). These
I estimates are rescaled for a log value (¢ = In1T)
of unity at the median across all species of birds.

2.5 Data

My study extends on the data used by Witting (2023a),
with all literature estimates treated as raw data. A trait
of a species that is calculated from the raw data of that
species is included in my definition of data.

I use the BirdLife (2022) taxonomy for birds, and
MDD (2023) taxonomy for mammals, with some sub-
species with separate body mass estimates categorised
as species. Body mass data were obtained from several
sources including Smith et al. (2004), Dunning (2007),
Jones et al. (2009), Weisbecker et al. (2013), Myhrvold
et al. (2015), Tobias et al. (2021), and Herberstein et al.
(2022). Demographic parameters on reproduction, time
periods, and growth were achieved from many datasets
including Jetz et al. (2008), De Magalhaes and Costa
(2009), Jones et al. (2009), Myhrvold et al. (2015), and
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del Hoyo et al. (1992-2011), with growth curve data and
survival rates obtained from an independent literature
search, including survival estimates from McCarthy et
al. (2008), DeSante and Kaschube (2009), Ricklefs et al.
(2011), del Hoyo et al. (1992-2011), Wilson and Mitter-
meier (2009-2014), and Beauchamp (2023). Ecological
parameters included population densities from Damuth
(1987) and Santini et al. (2018), and home range ar-
eas from Tucker et al. (2014), Tamburello et al. (2015),
and Nasrinpour et al. (2017) with an independent lit-
erature search for marine mammals and bats. Basal
metabolic rates were obtained primarily from McNab
(2008) for mammals and from McKechnie and Wolf
(2004) for birds, with field metabolism for both taxa
from Hudson et al. (2013).

Altogether, I obtained 113,511 trait values from 612
literature sources. Some of these data are the same,
and I put more weight on commonly agreed estimates
by using the average trait values of the available raw
data for each trait per species. This resulted in 63,385
species specific raw data, with Table 1 listing the num-
ber of species with raw data for different traits.

These data are distributed relatively evenly across
the taxonomic groups considered. For each body mass
estimate, I had on average data for 2 additional traits
per bird species and 4 additional traits per mammal, in-
cluding 4.7, 5.4, and 2.5 additional traits per placental,
marsupial, and bat. For the traits in Table 1, I had 21%
raw data for birds and 24% for mammals, with 26% for
placentals, 31% for marsupials, and 16% for bats. In
other words, I had 79% and 76% missing parameters to
estimate for birds and mammals.

All data were checked for outliers (except body mass;
see outlier SI), with a total of 346 outliers removed. I
list the literature references of all accepted data (follow
the letter codes in the SI on estimates and SI on data
references), and for the underlying data of derived traits
calculated from one or two underlying traits with data.
Higher-level data calculated from three or more traits
are treated as data but with no specific reference.

2.6 Estimating missing values

Missing values were estimated by inter-specific body
mass allometries, invariances, and traits combinations
following the allometric model of Witting (2017a) and
the estimation sequence in Appendix B. Five filters (see
filter SI) were used to improve ¢, estimation and cap-
ture unrealistic values like ¢) small lifespan estimates
due to under-sampling, i) low survival rates due to
e.g. confounding issues with migration, i) small es-
timates of gross energy due to estimation uncertainty,
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w wWo W, W B é t; ts tm 1 mp myg  Pad N h
Ave. 11187 774 207 155 76 470 1819 1210 681 1667 7157 6986 998 1438 249
Mam. 4936 1868 1059 101 57 713 2040 1999 935 2614 3511 2148 310 1110 456
w te € a N b €n h  ho
1 1 2d—1 i—2d4 1 1
Exp. | 1 —355 35 — 20 1 55 3g 0 1 54

Table 1: Top table: The number of birds (Ave) and mammals (Mam) with data for different traits. Bottom table: The
theoretical exponents of inter-specific allometries, as predicted by population dynamic feedback selection; see mathematical
deduction in Witting (1995, 2017a) or graphical deduction in Witting (2023a) [tz € {tp,t;,ts, tm, tr, tg, t1}]. The theoretical
exponents dominate the missing value estimators that are based on few data, while data-based exponents take over in
estimators with several data (see Section 2.6 for details). The theoretical exponents depend on the spatial dimensionality

(d) of the ecological packing of home ranges (see Table 2).

Class Order Family d

Aves - -2
Mammalia - - 2
Mammalia Primates - 3
Mammalia  Carnivora - 2
Mammalia  Carnivora Otariidae 3
Mammalia  Carnivora  Odobenidae 3
Mammalia  Carnivora Phocidae 3
Mammalia Cetacea - 3

Table 2: The dimensionality (d) of the ecological packing
of home ranges follows the classification in Witting (2017a).

and iv) unrealistic parameter combinations on individ-
ual growth.

Allometric estimators: Missing values of the mass-
dependent parameters in Table 1 were calculated as al-
lometric functions of mass and, dependent upon the
availability of data for species closely related to the
missing-parameter-species, these calculations were per-
formed by estimators at the genus, family, order, or
class taxonomic level. Mass-specific metabolism, e.g.,
was calculated as

B(l,n) = Bow” (7)

with [ denoting the taxonomic level of the estimator,
and n the number of {w, 8} data points at that level.
The allometric exponent (8) and intercept (3,) were
estimated as joint functions

g = QBd+(1_Q)(Be+qe) (8)
Bo = QﬁO,d‘F(l_Q)BO,e

of the theoretical expectation [subscript e; from Witting
(1995, 2017a) with B, = —1/2d from Table 1 and d

from Table 2, with 3, . being the geometric mean of the
intercepts of the n species with data given the expected
exponent f.] and the data of the estimator [subscript
d; with Bd and [, 4 being point estimates from linear
regression on double logarithmic scale, with Bd being
truncated at a minimum (Bd > Be — gq) and maximum
(Bd <B. +qq) allowed distance g4 from the expectation
Be]. The weight

g=0 forn < 3 (9)

_e—dg(n—an)

g=ce forn >3

of the data increased monotonically from zero to one as
a function of n, with ¢; > 0 and g, > 0 being tuning
parameters. Having no clear theoretical expectation of
the exponents for wg, w;, my, and my their theoretical
values were replaced with exponents from linear regres-
sions across all raw data for birds, placentals (minus
bats), marsupials, and bats (BPMB). Invariance esti-
mators were used for lifetime reproduction (R) and the
inflection parameter z. Invariances were estimated as
the average of the data at the taxonomic level of the
estimator.

Given the taxonomies and available data, I allowed
for the construction of up to 4218 different estima-
tors for each trait covering the four taxonomic levels,
with 2676, 1168, 119, and 257 potential estimators for
BPMB (placentals, marsupials, and bats have the same
class estimator). The estimators of each trait were
grouped in a 4x4-matrix that covers the four taxonomic
levels from genus to class and the four BPMB groups.
The four tuning parameters gg, ¢n, ge, and gq were esti-
mated separately for each matrix entry. This was done
by a numerical minimization of the sum of squares of
the difference between the data of the relevant estima-
tors and the estimator predicted values of those data
given the data of the other species of those estimators.
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Figure 1: Cross-validation plots. The estimation of missing parameters by allometric correlations was cross-validation
optimised to provide the best predictions of the available data (see Section 2.6 for details). The 15 plots illustrate the
relationships between the data and their best cross-validation estimates on double logarithmic scale. Residuals are shown
in insert plots, and the average precisions of the estimates are given in Table 3. Estimator levels: genus (blue), family
(green), order (yellow), and class (red); with points of the latter sitting on top of the former.

