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Snag characteristics and dynamics following natural and artificially
induced mortality in a managed loblolly pine forest
Stanley J. Zarnoch, Mark A. Vukovich, John C. Kilgo, and John I. Blake

Abstract: A 14-year study of snag characteristics was established in 41- to 44-year-old loblolly pine (Pinus taeda L.) stands in
southeastern USA. During the initial 5.5 years, no stand manipulation or unusually high-mortality events occurred. Afterwards,
three treatments were applied consisting of trees thinned and removed, trees felled and not removed, and artificial creation of
snags produced by girdling and herbicide injection. The thinned treatments were designed to maintain the same live canopy
density as the snag-created treatment, disregarding snags that remained standing.Wemonitored snag height, diameter, density,
volume, and bark percentage; the number of cavities wasmonitored in natural snags only. During the first 5.5 years, recruitment
and loss rates were stable, resulting in a stable snag population. Large snags (≥25 cm diameter) were common, but subcanopy
small snags (10 to <25 cm diameter) dominated numerically. Large natural snags survived (90% quantile) significantly longer
(6.0–9.4 years) than smaller snags (4.4–6.9 years). Large artificial snags persisted the longest (11.8 years). Cavities in natural snags
developed within 3 years following tree death. Themean number of cavities per snag was five times greater in large versus small
snags and large snags were more likely to have multiple cavities, emphasizing the importance of mature pine stands for
cavity-dependent wildlife species.

Résumé : Une étude d'une durée de 14 ans portant sur les caractéristiques des chicots a été établie dans des peuplements de pin
à encens (Pinus taeda L.) dans le sud-est des États-Unis. Durant les 5,5 premières années, il n'y a eu aucune intervention ni épisode
de mortalité inhabituellement élevée. Par la suite, trois traitements ont été appliqués : éclaircie avec enlèvement des arbres
abattus; abattage d'arbres laissés sur place; et création artificielle de chicots par annélation et injection d'herbicide. Les éclaircies
ont été planifiées demanière à conserver la même densité de couvert forestier vivant que le traitement de création de chicots en
ne tenant pas compte des chicots qui sont demeurés debout. Nous avons effectué un suivi de la hauteur, de la densité et du
volume des chicots ainsi que du pourcentage d'écorce sur les chicots; le nombre de cavités a été relevé sur les chicots naturels
seulement. Pendant les 5,5 premières années, les taux de recrutement et de perte sont demeurés stables, d'où une population
stable de chicots. Les gros chicots (diamètre ≥ 25 cm) étaient communs mais les petits chicots (diamètre = 10 à < 25 cm) en
sous-étage dominaient en nombre. Les gros chicots naturels ont survécu (quantile 90%) significativement plus longtemps
(6,0–9,4 ans) que les chicots plus petits (4,4–6,9 ans). Les gros chicots artificiels ont persisté le plus longtemps (11,8 ans). Des
cavités se sont formées dans les chicots naturels moins de trois ans après la mort des arbres. Le nombre moyen de cavités par
chicot était cinq fois plus élevé sur les gros chicots que sur les petits et les gros chicots était plus susceptibles d'avoir plus d'une
cavité, faisant ressortir l'importance des pinèdes matures pour les espèces sauvages dont le sort est lié à la présence de cavités.
[Traduit par la Rédaction]

Introduction
Snag recruitment and loss are key processes in regulating the

quantity of coarse woody debris (McMinn and Crossley 1996).
Snags themselves are an important resource for many wildlife
species (Davis et al. 1983). However, complex interactions between
vegetation structure and ecological processes such as predation,
competition, and foraging appear to preclude simple relation-
ships between snag density and species abundance in nonman-
aged forest landscapes at least for avian species for whichmuch of
the research on snags has been performed (Wiebe 2011). Neverthe-
less, evidence exists that inmanaged forests, snags and associated
cavity resources can limit occurrence or density of some cavity-
nesting species (Homyack et al. 2011).

Forest management practices can affect snag density, snag spe-
cies, and other snag characteristics (Land et al. 1989). Snag size is
influenced by forest age (Ohmann et al. 1994), and the number of
snags can be affected by thinning (Hagar et al. 1996). Although
management is typically believed to limit snag resources, it can
also increase them through actions such as prescribed fire

(Sullivan et al. 2003), establishment of high stem densities that
leads to density-dependent tree mortality (Garber et al. 2005), and
thinning that induces root disease mortality (Barnard 1999).

