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When prioritizing regions for conservation protection, decisions are often
based on the principle that a single large reserve should support more
species than several small reserves of the same total area (SLOSS). This prin-
ciple remains a central paradigm in conservation planning despite
conflicting empirical evidence and methodological concerns. In urban
areas where small parks tend to dominate and policies to promote biodiver-
sity are becoming increasingly popular, determining the most appropriate
prioritization method is critical. Here, we document the role of SLOSS in
defining the seasonal diversity of birds in 475 parks in 21 US cities. Collec-
tions of small parks were consistently associated with higher species
richness, spatial turnover and rarity. Collections of both small and large
parks were associated with higher phylogenetic and functional diversity
whose patterns varied across seasons and cities. Thus, collections of small
parks are a reliable source of species richness driven by higher spatial turn-
over and rarity, whereas collections of both small and large parks contain the
potential to support higher phylogenetic and functional diversity. The pres-
ence of strong intra-annual and geographical variation emphasizes the need
for regional prioritization strategies, where multiple diversity metrics are
examined across parks and seasons.

1. Introduction

When prioritizing regions for conservation protection, decisions are often made
based on the principle that a single large (SL) reserve should contain more species
than several small (SS) reserves of the same total area. This ‘SL >SS principle’
originates from the general tenets of nature reserve design proposed by Diamond
[1] and inspired by island biogeography theory [2]. As the ‘single large or several
small’ (SLOSS) debate developed, early tests found little support for SL >SS, with
most studies providing evidence for the opposite outcome, SS>SL [34].
Subsequent studies confirmed the prevalence of SS>SL across taxa and geo-
graphical regions [5]. These findings, however, have been criticized as
misleading due to methodological concerns regarding empirical SLOSS compari-
sons including the use of cross-scale species accumulation curves [6].
Nevertheless, the application of the SL >SS principle remains a dominant para-
digm in conservation planning and management where large patches of
natural habitat are often preserved at the expense of small patches [7]. The appli-
cation also occurs in cities where the SL > SS principle has been used to justify the
clearing of small patches of natural habitat for urban development, whose loss is
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then offset by the preservation of a large patch of natural habi-
tat, typically on land having lower economic value [8] or on
peri-urban land along the periphery of the urban matrix [9].

Current theory and observation suggest a single large
reserve will outperform several small reserves when natural
habitat patches are distributed within a low-quality matrix
[10]. A primary example are urban parks within large cities
where parks are distributed across a hazardous matrix of
anthropogenic structures and activities. Studies that have
tested the quality of the SL>SS principle among urban
parks have examined a range of different taxa, including
woodland [11] and grassland floras [8], and bird [12] and but-
terfly assemblages [13]. In all cases, these studies found that
SS > SL was the dominant outcome for urban parks [5]. Natu-
ral habitat patches within urban areas are at a premium for
conservation and the emerging practice of repurposing
vacant or abandoned properties into parks [14,15] is providing
unique opportunities to test reserve design theories and urban
development strategies. The practice of ‘vacant lot greening’ is
especially prevalent in the post-industrial US cities where
declining urban populations have resulted in large-scale land
abandonment [16]. Thus, given the need for information to
guide conservation choices in large urban areas, some of
which are going through rapid landscape transformations,
there is significant value in documenting the quality of the
SL >SS principle among urban parks.

Birds represent one of the best-studied urban taxa [17]
and provide a unique case study to test the quality of the
SL >SS principle. In addition, the high mobility of birds
increases the potential for inter-park movements, which
should create conditions that support SS>SL over SL >SS
[10]. We would therefore expect the species richness of
birds in urban parks to display little support for SL > SS. Sea-
sonal variation in the presence and absence of migratory
species in urban parks, many of which only occur in urban
areas during migration, has the potential to affect not only
species richness but other facets of avian diversity including
phylogenetic and functional diversity. The role of the SL >SS
principle beyond its effects on species richness, however, has
not been broadly explored. The primary exception is beta
diversity or spatial turnover in species composition among
habitat patches. Beta diversity has been shown to be a central
factor promoting the prevalence of SS>SL where spatial
turnover in species composition is higher among collections
of small habitat patches compared with collections of large
habitat patches of similar total area [10,18-20].

Here, we use bird occurrence information from the eBird
citizen science programme [21] to identify well-surveyed
urban parks (1 =475) in 21 large urban areas within the con-
tiguous USA. We use a refined version of the methods
proposed by Quinn & Harrison [4] to test the level of evi-
dence for SL >SS versus SS>SL during four seasons of the
year using seven measures of avian diversity. We include
the traditional measure, species richness, in combination
with six other measures that capture different facets of bird
diversity [22,23]. This includes beta diversity, rarity, three
phylogenetic metrics that capture species’ evolutionary his-
tory, and one functional metric that estimates species’
functional role at the community and ecosystem levels.

