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Abstract

Global climate models predict increases in the frequency and intensity of extreme climatic
events such as hurricanes, which may abruptly alter ecological processes in forests and thus
affect avian diversity. Developing appropriate conservation measures necessitates identifying
patterns of avifauna response to hurricanes. We sought to answer two questions: (1) does
avian diversity, measured as community similarity, abundance, and species richness, change
in areas affected by hurricane compared with unaffected areas, and (2) what factors are
associated with the change(s) in avian diversity? We used North American Breeding Bird
Survey data, hurricane track information, and a time series of Landsat images in a repeated
measures framework to answer these questions. Our results show a decrease in community
similarity in the first posthurricane breeding season for all species as a group, and for species
that nest in the midstory and canopy. We also found significant effects of hurricanes on
abundance for species that breed in urban and woodland habitats, but not on the richness of
any guild. In total, hurricanes produced regional changes in community similarity largely
without significant loss of richness or overall avian abundance. We identified several potential
mechanisms for these changes in avian diversity, including hurricane-induced changes in
forest habitat and the use of refugia by birds displaced from hurricane-damaged forests. The
prospect of increasing frequency and intensity of hurricanes is not likely to invoke a
conservation crisis for birds provided we maintain sufficient forest habitat so that avifauna
can respond to hurricanes by shifting to areas of suitable habitat.
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Introduction

Studies characterizing avifaunal responses to climate

change have largely focused on changes in spatial and

temporal patterns of migration and nesting due to

advanced phenology (Dunn & Winkler, 1999; Both &

Visser, 2001; Marra et al., 2005; Beaumont et al., 2006;

Thorup et al., 2007; Monohan & Hijmans, 2008), as well

as poleward shifts in breeding range (Thomas & Len-

non, 1999; Brommer, 2004) or wintering range (Butler

et al., 2007; La Sorte & Thompson, 2007). Shifts in ranges

are predicted to have dire implications for landbirds:

under a moderate scenario of warming (2.8 1C by 2100)

approximately 400–550 species may go extinct within 90

years (Sekercioglu et al., 2008). However, shifts in phe-

nology and geographic range are only two potential

outcomes of climate change. Recent observations and

global change models suggest increases in the fre-

quency and intensity of extreme climatic events such

as hurricanes as well (Royer et al., 1998; Goldenberg

et al., 2001; Webster et al., 2005). Such disturbance events

may abruptly alter ecological conditions and processes

in forests and thus affect avian communities (Dale et al.,

2001), but our understanding of the effects of hurricanes

and similar extreme events on avian communities is

limited.
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Hurricanes have direct effects on avian communities

via mortality (Hooper et al., 1990; Collazo et al., 2003)

and indirect effects via alteration of habitat (Wiley &

Wunderle, 1993; Wunderle, 1995; Greenberg & Lanham,

2001). Hurricanes defoliate trees, break tree limbs and

trunks, and uproot trees, altering forest structure and

vegetation productivity in a spatially heterogeneous

manner (Foster, 1988; Brokaw & Walker, 1991; Green-

berg & McNab, 1998). Changes to vegetation conditions

by hurricanes affect food availability (e.g., fruit, flowers,

seeds, and insects), nest and roost sites, and in turn alter

local avian species richness, abundance, or density

(Askins & Ewert, 1991; Wauer & Wunderle, 1992; Teje-

da-Cruz & Sutherland, 2005). These effects are known

from site-specific studies, but it is not clear whether

these changes in avian communities will manifest at

larger spatial scales as well. For example, if birds are

displaced from hurricane-damaged areas then local

declines in richness or abundance may simply reflect

a redistribution of birds to other areas and not mortality.

To determine the extent of hurricane effects on birds,

it is necessary to look for changes in avian diversity in

adjacent, ecologically similar areas that have not been

affected by hurricanes. Identification of hurricane-dis-

turbed and nondisturbed areas is possible with satellite

and aerial imagery: forest cover change analyses can be

used to map the extent of forest disturbance and nor-

malized difference vegetation index (NDVI; Tucker,

1979; Justice et al., 1985) can be used to quantify the

change in vegetation productivity (Ramsey et al., 1997;

Kovacs et al., 2001; Cooke et al., 2007). Using long-term

data from the North American Breeding Bird Survey

(BBS) (Sauer & Fallon, 2008) and a time series of satellite

imagery, we examined the effects of hurricanes on avian

communities across a broad region.

In this study we sought to answer two questions: (1)

does avian diversity, measured as community similar-

ity, abundance, and richness, change in areas affected

by hurricanes compared with unaffected areas, and (2)

what land cover factors are associated with the

change(s) in avian diversity? Our a priori expectation

was that species with similar behavioral traits or func-

tional roles would respond similarly to hurricanes.