The influence of the wide variety of management activities on
snag attributes (density, species, and dynamics) has important
implications for conservation (McMinn and Crossley 1996). The
southern USA region is characterized by high snag-decay rates
(disintegration of wood) that result in a rapid loss (falling) of snags
that become down woody debris (Conner and Saenz 2005) com-
pared with more northern temperate forests (Garber et al. 2005,
Dunn and Bailey 2012). Following tree death,Moorman et al. (1999)
observed a 95% loss of pine snags in 6 years and Conner and Saenz
(2005) observed a 90% loss of large pine snags in 10 years. Both
Moorman et al. (1999) and Radtke et al. (2009) reported that diam-
eter at breast height (1.37 m; DBH) did not affect loss rate.

In 1995 a large-scale 14-year experiment was installed in 41- to
44-year-old loblolly pine (Pinus taeda L.) stands to test the impact of
levels of coarse woody debris, both down logs and snags, on se-
lected vertebrate and invertebrate populations (McCay et al. 2002).
In conjunction with this study, we determined annual stocks as
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well as recruitment and loss rates for snags in stands subject to
thinning and burning, along with experimental treatments in-
cluding artificial creation of snags by killing trees with girdling
and herbicide injection. We examined snag dynamics of annual
cohorts and tested the relationship between snag survival and
snag age, size, and treatment, including cause of death (natural
versus artificial). Our objective was to test the following hypothe-
ses. First, based upon previous studies in the region (Moorman
et al. 1999; Radtke et al. 2009), we expected that loss rates would
be independent of snag diameter (diameter at breast height, DBH)
and would fall within the range of previous studies. Second, loss
rates would be unaffected by thinning and felling practices, or
artificial snag creation. Our null hypothesis reflects the limited
evidence for these effects in the southern forest (Homyack et al.
(2011). Third, that cavity occurrence would increase with DBH
(Rosenberg et al. 1988; Sabin 1991) and snag age as a result of decay
conditions (Cain 1996).

Methods
We conducted the study at the US Department of Energy's

Savannah River Site (SRS), an 80 000-ha National Environmental
Research Park in Aiken and Barnwell counties, South Carolina (Kilgo
and Blake 2005), in the Upper Coastal Plain and Sandhills physio-
graphic provinces.

Experimental design
We installed the study in four large loblolly pine stands that

were established on old fields between 1951 and 1953 when the
SRS conducted a major reforestation program. The soils are pre-
dominately loamy to fine-loamy, kaolinitic, thermic arenic plin-
thic kandiudults in the US taxonomic classification. Our study
was a subset of a multidisciplinary experiment and was estab-
lished in three 9.1-ha plots in each of the four stands beginning in
December 1995–January 1996. These stands were operationally
thinned 1–5 years prior to study establishment. Stocking levels in
recently thinned stands of this age class at SRS are typically 18–
20 m2·ha−1 of basal area (BA). Prescribed burning was performed
on these stands within three years prior to study initiation, and
subsequently in early 2000 (3 stands), early 2001 (1 stand), and
finally in spring 2004 (3 stands).

The study spanned a 5.5-year pre-snag treatment period (pre-
treatment; 1996 to early-2001) and an 8.5-year post-snag treatment
period (post-treatment; mid-2001 to 2009). We used a randomized
block designwhere one plot in each of the four stands (blocks) was
randomly assigned to one of three treatments as follows: standing
woody debris (SWD), down woody debris (DWD), and control
(CON). In the pretreatment period, all three treatments received
no stand manipulation and were effectively identical except that
in the DWD treatment all down woody debris was cut with power
saws, placed in a trailer, and removed by a small farm tractor,
which was required to meet another objective of this study.