Based on the broad empirical support for SS>SL and the
role of beta diversity as a factor driving this outcome [10], we
predict SS > SL will be the dominant result across urban areas
for species richness and beta diversity during all four

seasons. Based on evidence that rare species tend to be con-
fined to large habitat fragments [24] and islands [25] and
specialist species tend to show stronger area dependence
across habitat fragments [26], we predict SL >SS will be the
dominant outcome when assessing rarity across parks.
Based on the presence of unique habitat features that can
only occur in large urban parks [27], we predict birds in
larger parks will have higher functional diversity [28],
which should result in SL >SS being the dominant outcome
for functional diversity. Current evidence for birds indicates
that functional diversity is a poor proxy for phylogenetic
diversity [29] and phylogenetic diversity does not reliably
capture functional diversity [30], suggesting these two
metrics will have different outcomes. Lastly, we expect the
presence and absence of migratory species from one season
to the next to generate strong seasonal variation in phyloge-
netic and function diversity. In summary, we predict SS>
SL will be the dominant outcome for species richness and
beta diversity, SL>SS will be the dominant outcome for
rarity and functional diversity, and the outcomes for func-
tional and phylogenetic diversity will differ and both will
display strong seasonal variation.

We identified urban areas within the contiguous USA using the
2022 cartographic boundary file generated by the US census
based on data from the 2010 census (t1 2022 us_uacl0; scale
1:500 000; effective spatial resolution 250 m). From the 3601 des-
ignations in the cartographic boundary file, we considered 481
urban areas in our analysis that were classified as containing
50 000 or more people within the contiguous USA. We identified
urban parks in the 481 urban areas using the 2022 ParkServe
database maintained by the Trust for Public Lands (https://
www.tpl.org/parkserve/about). The ParkServe database con-
tains a total of 156 796 park polygons distributed across 110916
parks. For the park polygons that occurred within the bound-
aries of the 481 urban areas, we estimated seven landcover
characteristics: (1) per cent tree canopy cover, (2) per cent imper-
vious surface, (3) per cent open water, (4) habitat heterogeneity,
(5) isolation, (6) proximity, and (7) shape. We estimated per
cent canopy cover using the 30-m spatial resolution National
Land Cover Database (NLCD) 2016 US Forest Service Tree
Canopy Cover product [31]. We estimated per cent impervious
surface and per cent open water using the 30-m spatial resolution
NLCD 2019 Land Cover product [32]. We estimated habitat het-
erogeneity using the standard deviation of peak vegetation
greenness during the summer growing season [33]. Heterogen-
eity metrics based on vegetation greenness outperform metrics
derived from topography or categorical landcover data in their
ability to capture spatial variation in habitats and their ability
to predict avian diversity [33,34]. Peak vegetation greenness
was estimated at a 30-m spatial resolution using Landsat 8
Enhanced Vegetation Index (EVI) [35] images that were available
between May and September from 2013 to 2017 [33]. The stan-
dard deviation was calculated using a 5x5 pixel moving
window (2.25 ha), which is large enough to encompass the
area of a typical breeding bird territory [33]. We defined park iso-
lation as the shortest distance (30-m spatial resolution) from the
edge of the park to the edge of the urban area. We defined
park proximity as the average shortest distance (30-m spatial res-
olution) from the park boundary to all the other park boundaries
in the urban area, including those not selected for analysis. We
estimated park shape using the ratio between the perimeter
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and the square root of the area of the park [36]. The ratio is inde-
pendent of park size and higher values indicate the shape of the
park deviates from a perfect circle (ratio = 3.5449).

(b) Bird occurrence data

We compiled daily bird occurrence data from within the contigu-
ous USA (between 125°-66° W longitude and 24°-50° N latitude)
for the period 1 January 2008 to 31 December 2022 from eBird [21].
eBird contains bird observations in checklist format where species
detected by sight or sound are recorded by one or more observers
during a sampling event. Sampling effort in eBird is greatest
within the vicinity of large cities [37] and observations tend to
be concentrated within urban parks [38]. Thus, eBird is a primary
source of information on the seasonal occurrence of birds in urban
parks. We queried the database on 14 March 2023, and we
retained checklists for analysis that used stationary, travelling or
area sampling protocols, and we retained checklists where all
the species observed by the eBird participant were recorded. We
only considered observations that were identified as valid in the
database, we combined observations in grouped checklists into
single checklists, and we excluded all pelagic seabird species.
We retained all checklists that used the stationary sampling proto-
col. We retained travelling protocol checklists where the length
travelled was less than the diameter of the park if the park was
a circle. We retained area protocol checklists where the survey
area was less than the area of the park. The last two steps
increased the probability that the observations originated from
within each park polygon.

