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Abstract

Heritability and evolvability estimates of adult traits from free-living bird populations can be
used to gauge the ability of populations to respond to selection, but are rare due to difficul-
ties in gathering detailed pedigree information. The capacity to respond to selection is partic-
ularly important for species occupying managed habitats such as agricultural grasslands
because of the potential for humans to accidentally influence traits. We calculated heritabil-
ity and evolvability of six morphological traits in a population of Savannah Sparrows (Passer-
culus sandwichensis) breeding in a large agricultural landscape. We used microsatellite
analysis to determine a genetic pedigree, revealing a high level of extra-pair paternity (63%)
within a relatively philopatric population. For the entire population, heritabilities varied from
low to high (bill width: 0.160+0.182 to tarsus length: 0.651+0.155), while evolvabilities were
low across all traits (wing length: 0.035+0.013 to body mass: 0.066+0.106). Our results indi-
cate that any directional selection from agricultural management practices will produce neg-
ligible changes in basic morphometrics of Savannah sparrow populations occupying the
Champlain Valley of Vermont, USA.

Introduction

Human habitat alteration and other management activities are known to affect several evolu-
tionary processes in birds, such as restricting or enhancing gene flow between populations [1],
and altering the selective pressures acting on individuals through food limitation (e.g., [2]) or
novel predator introduction [3]. Less is known about how humans directly influence the evo-
lution of populations through accidental selection on traits, despite the fact that most popula-
tions are probably under such selective pressures given current estimates that > 75% of ice-
free land has been altered by human activity [4]. Understanding the potential evolutionary
response of traits to relatively novel human selective pressures would provide information on
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how humans could influence the evolutionary trajectories of populations within altered
landscapes.

Two quantitative genetic parameters have previously been used to measure evolutionary
potential at the population level: heritability and evolvability [5]; [6]. Narrow-sense heritability
(h?) is the proportion of a trait’s total phenotypic variance, Vp, that is attributable to additive
genetic variance, V4 [5]. While heritability is helpful for understanding the relative influences
of genetics and the environment on the variation of a trait and is the more traditional measure
of evolutionary potential, it is not useful for comparisons between traits because of large trait-
by-trait differences in the amount of residual, or unexplained, variance [6]. Instead, evolvabil-
ity (1), defined as the percent change in a trait per unit change in the strength of selection and
calculated by dividing V, by the mean square of the phenotype, is more appropriate for com-
parisons across traits. Not only does it avoid the inconsistencies inherent in heritability estima-
tion, it is also easier to interpret from an evolutionary perspective [6]; [7]. Both estimators
have been used as measures of how populations of various taxa respond to different selective
pressures varying across environments, and have provided the basis for several meta-analyses
of micro-evolutionary potential [6]; [8]. However, few studies have applied both of these esti-
mators to free-living bird populations because of difficulties collecting the phenotypic and
pedigree information necessary for their calculation, particularly considering genealogy track-
ing is nearly impossible for natal dispersers of noncolonial, migratory species that rarely return
to study areas (but see [9] for a broad review of heritabilities only).

The ‘animal model’ can estimate heritability and evolvability parameters for unbalanced
and/or incomplete pedigree datasets collected from wild populations [10]. This modeling
approach generates variance components for individual traits using restricted maximum
likelihood methods. However, the application of this method still requires tracking individu-
als from birth to adulthood, so that both their parentage and trait values as adults can be
quantified. Such datasets for highly mobile, migratory avian species are rare due to frequent
difficulties tracking individuals from the nestling stage through adulthood, especially if natal
dispersal rather than philopatry is the norm [11]. Many estimates of quantitative genetic
parameters come from long-term (>15 years) studies of species that are colonial (e.g., [12]),
are constrained to a very narrow habitat (e.g. [13]; [14]; [15]), or populations that are isolated
on islands (e.g., [16]). Furthermore, none of the populations studied thus far have mostly
resided within managed habitats, even though the vast majority of terrestrial habitats are
managed [4].

