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The southeastern United States is among the most productive forested areas in the world. Four endemic
southern pine species – loblolly, longleaf, shortleaf, and slash – contribute significantly to the economic
and ecological values in the region. A recently described phenomenon known as Southern Pine Decline
(SPD) has been reported as having widespread impact in the southern pine region, particularly on loblolly
pine. Root-feeding weevils and their associated fungi have been suggested as causal agents, even though
literature and empirical research suggests that they are secondary insects colonizing weakened trees.
Further, no published information exists about whether their associated fungi can cause mortality of
mature trees in the southeastern U.S. Since there are significant management implications for pine
health, we reviewed and critically examined the SPD phenomena on the southern landscape. Our regional
analyses of USDA Forest Inventory and Analysis data show no discernable patterns related to pine growth
or mortality, especially as related to topographic factors. There are no large-scale patterns related to pine
mortality suggesting multiple interacting factors impacting tree health at stand-level. As such, the
hypothesis that SPD is a regionally important decline syndrome and labeling declining southern pine
stands as SPD is not supported. Instead, we discuss many abiotic (soil types, climate) and biotic (insects,
pathogens, genetics) factors that may be interacting with each other and affecting southern pine health.
Finally, we suggest management recommendations for landowners with pine health issues.
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1. Factors affecting tree health

Tree diseases are the result of complex interactions among mul-
tiple abiotic and biotic factors, and appear when the three compo-
nents of the disease triangle occur together: (1) a pathogen; (2) a
susceptible, present host; and (3) the appropriate environment
for the pathogen (Stevens, 1960). As diseases do not appear
instantly, Tainter and Baker (1996) added a fourth component –
time. Disease etiology can be simple or complex, and the relative
importance of the different components is not always apparent
(Manion, 1981). In a simple disease model, the pathogen is the pri-
mary causal agent. For instance, oak wilt (Ceratocystis fagacaerum
[Bretz] Hunt) may be considered a simple disease model – the
pathogen is the primary tree-killing factor, provided it has access
to a host (which generally occurs via being transmitted by nitidulid
beetles into natural or human-caused wounds on the tree) and is in
an environment conducive to infection (Sinclair and Lyon, 2005).
Declines, on the other hand, often have complex etiologies
(Manion, 1981) and can be considered complex disease models.
Declines feature multiple, interchangeable abiotic and biotic com-
ponents that interact with each other and have varying levels of
importance to the overall health of the host (Houston, 1987). In
these cases, the mere presence of the pathogen and access to a host
in an appropriate environment does not always cause disease.
Often, multiple additional stressors to the host are required prior
to disease development (Schoeneweiss, 1975).

Sinclair (1966) defined three categories of factors affecting tree
health: (1) predisposing factors such as soil type, climate, and tree
genetics that influence trees over the long-term; (2) inciting factors
such as defoliation and drought which have short-term influence
on tree health; and (3) contributing factors such as opportunistic
wood-boring beetles and fungi which further weaken and eventu-
ally kill the tree. These lead to a ‘‘decline and death spiral’’ – a pro-
gressive process of deterioration in tree health and vigor (primarily
in mature trees) followed by decreased growth and increased twig
and branch dieback, caused by both abiotic and biotic factors
(Manion, 1981).

During the last century, there have been many reports of unex-
pected levels of landscape-scale tree mortality and deterioration in
tree health across various North American ecosystems (Sinclair,
1965; Manion, 1981; Houston, 1987; Miller et al., 1989; Ciesla
and Donaubauer, 1994). Often, causes for such phenomena are
undetermined, so they are characterized using terminology such
as dieback, die-off, and most commonly, decline. Specific examples
of tree declines include yellow-cedar decline, aspen decline, oak
decline, and more recently southern pine decline (SPD). While
other declines have been studied in-depth, summarized, and cri-
tiqued (e.g., Jurskis, 2005), similar information is lacking for SPD.
Due to the importance of forestry in the southern pine-dominated
region, a closer examination of SPD is warranted.