Therefore, we grouped species into behavioral or func-

tional guilds according to their migratory habit (neo-

tropical migrant, short-distance migrant, or resident),

breeding habitat (e.g., grassland, shrubland, water,

woodland, urban), nest location (on or near the ground,

or midstory-to-canopy), and nest type (cavity, open-

cup) (Rappole, 1995; Peterjohn & Sauer, 1999; Pidgeon

et al., 2007). We did not classify nest location and nest

type for waterfowl or raptors. See supporting informa-

tion Table S1 for scientific names and guild member-

ships. Although intermediate frequency or intensity of

disturbance may increase diversity (Connell, 1978; Hus-

ton, 1979; Kondoh, 2001), changes in structure due to

habitat disturbance decrease avian species richness and

abundance (Schmiegelow et al., 1997; Boulinier et al.,

2001; Rodewald & Yahner, 2001). Therefore, we ex-

pected community similarity, abundance, and richness

to decrease for most guilds due to loss of canopy cover

and changes in vegetation structure caused by hurri-

canes. We expected greater declines for the resident

guild as residents are affected by hurricanes at the time

of the event and during the winter, whereas short-

distance and neotropical migrant species may avoid

the hurricane or the winter season effect by migrating.

Similarly, we expected greater declines for woodland

species than grassland or urban species due to loss of

forest structure. Three exceptions to our expectations

included shrubland species, ground- or low-nesting

species, and cavity-nesting species. For these guilds,

we expected an increase in abundance and richness

following hurricanes due to increased understory ve-

getation structure and potential nest sites (i.e., snags for

cavity-nesting species) following hurricane disturbance.

Methods

Geographic and temporal information about avian
community similarity, abundance, and richness

We used North American BBS data to quantify commu-

nity similarity, abundance and richness for each guild

by year for the period 1984–2005 (Sauer & Fallon, 2008).

The BBS is a roadside survey of 44000 routes, each

39.4 km long, in the United States and Canada. Each

year volunteers record the number of individual birds,

by species, seen or heard during 50 3-min point counts

conducted at 0.8 km intervals along each route.

A concern with count data such as the BBS is that

species may be present on a route yet not detected

(Thompson, 2002). Nondetection of species that are

present can introduce bias, such as underestimation of

species richness and abundance in communities with

many rare species, and affect variance estimates. We did

not explicitly account for nondetection of species in the

community similarity and abundance analyses as meth-

ods to do so are difficult to implement retroactively for

the BBS (Johnson, 2008). However, we followed stan-

dard protocols for minimizing the potential for other

sources of bias in BBS analyses, including inclement

weather conditions during surveys, routes surveyed

outside of the start and finish time standards or breed-

ing season window for a given location (Bystrak, 1981;

Robbins et al., 1986), and routes surveyed by first year

observers (Kendall et al., 1996). We also removed routes

lacking at least one survey before and after a hurricane,
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routes experiencing multiple hurricanes such that we

could not isolate at least five hurricane-free years pre-

ceding or following a hurricane event, and routes

located outside of the five focal area boundaries (see

‘Linking hurricane disturbance to bird response’). We

omitted unidentified species that could not be reliably

assigned to a species based on geographic location and

grouped subspecies at the species level (e.g., northern

flicker, yellow-rumped warbler, and dark-eyed juncos).

Finally, all species with 430 route-year observations,

meeting the above requirements, were included in the

analysis. The resulting data consisted of counts of

individuals for each species by route, grouped by guild,

which we used for the community similarity, abun-

dance, and richness analyses.

We determined community similarity by guild for

each route using the formula:
Pn

i piqi
Pn

i ðpi � qiÞ2 þ
Pn

i piqi

;

where pi is the proportional abundance of species i in

community p, qi is the proportional abundance of spe-

cies i in community q, and n is the pooled count of

species observed in communities p and q (Yue & Clay-

ton, 2005). The Yue–Clayton index calculates similarity

based on species proportions of both shared and non-

shared species among two communities. In this case, p

represents abundance for the community of a route in

year t and q represents abundance for the community of

the same route in year t 1 1. The range of this index is

0–1, with 0 indicating completely different communities

and 1 indicating identical communities with respect to

species richness and species proportion. Thus, the Yue–

Clayton index is sensitive to changes in three common

measures of biodiversity: richness, abundance, and

evenness (Buckland et al., 2005). When the species

proportions are uniform, the Yue–Clayton index is

identical to Jaccard’s index (Yue & Clayton, 2005).

We estimated route-level richness, by year and guild,

from the counts of individuals for each species using the

program COMDYN (Hines et al., 1999). COMDYN provides

an adjusted estimate of species richness to account for

differences in species detection probability by treating

10-stop segments along a BBS route as replicate samples

of the bird community along the route.