Grassland birds, in particular, are under selective pressure from human activity because
most of their native habitat has been replaced with row crops or intensely managed hayland
and pasture [17]. In these grass-based systems, the timing and intensity of management are
strong selective forces because they largely determine individual reproductive success, influ-
ence apparent survival and recruitment rates, and alter social and genetic mating systems [18];
[19]; [20]. Considering that migratory bird evolution in these landscapes is likely being shaped
by human-mediated selection, future conservation efforts may depend on our ability to under-
stand how traits may respond. Our objective was to generate the first heritability and evolvabil-
ity estimates for a set of commonly measured morphological traits in a migratory passerine,
the Savannah Sparrow (Passerculus sandwichensis), breeding in an agriculturally managed
grassland landscape. These estimates will provide an important early indication of the poten-
tial for quantitative traits to evolve under continued selection from agricultural management,
and will lay the groundwork for future studies of traits with more intimate links to individual
fitness.
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Materials and methods
Study site and field sampling

Appropriate animal care was approved under the University of New England IACUC protocol
number UNE010-2009, and banding under U.S. federal permit 17610#23540. Our research
took place during 2002-2014 within the Champlain Valley of Vermont, USA, a relatively iso-
lated region containing approximately 146,000 ha of managed grassland [21]. In this region,
up to 70% of available grassland habitat is managed during the breeding season [22]. We estab-
lished two study areas on private lands, one at Shelburne (2002-2014, 44° 23’ 40.542", -73° 15’
30.7908") and one at Hinesburg (2002-2009, 44° 20’ 37.18", -73° 09’ 57.65"), both of which
consisted of a mosaic of grasslands, forest, and human developed areas. The owners of the
lands gave permission to conduct the study on their respective sites. All grasslands in and
around the study sites were divided into agricultural fields and managed under schemes
known to strongly affect reproductive success, survival, and recruitment of our study popula-
tion [18]; [19]; [23] for further demographic details and for information on natal dispersal and
maps of the study region see [24]; [25].

We collected morphometric and genetic data on the Savannah Sparrows at five and four
focal study fields at Shelburne and Hinesburg, respectively. The study fields were under diverse
management schemes, which varied from low to high intensity depending on how often hay
was harvested, where high intensity was characterized by both earlier and more frequent har-
vests or by being grazed by cows [18]. Two of the nine fields were under low-intensity manage-
ment, which allowed for relatively high average reproductive success; two fields were under
moderate-intensity management, which allowed for moderate or average reproductive success;
three fields were under high-intensity management, which caused low-to-average reproductive
success; and two fields were switched from high to low intensity management during the study
[18]; (see [23] for further details). Samples were pooled across management types to estimate
evolutionary potential for the entire Champlain Valley population.

Each year during early- to mid-May, we passively netted adult birds with an array of 20-24
mist nets 1-3 times at each field. We banded all adults with a unique combination of three
color bands and one metal US Geological Survey (USGS) band, and measured six morphologi-
cal traits: overall body mass, wing length, tarsus length, and bill length, depth, and width. One
observer (N. Perlut) took >99% of all measurements. We also collected a small blood sample
(20-60 pL) from the brachial vein. Blood was dried onto Whatman disc filter paper and stored
in a bag with silica desiccation beads.

To help inform our pedigree analysis, we attempted to locate and record GPS coordinates
of all nests on all study fields beginning in mid-May and ending in early-August. We deter-
mined female association by flushing them from the nest, and male association by observation
of nestling provisioning and territory defense by males. If an adult associated with a nest
remained unbanded, we attempted to capture it at the nest using mist nets. We checked nests
every 1-2 day(s). When the nestlings reached 6-7 days of age we banded them with a metal
USGS band and collected blood samples.

To increase our sample of birds with known parents, we searched for natal dispersers across
years using binoculars, identifiable by their single metal band. We searched weekly on focal Shel-
burne fields in all years and focal Hinesburg fields during 2002-2009. We also searched all fields
within a 1.5-km radius of Shelburne focal fields during 2005 to 2014, and all fields within a
1.5-km radius of Hinesburg focal fields in 2006; see [24] for details. In 2014 we expanded our
search to fields that were > 10 acres within a 10 km radius of the Shelburne focal fields (n = 88
fields, 1110.11 ha). When a natal disperser was identified, we recaptured it, gave it a unique color
band combination, measured morphometrics (as described above), and collected a blood sample.
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Pedigree determination

We collected adult morphometrics on 95 locally hatched individuals. Egg dumping is not
known in this species, so we were generally able to determine the identity of genetic mothers
through field observations of incubation and feeding [20]. However, extra-pair paternity
occurs at a high rate in our study population, with over half of offspring sired by extra-pair
males (54%, [20]), thus requiring genetic analysis for accurately determining paternity (see
[25] for exclusion probabilities). We confirmed paternity whenever possible through microsat-
ellite analysis (see below), although we were not able to determine paternity for all individuals
due to limited resources. We confirmed both parents for 42 individuals, only maternity for 46
individuals, and only paternity for 1 individual. These data allowed us to develop a pedigree
covering three generations based on 187 individuals (37% of the study population), aided by
the fact that our study population has demonstrated a relatively high rate of natal philopatry
[24]; [25]. We note that data on some traits are missing for a small number of the individuals,
so sample sizes are somewhat less than 187 for some traits (See S1 Table for PEDANTIC pedi-
gree summary).