With the estimated medians of ¢,, and g4 of eqn 9 be-
ing 3 and 2.1 respectively, most sets of estimators had
a step ¢ transition from zero to one for estimators with
more than three data points. Yet, with an estimated
maximum value of 18 for ¢,, and an estimated minimum
value of 0.1 for g4, some estimators had a slower transi-
tion, with ¢ = 1 data-based estimation requiring more
data. The g, adjustment in eqn 8 of the theoretical ex-
ponent was generally low, with a median value around
zero. Yet, with a standard deviation (sd) of 0.091 and
minimum/maximum values of +0.2, optimal estimation
requires adjustment in some cases (I did not allow for
larger g. adjustments than 40.2).

With the median truncation distance (gq) for the
data estimated exponents being 0.17, the estimators
were generally allowing for some variation around the
expectation, yet truncating large deviations that did
not improve estimation precision. The optimal level of
this truncation varied from 0.05 to 0.65, with a sd of
0.16.

Estimation level: Missing values were estimated at
different taxonomic levels dependent upon the available
data. The precision of an allometric estimate will gen-
erally increase with the number of data and—due to
the phylogenetic dependence of closely related species—
precision will generally decline with taxonomic level
from genus over family and order to class. With the
number of data points for any trait increasing with tax-
onomic level, we expect a trade-off where an estimator
based on few data at a low taxonomic level will, at some
point, provide a better estimate than an estimator with
many data at a higher taxonomic level.

To determine the data limits—where lower-level es-
timators are preferred over higher-level estimators with
more data—1I constructed a hierarchical estimator that
used the lowest taxonomic level with a given number
(ng) of data points. The optimum of this number was
estimated by a numerical cross-validation that mini-
mized the sum of squares of the difference between raw
data and their predicted values, with the predicted data
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wWo w5 B ﬁ tm t; tp t; my my Pad Gad N h | Avg.
Genus 0.10 0.11 0.13 0.13 0.14 0.18 0.05 0.08 0.04 0 0.2 0.21 0.92 088 | 0.10
Family 0.25 026 0.25 0.24 025 043 0.12 020 0.18 004 020 0.33 1.30 1.26 | 0.26
Order 0.42 0.35 0.33 0.31 040 051 0.21 0.33 0.35 021 0.23 042 147 154 | 0.41
Class 0.93 045 0.47 041 065 067 0.45 057 0.53 028 029 0.53 1.66 2.15 | 0.60
Birds 0.14 0.11 0.22 021 0.16 030 0.08 0.3 0.13 001 0.18 0.30 1.25 1.19 | 0.18
Placentals |0.28 0.25 0.27 0.26 0.33 0.37 0.14 0.25 020 0.24 0.24 0.47 124 1.34 | 0.33
Marsupials |0.38 0.37 0.15 0.15 0.31 0.51 0.20 0.22 0.19 0.20 0.21 0.24 1.12 1.20 | 0.30
Bats 0.33 021 0.26 0.24 033 055 025 030 0.09 012 027 035 1.85 1.06 | 0.32
Avg. 0.32 026 0.27 0.25 031 040 0.15 024 0.19 003 020 035 1.31 1.39 | 0.28

Table 3: Estimation uncertainty. The geometric means of the standard deviations of the log of the cross-validation
data/estimate ratios across allometric estimators, illustrating estimation uncertainty across traits, estimation levels, and
major taxonomic groups (excluding class level estimators for the latter). See Section 2.6.

values of a species being predicted from the raw data
of the other species.

Given the optimal missing value estimation of eqns 7
to 9, the minimization of the sum of squares between
the raw data and their predicted values determined that
the more precise estimates of missing values were ob-
tained with a n4 parameter around unity. Taxonomic
proximity was thus prioritized over sample size due to
phylogenetically correlated traits, with missing values
being calculated at the lowest taxonomic level with one
or more raw data of the required parameters. Genus
(g) was prioritized over family (f), family over order(o),
and order over class (c).

Estimation uncertainty: The cross-validation in
Fig. 1 illustrates how well the data are predicted by
the lowest taxonomic level estimators (that exclude the
estimated data points). There is a close to linear re-
lation for all traits, except that some traits tend to be
overestimated for smaller masses (see e.g. residual plots
for lifespan and abundance).

To describe the uncertainty of each missing parame-
ter estimate, I used the cross-validation of the relevant
estimator to calculate the sd of the natural logarithm
of the data/estimate ratio across all the data of that
estimator (this coefficient of variation like measure is
listed for all parameter estimates from estimators with
two or more data points).

For all traits with allometric estimators, Table 3 lists
the geometric mean of the sd of the log ratios across all
estimators at the four taxonomic levels, and all estima-
tors for birds, placentals, marsupials, and bats. Exclud-

ing the estimators for abundance (N) and home range
(h) where the average sd is 1.31 and 1.39, the precisions
are generally acceptable. For the remaining traits, the
geometric mean of the sd of the log ratio range from
0.03 for brood frequency to 0.40 for lifespan, with the
overall average across all traits being 0.28. The preci-
sion is generally declining with the taxonomic level of
the estimator, with the average sd being 0.10 at the
genus level, 0.26 at the family level, 0.41 at the order
level, and 0.60 at the class level. With an average sd of
0.18 birds have the best estimation precision, followed
by marsupials (0.30), bats (0.32), and placentals (0.33).

3 Results

3.1 Estimates

The proportions of the different estimation levels across
all species are shown in Fig. 2 for a subset of parame-
ters. Mammals have a larger fraction of data than birds
for most traits, yet even for birds 99%, 93%, 92%, 88%,
74%, and 87% of the estimates for m, N (and b), t,,
tj, tm and ¢; are at or below the family level. The cor-
responding values are 100%, 86%, 99%, 99%, 98%, and
97% for mammals, where 46%, 22%, 45%, 41%, 37%,
and 47% of the estimates are data.

For mass-specific metabolism 5% and 15% of the es-
timates for birds and mammals are data, and 84% and
95% of the estimates are at or below the family level.
For survival, 8% and 4% of the estimates for birds and
mammals are data, and 88% and 75% are at or below
the family level. The mass at birth () and weaning
(w;) have a strong data base in mammals (37% & 21%



10

Birds

Yo

Ecological Informatics 2024, 102492

R& Im

§

Figure 2: Estimator distributions for different traits. The proportions of estimates at the data (black), genus (blue), family
(green), order (yellow), and class (red) levels for 11,187 species of birds and 4,936 species of mammals.

are data), but less so in birds especially for mass at
fledging (7% & 2% are data).