(c) Survey completeness of bird occurrence

We used the methodology developed by Lobo et al. [39] to identify
well-surveyed urban parks with reliable species composition
information. We used the ‘exact’ estimator from [40] to first esti-
mate survey completeness of bird occurrence for all years
combined during four seasons of the year: nonbreeding, spring
migration, breeding and autumn migration. We defined the four
seasons based on the dates that encompassed the region’s peak
migration periods: spring migration (15 March-10 June) and
autumn migration (15 August-10 November) [41,42]. We esti-
mated the relationship between the accumulated number of
species and survey effort for each park using the eBird checklist
as a surrogate of sampling effort. We defined survey completeness
for each park as the percentage of observed species richness cap-
tured by the species richness estimates derived from the species
accumulation curves [39]. We identified parks that were well sur-
veyed for each season based on the following criteria: the ratio
between the number of occurrence records and the number of
observed species was greater than 15, the slope of the species
accumulation curve was less than 0.02, and survey completeness
was greater than 90 [39]. We retained parks for analysis that
were well surveyed during all four seasons, and we retained
urban areas for analysis that contained at least 10 parks that
were well surveyed during all four seasons.

(d) Measures of avian diversity

We examined seven measures of avian diversity in our analysis.
The first is species richness, which we estimated by summing the
number of unique species in the eBird checklists for each season.
The second is beta diversity, which we estimated by calculating
the dissimilarity in species composition among parks during
each season using the Simpson multiple-site dissimilarity index
[43,44]. The third is rarity, which we defined as the proportion
of parks where the species did not occur during each season.
We computed three phylogenetic diversity metrics to capture
the evolutionary history contained in the seasonal bird assem-
blages. The first is Faith’s phylogenetic diversity (PD), which is

the sum of branch lengths of the phylogenetic tree linking all n

species in the assemblage [45]. The second is the mean pairwise
distance (MPD) and the third is the mean nearest taxon distance
(MNTD) between all species in the assemblage [46]. We calcu-
lated the three metrics using a consensus tree [47] generated
from a total of 2000 phylogenies (1000 Hackett backbone and
1000 Ericson backbone) [48]. To account for differences in species
richness, we calculated the standardized effect size (SES) for each
of the phylogenetic metrics by comparing the observed metric to
the pattern expected under a null model of phylogenetic ran-
domization. The SES estimates to what extent assemblages are
phylogenetically clustered (negative SES values) or dispersed
(positive SES values) than expected by chance. Expected values
were calculated based on 1000 randomizations of the tip labels
of the phylogeny for all species in each urban area’s annual
species pool. We estimated functional diversity of the avian
assemblages using a combination of 10 functional traits [49].
We included seven numerical measures of avian morphology:
body mass, hand-wing index, beak length (tip of the beak to
the base of the skull), beak width, beak depth, tail length and
tarsus length. We included three nominal measures that describe
species” habitat and trophic associations: habitat density, trophic
niche and primary lifestyle. We estimated function diversity
based on the Gower distance [50] among all pairs of species
using an attribute-diversity framework [51]. This framework is
a generalization of Hill numbers of order g [52] that includes a
threshold of functional distinctiveness between any two species
(tau) that refines and improves on the conventional species-
equivalent approach [51]. Each species contributed equally to
the estimates (§=0), and we used the mean threshold level to
identify functionally indistinct sets of species [53].

(e) Statistical analysis

We assessed how the seven landcover characteristics varied
among parks using the following procedure. We first divided
the parks into three classes of equal sample size using the
0.333 and 0.666 quantiles of the distribution of log;( transformed
park area. We then tested if the six landcover characteristics dif-
fered among the three park classes using heteroscedastic one-
way ANOVA for trimmed means [54]. We selected this method
to minimize the influence of extreme outliers. We used the per-
centile ¢t bootstrap method with a 20% trim level and 10000
bootstrap samples. We report the percentile t bootstrap test stat-
istic as T, and we followed significant tests (p <0.05) with the
corresponding bootstrap post hoc tests.

For the parks that we selected for analysis, we examined how
species richness, the three phylogenetic diversity metrics, and
functional diversity varied among seasons using mixed-model
ANOVA with urban area included as a random effect. When sig-
nificant differences were detected, we followed the mixed-model
ANOVA with pairwise t-tests. We examined how these metrics
varied as a function of park area for each season using mixed-
model ANCOVA with the intercept for urban area included as
a random effect. We log;o transformed species richness and
park area to improve their distributional properties for analysis.
We included park area, season and the interaction between the
two as predictors in the mixed-model ANCOVA. We generated
parametric bootstrapped 95% confidence bands for the fitted
lines using 1000 bootstrap iterations [55]. We summarized the
results using a Type I ANOVA with Satterthwaite’s method for
denominator degrees-of-freedom and F statistic [56].