We performed paternity analysis using seven hypervariable microsatellite loci: Psal2 and
Psa29 developed from P. sandwichensis [26]; Escu6 from Emberiza schoeniclus [27]; Mmel and
Mme8 from Melospiza melodia [28]; and Psap61 and Psap335 from P. s. princeps [29]. All PCR
reactions were run at a total volume of 15 pL and contained 1 pL of 50 ng/puL DNA, 0.5 U Taq
DNA polymerase, and 1X PCR Buffer (Invitrogen, Inc., Carlsbad, CA). Locus-specific anneal-
ing temperatures and concentrations of MgCl,, dNTPs, Primers, and BSA are provided in
Table 1. Microsatellite alleles were sized and scored using GENEMAPPER, version 3.7
(Applied Biosystems Inc., Foster City, CA).

We used CERVUS software to estimate null allele frequencies, to test for Hardy-Weinberg
equilibrium allele frequencies, and to calculate exclusion probabilities (Table 2). The estimated
null allele frequencies of two of the loci analyzed (Mmel and Psap61) were higher than 0.05, so
they were not used in the paternity analysis (Table 2). However, the remaining set of five loci
were sufficient for determining paternity, with a combined exclusion probability of p = 4.2x10™%,
We used CERVUS to assign paternity at the 95% confidence level using the four autosomally-
inherited loci Psal2, Escu6, Mme8, and Psap335 [30]. When CERVUS identified two equally
likely fathers that matched an offspring at all loci, we additionally used the Z-linked Psa29 to
determine the identity of the father.

Variance components, heritability, and evolvability estimation

We estimated variance components for each trait using restricted maximum-likelihood
(REML) by fitting mixed-effect ‘animal models’ in the program WOMBAT [31]; [32]. We ana-
lyzed each trait separately. The same model was applied to all traits except for the model
applied to mass, which included an additional fixed effect. This general model included sex as
a fixed effect because males tend to be 5% larger than females [33], and year and ancestry as
random effects. The model applied to mass also included the date of capture as a fixed effect
because mass declined with date over the course of the breeding season in our population ( =
-0.016, r* = 0.04268, p = 0.0004). We lacked sufficiently detailed pedigree information to esti-
mate maternal or common environmental effects. While it is probable that maternal effects
influenced morphometrics in our population considering that such effects were documented
previously in an island population of Savannah Sparrows [16], it is unlikely they had a large
impact on our heritability or evolvability estimates because a minority of the individuals (18%)
in our dataset shared a mother (i.e., were full or maternal half-siblings with at least one other
bird). We were also unable to age breeding adults hatched outside of the study area, so we
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Table 1. Microsatellite locus-specific annealing temperatures and concentrations of MgCl,, dNTPs, Primers, and BSA for PCR reactions used in determining pater-
nity of Savannah Sparrows.

Locus Annealing Temp (C) MgCl, (mM) dNTPs (mM) Primers (each, pM) BSA (ug/pL)
Psal2 60 8.3 0.3 1.06 -
Psa29 62 4.16 0.1 0.83 0.1
Psap61 62 4.0 0.2 0.2 0.1
Psap335 63 4.0 0.2 0.2 0.1
Escu6 59 5.7 0.3 1.06 -
Mmel 57 5.0 0.3 1.06 0.1
Mme8 65 4.0 0.3 1.06 -

https://doi.org/10.1371/journal.pone.0210472.t001

could not include hatch year as a common environmental effect. Narrow-sense heritability
estimates (h?) and their standard errors were estimated in WOMBAT. We calculated evolvabil-
ity (1) by dividing additive genetic variance (V) by the mean square of the phenotype and
multiplying by 100 [6]; [7]. Following [34], we used the R package PEDANTICS to assess sta-
tistical power.