Linking hurricane disturbance to bird response

We selected five focal areas along the Gulf Coast and

Atlantic Coast of the United States based on the inter-

section of hurricane tracks and a time series of annual or

biennial Landsat TM/ETM 1 imagery (30 m pixel size)

for the period 1984–2005 (Huang et al., 2009a) (Fig. 1).

Each focal area was approximately 185 km� 185 km.

Four Category 1 or greater hurricanes on the Saffir–

Simpson scale, defined as sustained winds exceeding

119 km h�1, made landfall within the focal areas during

the study period. Hurricane Hugo made landfall in

South Carolina on September 22, 1989 as a Category 4

Fig. 1 Location of focal areas, hurricane tracks, and (inset) Breeding Bird Survey routes with corresponding 19.7 km buffers.
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hurricane. Hugo persisted as a Category 1 hurricane

through Charlotte, North Carolina, 320 km from the

Atlantic Coast; therefore we included Hugo in two

different focal areas. Hurricane Bob made landfall on

August 19, 1991 on Rhode Island and continued

through southeastern Massachusetts as a Category 2

hurricane. Hurricane Earl made landfall on September

3, 1998 as a Category 1 hurricane near Panama City, FL.

Hurricane Georges made landfall on September 28,

1998 near Biloxi, Mississippi as a Category 2 hurricane.

Land cover change was assessed using the time-series

satellite imagery via per-pixel time series analysis. For

each image in the time series, disturbed forest was

identified using an integrated forest index (IFI), a forest

change detection algorithm that quantified the prob-

ability of a pixel being a forest pixel based on spectral

values (Huang et al., 2008). We used the IFI and a

vegetation change tracker algorithm to identify six land

cover change classes for each image year: persistent

forest, persistent nonforest, persistent water, disturbed

forest, postdisturbance forest, and postdisturbance non-

forest (Huang et al., in press). Disturbed forest was

synonymous with forest loss relative to the previous

image. Postdisturbance forest and postdisturbance non-

forest represented the return to forest or retention of

nonforest cover, respectively, following disturbance.

The magnitude of forest disturbance was characterized

as the change in several spectral indices, including an

integrated Z-score index, NDVI, and normalized burn

ratio index. The accuracy of the forest disturbance maps

was assessed for a stratified random sample of

pixels and compared on a per-pixel basis with visual

assessments of disturbance history (from the Landsat

imagery) and postdisturbance land cover (from high-

resolution aerial photography). The overall accuracy

(diagonal of the error matrix) ranged from 78% to

87%, and the accuracy increased when multiple forest

disturbance events were taken into account (Huang

et al., 2009b, Huang et al., in press).

We used distance from a hurricane track to BBS route

center and distance from BBS route center to the nearest

coast as proxies for the magnitude of disturbance for

nonforest, water, and postdisturbance nonforest land

cover classes. We classified routes within 30 km of a

hurricane track as high disturbances and routes 30–

185 km from a hurricane track as low disturbances. The

cutoff was based on data from Hurricane Katrina in-

dicating that the heaviest disturbance in bottomland

hardwood and hardwood pine stands occurred within

30 km of a hurricane track (467% tree blowdown;

Kupfer et al., 2008).

For each BBS route within the focal areas, we quanti-

fied the proportion of each land cover class and the

mean and standard deviation of vegetation productivity

within a 19.7 km radius circle (1/2 of route length)

centered on the centroid of a minimum bounding

rectangle encompassing the route (hereafter, circular

landscape; Flather & Sauer, 1996; Pidgeon et al., 2007).

Defining the spatial extent of the observation unit on

BBS route length would be a weak design if such an

observation scale was ecologically irrelevant to birds.

The population process that links the circular landscape

to avian ecology is dispersal. Understanding and pre-

dicting the effects of landscape alteration on the biota

must account for the dispersal characteristics of the

target species (Turchin, 1998; Clobert et al., 2001).

Among birds, the most extensive movement takes place

before an individual’s first reproductive event and is

termed natal dispersal (Greenwood, 1980; Sutherland

et al., 2000). We assume that natal dispersal distance is

an index of the spatial extent over which populations

integrate the effects of the landscape surrounding a BBS

route. Our 19.7 km buffer radius approximates the

median maximum natal dispersal distance of 31.0 km

for 98 forest-associated North American landbirds (C.H.

Flather, unpublished results) based on allometric rela-

tionships developed by Sutherland et al. (2000). We

included in the analysis only routes for which 480%

of the area of this circular landscape was located within

a focal area.