Currently, there is little published information that supports the
notion of SPD as a regional threat to southern pine health, and
most cases of pine symptomology resembling SPD are likely a
manifestation of natural tree mortality and local factors that stress
trees. In this paper we examine the recently described SPD phe-
nomenon. We begin by reviewing the history of SPD and pine
decline etiology. We then evaluate the current extent and threat
posed by SPD in the southern pine landscape using data collected
by USDA Forest Service’s Forest Inventory and Analysis (FIA)
Program. On the basis of results from our FIA analyses, we place
SPD in the context of common forest disturbances and, using
examples from well-accepted forest declines elsewhere, outline
abiotic and biotic factors that can affect pine (Pinus spp.) health
in the southeastern U.S. Finally, we discuss research limitations
related to SPD and suggest management strategies for southern
pine forests that can contribute to sustained southern pine health
and productivity.
2. The southern pine ecosystem

Forests in the southeastern United States are an integral compo-
nent of the local, regional, and global economies, and are a diverse
mosaic of hardwood and conifer tree species. Endemic pine species
including loblolly (Pinus taeda L.), longleaf (Pinus palustris Mill.),
shortleaf (Pinus echinata Mill.), and slash (Pinus elliottii Engelm.)
pine cover �45% of the total forested area of the southeastern
U.S., of which about 42% of this area is planted and commercially
managed (Wear and Gries, 2012). Loblolly pine is the dominant
species across most of this region, especially in intensively man-
aged commercial plantations. Loblolly pine is present on >12 mil-
lion ha across 14 states, and this area is projected to increase to
>17 million ha by 2020 (Wear and Gries, 2002).

Southeastern forests have a history of disturbance by various
abiotic (e.g., wildfires, drought, flooding, and windstorms) and bio-
tic (insect and disease outbreaks, and herbivore browsing) natural
disturbances (Hanson et al., 2010). These disturbances create a
complex habitat mosaic on the landscape (Turner and Ruscher,
1988), and also interact with each other to produce further land-
scape heterogeneity. However, anthropogenic disturbances during
the last two centuries have arguably had an increasingly greater
impact than natural disturbances. Fire suppression programs and
subsequent changes in natural fire regimes have modified forest
composition and structure across the region (Van Lear et al.,
2005). Much of the area now in forest was cleared for agriculture
during European settlement and the severe erosion that occurred
(Trimble, 2008) profoundly changed the fertility and productivity
of the land. Reforestation occurred in the 1920s (MacCleery,
1992), but in many instances the original forest cover-type and
associated native species were lost. Due to changes in forest struc-
ture and composition, especially in commercial pine plantations,
native pest species may have a greater impact and higher popula-
tions (e.g., increased attack rates of southern pine coneworm,
Dioryctria amatella [Hulst], as management intensity increased;
Nowak and Berisford, 2000) than in natural settings, along with
an increased potential for invasion by non-native species (Sharitz
et al., 1990). Southeastern forests are poised for additional alter-
ations, as global climatic changes create new and unique combina-
tions of plants, pests, pathogens, and abiotic conditions (Williams
and Jackson, 2007; Klepzig et al., 2012).
3. Southern pine decline – A case study