We used a derivation of the species accumulation curve
approach first proposed by Quinn & Harrison [4] to test the
level of evidence for SL>SS versus SS>SL for the seven
diversity metrics for each season. The method consisted of
measuring the accumulation of each diversity metric compiled
from small-to-large parks and the accumulation of each diversity
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metric compiled from large-to-small parks in conjunction with
the accumulation of park areas (see electronic supplementary
material, appendices S1-S7, for examples). With species richness,
this procedure involved combining the species lists across accu-
mulated parks and counting the cumulative number of unique
species. Here, we would expect both accumulation curves to be
monotonically increasing to a common maximum corresponding
to the combination of unique species across all parks [4]. With
beta diversity, the procedure involved calculating the Simpson
multiple-site dissimilarity index among parks using the pres-
ence/absence matrix compiled during each step of the process.
Here, the process started with the two smallest parks (small-to-
large) and the two largest parks (large-to-small). With rarity,
the procedure involved combining species lists across accumu-
lated parks and calculating the median proportion of parks
where the species did not occur. With the three phylogenetic
diversity metrics, the procedure involved merging the species
lists across the accumulated parks and calculating the metric
across all the unique species. With functional diversity, this pro-
cedure involved merging the species lists across the accumulated
parks and calculating functional diversity across the unique
species. Unlike species richness, we do not expect the accumu-
lation curves for the remaining six diversity metrics to be
monotonically increasing.

We assessed the relationship between the small-to-large
accumulation curve and the large-to-small accumulation curve
for each diversity metric, urban area and season using the follow-
ing approach. We first identified where each point on the large-to-
small curve occurred on the small-to-large curve, which we then
connected with vertical lines (see electronic supplementary
material, appendices S1-S7, for examples). We then summed the
length of the vertical lines where the small-to-large curve occurred
above the large-to-small curve, which we then divided by the sum
of the lengths of all the vertical lines that occurred both above and
below the small-to-large curve. This ratio estimates the proportion
of area between the two curves where the small-to-large curve
occurs above the large-to-small curve. Proportions close to 1.0 pro-
vide evidence in support of S5>SL, proportions close to 0.50
provide evidence in support of SL =SS, and proportions close to
0.0 provide evidence in support of SL > SS. This method represents
an improvement over the integral ratio method proposed by Quinn
& Harrison [4] in that it is not computed from the origin, which
tends to bias the outcome towards SS>SL dominance [57].
Lastly, we implemented a jackknife sensitivity analysis to address
how our choice of functional traits affected our results for func-
tional diversity [58]. This procedure involved estimating
functional diversity 10 times after systematically removing one of
the ten traits with each iteration. We summarized the results of
the jackknife procedure by calculating the mean and standard
deviation of the 10 proportions for each urban area and season.

We implemented our analysis using R, version 4.2.3 [59]. We
used the R package KnowBR to implement the survey complete-
ness analysis [39]. We used the function beta.multi in the
betapart R package to calculate the Simpson multiple-site dissim-
ilarity index [60]. We used the ses.pd, ses.mpd and ses.mntd
functions in the picante R package [61] to calculate the standar-
dized effect size of PD, MPD and MNTD, respectively. We
used the alpha.fd.hill function in the mFD R package to calculate
functional diversity [62]. We used the tlwaybt and mcppb20
functions in the WRS2 R package to implement the heteroscedas-
tic one-way ANOVA and corresponding post hoc tests,
respectively [63]. We used the function Imer in the Ime4 R pack-
age to implement the mixed-model ANOVA and mixed-model
ANCOVA [64], and the ImerTest R package to generate the
F-tests and pairwise t-tests [65]. Lastly, we used the visreg func-
tion in the visreg R package [66] in combination with the
bootpredictlme4 R package [55] to generate the bootstrapped
95% confidence bands.

We retained 21 urban areas for analysis that contained a total
of 475 park polygons that were well surveyed during all four
seasons of the year (figure 1; electronic supplementary
material, appendix S8: table S1). The parks contained a
total of 580 unique bird species in 76 families (electronic sup-
plementary material, appendix S9: table S2). More eBird
checklists were submitted in large parks compared with
small parks (Fy 1592 =122.3, p <0.001; electronic supplemen-
tary material, appendix S10: figure S1). This relationship
did not differ on average among seasons (F3 1592 =1.36, p=
0.255) but fewer checklists were submitted on average
during the breeding season (F3 159> = 132.9, p <0.001).