At the beginning of the post-treatment period we implemented
catastrophic pulse treatments in March–April 2001. Our goal was
to increase snag BA levels on SWD by about 10-fold above that
observed during the pretreatment period in CON and SWD treat-
ments, which averaged approximately 0.50 m2·ha−1 in 1999. In
every plot we designated approximately 5 m2·ha−1 BA for applica-
tion of one of the three treatments by marking all live trees in
12 evenly spaced, 3.75-mwideparallel strips. Depending on the treat-
ment assigned to each plot, these trees were then either thinned
and removed (CON), felled with only tops removed (DWD), or
killed by mechanical girdling and herbicide injection (SWD).
These post-treatments affected an average of 22% of the live BA in
the plots, which averaged 20.1m2·ha−1 just prior to treatment. The
CON plots were thinned to maintain the same level of canopy
disturbance as on SWD and DWD. The DWD treatment was iden-
tical to the CON in all respects related to snag management, and
differed only in regard to the addition of downed logs during

post-treatment. We created snags in SWD by double chain saw
girdles at 1m aboveground, followed by injection of Pathway (5.4%
picloram and 20.9% 2,4-D-amine) diluted in water into the girdled
area. Many of these injected trees died in the first 6–8months, but
we re-treated trees that showed evidence of slow crown death in
November 2001. We felled trees for the DWD treatment using
chain saws during August 2001 and thinned trees for the CON
treatment during August–October 2001 using a feller-buncher and
skidded the material off the plots.

Monitoring
Within each 9.1-ha plot we established sixteen 50 m × 50 m

subplots (four rows of four subplots each) in the central 4 ha.
During pretreatment through the first post-treatment measure-
ment in December 2001, we monitored all 16 subplots. However,
the large amount of material generated by SWD and DWD during
post-treatment compelled us to reduce monitoring to eight and
six randomly selected subplots per plot on those treatments, re-
spectively, although we continued to monitor all 16 subplots on
CON. Pretreatment measurements were initially conducted in
January–February 1996 and, subsequently, during summer (May–
August), except in 2001 when we monitored in January–February
just prior to application of the treatments. We made a measure-
ment in December 2001 (designated as 2001.9) on all subplots to
characterize the immediate impact of the treatments. We contin-
ued post-treatment monitoring during the winter (January–
March) of 2003 through 2008. During 2009, we monitored only
CON and SWD treatments.

In 1997 we began tagging all snags (≥10 cm in DBH) with a
unique number at the time of first occurrence to maintain indi-
vidual snag identity. A total of 724 and 2024 unique snags were
monitored during the pretreatment and post-treatment periods,
respectively. We measured annually the following characteristics
of each snag ≥2 m tall: species group (pine or hardwood), height
(HT), DBH outside bark, height to 10 cm diameter or height to the
snag break point if the snag broke below the 10 cm diameter point
on the bole (HT10), and estimated diameter outside bark (DOB) at
HT10. For snags <2 m tall, we measured HT10 and midpoint diam-
eter (D) between the ground and HT10. We estimated percentage
of bark remaining on the surface of every snag in 10% intervals.
We recorded the number of cavities in every snag during 1997–
2001.9 only.

The calculation of snag volume in cubic meters (m3) outside
bark from the ground to HT10 depended on whether the snag
was <2 m (VS) or ≥2 m (VL). We calculated VS as

(1) VS � 3.14� D
2�100��2HT10

For snags ≥2 m, we based volume on a frustum of a cone. We
computed the ground diameter outside bark (G) as

(2) G � DBH � 1.37�DBH � DOB
HT10 � 1.37 �

We then calculated volume outside bark as

(3) VL � 3.14��DOB � G
2 �

2�100�
�2

HT10

Statistical analysis
We compared plot-level snag density (number·ha−1) and volume

(m3·ha−1) among treatments separately for each time period. We
further subdivided response variables by snag size, defining small
snags as <25 cm DBH and large snags as ≥25 cm DBH at their
initial measurement. This break point characterizes pine stands
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grown on old-field sites, which typically have a two-age structure
associated with succession and understory tree regeneration fol-
lowing thinning disturbances (Fig. 1a). This break point carried
over to the post-treatment period and, despite the treatments, it
captures the relatively distinct distribution of the small snag and
large snag classes (Fig. 1b). We combined both pine and hardwood
snags within each DBH class. Pines were 37% and 75% of the small
snag observations during pretreatment and post-treatment, re-
spectively, and 96% and 97% of the large snags.