Results
Paternity analysis

We were able to successfully determine the genetic father of43 of the 95 recruits considered in
our animal model, although one of these recruits was dropped from further analysis because
maternity could not be confirmed. Twenty seven (63%) of these 43 individuals were extra-pair
young based on exclusion of the territorial male as the genetic father. In 4 additional recruits
the presence of extra-pair young was suggested by exclusion of the territorial male as the
genetic father, but no genetic father was identifiable on the study field. All mothers identified
through field observations were confirmed by maternity analysis, although in the case of 1
recruit no mother was identifiable by either observational or genetic methods.

Variance components, heritability, and evolvability

All variance components, phenotypic means, and sample sizes for the whole population are
reported in Table 3 (note that sample sizes include both parents and their adult offspring, i.e.,
recruits, where parentage could be confirmed). Heritability varied widely among the six traits
studied, with bill width having the lowest (h° + standard error: 0.160+0.182) and tarsus length
the highest heritability (0.651+0.155; Fig 1). Tarsus and wing length had high heritabilities,

Table 2. Summary microsatellite data from paternity analysis of Savannah Sparrows (H, = expected heterozygosity, H, = observed heterozygosity, p = probability
of false exclusion).

Locus No. Alleles observed H, H, P Null allele frequency H-W Test p-value
Psal2 10 0.76 0.75 0.452 0.002 0.89
Psa29* 32 0.95 0.92 0.111 0.015 0.92
Psap61 19 0.92 0.68 0.160 0.15 <0.01
Psap335 15 0.87 0.88 0.265 0 0.24
Escu6 18 0.91 0.88 0.179 0.014 0.19
Mmel 30 0.95 0.74 0.111 0.12 <0.01
Mme8 27 0.91 0.88 0.176 0.021 0.10

17-linked, calculated H, and H, for males only.

https://doi.org/10.1371/journal.pone.0210472.t1002
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Table 3. Variance components, phenotypic means (and sample sizes (n) used in evaluating six morphological traits in Savannah Sparrows from the Champlain Val-
ley of Vermont, 2002-2014 (Vp = Phenotypic variance =, V, = additive genetic variance =, and Vp, = residual variance).

Trait Vp

Wing 2.980
Mass 1.931
Tarsus 0.406
Bill Length 0.138
Bill Depth 0.047
Bill Width 0.064

SE Vp
0.328
0.206
0.047
0.016
0.005
0.007

https://doi.org/10.1371/journal.pone.0210472.t1003

Va SE V4 Vr SE Vp SD n
1.528 0.565 1.477 0.472 65.9 mm 2.451 182
0.228 0.341 1.703 0.373 182¢g 1.442 180
0.275 0.079 0.130 0.059 20.4 mm 0.663 173
0.033 0.026 0.096 0.026 8.0 mm 0.388 175
0.014 0.009 0.029 0.008 5.3 mm 0.222 173
0.011 0.012 0.050 0.012 4.3 mm 0.254 174

with additive genetic effects accounting for over 50% of their variation, while body mass and
the three bill measurements had relatively low heritabilities, ranging from 0.160-0.279 (Fig 1).
Evolvability was low (less than 0.1%) for all traits, with wing length the lowest (0.035+0.013)
and body mass the highest (0.066+0.106; Fig 1).

Discussion

We estimated the evolutionary potential of morphological traits in a migratory population of
Savannah Sparrows under selective pressure from agricultural management. Genetics had the
greatest relative influence on the phenotypic variation of two indicators of overall body size,
tarsus length and wing length, while it had less influence on bill dimensions. While heritability
varied considerably among the traits studied, evolvability was relatively low for all of the traits.

The rate of extra-pair paternity among the relatively philopatric individuals detected in our
study was high (63%), as expected from similarly high rates previously observed in this popula-
tion (54% [20]; [25]). Other studies of migratory species have had to incorporate social data
into their pedigrees to generate sufficiently large sample sizes; those cases assumed rare or no
extra-pair paternity within their study populations in order to generate estimates [14]; [16]; we
were able to account for the high rate of extra-pair paternity in our study population by way of
genotyping using molecular markers, and thus were able to create an error-free pedigree for
the individuals included. Use of pedigrees containing only social parent information is proba-
bly not a viable option for many studies on traits measurable only in adult passerines because
even limited extra-pair paternity would have a strong effect on heritability estimates [14]. Fur-
thermore, many migratory songbird populations show low return rates of natal dispersing
birds, and thus require expanded search radii and/or many years of search efforts [11].