Statistical analyses

Because the BBS data and satellite imagery consisted of

multiple observations for the same BBS routes over time

we used a mixed-effects model for repeated measures,

with year as the repeated effect and route as the subject

(random effect), to examine the effects of hurricanes on

avian communities for all routes located within the five

focal areas. We fit separate models for each response

variable: guild community similarity, guild abundance

(sum of abundance for all guild members), and guild

richness. We applied a logarithmic transformation to

the abundance response variable to meet assumptions

of normality and homogeneity of variances.

We did not have sufficient route-year observations to

fit a separate model for each hurricane or for hurricanes

grouped by Saffir–Simpson hurricane category. Instead,

we used a hurricane-centric definition of time to in-

crease sample size and facilitate fitting models of multi-

ple hurricanes simultaneously. That is, we defined 10

time periods such that Periods 1–5 corresponded to the

5 years preceding a hurricane, and Periods 6–10 the 5

years after a hurricane. All hurricanes occurred be-

tween the breeding seasons of Periods 5 and 6.

To assess change in avian diversity due to hurricanes

(question 1), we tested for main effects of time (Period

1–Period 10) and distance to hurricane track (DistHurr

908 C . D . R I T T E N H O U S E et al.

Published 2009
This article is a US Government work and is in the public domain in the USA, 16, 905–917



o30 km or DistHurr 30–185 km), as well as a time�
distance to hurricane interaction term. An effect of

hurricanes on avian diversity may manifest as a sig-

nificant main effect of time when avian diversity

changes following a hurricane. However, a significant

effect of time may arise from changes in avian diversity

preceding the hurricane as well. In these cases, we

tested significance of pair-wise comparisons of time

periods (e.g., Period 1 vs. Period 2) using a Tukey–

Kramer adjustment for multiple comparisons. The

clearest indication of an effect of hurricanes on avian

diversity would be a significant interaction term indi-

cating a differential effect of time near the hurricane

track compared with away from the hurricane track. We

conducted this analysis for all routes within the focal

areas that met our selection criteria. We also determined

whether the effects of hurricanes identified within the

five focal areas were representative of the effects of

hurricanes in the eastern United States by repeating

the analysis for all BBS routes located within 185 km of a

hurricane track. In both the focal areas analysis, and the

broad-scale analysis, we included a random effect of

observer to account for differences in detection ability

among observers.

For routes located within the focal areas, we carried

factors forward to the second analysis if guilds exhib-

ited significant main effects or a significant interaction

term. We did not continue analyses for guilds with no

significant effects of time, distance to hurricane track, or

the interaction term. To identify landscape factors asso-

ciated with the changes in avian diversity within the

five focal areas (question 2), we included all significant

effects identified in the first analysis as well as the BBS

route attributes of distance to coast, ecoregion (Bailey,

1995), vegetation productivity, and land cover class.

We used Akaike’s Information Criterion (AIC) to

determine which covariance structure was appropriate

for the main effects model in the first analysis and for

the initial model in the second analysis that contained

all factors (Wolfinger, 1993, 1996). In the second analysis

we used a backwards step-wise procedure, forcing

retention of significant main effect(s) or the interaction

term identified in the first analysis, to obtain a final

model for each guild that contained factors with a

P-value o0.05 (from a Type 3 test of fixed effects). We

conducted all analyses using the MIXED PROCEDURE of SAS

version 9.1 (SAS Institute 2002, Cary, NC, USA).

Results

Our study included 31 BBS routes, 13 routes within

30 km and 18 routes 430 km from a hurricane track,

totaling 139 route-year observations. The average abun-

dance across all species and all routes was 647.00 (SE

9.67) individuals per route for the period 1967–2005

(Table 1). The mean estimated species richness for all

species as a group was 53.60 (SE 0.27) per route, with a

maximum of 77 species. Among the migratory habit

guilds, neotropical migrants had the highest average

species richness while short-distance migrants had the

highest average abundance. The urban guild had the

greatest average abundance and the woodland guild

Table 1 Avian abundance and species richness across all routes (n 5 31 routes) within the focal areas for 1967–2005

Guild

Abundance Richness

Average SE Range Average SE Range

All 647.00 9.67 241–2391 53.60 0.27 26–77

Migratory habit

Neotropical migrants 230.77 4.42 59–1113 28.36 0.21 9–45

Short-distance migrants 255.42 4.69 78–917 15.03 0.08 7–21

Permanent residents 160.80 3.72 21–737 10.21 0.08 4–16

Breeding habitat

Grassland 22.59 0.76 1–125 2.23 0.03 1–5

Shrubland 183.87 3.92 25–743 11.43 0.08 5–18

Urban 204.70 5.24 17–885 8.99 0.07 3–12

Water 37.54 1.54 1–358 4.55 0.11 1–21

Woodland 123.50 2.40 6–427 18.02 0.18 3–29

Nest type

Cavity 107.54 2.02 11–435 10.62 0.08 5–18

Open-cup 347.18 4.93 87–1125 27.73 0.24 13–48

Nest location

Ground- or low-nesting 158.99 3.44 17–717 13.16 0.10 5–21

Midstory or canopy 311.20 5.32 79–1001 24.00 0.20 12–37

Values are individuals (abundance) or number of species (richness) per route.
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had the greatest average richness among the breeding

habitat guilds. The grassland guild had the lowest

average abundance and richness among all breeding

habitat guilds. Among the nest location guilds, the

midstory and canopy nesting guild had greater abun-

dance and richness than the ground and low-nesting

guild.