We used a randomized-block, repeated-measures design with
blocks as the random factor, treatments as the fixed factor, and
year as the repeated measures factor (Littell et al. 2006). We used
PROC MIXED for the analysis, and tested several covariance struc-
tures (variance components, autoregressive, compound symmetry,
unstructured, and Huynh–Feldt) with the denominator degrees of
freedom option ddfm=kenwardroger (SAS Institute Inc. 2004). The
autoregressive with a one-year lag covariance structure per-
formed the best according to Akaike's information criterion
corrected and was used for all repeated measures analyses. If in-
teraction was not significant but either or bothmain effects were,
we used the Tukey–Kramermultiple comparison procedure at the
� = 0.05 type I error level to separate least-squares means within
any significant factor. When interaction was significant, we ob-
tained treatment-year least-squares means and performed slice
option F tests, which, if significant, were followed by all pairwise
treatment comparisons within each year, controlling the type I
experimentwise error at 0.05 for the three comparisons within
each year by using the Bonferroni-corrected � of 0.05/3 = 0.0167.
Most variables satisfied the normality and homogeneity of vari-
ance assumptions. We evaluated conformance to normality
mainly with estimates of skewness and kurtosis and histogram
plots of residuals. We inspected homogeneity of variances with
plots of residuals versus predicted and versus treatments, and
with comparisons of estimates of variance among treatments.
We also performed formal tests for normality (Shapiro–Wilk,
Kolmogorov–Smirnov, Anderson–Darling, Cramer – von Mises)
and homogeneity of variance (Brown–Forsythe, Levine, Obrien,
and Bartlett), but since they were sensitive to sample size and,
thus, gave mixed results, we did not rely on them as the main
criteria for assumption validation. In a few isolated instances a log
transformation may have been appropriate for better conforma-
tion to normality or homogeneity of variances, but we did not use
transformations to preserve consistency between the analyses
and to avoid back-transforming the least-squares means.

Recruitment rate is the proportion of new snags observed in a
year, and is derived from the total number of snags not previously
observed. Thus, 1998 was the first year recruitment could be deter-
minedbecausewedidnot identify snags by the taggingmethoduntil
1997. Likewise, loss rate is derived from the number of snags last
observed in the previousmeasurement period relative to the current
measurement and, therefore, lost during the interval. Thus, our loss
rate ends in 2008 as the last year of observation was 2009.

We used the LIFEREG procedure (SAS Institute Inc. 2004) to fit
models to predict snag survival as the number of years until a snag
fell. Wemodeled snag survival separately for pretreatment (snags
first observed 1998–2001) and post-treatment (snags first observed
2001.9–2008). The number of years until a snag fell was calculated
as the difference between the last year a snag was observed and
the year it first appeared. The log of zero is undefined so we did
not include snags that were only observed in one year nor did we
consider snags initially observed in 2009 (because their last year
was indeterminate). Themodel was developed as a linear function
of treatment (CON, DWD, and SWD), initial snag size class (small
and large snags), and their interaction, with the dependent vari-
able being the log of number of years until a snag fell. If the
treatment × size interaction was not significant, we removed it
from the model. If a snag had not fallen by the end of the study
(2009), we classified it as right censored, indicating that the exact

value of the observation (years until the snag falls) was unknown,
but the value was at least as large as the observation. Including
such censored data in the LIFEREG procedure prevents a bias that
would result if it was simply removed from the analysis. We spec-
ified the Weibull distribution for the distribution of the depen-
dent variable. For each treatment and size class we obtained the
predicted time for 50% and 90% of the snags to fall, and we con-
structed 95% confidence intervals for the log of time and then
transformed back to time. We defined the survival model as

(4) u � log�time� � B0 � B1 × treatment � B2 × size
� B3 × treatment × size

where time is the number of years until a snag fell, and B0, B1, B2,
and B3 are estimated parameters. The probability of snag survival
to a specified age is then given by

(5) S(age) � exp��[age × exp(�u)]1/scale�

where scale is an estimated parameter.
The age quantile, where Q is the proportion (0 to1) of the snags

that have fallen, is calculated as

Fig. 1. Diameter distribution for the number of snags per hectare
for control (CON), down woody debris (DWD), and standing woody
debris (SWD) treatments during pretreatment (a) and post-treatment
(b) periods.
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(6) age � �[�ln(1 � Q)]scale�/exp(�u)