Traits that are less supported by data are typically
calculated from at least two independent parameters,
with estimator levels listed by the parameter that is
estimated at the highest taxonomic level. These traits
include €, a, R, Uy, €p, I, tr, and t,. Yet, even net
energy (e) and resource handling («)—which are cal-
culated from seven underlying parameters—have 34%
and 68% of the estimates in birds and mammals at or
below the family level.

The estimated life history variation is plotted as al-
lometric functions of body mass for birds and placen-
tals in Fig. 3 and marsupials and bats in Fig. 4. These
plots illustrate that most of the estimates are contained
within the overall parameter space of the data.

Table 4 list the growth and demographic parame-
ters, and Table 5 the energetic and population ecolog-
ical parameters, for 20 randomly chosen species. The
complete set with 11,187 models for birds, and 4,936
models for mammals, are listed in the model SI. These
estimates illustrate a wide diversity of traits, with Ta-
ble 6 summarising the median values of selected traits

for birds, placentals (minus bats), marsupials, and bats
(BPMB). Table 6 includes also estimates of allometric
intercepts presenting the expected traits at the mean
of the median masses of birds and mammals (58g), and
the 95% ranges of the inter-specific variation in the four
taxa.

3.2 Life history evolution

In this section I use the estimated models to illustrate
how population dynamic feedback selection reconciles
large parts of the inter-specific life history covariance
of the four BPMB taxa.

Metabolism, net energy, & body mass: The evo-
lution of metabolism, net energy, and body mass is
tightly linked to one another by population dynamic
feedback selection. To examine this let us start from the
selected inter-specific range in body mass, which covers
4.8, 7.9, 4, and 2.7 orders of magnitude for BPMB. The
median marsupial is 127% larger than the median pla-
cental that is 317% larger than the median bird that is
157% larger than the median bat.
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Figure 3: Allometric plots. The relationships between body mass and different traits on double logarithmic scale for birds
(top four rows) and placentals (minus bats, bottom four rows). The non-overlapping black lines connect data, and the
coloured dots are estimates at different levels. Estimator levels: data (black), genus (blue), family (green), order (yellow),
and class (red); with points of the latter sitting on top of the former.
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Trait w wo Wy Wy tp ti  tm  tr  tg t lm  Paa My my R
Unit kg - - - y y y v vy y ooty - oyTh ot
o tas a:c:d 42 0098 17 15 19 1.1 1.4 1.8 1.8 1.4 .82 14 — 1.4
Ixjfjfggife“i;ﬁjjui};zw Tenree | 4078 12 .39 4 13 079 89 1.4 2 23 23 3 42 14 85
Bh B a:c:d:e c:d d .17 c:d c:d .78 1.3 1.5 d 1.4 .82 c:d:e 58 1.4
Zgizig;n}faﬁzl‘;go?ms 1.3 029 3 4 23 33 12 28 36 18 53 64 1 13 37
: a:c:d .053 — — .038 .62 014 d c:d 16
%jtsuljlf}l‘;cl\;%‘;l;ey .79 11 5 .11 37 29 2.4 11 1 1.2
Southern Silvery Mole-rat “:Cl:g:e 66(11 ;)'_) 02:‘1 ”()—, 12; Cédée Cidéle
Heliophobius argenteocinereus ) - i o - ) )
Saxicoline Deermouse 057 085 .38 34 078 082 19 46 49 54 37 21 34 34 54
Peromyscus gratus ) ) . - . : ) : o . . . . : .
o N . acid .73 .34 26 d 3 94 99 - 1.1 67 d 6 1.1
I\A//I[i?gl%ylglﬁgtgffgzz‘taﬂed Rat 12 .053 25 092 055 B3 1.3 1.5 44 43 77 21 1.8 46
a:d .46 .38 3 .23 31 3 82 87 .67 1 5 .43 39 1
Ié‘;ff;b“oi};‘;e%%‘;use 037 077 32 27 072 .063 .27 54 64 3.5 3 15 34 36 6.6
a:c:d 62 13 28 91 27 5 d d
Southern Golden Bat 017 16 .62 36 13 .84 12 1 1
. . a:c:d .35 .89 - c:d c:d .37 .37 52 .21 37 - c:d d .37
‘]}/}Zg‘te%‘)gﬁzlc‘; Weasel 18 02 43 .37 11 .15 49 99 11 10 33 .42 56 1.1 6.1
a:c:d:e c:d .89 — c:d c:d c:e cie d c:d:e — c:d:e c:d:e c:d:e
ﬁﬁi?ﬁfiiﬁi%m 1.3 .0062 31 .37 .11 .14 .94 1 1.6 14 .23 67 8.3 1 8.6
b:d:hz 39 .24 — 031 — 63 )2 1.1 016 1 A7 d:i 18 1
%Zﬁ;?ﬁb“iiﬁi‘iﬂiﬁf .13 056 81 .32 042 .045 63 1.2 1.5 17 37 .61 2 24 55
H s b:d 39 .24 — 15 32 63 92 1.1 53 1 17 — 18 1
S;;;ﬁ;}fﬁ;;;?;ﬁf‘fzon 33 037 81 .32 044 .06 93 3 36 17 35 .67 1 1.9 5.8
el b:d - 24 d d .26 .64 .69 .048 .64 .58 d:i k .64
z‘;};’;(fn};‘z‘;jguzvzg)‘g;fﬁ;ug 061  .064 82 .47 .038 071 .83 1.1 1.6 16 4 76 4.4 1 5
b:d 13 - 36 13 25 41 61 73 — 61 11 d:i 072 61
%ﬁggzgtsaggfgbmd% .08  .045 .91 51 061 11 1.3 1.4 23 13 32 74 44 1 6.2
Grey-headed Broadbill b:d d:i k
Smithornis sharpei 038 2 1
Band-tailed Antshrike bid - 019 093 - 35 987 k
Thamnophilus melanothorax 032 78 041 -031 11 73 2.1 1
Lineated Woodcreeper bid Jac -042 019 L7 32 k
Lepidocolaptes albolineatus 02 039 05 54 03 23 1
Crested Drongo b:d .016 .016 .028 d:i k
Dierurus forfieatus .047 045 .039 7.9 2.8 1
Tickells Leaf: bl b:d .024 .13 .098 .12 .026 .18 .18 .65 .18 .18 d:i k .18
Plifyﬁo;co;%v;%%ng .0065 11 .52 035 .036 .93 1.7 2.3 6.2 .3 41 3.9 1 6.6
Przevalskis Rosefinch 01729
Urocynchramus pylzow? i

Table 4: Trait estimates of growth and demography for 20 randomly chosen mammals and birds. Estimator levels: data
(black), genus (blue), family (green), order (yellow), and class (red). Superscript letters are data references (see SI on data
references) and superscript values the sd of the log of data over their predicted cross-validation values for the data of the

estimator (no sd for single-data estimators).

This body mass variation is selected from underlying
variation in net energy mainly, where the population
dynamic feedback selects net energy from reproduction
to body mass—and vice versa—to maintain the popula-
tion dynamic growth that generates the invariant level
of interference competition that is selected by the se-
lection attractor of mass (for details on the mechanism,
see e.g. Witting 1997). This selection predicts the de-
pendence of mass (w) on net energy (€) as an allometric
relation where w o €*/3 for a two dimensional foraging
ecology (Witting 2017a), with the proportional relation
(w x €) being between body mass and net energy on
the per-generation timescale of natural selection.