In the 1950s, declining and dying mature loblolly pine stands
were observed on the Oakmulgee District on the Talladega
National Forest in Alabama, and a multi-year study was initiated
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to investigate the causal factors (Brown and McDowell, 1968).
Since that time, this syndrome has been variously termed ‘‘loblolly
pine die-off’’, ‘‘pine decline’’, ‘‘loblolly pine decline’’, and more
recently, ‘‘southern pine decline’’ (Brown and McDowell, 1968;
Brown et al., 1969; Roth and Peacher, 1971; Hess et al., 1999,
2002; Eckhardt and Menard, 2008; Zeng et al., 2014). Stands with
apparent health problems have been observed, in particular, along
the fall line (i.e. the transitional zone between a landscape covered
in rolling hills and one that is more flat; the fall line is also associ-
ated with a decrease in elevation from �600–900 to �200–400 feet
above sea level) between the Piedmont and the Atlantic and Gulf
Coastal Plain regions. Generally, symptoms were reported for rela-
tively localized areas, and early observations noted decline symp-
toms common on trees >50 years old. These trees had stress
cones for a year prior to death, there was root deterioration and
mortality of feeder roots, and also a lack of clear insect and patho-
gen (especially root pathogen) activity (Brown and McDowell,
1968). One year later the overall condition of the study trees had
improved (Brown et al., 1969), and by the end of the initial 5-yr
study the syndrome and associated mortality had largely disap-
peared (Roth and Peacher, 1971). In fact, from 1966–1971 these
study plots had <1% mortality per year – a level considered typical
in stands >50 years old. Most mortality was attributed to known
causes such as bark beetles, lightning, or Heterobasidion root rot
(Roth and Peacher, 1971). Root pathogens such as Heterobasidion
irregulare Garbelotto & Otrosina (formerly Heterobasidion annosum
Fr. [Bref.]) (Otrosina and Garbelotto, 2010), Phytophthora cin-
namomi Rands, and Pythium spp. were present in the stands, and
it was hypothesized that most of the pine health issues were
related to loblolly pine being planted on sites where hardwood
or longleaf pine trees would have been more appropriate. At this
time, Roth and Peacher (1971) considered the issue concluded, as
all symptoms had disappeared.

Hess et al. (1999) reevaluated these sites in 1996 in an effort to
identify the cause of the loblolly pine issues, and found P. cin-
namomi and Pythium spp. to be the primary pathogens responsible
for root deterioration; Leptographium spp. were present in moder-
ate abundance, and H. irregulare was not present. Root pathogens
and soil conditions were again assessed in plots showing a range
of pine decline in Alabama in 2000 (Hess et al., 2002; Eckhardt
et al., 2003). Heterobasidion irregulare was not found in the root
samples, while P. cinnamomi was found in moderate amounts.
Leptographium and Grosmannia spp.2 that are transmitted by root-
feeding weevils such as Hylastes, Hylurgops, and Pachylobius species
were recovered from 86–94% of primary and fine roots and 33–
50% of soil samples. It was concluded that this particular loblolly
pine decline was likely due to interactions between abiotic and bio-
tic factors, although the importance of individual factors was not
evaluated (Eckhardt et al., 2003; Hess et al., 2005). Based on the
occurrence of root-feeding weevils and their association with the
Leptographium complex in symptomatic stands, it was proposed that
SPD resulted from root infection by the Leptographium complex cou-
pled with poor site conditions (Eckhardt et al., 2007). Predisposing
factors, including site history, soils, and host condition, were sug-
gested as playing a role in tree decline and insect prevalence.

Recently, it has been suggested that SPD is more common on
steep slopes and south/southwest aspects (Eckhardt and Menard,
2008; Menard et al., 2010) – areas that presumably stress the trees.
Originally identified as a localized issue in loblolly pine (Eckhardt
et al., 2010), SPD has more recently been proposed as a threat to
longleaf and slash pine (based on their susceptibility to artificial
inoculations with SPD-associated fungi) (Matusick et al., 2008,
2 The taxonomy of this group is still being determined, hence, we will refer to the
complex of Leptographium and Grosmannia species as ‘‘the Leptographium complex’’.
2010; Matusick and Eckhardt, 2010a, 2010b). Recent risk mapping
efforts suggest widespread risk and occurrence of SPD across the
pine-growing region in the southeastern U.S. (Meyerpeter, 2012).
This is in direct contrast to previous studies that examined the pos-
sibility of a region-wide pine decline, but found that any apparent
decline was an artifact of inappropriate analyses (Zeide, 1992;
Gadbury et al., 2004).
4. Landscape level evaluation of southern pine decline

One approach to addressing whether or not SPD is present on a
regional scale is through use of the USDA Forest Service’s Forest
Inventory and Analysis (FIA) Program, which is tasked with per-
forming a complete, landscape-scale census of the nation’s forest
resources. Using a nationally consistent plot design (one sample
location for every 2428 ha) and a systematic national sampling
design for all lands, key measurements are taken on each plot
(Bechtold and Scott, 2005; McRoberts, 2005). In addition, charac-
teristics of both live and dead trees (e.g., height, diameter at breast
height, mortality agent when applicable), topography of the plot,
as well as whether the plot has been subjected to harvest activity
or other noteworthy disturbance are recorded. Each plot is also
assigned geographic coordinates.