Changes in avian diversity due to hurricanes

In the focal areas analysis, we found significant effects

of hurricanes on avian diversity that varied by guild but

were not expressed solely in the interaction term as we

expected. The strongest pattern we detected was an

effect of time (Table 2) and a decrease in community

similarity across all focal areas in the first posthurricane

breeding season (Period 6) for all species and for the

midstory and canopy-nesting guild (Fig. 2a and b). For

all species as a group, the immediate posthurricane

change in community similarity was driven by a mean

decrease in abundance of 97 individuals per route

(range 2–261) on 57% of routes (12 of 21) and a mean

increase in species richness of 5.1 species per route

(range 0–17) on 67% of routes (14 of 21) (supporting

information Fig. S1).

When placed within a historical context, the immedi-

ate posthurricane decrease in abundance observed for

all species as a group constituted 15% of the average

abundance for the period 1967–2005 (Table 1, support-

ing information Fig. S1). Similarly, for the midstory and

canopy-nesting guild, the immediate posthurricane

change in community similarity was driven by a mean

decrease in abundance of 57.2 individuals per route

(range 6–158), and a mean increase in species richness

of 2.1 species per route (range 0–7) on 62% of routes (13

of 21) (supporting information Fig. S2). After the initial

posthurricane declines in community similarity for all

species as a group and the midstory and canopy-nesting

guild, community similarity was similar in Periods

7–10, indicating that the changes that occurred in Period

6 persisted for at least 5 years posthurricane (Fig. 2a and

b). We examined whether the posthurricane community

became more similar to the prehurricane community

over time by creating a composite prehurricane com-

munity from the average abundance by species for

Periods 1–5 combined, and then calculating community

Table 2 Effects of time and distance to hurricane track on avian community similarity, abundance, and richness

Community similarity Abundance Richness

Guild Effect F-value* Pr4F F-value Pr4F F-valuew Pr4F

All species Time 2.56 0.0143 0.64 0.7609 2.87 0.0051

Migratory habit

Neotropical migrants Time 0.99 0.4597 2.42 0.0163 3.69 0.0006

Distance 0.01 0.9266 3.06 0.0910 1.45 0.2376

Short-distance migrants Time 2.07 0.0457 0.31 0.9696 0.42 0.9198

Interaction 1.95 0.0605 1.02 0.4317 0.75 0.6630

Breeding habitat

Grassland Time 0.66 0.7423 2.50 0.0132 1.55 0.1440

Interaction 0.96 0.4823 1.88 0.0643 1.66 0.1106

Shrubland Time 3.14 0.0035 1.39 0.2041 0.82 0.6004

Interaction 1.81 0.0836 0.65 0.7484 1.72 0.0948

Urban Interaction 1.43 0.1936 2.63 0.0096 0.80 0.6211

Water Time 1.16 0.3382 1.35 0.2212 1.75 0.0892

Distance 4.64 0.0398 0.13 0.7230 0.00 0.9539

Interaction 0.54 0.8379 1.79 0.0802 1.73 0.0928

Woodland Interaction 1.03 0.4232 2.04 0.0432 0.65 0.7511

Nest type

Open-cup Distance 0.04 0.8483 1.68 0.2055 3.60 0.0679

Nest location

Ground- or low nesting Time 1.57 0.1435 1.31 0.2441 3.05 0.0032

Interaction 2.10 0.0425 0.61 0.7874 1.03 0.4212

Midstory or canopy Time 2.33 0.0251 0.46 0.8965 1.55 0.1440

Significant effects in bold (P � 0.05) or italics (P � 0.10) for emphasis. Values shown for guilds with at least one significant result;

nonsignificant results omitted for clarity.

*df for time and interaction terms are 9, 62; df for distance term are 1, 29 for community similarity analyses.

wdf for time and interaction terms are 9, 90; df for distance term are 1, 29 for abundance and richness analyses.
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similarity for the composite community and each post-

hurricane period (6–10) individually (results not pre-

sented). Similarity to the prehurricane community for

all species as a group and for the midstory and canopy-

nesting guild was low for each period, confirming that

the posthurricane community remained dissimilar to

the prehurricane community for at least 5 years post-

hurricane.