The €*/3 /w ratios of the expected 95% range in body

mass (calculated from the €*/3 allometry given the 95%

range in net energy) over the observed 95% body mass
range are 1.30, 1.22, 0.93, and 1.68 for BPMB. This
lack of a 100% match reflects at least to some degree
body mass deviations that are selected from allomet-
rically uncorrelated variation in the survival of adults
and offspring.

The efficiency by which a species allocates net energy
into body mass is reflected in the w/e ratio. The me-
dians of this ratio are 0.62, 0.23, 0.34, and 0.67kg/W
for BPMB, showing that birds and bats are selected for
a more efficient conversion of net energy to mass rela-
tive to placentals and marsupials. We will take a closer
look at reasons for these differences when we examine
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Saxicoline Deermouse a:c:d 1.2 .21 21 17.2 1_’ .97 .97 1.5 1.2 1.5 1.2 1.5
Peromyscus gratus 027 012 88 21 24 29 990 27 690  .0038 3.7 57 210
. . a:c 1.6 37 37 1.5 1.6 — — 1.6 1.8 1.8 1.8 1.8
“A/}[‘;?O‘l;;iljfl‘gtmgggtaﬂed Rat 12 017 49 17 .29 7.2 460 54 970 .0031 1.4 100 150
a:d 1.4 37 37 1.4 1.4 1.4 1.4 2 1.8 2.3 1.8 2.3
Ié‘;zznonslgge%%guse .037 017 6.9 24 1 2.7 870 32 940 0021 1.8 100 180
Southern Golden Bat aicid 20 28
Mimon bennettii 017 9.3 32
. . a:c:d 1.1 .31 .32 1.1 1.1 68 .68 1.3 1.2 1.4 1.3 1.4
tai Mountain Weasel 18 038 9.9 26 1 51 7 1.2 36 74 5.2 13 66
a:c:d:e 1 .31 .32 .94 1 68 68 1.2 1.2 1.4 1.3 1.4
i}z‘;tpeclapgfeiz%ami 1.3 48 38 12 56 3.3 84 i1 15 15 13 11 14
b:d:hz 1.1 .073 .073 1.1 1.1 — — 1.1 5.1 5.1 5.1 5.1
%i%‘i?ﬁé‘liiﬁi%ﬁiﬁze .13 018 5.1 10 18 7.8 14 1.8 20 3.2 45 2 93
B s b:d 1.2 16 16 1.2 1.2 — — 1.2 5.1 5.1 5.1 5.1
%e;xgoh;s;;:ffaﬁg’fzon .33 02 49 98 2 17 7.2 2.4 24 12 88 1.6 140
H b:d .92 .44 .44 .81 .92 73 .73 1.2 — 73 .44 85
K};‘Ctjn};‘ii‘;jfu‘;vm‘i‘;;f}:;uS 061 .0057 15 19 11 11 7.6 47 9.1 64 49 58 28
ot o b:d 2.2 32 23 2.2 2.2 1.5 1.5 2.7
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Grey-headed Broadbill 8;8
Smithornis sharpes )
Band-tailed Antshrike bid = . ad ad
Thamnophilus melanothorax 032 14 41 2.5 08
Lineated Woodcreeper bid o . ad ad
Lepidocolaptes albolineatus 02 13 o 55 A1
Crested Drongo bid ad ad
Dicrurus forficatus 047 57 2.7
. . . . b:d .015 .015 1.6 1.6 — 1.6 .015 1.6
Tickells Leaf-warbler .0065 21 59 66 .43 .026 17 30 51

Phylloscopus _affinis

Przevalskis Rosefinch
Urocynchramus pylzowi

Table 5: Trait estimates of the energetics and population ecology for 20 randomly chosen mammals and birds. Estimator
levels: data (black), genus (blue), family (green), order (yellow), and class (red). Superscript letters are data references
(see SI on data references) and superscript values the sd of the log of data over their predicted cross-validation values for

the data of the estimator (no sd for single-data estimators).

the demographic traits below but let us first examine
how the different taxa generate net energy.

With the net energy of a species following from the
e = af product between resource handling («) and
metabolic pace (), the inter-specific variation in net
energy and body mass reflects underlying variation in
resource handling and mass-specific metabolism. As
mass-specific metabolism in birds and mammals ap-
proach Kleiber (1932) scaling with allometric expo-
nents around —1/4, the 95% range of mass-specific
metabolism should cover approximately 25% of the cor-
responding range in body mass. With the actual 8/w
ratios of the 95% range being 0.42, 0.28, 0.29, and 0.29
for BPMB this holds approximately for most taxa, ex-

cept that especially the metabolic estimates of birds
have more variation than expected from Kleiber scal-
ing alone.

As the —1/4 power decline in mass-specific
metabolism with an increase in mass is selected as a
secondary mass-rescaling that is imposed by the selec-
tion of mass (Witting 2017a), the primary contributor
to the selected variation in body mass is the underlying
variation in resource handling, reflecting variation in
the ways that species handle their resources as well as
variation in the density of resources. This downscaling
of mass-specific metabolism (8 o w~'/%) during the
selection of mass generates a decline in net energy in
physical time (e = a8 oc w14 given constant a), but
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Birds 3655, .0589:9%¢ 13l .0016%59°%' 3.3%3 22 .32%3 36%3% 6.3%5 143 73077 084918 1.83% 1.,
Plac. 1503% 6553 4977 042357 6573 12950 3203 6710 6255 8503 4135 .00423%°%° 19375 25,
Mars. 34058, 99937 348 0935920 4775 1.5%2  83%21 5955 6.6%; 100159 233, .0243:9°%% 4632 245,
Bats 1458 021532 7.75%7 000655 9°*t 1.3L%  3.43% 42030 2792 4748 4935 1123 1.11% 651% 317,

Table 6: The inter-specific medians of selected traits covering all PDHL models for birds, placentals, marsupials, and bats.
Superscripts are the expected trait values of 58¢ body masses (the mean of median bird & median mammal mass), and
subscripts the 95% order of magnitude range of the inter-specific distributions (calculated for I = e for interference).

it maintains net energy on the per-generation timescale
of natural selection (et,. o< w given constant ) because
it includes a corresponding dilation (¢, o< 1/8 oc w'/*)
of natural selection time. Thus, when other things are
equal, the body mass within a taxon should be selected
in proportion to resource handling (w o «).

The dependence of mass on resource handling is re-
flected in the a/w ratio, with the ratios of the 95%
ranges of the inter-specific distributions being 1.41,
1.07, 1.07, and 1.33 for BPMB. These ratios are close to
the other-things-being-equal-value of unity for placen-
tals and marsupials. The larger a/w ratio for birds
reflects—at least to some degree—a smaller (—0.33;
se:0.01; Witting 2023a) than expected (—1/4) allo-
metric exponent for mass-specific metabolism. This
stronger decline relative to Kleiber scaling implies an
additional decline in the pace of handling with increased
mass, implying a stronger than proportional depen-
dence of mass on resource handling as the a8 product
provides the net energy that is selected into mass.