We monitored cavities in natural snags during the pretreat-
ment and first year post-treatment period. We eliminated data
from the SWD treatment in 2001.9 because it contained artificial
snags. We used �2 tests to determine if the proportions of snags
with at least one cavity and multiple cavity formation (two or
more per snag) were independent of DBH in 1998 and 2001, which
were years near the beginning and end of cavity data collection.
To assess the effect of snag age on the timing of cavity formation,
we calculated the proportion of snags with their first cavity for
each cohort for ages 0 through 4 years and the proportion of all
snags with at least one cavity for each cohort. The first cavity
proportion represents the probability that a snag that had no
cavities prior to that age will develop a cavity at that age; that is, it
shows the vulnerability of a snag at a given age to first cavity
formation. We also assessed whether the bark percentage for
snags at the time of initial cavity formation was the same as snags
of the same cohort age without cavities using two-sample t tests
with equal variances.

Results

Plot-level responses
Snag DBH distributions during the pretreatment period were

similar among treatments with the majority of snags being in the
small size class (Fig. 1a). There were 5.59 small snags·ha−1 (SE =
1.90) and 3.26 large snags·ha−1 (SE = 0.48) during the pretreatment
period with corresponding volumes of 0.41 m3·ha−1 (SE = 0.15) and
2.02 m3·ha−1 (SE = 0.27). The snag creation treatment in SWD
resulted in a shift to more snags in the larger DBH classes com-
pared with the natural distributions in CON and DWD (Fig. 1b).

Few differences were detected among treatments during pre-
treatment, as expected, since snag manipulation did not occur
during this period. There was a significant (p = 0.041) treatment ×
year interaction for small snag volume, but this variable did not
differ significantly among treatments within a given year. Simi-
larly, density of large snags differed among years during pretreat-
ment (p = 0.028), with a tendency to increase by 0.55 snags·ha−1

over the period 1996 to 2000 (Fig. 2), but the Tukey–Kramer
multiple-comparison procedure did not detect any significant dif-
ferences between years. Thus, removal of down woody debris dur-
ing the pretreatment period in DWD, which was the only
manipulation difference between the treatments, did not affect
plot-level snag density or volume.

The SWD treatment increased total snag density 6.7-fold overall
and increased large snags 16-fold over the pretreatment baseline
average. The average natural and created snag BA in 2001.9 SWD
post-treatment plots was 5.2 m2·ha−1. During the post-treatment
period, snag density and volume for small snags had no signifi-
cant treatment or treatment × year effects but differed among
years (Table 1). Snag density increased abruptly between 2004 and
2005 over all treatments (Fig. 2). In contrast, all treatment, year,
and treatment × year effects were significant for large snags dur-
ing post-treatment (Table 1). The snag creation treatment on SWD
resulted in a significant treatment × year interaction owing to
increases in density and volume of large snags on SWD relative to
CON and DWD from 2003 to 2008 (Table 1 and Fig. 2). The year
effect for large snags corresponds to the increase in the snag
density and volume on SWD between 2001.9 and 2005–2006, fol-
lowed by a decline thereafter.

The dynamics during pretreatment (Fig. 2) were characterized
by the relative stability of the small and large snag populations
across treatments, with low background recruitment and loss
rates (0–2 snags·ha−1·year−1; Fig. 3); this contrasted with the
dynamics during post-treatment. From the beginning of post-
treatment through 2004 small snags exhibited a slight increase in

Fig. 2. Number of small (<25 cm DBH) (a) and large (≥25 cm DBH)
(b) size snags per hectare for the control (CON), down woody
debris (DWD), and standing woody debris (SWD) treatments
during the pretreatment (1996–2001) and post-treatment
(2001.9–2009) periods.
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Table 1. Results (p values) from the analysis
on snag density and volume for treatment,
year, and their interaction for small
(<25 cm DBH) and large (≥25 cm DBH) size
snags during the post-treatment period.

p

Source
Density
(snags·ha−1)

Volume
(m3·ha−1)