We divided the 475 parks into three size classes of roughly
equal sample size based on park area: small (0.003-0.315
km?, medium (0.316-1.033km? and large (1.042-
25.098 km?). Per cent canopy cover did not differ on average
among the three classes (I'=1.47, p=0.102; electronic sup-
plementary material, appendix S10: figure S2a). Per cent
impervious surface differed on average among the three
classes (T=14.38, p<0.001; electronic supplementary
material, appendix S10: figure S2b). Large parks had less
impervious surface on average compared with medium
(p<0.001) and small parks (p<0.001), and medium parks
had less impervious surface on average compared with
small parks (p <0.001). Per cent open water differed on aver-
age among the three classes (I'=9.37, p<0.001; electronic
supplementary material, appendix S10: figure S2c). Large
parks had more open water on average compared to
medium (p =0.010) and small parks (p =0.001). Habitat het-
erogeneity differed on average among the three classes (T=
6.23, p=0.003; electronic supplementary material, appendix
S10: figure S2d). Large parks had higher habitat heterogen-
eity on average compared with medium (p=0.003) and
small parks (p =0.002). Park isolation from the boundary of
the urban area differed on average among the three classes
(T'=3.68, p=0.027; electronic supplementary material, appen-
dix S10: figure S2¢). Large parks were closer on average to the
urban boundaries compared with small parks (p=0.009).
Proximity to other parks within the urban areas differed on
average among the three classes (T'=4.64, p = 0.012; electronic
supplementary material, appendix S10: figure S2f). Large
parks occurred in closer proximity to other parks on average
compared with medium (p=0.032) and small parks
(p=0.004). Park shape differed on average among the three
classes (T'=3.78, p = 0.027; electronic supplementary material,
appendix S10: figure S2g). The shape of large parks deviated
more from a perfect circle compared with small parks
(p=0.010). Among the seven landcover characteristics, the
strongest positive correlation occurred between habitat
heterogeneity and per cent open water (r=0.58, t=15.5,
d.f.=473, p<0.001) and strongest negative correlation
occurred between per cent canopy cover and per cent imper-
vious surface (r=-47, t=-11.43, d.f.=473, p<0.001;
electronic supplementary material, appendix S10: figure S3).

Species richness of birds within the 475 parks differed on
average among seasons (Fs18766=508.91, p<0.001;
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Figure 1. The 21 urban areas within the contiguous USA considered in the analysis (electronic supplementary material, appendix S8: table S1).
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Figure 2. Seasonal (a) species richness, (b) phylogenetic diversity (PD), () mean pairwise distance (MPD), (d) mean nearest taxon distance (MNTD), and (e) functional
diversity of bird assemblages in urban parks (n = 475) located in 21 urban areas within the contiguous USA (figure 1; electronic supplementary material, appendix S8:
table S1). The relationships between park area and seasonal (f) spedies richness, (g) PD, (h) MPD, (/) MNTD, and () functional diversity. The four seasons indude
nonbreeding, spring migration, breeding, and autumn migration. The fitted lines and bootstrapped 95% confidence bands are from mixed-model ANCOVA with the
intercept for urban area induded as a random effect. The three phylogenetic metrics (PD, MPD and MNTD) were converted to standardized effect size (SES). The
SES estimates to what extent assemblages are phylogenetically clustered (negative SES values) or dispersed (positive SES values) than expected by chance.

figure 2a). All the pairwise comparisons differed on average
(p <0.001) with spring migration having the highest species
richness on average (149.4) followed by autumn migration
(143.8), the nonbreeding season (99.7) and the breeding
season (90.9; figure 2a). PD differed on average among sea-
sons (F3 18755 =349.28, p <0.001; figure 2b). All the pairwise
comparisons differed on average (p <0.001) except between
spring and autumn migration (p =0.412; figure 2b). PD was
highest on average during the breeding season and lowest

on average during migration (figure 2b). MPD differed on
average among seasons (Fs1g762=350.46, p<0.001;
figure 2c). All the pairwise comparisons differed on average
(p<0.001) except between spring and autumn migration
(p=0.466; figure 2c). MPD was highest on average during
the nonbreeding season and lowest on average during
migration (figure 2c). MNTD differed on average among sea-
sons (F3 15753 =130.93, p <0.001; figure 2d). All the pairwise
comparisons differed on average (p <0.001) except between



spring and autumn migration (p =0.179; figure 2d). MNTD
was highest on average during the breeding season and
lowest on average during the nonbreeding season
(figure 2d). Functional diversity differed on average among
seasons (F3 15757 =432.94, p <0.001; figure 2¢). All the pair-
wise comparisons differed on average (p<0.001) except
between spring and autumn migration (p = 0.857; figure 2e¢).
Functional diversity was highest on average during spring
and autumn migration and lowest on average during the
nonbreeding season (figure 2¢). Among the five avian diver-
sity metrics, the strongest correlation occurred between the
three phylogenetic metrics, especially between PD and
MNTD during the breeding (r=0.834) and nonbreeding
(r=0.825) seasons (electronic supplementary material,
appendix S10: figure S4; appendix S11: table S3).