With a metabolic scaling exponent of —0.21 (se:0.02;
Witting 2023a), the larger than expected a/w ratio for
bats have another cause. Where the scaling exponent
for adult mortality is close to the —1/4 expectation
for birds, placentals, and marsupials, it is only —0.07
(se:0.08) for bats (Witting 2023a). This reduced decline
in mortality with increased mass implies a reduced in-
crease in mass with increased resource handling (see
Demography section below), and thus a a/w ratio that
is larger than otherwise expected.

The stronger metabolic scaling in birds may reflect a
diversification that increases as a taxon evolves through
time (Witting 2018, 2023a), with the primary selec-
tion of metabolism accelerating more in smaller species
as they are selected over a larger number of genera-
tion than larger species. This deviation from a lin-
ear metabolic allometry is found also in terrestrial pla-
centals (Kolokotrones et al. 2010), but not in marsu-
pials which have close to perfect Kleiber scaling with

an allometric exponent of —0.25 (MacKay 2011). This
agrees with the above a/w ratio of unity for marsu-
pials, while the close to unity value for placentals is
somewhat confounded as it is a joint measure for both
two-dimensional (2D) and three-dimensional (3D) eco-
logical systems, with the estimated metabolic exponent
of placentals being —0.29 for 2D and —0.14 for 3D (Wit-
ting 2023a).

To examine the different ways the different taxa gen-
erate net energy, let us compare the median 3/« ratios.
These are 8100, 120, 32, and 12000/kgs for BPMB,
which means that metabolic pace is much more impor-
tant for the generation of net energy in bats and birds
than in placentals and marsupials. If we correct for
mass and compare the corresponding 5/« ratios at the
58¢g intercept, we find a less extreme but similar differ-
ence (3500, 480, 230, & 1400). This reflects a resource
handling in birds and bats that is only 21% and 27% of
the corresponding resource handling in placentals, with
mass-specific metabolism in birds and bats at 58g being
153% and 79% of the corresponding metabolism in pla-
centals. Hence, the importance of metabolism in bats
is due to their much smaller size than most placentals,
while the importance in birds reflects also a higher pri-
mary selected level of metabolism. The low 5/« ratio
in marsupials reflects both a mass-specific metabolism
that is only 67% of the metabolism in placentals at the
58g intercept, and a resource handling at 58g that is
140% of handling in placentals.

Demography: With demographic parameters like
m, tm, t., and g,q being yearly rates or ages/periods
they tend to scale inversely with mass-specific
metabolism, with many of the allometric exponents for
terrestrial birds and mammals being around 1/4 (Wit-
ting 1995, 2023a). The 95% range of the inter-specific
variation are thus as expected about similar to the cor-
responding range for mass-specific metabolism, with
the ratio of the average range of m, t,,, t., and quq
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over the range of  being 0.69, 1.2, 1.1, and 0.87 in
BPMB.

The population dynamic feedback selection of mass
selects a balance between the demographic traits that
maintains the population dynamic growth that gener-
ates the intra-specific interference competition of the
selection attractor on body mass. This balance depends
on the survival of offspring and adults, and this affects
the conversion of net energy into body mass (as mea-
sured by individual mass).

The selected body mass reflects the available net
energy per offspring, with the energy mass conver-
sion efficiency being proportional to the ¢.e/R ratio
of lifetime net energy (¢.€) over lifetime reproduction
(R). And with lifetime reproduction being inversely
related to offspring survival to maturity (R = 2/I,,
from A = [,R/2 = 1), and the reproductive pe-
riod being inversely related to adult mortality (¢, =
min[4/mp.m, 1/(1 — paa)]), the efficiency declines with
a smaller mass being selected if offspring and/or adult
mortality increases. An increase in offspring mortal-
ity selects for a decline in mass to produce more off-
spring from the same amount of energy to obtain the
same number of surviving offspring. And an increase in
adult mortality selects for a decline in mass to match
the decline in net energy available for the production
of the selected number of offspring per reproductive pe-
riod (that maintains the A = [,,, R/2 = 1 balance at the
abundance that generates the interference competition
of the selection attractor on mass).

These relations are evident in the life history differ-
ences among the four taxa. With median offspring sur-
vival (I,) in bats being 134%, and median adult sur-
vival 151% of the average median offspring and adult
survival in birds, placentals, and marsupials, bats have
the most efficient conversion of net energy to mass, with
a median w/e conversion ratio of 0.67kg/W, which is
169% of the average median across the other three taxa.
This is reflected in the lowest median lifetime reproduc-
tion of 4.7/t,, the longest median reproductive period
of 3.4y, and the lowest median annual reproduction of
1.3/y.

Following bats, birds have the second highest median
w/e conversion efficiency of 0.62kg/W, with marsupials
having the third highest (0.34kg/W), and placentals the
lowest (0.23kg/W) conversion efficiency. This stepwise
decline reflects a decline in the median reproductive pe-
riod (2y, 1.5y, 1.2y) driven primarily by an increase in
median adult mortality (0.36, 0.59, 0.6). Yet, birds,
marsupials, and placentals have about similar median
survival of offspring to reproductive maturity (0.32, 0.3,
0.32) and similar median lifetime reproduction (6.3/t,,
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6.6/t,, 6.2/t,). The mortality driven decline in the re-
productive period across the three taxa is thus selected
into a corresponding increase in median yearly repro-
duction (3.3/y, 4.7/y, 6.5/y) following the R = mit,

relation.

Ecology: For the ecological traits there are only few
data for bats, and I will not include them in the com-
parison. For the remaining three taxa let us examine
the 95% range for abundance (), biomass (b), home
range (h), and home range overlap (h,) relative to the
expected range from the variation in body mass given
the allometric relations N o< w=3/%, b oc w!/*, h o w?,
& hy o< w4 (I do not include €, and ¢ as these are
predicted invariant of w). These ratios show that the
average observed range in N, b, h, and h,, are 1.08, 1.88,
1.23, and 2.17 times the expected range. These num-
bers indicate a large overdispersal in b and h, relative
to the allometric expectations, which may reflect not
only additional ecological variation but also increased
estimation uncertainty for ecological traits.

When it comes to between taxa differences there is
for most ecological traits a very large difference between
birds and mammals (especially placentals). The me-
dian abundance, biomass, and resource consumption of
placental populations are 25, 56, and 30 times the corre-
sponding medians for birds, and the median home range
of placentals is only 5% of the median of birds. These
differences remain pronounced when corrected for mass,
where the median intercepts for abundance and biomass
in placentals are 37 times the medians for birds, while
the median intercept for placental home range is only
1.6% of the median intercept in birds. These large
ecological differences between birds and mammals are
in sharp contrasts to the median home range overlap,
which is essentially identical between the two taxa (1.8
in birds vs. 1.9 in placentals).