A key aspect of the FIA inventory protocol is that it is annual-
ized, such that some proportion (generally 20%) of the established
plots in a given state are surveyed each year. In turn, all plots in
that state are inventoried over a specified number of years, or ‘‘cy-
cle’’, such that some proportion of the plots in all southeastern U.S.
states have been re-measured at least once (i.e., surveyed during at
least two consecutive 5-yr inventory cycles) since installation of
the annualized inventory (i.e., not all plots in a state are measured
each year, but all plots are measured on a 5-yr cycle).

To address the question of SPD occurrence in the South, we
acquired data for re-measured plots from all states in the southern
U.S. Across the region, a total of 6533 re-measured plots occurred
in the loblolly pine and loblolly pine-hardwood forest types. We
limited our analysis to the subset (N = 5396) of these plots that
had not been harvested since initiation of the inventory. For each
plot in this subset, we calculated the annual rate (m2/ha/year) of
pine mortality, net pine growth (current volume + harvested
volume – initial volume), and gross pine growth (current
volume + harvested volume + mortality volume – initial volume)
based on differences in tree measurements between inventory
cycles. We calculated the rates by regressing volume over time
using generalized least squares (Smith and Conkling, 2005) to
adjust for correlation between the initial and current
measurements.

We performed a set of analyses using the calculated growth and
mortality rates. First, we identified the re-measured plots in the
study region that displayed negative net pine growth (i.e., where
pine mortality exceeded growth). We then determined whether
any FIA field crews documented any of these plots as disturbed.
According to standard protocols outlined in the FIA national field
guide (USDA Forest Service, 2014), crews are expected to identify
the causal agent in a broad sense (e.g., ‘‘insect’’, ‘‘disease’’, and
other categories in Table 1) for any plot disturbance of sufficient
extent (P0.4 ha) and severity (P25% of all trees affected, or
P50% of a particular species). In addition, based on the plots’ geo-
graphic coordinates, we performed two average nearest (geo-
graphic) neighbor distance analyses, one for the set of negative
net growth plots and the other for the set of all (i.e., non-harvested)
re-measured plots. This analysis yields an index calculated as the
ratio between the observed average distance and the distance
expected given a hypothetical random distribution with the same
number of observations over the same total area. If the index value



Table 1
Disturbance activity recorded for the re-measured plots (N = 181) that exhibited
negative net pine growth (i.e., where mortality exceeded growth).

Disturbance agent Frequency Percent

No disturbance 1 0.55
Insect (e.g., southern pine beetle, Ips species) 71 39.23
Disease (e.g., fusiform rust, Heterobasidion root disease) 16 8.84
Fire 7 3.87
Domestic animal 1 0.55
Weather (unspecified, but possibly drought) 29 16.02

Ice 1 0.55
Wind (including hurricanes and tornadoes) 21 11.60
Flooding (weather-induced) 1 0.55

Vegetation (e.g., kudzu or other invasive plant) 8 4.42
Human 25 13.81
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is <1, this indicates a clustered spatial pattern (e.g., if all plots hav-
ing negative growth occur adjacent to each other). If the index
value is >1, this indicates a dispersed spatial pattern (e.g., if all
plots with negative growth were equally dispersed across the land-
scape). Our objective was to determine whether the set of negative
net growth plots had a similar pattern to that observed for all plots.
Fig. 1. Locations of re-measured Forest Inventory and Analysis (FIA) plots found in the
inventory system, with permanent plots established across all ownership types, that mea
of annualized inventory are shown. Plots with negative net pine growth are flagged sep
where southern pine decline is reportedly most prevalent.
Our results indicate a total of 181 plots with negative net pine
growth, representing 3.4% of the plots in the full data subset
(Fig. 1). FIA field crews identified all but one of these plots as sub-
stantially disturbed; the plot with no disturbance was in eastern
Texas and had a recorded age of 82 years, indicating an old loblolly
pine stand. The most common agents were insects and weather
(including, ice, wind, and flooding; Table 1, Fig. 2). While we
acknowledge the limitations of identifications of disturbance
agents in the field, the disturbance agent categories that are most
susceptible to misidentification – disease and weather (i.e.,
unspecified weather) – represented only 25% of the disturbed plots
and <1% of the entire sample.