() Avian diversity: park area relationships

Species richness had a significant positive relationship on
average with park area (Fy15005=402.59, p<0.001;
figure 2f). The intercepts for species richness differed on aver-
age among seasons (F3 15725 =619.79, p <0.001) but the slopes
did not (F3 18725 =1.88, p = 0.132; figure 2f). PD did not have a
significant relationship on average with park area (Fy 15764 =
0.13, p=0.714) but the intercepts differed on average among
seasons (F3 15717 =349.52, p <0.001; figure 2g). MPD did not
have a significant relationship on average with park area
(F1,1880.0 =0.28, p =0.598) but the intercepts differed on aver-
age among seasons (F31g72,=351.00, p<0.001; figure 2h).
MNTD had a significant positive relationship on average
with park area (Fy1s794=5.60, p=0.018; figure 2i). The
intercepts for MNTD differed on average among seasons
(F318713=131.35, p<0.001) but the slopes did not
(F3,1871.3 =1.46, p=0.224; figure 2i). Functional diversity did
not have a significant relationship on average with park
area (Fy1s825=1.82, p=0.178) but the intercepts (F515717=
435.21, p<0.001) and slopes (F31s71.7=4.03, p=0.007)
differed on average among seasons with the strongest posi-
tive slope occurring during the breeding season (figure 2j).

(d) SLOSS assessment

The seven measures of avian diversity presented different
levels of support for SL>SS versus SS>SL (figure 3 and
table 1). With species richness (figure 3a; electronic sup-
plementary material, appendix S1) and beta diversity
(figure 3b; electronic supplementary material, appendix S2),
all 21 urban areas and all four seasons presented consistent
support for SS>SL (table 1). With rarity, support for SS>
SL was the dominant outcome in almost all cases with
Columbus, OH being the primary exception where SL >SS
was the dominant outcome during the breeding season and
autumn migration (figure 3c and table 1; electronic sup-
plementary material, appendix S3). With PD, more urban
areas presented evidence for SL >SS during the nonbreeding
season, more evidence for SS > SL during autumn migration,
and nearly equal evidence during spring migration and the
breeding season (figure 3d; table 1; electronic supplementary
material, appendix S4). With MPD, more urban areas pre-
sented evidence for SS>SL during all four seasons,
especially during the breeding season (figure 3e; table 1; elec-
tronic supplementary material, appendix S5). With MNTD,
more urban areas presented evidence for SL >SS during the
nonbreeding season, more evidence for SS>SL during the

breeding season, and nearly equal evidence during spring [ 6 |

and autumn migration (figure 3f and table 1; electronic sup-
plementary material, appendix S6). With functional diversity,
more urban areas presented evidence for SL>SS during
autumn migration, more urban areas presented evidence for
SS>SL during the nonbreeding season, and nearly equal evi-
dence during spring migration and the breeding season
(figure 3¢ and table 1; electronic supplementary material,
appendix S7). These results differed based on the jackknife sen-
sitivity analysis, with more urban areas presenting evidence
for SL>SS during spring migration and more evidence for
SS>SL during the breeding season (figure 3h—i and table 1).

4. Discussion

Although the SLOSS paradigm that a single large reserve is
more effective for conservation than several small reserves
of the same total area has been used to validate conservation
priorities, our work shows that this does not generalize for all
aspects of avian diversity in urban parks. Based on our
approach for testing the relevance of SL >SS versus SS>SL,
we found different levels of support for the SL >SS principle
across the seven avian diversity metrics. Following our pre-
dictions and agreeing with previous assessments [5], SS>
SL was the dominant outcome for species richness and beta
diversity. Our prediction that SL >SS would be the dominant
outcome for species rarity was not met, suggesting rare
species accumulate more rapidly across collections of small
parks, even when the smallest parks are excluded from the
assessment. This finding agrees with evidence that specialist
species tend to accumulate more rapidly across collections of
small habitat fragments [5,24]. Our predictions that SL >SS
would be the dominant outcome for functional diversity
was partly supported, primarily during the nonbreeding
season. We also found that the outcome for functional diver-
sity was sensitive to the choice of functional traits. As we
predicted, phylogenetic diversity displayed outcomes that
differed from functional diversity with support broadly
divided between SL >SS versus SS > SL. In summary, collec-
tions of small parks consistently promoted higher species
richness, higher beta diversity and greater numbers of rare
species. Phylogenetic and functional diversity displayed
strong variation among seasons and urban areas, while the
outcome for phylogenetic diversity was sensitive to the
choice of diversity metric and the outcome for functional
diversity was sensitive to the choice of functional traits.