The similar home range overlap in birds and mam-
mals indicates that the spatial packing of home ranges
plays a central role in the joint natural selection of
the life histories and population dynamic ecology as a
whole. This is in line with population dynamic feedback
selection, where it is the density-dependent trade-off be-
tween the local resource exploitation of individuals and
the interactive competition between individuals that se-
lects a home range overlap that optimises the individual
foraging ecology, with the spatial dimensionality of the
ecological packing of home ranges constraining the ex-
ponents of body mass allometries (Witting 1995, 2017a,
2023a).

The level of interference competition that is selected
by the spatial packing of home ranges is the main selec-
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tion attractor of population dynamic feedback selection,
known as a competitive interaction fixpoint (Witting
1997). This attractor reflects a process where the pop-
ulation dynamic demography, density regulated abun-
dance, and associated foraging ecology are feedback se-
lected to a balance where they generate a level of in-
teractive competition that is invariant of the selected
body mass and pre-defined by the selection attractor of
the competitive interaction fixpoint.

Dependent upon the overall constraints on the se-
lection of mass, the level of interference competition at
the competitive interaction fixpoint may differ (Witting
2002, 2008, 2017b). The theoretical ratio in the (-level
of interference for the selection attractor of an expo-
nentially increasing body mass over the attractor of a
stable mass, e.g., is 7/3 ~ 2.3 given a two-dimensional
packing of home ranges. This is close to the observed
values of 2.5 and 2.4 for the placental /bird and marsu-
pial/bird ratios of the median t-estimates in Table 6.

Apart from the elevated interference competition—
and associated increase in population abundance,
biomass, and population energy consumption—that is
necessary for the selection of an exponential increase
in body mass, the feedback selection mechanisms for
a stable and increasing body mass are similar select-
ing no obvious difference in the physiology and demog-
raphy (while differences are selected in the reproduc-
ing unit; Witting 2002). Hence, the median ecolog-
ical differences, and relative demographic similarities,
between birds and mammals (excluding bats) indicate
that mammals are predominately selected for an in-
crease in mass while birds are selected for a stable mass.

3.3 Population dynamics

This section illustrates how the 16,123 equilibrium life
history models are easily extended into age-structured
population dynamic simulations. This is exemplified by
eight models that explain a diverse range of population
dynamic timeseries.

The population dynamics of a species depend on the
age-structured demography that defines the timescale
of the dynamics, and on the population dynamic regu-
lation that defines not only the bounds on abundance
but also the properties of the dynamics, let it be mono-
tonic growth, damped to stable population cycles, fluc-
tuating, or chaotic dynamics.

While regulation is relatively easily estimated from
timeseries of abundance estimates, this is not the case
for the age-structured demography. It is thus essen-
tial that the latter is available from other sources, as
the life history models in this paper. When these age-
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structured models are simulated with no regulation,
they project a stable population in time.

Given widespread evidence for eco-evolutionary dy-
namics (e.g., Thompson 1998; Sinervo et al. 2000;
Hairston et al. 2005; Coulson et al. 2011; Turcotte et al.
2011a,b; Bell 2017; Hendry 2017; Brunner et al. 2019), I
follow Witting (2000b, 2013) and maintains the struc-
ture of population dynamic feedback selection in my
population dynamic simulations. This means that I
add natural selection regulation on top of density reg-
ulation. As described in Appendix C, in addition to
the inclusion of a density regulation parameter () that
regulates the growth rate as a function of the density-
dependent environment, this includes also a selection
regulation parameter (v,) that accelerates the popula-
tion dynamic growth below the equilibrium abundance
and decelerates population growth above. Following
Witting (2023c), I use i) maximum likelihood statis-
tics to estimate the two regulation parameters (and the
equilibrium and initial abundance, as well as an initial
measure of competitive quality) and i) the Akaike in-
formation criterion (AIC, Akaike 1973) to determine if
there is additional evidence for a change in equilibrium
abundance or catastrophic mortality in a specific year.

The eight examples of fits to timeseries of abundance
estimates are shown in Fig. 5. For these, I estimate that
about 20% to 80% of total regulation is caused by selec-
tion, as measured by the v,/(v ++,) ratio. This gener-
ates a cyclic/over-compensatory dynamics that cannot
be explained by density regulation alone. The over-
compensation is illustrated by the growth of European
Otter (Lutra lutra, from Sulkava 2006; LPI 2022) in Fin-
land. The Eurasian Pygmy Owl (Glaucidium passer-
inum, from Knaus et al. 2022) in Switzerland illustrates
that populations that are both density and selection
regulated have the ability to decline for longer peri-
ods below the equilibrium abundance, and to increase
for longer periods above the equilibrium. Pure density
regulated populations will typically only decline above
the equilibrium and increase below.

Many birds that live in the farmlands of Europe
have declined more or less continuously since system-
atic monitoring was established in several countries in
the 1970th and 1980th (Gregory et al. 2019; PECBMS
2022). This is illustrated by Eurasian Skylarks (Alauda
arvensis, from DOF 2022) in Denmark and Yellowham-
mers (Emberiza citrinella, from SFT 2022) in Sweden.
The best AIC-selected models estimate that Skylark
habitats in Denmark and Yellowhammer habitats in
Sweden have fragmented and deteriorated by 64% and
80% since the middle of the 1970th.

Where many species suffer, others benefit from habi-
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Figure 5: Age-structured population dynamic models fitted to timeseries of abundance estimates (see Section 3.3 for
details). Dots are index series of abundance, red lines the estimated equilibria, and green curves the model trajectories. sy, &

/(v +7) in %; d:damping ratio; p:period in generations; v:explained variance.

tat changes imposed by humans. Being originally a
bird of the western Unites States and Mexico, House
Finches (Haemorhous mezicanus) established them-
selves in human-altered habitats throughout the Unites
States and southern Canada following a small release
on Long Island in the 1940th. Across the mid-west the
population was relatively stable from 1970 to 1980, fol-
lowed by a large increase driven by a three-fold increase
in equilibrium (most likely expansion into new habi-
tats), according to the best AIC selected model run on
data compiled (Witting 2023b) from BBS (2022).

A strong population increase need not necessarily re-
flect improved conditions. Being a grassland species
native to the prairies of Unites States and Canada, the
Upland Sandpiper (Bartramia longicauda) is another
species that is vulnerable to habitats lost to agriculture
with an increased use of pesticides. Based on the best
AIC selected model run on BBS (2022) data compiled
by Witting (2023b), from about 1970 to 1990 Upland
Sandpipers recovered by an increase of about 50% from
a low abundance. Yet, the estimated habitat conditions
deteriorated by about 20% from 1970 to 2020, with the
species declining by about 20% from 1990 to 2020.

A longstanding threat to many species is direct an-
thropogenic removals, with commercial whaling in past
centuries causing some of the largest perturbations
of natural populations worldwide. The population
modelling of these perturbations subtracts the histori-

cal catches from the simulated population, fitting the
model trajectory to a relatively short timeseries of re-
cent abundance estimate (Punt and Butterworth 1999;
Wade 2002; Witting 2013). The bowhead whale (Bal-
aena mysticetus) in the Bering-Chukchi-Beaufort Seas
is one example, where the fitted model estimates that
the historical catches of about 21,000 bowheads from
1850 to 1950 (data from https://iwc.int) caused a col-
lapse to about 1000 individuals in 1920, less than 7% of
the pre-whaling abundance. From about 1910 to 1930
there was a turning point where reduced catches and
increased growth (from the relaxed density regulation
and selection acceleration of the depleted population)
turned the population decline into an increase. With
bowheads being reproductively mature around 23 years
of age, it took approximately 100 years to recover to a
pre-whaling abundance of about 15,000 whales, with
today’s population continuing to increase.