Small snags
Treatment 0.995 0.849
Year <0.001 <0.001
Treatment × year 0.998 0.778
Large snags
Treatment <0.001 <0.001
Year <0.001 <0.001
Treatment × year <0.001 <0.001
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density for SWD,while CON andDWDhad a comparable decrease,
but large snags exhibited a major increase in the SWD treatment
comparedwith CON andDWD (Fig. 2), which ismainly due to snag
creation in the SWD treatment. The large increase in small snags
across all treatments in 2005, accompanied by only a minor in-

crease in large snags, is likely attributable to a regionwide severe
ice storm on 26–27 January 2004 (Aubrey et al. 2007). The small-
and large-snag recruitment rates (Fig. 3) differentiate the two
high-mortality events during post-treatment; peaks in 2005 for
small snags and in 2003 for large snags created by the SWD

Fig. 3. The rates of recruitment (a and b), loss (c and d), and net change (e and f) for small (<25 cm DBH) and large (≥25 cm DBH) size snags,
respectively, for the control (CON), down woody debris (DWD), and standing woody debris (SWD) treatments during the pretreatment
(1996–2001) and post-treatment (2001.9–2009) periods. Net change is defined as recruitment minus loss.
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treatment, both of which were followed by sharp declines in
recruitment that approached levels observed during the pretreat-
ment period.

Survival analysis
Both treatment and snag size class explained significant varia-

tion in the snag survival models for the pretreatment and post-
treatment periods (Table 2). The pretreatment model consisted of
treatment (p < 0.0001) and size (p = 0.0007) and was based on 312
noncensored and 16 right-censored observations. During pretreat-
ment, the model predicted survival age at the 50% quantile for
small snags across the three treatments ranging from 1.8 to
2.8 years and for large snags from 2.4 to 3.8 years. Snag longevity
(90% quantile) during pretreatment was greatest in the CON treat-
ment and in the large snag size class, wheremost small snagswere
lost within 4–7 years and large snags within 6–10 years (Table 2).
The post-treatmentmodel consisted of treatment (p < 0.0001), size
(p< 0.0001), and treatment × size (p< 0.0001), andwas based on 917
noncensored and 344 right-censored observations. As in pretreat-
ment, the post-treatment 50% quantile for small-snag survival age
was lower than for large snags across treatments (Fig. 4), ranging
from 1.7 to 2.2 years (Table 2). Longevity (90% quantile) for large
snags was greatest for SWD (11.8 years), followed by CON
(7.6 years), and DWD (4.8 years). The SWD natural large snags
represented by the pretreatment model did not persist as long as
the SWD artificially created large snags, which comprised the
majority of the population for the post-treatment model
(Table 2).

Cavity dynamics
The proportion of snags having at least one or two or more cav-

ities was significantly related to DBH class for both survey years
1998 and 2001 (all �2 tests had p < 0.0001; Fig. 5). The proportion
increased from less than 0.10 in the smallest DBH classes to a
maximum of 0.37 and 0.28 for snags forming at least one and two
or more cavities, respectively. The trend plateaued between 25
and 40 cm DBH. The proportion of snags with their first cavities
increased with snag age through age 3 years and then declined to
zero at age 4 years (Table 3). The effect of age on cavity formation
is also illustrated by the proportion of snags with at least one

cavity, which increased from 0.02 at age 0 years to 0.22 at age
4 years (Table 3). This proportion is higher than the first cavity
proportion, since the values represent cumulative cavity forma-
tion. The bark percentage for snags at the time of initial cavity
formation was about 15% less than snags of the same age without
cavities (Table 3). The two-sample t tests comparing bark percent-
age between snags with and without initial cavities resulted in
significance only for age 2 years (p = 0.0379).

Discussion
We conducted our study in a forest type that dominates the

southern USA and in an age class believed to be important for
snag-dependent species. Prior to thinning and snag creation, snag
densities and volumes were generally similar to those reported
from other studies in the region. Our densities were similar to
those reported by Moorman et al. (1999) for >40-year-old pine
plantations in the Upper Piedmont of South Carolina, and were
within the broad range reported by Land et al. (1989) for Florida
pine plantations. However, our densities were greater than those
reported byMcComb et al. (1986) for similar-aged pine plantations
in Florida and by Homyack et al. (2011) for younger (30- to 35-year-
old) plantations in coastal North Carolina. We observed a fairly

Table 2. The predicted 50% and 90% snag-survival time quantiles
(years) for the control (CON), down woody debris (DWD), and standing
woody debris (SWD) treatments for small (<25 cm DBH) and large
(≥25 cm DBH) size snags based on the pretreatment and post-
treatment survival models.