Our findings for species richness and beta diversity show
that higher species turnover among collections of small parks
drives SS > SL across seasons. Thus, for each urban area, turnover
in species composition across collections of small parks resulted
in more unique species than turnover in species composition
across a collection of larger parks of similar total size. The consist-
ency of these results among urban areas and seasons suggests
that collections of small parks play an important role
in supporting higher numbers of resident and migratory species.
Our findings for phylogenetic and functional diversity were con-
siderably less consistent across urban areas and seasons. Our
results for the three phylogenetic diversity metrics indicate that
the influx of transitory species during spring and autumn
migration does not result in higher phylogenetic diversity,
suggesting that transient species do not expand the evolutionary
history of bird assemblages in urban parks. Our findings for
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Figure 3. The level of evidence for SL > SL versus SS > SL by season for the seven measures of avian diversity calculated across urban parks (n = 475) located in 21
urban areas within the contiguous USA (figure 1; electronic supplementary material, appendix S8: table S1). The values in each cell display the proportion of the
vertical area where the small-to-large accumulation curve occurred above the large-to-small accumulation curve during four seasons for (a) species richness, (b) beta
diversity, (c) rarity, (d) phylogenetic diversity (PD), (e) mean pairwise distance (MPD), (f) mean nearest taxon distance (MNTD), (g) functional diversity, (h) the
mean and (/) standard deviation (blue = low, yellow = high) of the 10 jackknife functional diversity iterations. The three phylogenetic metrics (PD, MPD and MNTD)
were converted to standardized effect size (SES). Proportions close to 1.0 provide evidence in support of SS > SL, proportions close to 0.50 provide evidence in
support of SL =SS, and proportions close to 0.0 provide evidence in support of SL > SS.

functional diversity, however, indicate that the presence of Our findings indicate that large parks do not have more
transients in the spring and autumn enhances the functional canopy cover, as we expected, but they do have less imper-
diversity of bird assemblages in urban parks. vious surface, more water and greater habitat heterogeneity.
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Table 1. The sum of the proportions of total area (range = 0-21) during four seasons across 21 urban areas within the contiguous USA (figure 1; electronic  [JJEJ}
supplementary material, appendix S8: table S1) where the small-to-large curve occurred above the large-to-small curve for seven measures of avian diversity:
species richness, beta diversity, rarity, phylogenetic diversity (PD), mean pairwise distance (MPD), mean nearest taxon distance (MNTD), functional diversity (FD)
and the mean FD from the jackknife sensitivity analysis (figure 3). The three phylogenetic metrics (PD, MPD, and MNTD) were converted to standardized effect
size (SES). The per cent of the 21 urban areas where SS > SL received the greatest support (proportion greater than 0.50) are shown in parentheses.

diversity measure

nonbreeding season

spring migration breeding season autumn migration

species richness 21 (100) 21 (100) 21 (100) 21 (100)
beta diversity 21 (100) 21 (100) 21 (100) 21 (100)
rarity 21 (100) 19.9 (95) 19.8 (95) 19.7 (95)
PD (SES) 7.7 (38) 11.9 (52) 12.1 (52) 12.2 (62)
MPD (SES) 1.3 (57) 12.7 (67) 15.6 (81) 123 (57)
MNTD (SES) 6.4 (29) 104 (52) 13.3 (67) 9.8 (48)
FD 14.6 (67) 11.0 (52) 106 (52) 9.2 (43)
FD (mean) 13.6 (67) 103 (43) 11.8 (57) 10.2 (48)

Large parks also tended to be less isolated from the urban
boundary, in closer proximity to other parks and less circular
in shape. In general, we would expect these differences to
support higher species richness and greater phylogenetic
and functional diversity. This expectation was met with
species richness, which displayed positive relationships
with park area across seasons, replicating the findings from
previous studies [67]. However, this expectation was not
always met with phylogenetic and functional diversity,
which did not present consistent relationships with park
area. A possible exception occurred during the breeding
season with functional diversity, suggesting that larger
parks have the potential to enhance the functional diversity
of breeding bird assemblages. Therefore, the effect of park
area is largely constrained to species richness and the influx
of migratory bird species in the spring and autumn results
in higher species richness and functional diversity but not
phylogenetic diversity.