Population perturbations may also be imposed by
natural causes. The Spanish population of Pyrenean
Chamois (Rupicapra pyrenaica) in Cerdanya-Alt Urgell
increased steadily until 2005, where approximately
3,000 died from a border disease virus infection (Marco
et al. 2009; data from Lopez-Martin et al. 2013; LPI
2022). This caused the population to collapse by about
80% in a single year. With Chamois being reproduc-
tively mature at about 2 years of age the population
was almost recovered by 2011.
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4 Discussion

The past couple of decades have produced an increased
availability of data collections on inter-specific life his-
tory variation, generating important resources for stud-
ies in ecology and evolution. Where some studies col-
lected data on single traits like body mass (Smith et
al. 2004; Dunning 2007), survival (Ziehm et al. 2015),
clutch size (Jetz et al. 2008), longevity (Carey and
Judge 2002), and population density (Santini et al.
2018), others examined life histories as allometric func-
tions of mass, including traits like metabolism (e.g.,
McNab 2008; McKechnie and Wolf 2004; Hudson et al.
2013), population density (Damuth 1987; Marquet et
al. 1995; Silva et al. 1997), and home range (Tucker et
al. 2014; Tamburello et al. 2015; Kelt and Van Vuren
2015).

The larger databases have a broader focus on several
traits, with ¢) AnAge documenting longevity and life
history traits across the tree of life (De Magalhaes and
Costa 2009), it) PanTHERIA focussing on life history,
ecology, and geographical variation among mammals
(Jones et al. 2009), i) Myhrvold et al. (2015) collect-
ing life history data for birds, mammals, and reptiles,
iv) COMADRE dealing with demographic data and
matrix population models that span a rich diversity of
the animal kingdom world-wide (Salguero-Gomez et al.
2016), and v) AnimalTraits focusing on the connection
between body mass, metabolism, and brain size (Her-
berstein et al. 2022).

Where a common strength of these studies is their fo-
cus on data across species and traits, a common weak-
ness is their incompleteness; let it be on the number of
species and/or traits included, and on the widespread
presence of missing values in the chosen matrix of
species and traits. The comparative strength and weak-
ness of my study is the other way around, as my focus
on models allows me to estimate all the missing val-
ues in a matrix that covers 29 essential life history and
ecological traits across 16,123 species of birds and mam-
mals, generating 467,567 estimates in total.

Other strengths of my PDLH models include a trait
structure that covers the essential links in population
dynamic feedback selection. For each species this pro-
vides estimates of the energy flow from the resource
to the physiology, over the reproductive output, to the
abundance of the population and the associated feed-
ing ecology in overlapping home ranges, generating age-
structured demographic models in population dynamic
equilibrium. The complete set of single species mod-
els form a meta natural selection model, where much
of the inter-specific variation in the life history as a
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whole is explained from underlying variation in a few
independent traits. Hence, the meta model allows for
evolutionary analyses that are more natural selection
informed than traditional analyses.

As frequency-independent selection is usually too
rigid for predictions of inter-specific life history covari-
ance (Section 1.1), evolutionary hypotheses on inter-
specific variation have traditionally been based on com-
parative analyses (e.g. Promilsow and Harvey 1990;
Harvey and Pagel 1991; Sibly and Brown 2007; Sibly
et al. 2012; Dobson 2012; Brown et al. 2018; Burger et
al. 2019). These studies identify inter-specific variation
that reflects the historical evolution of species, but they
lack a formal selection analysis that predicts the inter-
specific trait covariance from underlying natural selec-
tion causes. Comparative analyses tend to assume that
variation in body mass is the primary cause for evolu-
tionary variation in other traits. Yet, the meta model
of population dynamic feedback selection shows that
body mass is described better as a trait of interactive
quality that is selected by the interactive competition
that follows from primary selected resource handling
and metabolism, combined with ecological variation in
resource density and mortality.

Comparative analyses have also described inter-
specific variation in relation to a fast—slow contin-
uum (Promilsow and Harvey 1990; Blackburn 1991;
Seether and Bakke 2000; Bielby et al. 2007; Dobson and
Oli 2007), or differences in lifestyle (Sibly and Brown
(2007); Sibly et al. 2012) and energy use (Brown et al.
2018; Burger et al. 2019). Again, these approaches de-
scribe the outcome of evolution, instead of explaining
the observed covariance from a mechanistic selection
and some underlying variation in independent traits.
The same holds for phylogenetic (historical) ecology
(e.g. Holder 1983; Brooks and McLennan 1991; McK-
itrick 1993; Brown 1994; Sibly and Brown 2007; Sibly
et al. 2012) that elaborates on observations that go all
the way back to pre-Darwinian classification (Linnaeus
1758), where the diversity of life was better accounted
for by grouping similar organisms into closely related
taxa. Yet, life history differences by phylogenetic dis-
tance is the evolutionary outcome of natural selection
and other processes of evolution, and not the natural se-
lection cause of life history differences in the first place
(Reeve and Sherman 2001).

By aligning life history estimates with the energy
flow of population dynamic feedback selection, it is
possible to explain much of the life history and pop-
ulation ecological variation from a few natural selec-
tion causes. This is illustrated in Section 3.2, where
the intra- and inter-taxon variation in birds, placen-
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tals, marsupials, and bats are described primarily by
the natural selection consequences of variation in re-
source handling, metabolism, mortality, home range,
and abundance. One essential finding indicates that
birds may be predominately selected for stable body
masses, while mammals are predominantly selected for
body masses that increase exponentially on evolution-
ary timescales. Another example use the life history es-
timates to illustrate the natural selection of body mass
allometries (Witting 2023a). This identifies not only
predominant Kleiber scaling, but also allometric devia-
tions imposed by additional variation in mortality and
primary selected mass-specific metabolism.

Another strength of the estimated life history mod-
els is that they are prepared for an easy extension into
age-structured population dynamic simulations. This is
illustrated in Section 3.3, with examples showing how
a diverse range of population dynamic timeseries are
explained by the addition of population dynamic feed-
back selection on top of traditional density regulated
models. A next step is the estimation of age-structured
population dynamic models across thousands of popu-
lation dynamic timeseries (Witting 2023c), allowing for
a quantification of the relative importance of regulation
by density dependence and natural selection.

My cross-validation of the estimated models found no
general estimation bias. Yet, as the majority of the esti-
mated traits are inter-specific extrapolations, and as the
underlying data come from many sources, it is essential
to keep in mind the uneven distribution of uncertain-
ties. This uncertainty is captured partially by the re-
moval of outliers, filter-adjustments of unlikely values,
use of estimators at the lowest taxonomic level with
data, and uncertainty measures of estimated traits.