50% Survival
quantile (years)

90% Survival
quantile (years)

Treatment Size Estimate 95% CI Estimate 95% CI

Pretreatment (1998–2001)a

CON SMALL 2.80 2.33–3.37 6.94 5.79–8.33
CON LARGE 3.81 3.07–4.73 9.43 7.60–11.71
DWD SMALL 1.81 1.57–2.09 4.48 3.91–5.14
DWD LARGE 2.46 2.08–2.91 6.09 5.17–7.18
SWD SMALL 1.79 1.49–2.15 4.43 3.70–5.30
SWD LARGE 2.43 1.97–3.00 6.02 4.90–7.41
Post-treatment (2001.9–2009)b

CON SMALL 2.06 1.94–2.19 3.95 3.72–4.19
CON LARGE 3.96 3.41–4.61 7.59 6.49–8.87
DWD SMALL 1.72 1.58–1.87 3.29 3.02–3.58
DWD LARGE 2.48 2.06–2.99 4.75 3.95–5.72
SWD SMALL 2.20 2.03–2.39 4.21 3.89–4.57
SWD LARGE 6.16 5.66–6.70 11.79 10.74–12.94

aThe survival model was log(time) = 0.8586 + 0.4487 × CON + 0.0117 × DWD +
0.3067 × LARGE, with scale parameter = 0.7556.

bThe survival model was log(time) = 0.9873 − 0.0651 × CON − 0.2481 × DWD +
1.0289 × LARGE − 0.3760 × CON × LARGE − 0.6604 × DWD × LARGE, with scale
parameter = 0.5409.

Fig. 4. Modeled probability of snag survival as a function of snag
age (years since tree death) for small (<25 cm DBH) (a) and large
(≥25 cm DBH) (b) size snags for the control (CON), down woody
debris (DWD), and standing woody debris (SWD) treatments during
the post-treatment (2001.9–2009) period.
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stable snag population with offsetting recruitment and loss rates
during the pretreatment period. Annual tree mortality rates in
the region are known to be low for this age class of pines, with
primary causes being lightning strikes, root disease, beetle kill,

and, occasionally, prescribed fire (Barnard 1999; Sullivan et al.
2003; Outcalt 2008). Moorman et al. (1999) documented similarly
low annual recruitment rates and a slight net loss over the mea-
surement interval.

Snag longevity and the factors that control it are important to
cavity-dependent species because they determine the duration of
suitability for cavity use (Cain 1996). We hypothesized that snag
survival would be independent of snag diameter, but we found
that survival was affected by snag size, with small snags having a
significantly lower survival rate than large snags. This result con-
trasts with other studies in the region: Moorman et al. (1999)
found no such effect across a range of species and forest types, and
Radtke et al. (2009) found no DBH effect in pine stands. However,
in agreement with our findings, Garber et al. (2005) and Russell
et al. (2006) reported that larger snags survived longer in the
northern and western forests of North America. The discrepancy
among studies may relate to differences in stand structure. For
instance, in our plots, small snags existed largely as a post-
thinning subcanopy layer of pine and hardwood regeneration.
Our size-class effect on survival was also confounded with the
larger proportion of hardwood small snags (largely oaks). Whatever
the cause, small snags in our study did not survive as long as large
snags. We also hypothesized that rates of loss would fall within

Fig. 5. The proportion of snags within 5 cm DBH classes that have at least one cavity (a) or at least two cavities (b) in 1998, and the proportion
of snags that have at least one cavity (c) or at least two cavities (d) in 2001. These years are representative years near the beginning and ending
periods of cavity data collection. �2 tests of diameter class effects are significant in all cases (p < 0.0001).
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Table 3. Snag cavity distribution and bark percentage for snags with
and without cavities.