Even though seasonal species richness had strong positive
relationships with park area, our findings emphasize the
importance of collections of small parks as sources of taxono-
mically diverse collections of both common and rare bird
species across seasons. In addition, even though phylogenetic
and functional diversity did not present strong relationships
with park area, collections of small parks and collections of
large parks stood out as key sources for phylogenetic and
functional diversity within different urban areas during
different seasons. Therefore, collections of large parks do
not necessarily support more species or higher beta diversity,
but collections of large parks do provide opportunities for the
occurrence of species with unique evolutionary histories or
functional traits, enhancing the overall diversity of urban
bird assemblages. Urbanization tends to reduce and constrict
the functional diversity of regional bird assemblages [68,69],
and this outcome has the potential to reduce the breadth and
quality of the ecosystem services that birds provide, e.g. as
predators, pollinators, scavengers, seed dispersers, seed pre-
dators or ecosystem engineers [70]. If collections of large
parks create opportunities for the presence of bird species
with unique functional traits, the ecosystems in urban parks
are likely to be enhanced through greater productivity, resili-
ence and stability [71,72], creating opportunities for higher
biodiversity [73] and reduced invasibility [74].

Our findings contain several caveats that can be used to
inform and guide future research efforts. First, by examining
species’ occurrence within parks, we gave each species equal
weight in our analysis. Within urban environments, however,
non-native species often occur in higher abundance com-
pared with native species [75]. The addition of abundance
information would likely clarify how our findings are
affected by the presence of native versus non-native species.
Second, how long species occurred within parks during
each season (duration of occurrence) was not considered in
our analysis. Determining the duration of occurrence would
clarify the role parks play in species’ annual life cycles, e.g.
as short-term stopover or dispersal sites or as long-term
breeding or nonbreeding sites. Third, parks could function
as population sources or sinks, a dynamic that has not been
well studied in urban environments [76,77]. Determining
how source/sink dynamics are defined based on park area
would clarify the broader implications of our findings. For
example, if large parks tend to be population sources, the
ecological value of collections of large parks would likely
increase.

A methodological consideration for future investigations
is our use of species accumulation curves to test the relevance
of SL >SS versus SS>SL. Species accumulation curves esti-
mate how species richness changes with increasing patch
area based on independent draws from the regional species
pool [78] and do not estimate how species accumulate as
patches are combined [79]. Thus, the use of species accumu-
lation curves does not fully account for the scale dependence
of species richness. As a consequence, through the effects of
the species—area relationship, the probability of encountering
new species is maximized when going from small-to-large
parks and minimized when going from large-to-small parks
[6], which results in an almost vertical slope of the initial
small-to-large species accumulation curves (see electronic
supplementary material, appendix S1). Our approach
removed the steepest portion of the small-to-large species
accumulation curve. Nevertheless, we still found overwhelm-
ing support for SS>SL when examining species richness,
beta diversity and rarity. These findings were not replicated
with phylogenetic and functional diversity. The accumulation
of species in either direction did not generate monotonic
relationships with phylogenetic and functional diversity,
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and support for SL >SS versus SS>SL was highly variable
among urban areas and seasons (see electronic supplemen-
tary material, appendices 54-S7). These findings suggest
that, unlike species richness, beta diversity and rarity, the
use of species accumulation curves to test SL >SS versus
SS>SL is considerably more informative when applied to
phylogenetic and functional diversity and may provide a
valuable resource for future research.

In sum, our findings suggest urban planners need to care-
fully consider the broader implications of park size for avian
diversity. Collections of small parks will consistently support
more bird species and higher species turnover among parks
and more rare species. Thus, preserving or restoring natural
habitats in collections of small parks or ‘greening’ small
vacant lots will benefit important aspects of urban bird diver-
sity. This outcome, however, could be counterproductive if
the bird species in small parks occur in low abundance for
short durations and small parks function as population
sinks. Determining the role of park size for avian survival
and fitness would help clarify the value of small parks for
conserving urban bird populations. Conversely, preserving
or ‘greening’ a similarly sized collection of large parks will
likely not result in higher species numbers, but it will provide
opportunities to enhance phylogenetic and functional diver-
sity. Preserving or restoring natural habitats in large parks
is therefore likely to increase the overall diversity of urban
bird assemblages, and if native species occur in high abun-
dance over longer durations and large parks are weaker
population sinks, these changes are likely to provide broader
and more persistent ecological benefits. Our findings suggest
that this would take on greater relevance during the breeding

season, the only season where multiple diversity metrics
displayed positive relationships with park area. In total, our
findings highlight the value of both small and large urban
parks for seasonal bird diversity and the need for regional
prioritization strategies where multiple diversity metrics are
examined across seasons.
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