Migratory habit. Contrary to our expectations, we found

no significant effects of hurricanes on permanent

residents. Among migratory habit guilds, the only

significant effect was time (Table 2). Community

similarity for short-distance migrants declined in

Period 4 (preceding the hurricane) and Period 6

(the first posthurricane breeding season; Fig. 2c).

Neotropical migrant abundance and richness varied

over time (Figs 3a and 4a); however, we do not

attribute these changes to hurricanes as they are not

confined to the posthurricane periods and are within

the range of variation observed for the period 1967–2005

(Table 1).

Breeding habitat. We expected hurricanes would

positively affect the shrubland guild and negatively

affect the woodland guild due to hurricane-induced
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changes in forest vegetation. Community similarity

changes for the shrubland guild were statistically

significant (Table 2) with a general trend of increasing

similarity over time (Fig. 2d). Abundance of both

woodland and urban guilds changed over time and

with distance to hurricane track (i.e., a significant

interaction term) (Table 2). Abundance of woodland

species on routes within 30 km of the hurricane track

declined by 20 individuals per route in the year

following the hurricane, but this was within the range

of variation over the 10-year period we examined (Fig.

3b). Abundance of urban species varied by distance to

hurricane track during the prehurricane periods yet

was stable during the posthurricane periods with

higher abundance on routes further from a hurricane

(Fig. 3c). We found no clear effect of hurricanes on

abundance of grassland species abundance despite a

significant effect of time (Table 2). Grassland guild
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abundance was significantly higher in Period 2 (mean

abundance 5 20.4, SE 4.3) than in Period 10 (mean

abundance 5 10.2, SE 2.1) (t-value 5 3.76 on 106 df,

P 5 0.0100) and lower than the long-term average

abundance for the period 1967–2005, indicative of a

decline in grassland guild abundance over time for all

routes (Fig. 3d, Table 1).

Nest type and nest location. We expected hurricanes

would positively affect cavity-nesting species and

ground- and low-nesting species, and negatively affect

midstory and canopy-nesting species. We found no

significant effects of hurricanes on cavity-nesting

species. Community similarity for species nesting

within 1 m of the ground varied over time and by

distance to hurricane track (Table 2) with lower

similarity in the first posthurricane breeding season

on routes located farther from a hurricane track (Fig.

2e). Richness of birds that nest within 1 m of the ground

decreased over time (Fig. 4b).

The broad-scale analysis included 171 routes within

the eastern United States, 42 routes o30 km and 129

routes 30–185 km from a hurricane track, totaling 1236

route-year observations. We found effects of hurricanes

(i.e., significant or marginally significant interaction

term) on richness of all species as a group [F(9, 988)

5 2.55, P 5 0.0068], community similarity of grassland

species [F(9, 973) 5 1.68, P 5 0.089], richness of urban

species [F(9, 987) 5 2.04, P 5 0.0326], community

similarity of open-cup nesting species [F(9, 988) 5 1.82,

P 5 0.0606], and richness of species that nest on or near

the ground [F(9, 988) 5 2.51, P 5 0.0078]. We also detected

significant trends of declining abundance (i.e., significant

effect of time) independent of hurricanes for grassland

species [F(9, 973) 5 10.69, Po0.0001], shrubland species

[F(9, 988) 5 5.03, Po0.0001], woodland species [F(9, 988) 5

2.20, P 5 0.0201], open-cup nesting species [F(9, 988) 5

4.85, Po0.0001], and species that nest on or near the

ground [F(9, 988) 5 9.65, Po0.0001].

Avian diversity, land cover, and vegetation productivity

Although hurricanes caused a threefold increase in the

extent of disturbed forest within the focal areas (Fig. 5),

this factor was associated with changes in community

similarity for only three of the 13 avian groups we

examined, and was not associated with patterns of

avian abundance or species richness (Table 3). In fact,
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Fig. 5 Proportion of disturbed forest within a 1200 km2 circular

landscape surrounding Breeding Bird Survey routes, by distance

to hurricane track for all focal areas. The increase in forest

disturbance in Period 6 is due to hurricanes.