Given these limitations, the value of having com-
plete population dynamic life history models for 11,187
species of birds and 4,936 mammals should not be un-
derestimated. Validated data should always be pre-
ferred over model estimates, but life history data are in-
complete or missing for most species, and complete pop-
ulation dynamic life history models are needed in many
cases. Based on my analysis, I constructed a global li-
brary of Bird and Mammal Populations that is freely
available for online simulations (at https://mrLife.org).
This allows for population dynamic analyses of all
species with body mass estimates, including the estima-
tion of expected trajectories given habitats that frag-
ment or improve.
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Appendix

A Demography

I estimate the demography of stable populations with
a per-generation growth rate of unity

A=1,R/2=1 (10)

with [,,, being the probability that a newborn survives
to the age of maturity, and R the expected lifetime
reproduction of females that survive to t,,, assuming
an even sex ratio.

Data on age-structured reproduction and survival are
becoming increasingly available (e.g., Lemaitre et al.
2020), yet structured estimates are unavailable most
often. Hence, I use an average annual birth rate (m)
across all mature females, and a constant adult survival
(paq) that reflects the estimates of the literature. These
are usually some average across an unspecified range of
age classes around the age-structured peak in reproduc-
tion and survival, before the unset of senescence.

Expected lifetime reproduction

R=tm (11)

is given as the product between the annual birth rate
(m) and the expected reproductive period (t,). With
l, = H;;(l) P, being the survival curve over age (a), the
expected reproductive period is

t,

S I/l (12)

1+ Dt + Pt Plosy + o T Pty Pimys - - Py

t; 7 [e’e] : 1
1+Z Hpa:z;p:ﬂ
i=

=ty a=tm,

where p (no subscript) is annual adult (a > t,,) sur-
vival in the age-structured population dynamic model
of Appendix C.

With p,q being survival among some of the best sur-
viving age classes, we have p < paq and t,. < 1/(1—paa)-
And given py = pa—0/Paa < 1, we have l,, = ﬁong
given that p, = psq for a > 0. Then, as l,, = 2/mt,
from eqns 10 and 11, we have t, = 2/mﬁopg’g. With a
median py estimate of 0.52 across more than 500 birds
(Beauchamp 2023), I use

4 1] (13)

t, = min [ o
mp; 1= Dad

as an estimate of the expected reproductive period.
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Following Charlesworth (1980), a useful measure of
generation time is mean reproductive age

ty
2a=t,, @Mala

ty = (14)

Given constant yearly reproduction (m), generation
time reduces to

In S aly/ln
g = Tmaz, O/ (15)

Ml Suey la/lm
Z(tzl:tm (a—tm)la/lm
>ty laflm
D iso ip'
Z;‘ﬁo p

p

= tym+— :t7rL+t7'_1
L-p

as p/(1 —p) =t, — 1 given p = (¢, — 1) /t,. from eqn 12
where 0 < p < 1 and ¢, > 1. Before calculating ¢4, time
is scaled to timesteps (At) that ensure ¢,./Al > 1.

B Estimation sequence

After the removal of outliers (outlier SI), I filtered (fil-
ter SI) data on individual growth, lifespan, and survival,
and calculated mortality (gaq = 1 — paq) from survival
(paa) for all accepted survival data. I calculated the
B/ ratio of field (B) over basal (/) metabolism for all
species data on both and used aiﬂ/ [ invariance esti-
mator to obtain data-like values of both 3 and 3 for
all species with a data estimate of at least one of the
two rates. Missing values were then estimated by inter-
specific extrapolations for my, my, tp, tj, tm, ti, Pads
Qads Wo, Wy, 2, B, B, h, and N.

The missing value estimates for Pad and q,q were ad-
justed to identical mirror values to avoid unrealistic es-
timates where pag > 1 A qag < 0 or pag < OA qaq > 1.
With p,q being the average survival rate for the two
missing parameter estimates of p,q and ¢.q, the adjust-
ment was done by setting ¢,q = 1 — pag for paq < 0.25,
by setting pgg = 1 — qaq for pyg > 0.75, and setting
Pad = Pad and Guq = 1 — pag for 0.25 < peq < 0.75.

I then filtered all survival estimates, and calculated
m = mymy and wy from eqn 2. ¢, was calculated by
eqn 13 and filtered for lower outlier values (see filter
SI) before all lifespan estimates were filtered. I then
calculated t, by eqn 14, R = t,m, and l,, = 2/t,m
by eqn 10. w; was estimated by eqn 6, net energy
as € = w.fR/t,, gross energy as €g = wh +¢€/2 (and
filtered by the gross energy filter), resource handling as
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«a = ¢/, home range overlap as h, = hN, encounter
rate as v = ﬂwl/Qd/hl/d, and the level of interference
as I = h,v followed by a rescaling to set ¢ = In I equal
to unity at the median across all birds.

C Population dynamics

The age-structured population dynamic model is pa-
rameterised from annual reproduction (m), the age of
reproductive maturity (¢,,), and the reproductive pe-
riod (t.), in years. These estimates are converted to
m* = mAt, an,, = t,,/At, and a, = t./At with the
number of iteration timesteps per year (1/At) being ad-
justed to ensure min(am,,a,) > 1. The p = (a, — 1)/a,
survival from eqn 12 apply to all age-classes except
age-class zero, where survival is py = l,,,/p®™ 1 given
lm = 2/a,m*.

With z > a,, being the maximum lumped age-class,
the number n,; of individuals of age 0 < a < z at
timestep ¢ is

Na,t = Pa—1Ma—1,t—1 (16)

and the number in age-class =
Nyt = PaNa,t—1 +pm—1nz—1,t—1 (17)

with p, = po for a = 0 and p, = p for a > 1. Let the
number of individuals in each age-class relate to time
just after each timestep transition, with offspring at ¢
being produced by the ¢ — 1 individuals that survive to
the t — 1 — t transition, with the density-dependent
ecology being approximated by the average 14+ abun-
dance of the two timesteps:

’th =0.5 Z Nat + Na,t—1 (18)

a>1

The number of offspring in age-class zero is then

Ax\ Y
* n ~
not = 0.5m (m) Z Mat Nat (19)
a>am

where v is the strength of density regulation, and
Mat = 1/Gat, with ¢ being the average competi-
tive quality of cohort a at ¢. At the population dy-
namic equilibrium ¢} = 1 for all ages. More generally
Ga,t = Ga—1,t—1 and

Gz t—1PzxNat—1 + Qz—1t—1Pz—1Mz—1,t—1

.t = 20
oyt o (20)

assuming that there is no change in the quality of a
cohort over time. The quality of offspring

q , n ’ A~ Yo
dos = La>ay, ot Mat (nf> (21)

2k
ZaZam Nt n
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is the average quality of the mature component multi-
plied by the density-dependent selection, with v, being
the selection response.

For the initial conditions of an iteration I use the
same quality across all individuals, and an initial abun-
dance with a stable age-structure

Ca=1a/ Y la (22)

a>0
where lg = 1, [, = po p* * for 1 < a < z, and I, =
po p*~1/(1 = p).
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