Heritability estimates of adult morphological traits are available for some songbird species;
for example, they have been reported for the Medium Ground Finch (Geospiza fortis, [35]),
Great Reed Warbler (Acrocephalus arundinaceus, [36]), House Sparrow (Passer domesticus,
[37]), and an island population of Savannah Sparrows [16]. As expected when comparing
across species whose traits may have different amounts of residual variance [6], there are no
consistent patterns among the heritabilities of mass, tarsus length, bill length and bill depth,
which are the traits most commonly studied [16]; [35]; [36]; [37]. Studies on heritability and
evolvability of nestling traits (e.g., [14]; [38]) or adult fitness traits such as laying date, age of
recruitment, and lifetime reproductive success (e.g., [39]) have also been conducted.

Teplitsky et al. [40] reviewed evolvabilities of four of the morphological traits measured in
our study (mass, wing length, tarsus length, and bill length) for 10 wild bird populations,
including Red-billed Gulls (Chroicocephalus scopulinus), Barn Swallows (Hirundo rustica),
Collared Flycatchers (Ficedula albicollis), Great Reed Warblers, House Sparrows, and Blue Tits
(Cyanistes caeruleus). Similar to our estimates, these morphological traits tended to have low
evolvabilities (less than 0.1), although mass in some species was slightly more evolvable (0.1-
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Fig 1. Heritabilities (i) and evolvabilities (I,) of six morphological traits in Savannah Sparrows breeding in the Champlain Valley of Vermont,
2002-2014. Error bars are standard errors. Heritability estimates were tested for significance using likelihood ratio tests in WOMBAT (*p<0.05;
#p<0.01; ***p<0.001; ****p<0.0001).

https://doi.org/10.1371/journal.pone.0210472.9001

0.2). The evolvability of several of the morphological traits measured in our study were also
estimated by [16] for an isolated, island population of Savannah Sparrows living free from the
influence of agricultural management. While [16] separated their estimates by sex and age
class to investigate selection on each demographic whereas we investigated selection on our
whole population, all of our evolvability estimates (except for bill width, which was measured
only in this study) were similarly low (less than 0.1). The exceptions in [16] were body mass in
males > 1-year old, in 1-year-old females, and in females > 1-year-old.

The similarities between published estimates of evolvability in birds suggest that most mor-
phological traits have low capacities to respond to selection. Body mass seems to be a minor
exception, with slightly higher evolvability in most of the species and populations studied. To
put this result in a generational context, a change of 10% in mean mass would be expected to
take 240 generations in populations where evolvability is relatively low (I, = 0.04; [6]; [40]),
whereas the same change would be expected to take 54 generations where evolvability is simi-
lar to our estimate (I4 = 0.178). Human land management, however, may disrupt (e.g., [20])
the evolutionary potential of such traits in populations using managed habitat. For example,
management practices in our study area changed in both timing and intensity over the span of
our long-term sampling, perhaps all but eliminating the potential for sustained directional
responses of body mass to selection on those fields. Further studies on other species living on
intensely managed areas are needed to determine whether such disruptions are typically the
case.

In general, agricultural management has the potential to directly exert selection pressures
on morphological traits. However, the most pronounced effects on fitness are likely to come
from hay harvest or grazing events, which may be mostly nondiscriminatory with regard to
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morphological phenotypes, and which may actually dilute the effects of natural selective pres-
sures. Nevertheless, one can envision specific scenarios under which birds with certain fea-
tures, such as greater overall body mass, might gain advantages under agricultural
management, such as the ability to initiate post-harvest nesting or to produce offspring that
reach full size and develop flight more quickly. Unfortunately, our findings of low evolvability
of morphological traits including body mass suggest a minimal potential to respond to man-
agement pressures in the near term, even if those pressures are consistent over evolutionarily
meaningful time-spans. On the other hand, life-history traits such as the minimum time
between reproductive events may have a much greater potential to respond to selection, con-
sidering that a short post-harvest period would necessarily select for birds capable of reproduc-
ing quickly following harvest events because only offspring that are produced during these
constrained time-periods are able to recruit into this breeding population. Thus, future
research should focus on the heritability and evolvability of other types of traits such as life-his-
tory and/or life-cycle traits to determine if and how they may respond to human activities, as
well as the strength and direction of selection on both morphological and other traits, which
were outside the scope of this study.

Supporting information

S1 Table. PEDANTIC pedigree summary for Savannah Sparrows breeding in the Cham-
plain Valley of Vermont, 2002-2014.
(DOCX)

S1 Data. Data set used for this study.
(XLSX)
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