Table 3 Features within the 1200 km2 circular landscape surrounding Breeding Bird Survey routes that affect avian guild response

to hurricanes and the direction of the effect

Effect

Community similarity Abundance Richness

All Short distance Shrub Water Ground Canopy Neotropical Grass Urban Wood All

Distance to hurricane o30 km �
Distance to coast 1 1

Ecoregion 1 1 � 1

Mean vegetation productivity � 1 1 � 1 � 1 1

SD vegetation productivity 1 1 1 � 1 �
Nonforest � � 1 � � 1 � �
Forest � �
Water � � 1

Disturbed forest � 1 �
Postdisturbance forest 1 � 1 �
Postdisturbance nonforest 1 � 1 �

Only significant effects (Po0.05) from the final model for each guild presented. Final models for neotropical migrant richness and

ground- or low-nesting species richness not presented because time was the only significant effect.
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no single factor besides time was associated with all

guilds and measures of avian diversity, indicating that

guild responses to hurricanes depended on local con-

ditions. All factors were included in at least one final

model, but the nature of the association, whether posi-

tive or negative, varied among guilds and among

measures of diversity (Table 3; see supporting informa-

tion Tables S2–S4 for estimated coefficients of all final

models).

The most common factors in the final models were

the proportion of nonforest and the mean vegetation

productivity within route buffers (eight of 13 final

models, Table 3). An increase in the proportion of

nonforest within the circular landscape surrounding

each route decreased avian community similarity, abun-

dance, and richness in six of eight final models. The

association of mean vegetation productivity with avian

diversity was mixed; community similarity and abun-

dance declined as productivity increased in three of

eight cases and increased in five of eight cases (Table 3).

In contrast, an increase in the variation of vegetation

productivity increased community similarity and abun-

dance in four of six cases. Distance to hurricane (one

model), distance to coast (two models), and the propor-

tion of forest within a route buffer (two models) were

not very strongly associated with avian diversity pat-

terns (Table 3).

Discussion

Hurricanes affected avian diversity in our analyses, but

not in the manner that we expected them to. Numerous

studies have documented hurricane-induced changes

in avian richness and abundance at local scales (Askins

& Ewert, 1991; Lynch, 1991; Waide, 1991; Wauer &

Wunderle, 1992; Wunderle et al., 1992; Wunderle, 1995;

Tossas, 2006). Some of these studies also indicated that

avian communities return to prehurricane levels of

richness or abundance prior to the beginning of the

next breeding season or shortly thereafter (Waide, 1991;

Wauer & Wunderle, 1992). Here, we documented regio-

nal changes in avian diversity that persisted for up to 5

years after a hurricane. To our knowledge, this is the

first study to quantify changes in avian diversity that

extend beyond areas directly damaged by hurricanes

and persist over multiple years.

The immediate posthurricane decrease in community

similarity that we observed within the focal areas for all

species as a group and for canopy nesters as a guild can

be attributed to a decrease in abundance and an in-

crease in richness that resulted in a shift in the propor-

tional abundance among species (Fig. 2, supporting

information Figs S1, S2). We attribute this decrease in

community similarity to hurricane-induced changes in

forest habitat. Avian population sizes are reduced in

areas with extensive and severe structural damage to

forests (Wunderle et al., 1992; Tossas, 2006). Hurricane-

created gaps in closed canopy forest increase vertical

structure, primary productivity, insect density, and fruit

production, subsequently increasing avian richness

(Greenberg & Lanham, 2001). We suggest hurricanes

affect broad-scale changes in habitat, lowering carrying

capacity and subsequently reducing abundance for

some species, while simultaneously creating niches

and opportunities for colonization by new species,

thereby increasing richness. This explanation is consis-

tent with theories of the relationships between distur-

bance and diversity. That is, periodic disturbance

promotes diversity by decreasing population size and

increasing environmental heterogeneity (Connell, 1978;

Huston, 1979; Kondoh, 2001).

We expected hurricane disturbance would affect

avian diversity, yet our results suggest that some avian

guilds are resilient or resistant to hurricane disturbance

(e.g., permanent residents, cavity nesters, and open cup

nesters), whereas others are not (e.g., all species as a

group, short-distance migrants, urban, woodland, spe-

cies that nest in the canopy). Notably, the differences in

guild response were not attributed solely to disturbed

forest. The amount of nonforest, postdisturbance non-

forest, and postdisturbance forest within a route buffer

had significant, negative effects in more final models

(10) than did disturbed forest (two final models). This

suggests that hurricane-induced forest disturbance may

have greater effects on avian diversity when coupled

with recent, nonhurricane forest disturbance and con-

version of previously disturbed forest to nonforest. A

potential mechanism for these effects is the loss of

refugia for birds displaced from hurricane-disturbed

areas. In our focal areas, forest was the dominant land

cover type. Other forest-focused studies (e.g., Flather &

Sauer, 1996; Pidgeon et al., 2007) found that avian

abundance and richness are positively correlated with

the amount of forest cover. High winds alter forest

structure in a spatially heterogeneous manner with

the pattern of disturbance dependent on tree position

within the canopy, slope position and exposure, stand

age, and tree species (Touliatos & Roth, 1971; Foster,

1988; Gresham et al., 1991; Greenberg & McNab, 1998).