Snag age (years)

Snag characteristic 0 1 2 3 4

Proportion of snags with
first cavitya

0.021 0.025 0.058 0.057 0.000b

Proportion of snags with
at least one cavityc

0.021 0.040 0.089 0.172 0.216

Bark percentage for snags
without cavitiesd

76.5 70.0 61.9 53.9 —

Bark percentage for snags
at age of first cavity

60.0 55.0 42.7 33.3 —

aThe proportion of snags that formed their first cavity at the given age.
bNo snags formed their first cavity at age 4 years (out of 28 snags observed).
cThe proportion of snags that formed at least one cavity between 1998 and 2001.9.
dThe two-sample t tests comparing bark percentage between snags with and

without initial cavities resulted in p values of 0.0698, 0.1250, 0.0379, and 0.1337
for ages 0, 1, 2, and 3 years, respectively.
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the range of previous studies in the region. The age at which 90%
of the snags fell varied from 3.3 to 9.4 years after snag formation
for the naturally created snags in CON and DWD, which is within
that reported by previous studies in the southern USA (e.g., Cain
(1996), Moorman et al. (1999), and Conner and Saenz (2005)), thus
reinforcing the influence of high decay rates on snag loss in the
region (Eaton and Sanchez 2009) compared with cooler climates
(Dunn and Bailey 2012).

Our hypothesis that the treatments would not affect snag sur-
vival was rejected. We did not anticipate the greater snag survival
in CON than in either DWD or SWD for snags originating during
pretreatment and continuing as snags into the post-treatment
period. We believe that the application of the treatments may
have affected the longevity of these naturally occurring snags
observed initially in 1998–2001 because the survival model is
based on longevity data over the lifespan of these snags, which
includes the post-treatment period. Although existing snags were
not intentionally damaged or cut during treatment implementa-
tion, mechanical thinning by a feller-buncher in the CON treat-
ment allowed directional control (within strips) of the felling and
removal that would minimize damage to residual snags. In con-
trast, hand felling on the DWD occurred both within and across
strips and likely resulted in many more broken tops and knocked
over snags by felled stems. Likewise, when created snags in SWD
fell, they may have occasionally knocked over some pretreatment
snags. This contention is supported by Garber et al. (2005) who
reported that the level of disturbance in Maine forests reduced
standing snags and by Homyack et al. (2011) who reported the
same effects in young pine stands in North Carolina. Russell et al.
(2006) found postfire salvage logging resulted inmore rapid loss of
residual conifer snags in Idaho.

We also found an unexpected significant treatment effect on
survival for snags formed during the post-treatment period. Our
snag-creation-treatment SWD was designed to simulate a cata-
strophic level of snag creation leading to high snag densities, but
with presumably similar survival rates. The large snag 90% sur-
vival quantiles for artificially created snags was greater than the
equivalent for natural snags in the CON and DWD, and nearly
twice the value of the natural large snags in the SWD in the
pretreatment period. Shea et al. (2002) observed a significantly
longer survival period and slower decay in girdled versus beetle-
killed Ponderosa pine (Pinus ponderosa Douglas ex P. Lawson & C.
Lawson) snags. Conceivably, natural snags initially have sufficient
decay toweaken the stem,whichmay cause the snag to fall sooner
than artificial snags. Our SWD snags were otherwise healthy trees
at the time they were treated.

Our hypothesis that the proportion of snags with cavities would
increase with snag DBH was confirmed. Cavity proportions for
snags with at least one cavity and for two or more cavities in-
creased significantly with DBH. A much higher proportion (five
times) of large snags had cavities than did small snags, and large
snags also supported more cavities per snag. This result is consis-
tent with the presence of numerous large-bodied excavators in
these stands (Lohr et al. 2002). In contrast, our expectation that
cavity-formation rates would increase with snag age as a result of
increased decay conditions was not confirmed. Cavity excavation
increased early in the snag decay process based on the proportion
of first cavities in ages 0–3 years, but no cavity formation was
observed in 4-year-old snags. Moorman et al. (1999) reported sim-
ilar results during the 4-year period following snag formation for
loblolly pine and shortleaf pine (Pinus echinata Mill.), but they had
a longer data record and observed an increase in cavity frequency
among their few remaining pine snags at ages 6 and 7 years (<5%
of their total snags). Although we found that snags with first
cavities had a lower bark percentage than snags without cavities,
it is unclear whether this condition is important because the fac-
tors determining suitability of snags for various cavity-excavating
species are not well understood. To determine whether the avail-

ability of suitable snags limits cavity-nesting bird populations in
managed mature pine forests of the southeastern Coastal Plain
requires direct studies of bird populations themselves, particu-
larly experimental studies (Lohr et al. 2002). Nevertheless, such
stands appear to provide more large DBH snags essential to many
species than younger managed pine stands in the southeastern
USA.
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