Where persistent (undisturbed) forest exists in proxi-

mity to disturbed forest it may serve as a refugium for

some species (e.g., canopy-dwelling species). However,

as the proportion of forest on the landscape declines,

the amount of forest that may serve as hurricane refugia

declines as well. In this case, increasing the proportion

of forest on landscapes may be a desirable strategy to

mitigate the effects of hurricanes on avian diversity in

systems where the expected natural vegetation is forest.
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We also found differences in guild response to hurri-

canes within focal areas compared with the broad-scale

analysis that included all BBS routes within 185 km of

hurricane tracks. At the broad scale, hurricanes de-

creased community similarity of grassland birds on

routes near hurricane tracks yet we were unable to

detect this effect in the focal area analysis. Similarly,

within the focal areas hurricanes decreased community

similarity of all species as a group and midstory and

canopy nesting species, yet we were unable to detect

these effects in the broad-scale analysis. These differ-

ences in guild response by spatial extent of the analysis

suggest that local landscape conditions, such as the area

of forest or grassland, may mitigate or exacerbate the

effects of hurricanes on bird communities. Unfortu-

nately we lacked the corresponding land cover change

information to fully investigate this hypothesis at the

broad scale.

Studies that pair BBS data with remote sensing in-

formation offer an opportunity to investigate avian

diversity, population trends, and habitat relationships

at broad spatial and temporal scales (Boulinier et al.,

2001; Coppedge et al., 2001; Donovan & Flather, 2002).

Notably, there are well-known challenges and limita-

tions to these broad scale studies. First, the effect of

hurricanes on probability of detection of individuals

and species are unknown. We observed effects of hurri-

canes on the two response variables, community simi-

larity and abundance, that were not adjusted for

detectability issues. Nondetection of species that are

present can introduce bias, such as underestimation of

species richness or abundance in communities with

many rare species, and affect variance estimates

(Thompson, 2002). Second, the number of BBS routes

included in the analysis was constrained by the avail-

ability of remotely sensed information, which limits our

inference of hurricane effects to those areas studied.

Third, of the five hurricanes studied only one was a

Category 4, all others were Category 2 or lower. We

were unable to assess the effect of hurricane strength on

avian communities although it may have an important

effect on the magnitude and extent of avian response to

hurricanes. Fourth, the forest change detection algo-

rithm (Huang et al., 2008) requires two consecutive

‘nonforest’ spectral values for a pixel in the time series

to identify disturbance. In other words, a single season

of defoliation was not classified as disturbance. The

observed change in community similarity may be due

to unmapped minor but widespread forest alteration

due to hurricanes. Finally, the power of our analysis to

detect an effect of hurricanes when an effect is present

may be low due to the annual variation in avian

communities over time due to nonhurricane factors

(e.g., prehurricane Figs 3 and 4). Each of these issues

could introduce bias or noise that obscures the signals

evident in the data; however, we believe that is unlikely

given that we observed a clear avifauna response across

multiple hurricanes.

The posthurricane changes we observed in commu-

nity similarity of all species as a group, and of midstory

and canopy-nesting species, were due to subtle changes

in richness and abundance. We identified several po-

tential mechanisms for these changes in avian diversity,

including hurricane-induced changes in forest habitat

and the use of refugia by birds displaced from hurri-

cane-damaged forests. Changes in community similar-

ity persisted for up to 5 years after a hurricane. If the

return interval for hurricanes reaches a frequency of 5

years or less, the shifts in community similarity that we

observed may persist or community similarity may

decrease further. However, our results suggest that the

prospect of increasing frequency and intensity of hurri-

canes, while daunting for other societal reasons, are not

likely to invoke a conservation crisis for birds provided

we maintain sufficient mature forest habitat so that

avifauna can respond to hurricanes by shifting locations

to areas of suitable habitat.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Changes in richness and abundance for all species

and all focal areas combined. (A) Period 5 (light gray, n 5 23

routes), (B) Period 6 (medium gray, n 5 21 routes), and (C)

Period 7 (dark gray, n 5 24 routes) presented. These periods

correspond to the ‘V’ in the community similarity in

Figure 2a.

Figure S2. Changes in species richness and abundance for

mid-story and canopy-nesting species for all focal areas

combined. (A) Period 5 (light gray, n 5 23 routes), (B) Period

6 (medium gray, n 5 21 routes), and (C) Period 7 (dark gray,

n 5 24 routes) presented. These periods correspond to the ‘V’

in the community similarity in Figure 2b.

Table S1. Classification of species by guilds. Habitat type

guilds are not mutually exclusive.

Table S2. Estimated coefficients and SE for final models of

richness.

Table S3. Estimated coefficients and SE for final models of

abundance.

Table S4. Estimated coefficients and SE for final models of

community similarity.
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