The average nearest neighbor distance analyses produced
nearly identical index values for the set of negative net growth
plots (ratio = 0.673, P < 0.001) and the set of all plots (ratio = 0.683,
P < 0.001). This indicates that both sets of plots exhibit a clustered
spatial pattern, which is expected for most tree species, as their
regional distributions are largely shaped by physiographic and cli-
matic constraints. More importantly, the nearly identical index val-
ues suggest that there is no distinctive regional pattern of
abnormally high pine mortality.
loblolly pine and loblolly pine-hardwood forest types. The FIA is a comprehensive
sures forest growth and health. Only plots that were not harvested since installation
arately (black triangles). Inset map focuses on Alabama and Georgia, the two states



Fig. 2. Locations of re-measured Forest Inventory and Analysis (FIA) plots exhibiting negative net pine growth, labeled according to disturbance agent.

Table 2
Results of pairwise comparisons (N = 5396) between slope and aspect risk levels for net pine growth. Comparisons are for plots in the loblolly pine forest type. Significant
differences between risk levels are indicated in bold.

Comparison Entire region Georgia Alabama

Diff. estimate SE P Diff. estimate Std. Err. P Diff. estimate SE P

Slope
10–15% vs. 5–10% 7.51 4.14 0.27 2.14 7.27 0.99 10.30 7.20 0.48
10–15% vs. <5% �0.60 3.73 1.00 �7.54 6.83 0.69 4.59 6.86 0.91
10–15% vs. >15% 2.90 5.07 0.94 �2.81 8.09 0.99 18.07 8.94 0.18
5–10% vs. < 5% �8.12 2.69 0.01 �9.68 5.92 0.36 �5.70 4.53 0.59
5–10% vs. >15% �4.61 4.39 0.72 �4.95 7.43 0.91 7.77 7.45 0.72
<5% vs. >15% 3.50 4.00 0.82 4.74 6.99 0.91 13.47 7.13 0.23

Aspect
N/NE vs. E, NW 6.92 3.44 0.18 3.64 6.62 0.95 5.22 5.61 0.79
N/NE vs. SE/S/SW 4.52 2.91 0.41 0.20 5.78 1.00 5.76 5.06 0.67
N/NE vs. W 0.66 4.39 1.00 8.50 8.74 0.77 1.66 7.47 1.00
E, NW vs. SE/S/SW �2.41 4.07 0.93 �3.44 7.27 0.96 0.54 6.62 1.00
E, NW vs. W �6.27 5.24 0.63 4.86 9.82 0.96 �3.56 8.63 0.98
SE/S/SW vs. W �3.86 4.91 0.86 8.30 9.28 0.81 �4.10 8.26 0.96
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In a separate analysis, we tested the hypothesis, suggested by
Eckhardt and Menard (2008), that SPD is associated with particular
topographic features: steep slopes and southern-southwestern
aspects. In subsequent work, this hypothesis was translated into
a geographic risk model for SPD that determined risk ratings based
on a site’s slope and aspect values (Meyerpeter, 2012). The risk
model included only these two factors, both of which were treated
as categorical variables by assigning their values to corresponding
risk levels: slopes of <5% were assigned to the lowest risk level of 1;
slopes between 5% and 10%, risk level 2; slopes between 10% and
15%, risk level 3; and slopes >15%, risk level 4. With respect to
aspect, north/northeastern (N/NE) aspects were assigned to risk
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level 1; eastern (E) and northwestern (NW) aspects, risk level 2;
western (W) aspects, risk level 3; and southeastern/south-
ern/southwestern (SE/S/SW) aspects, risk level 4.

We analyzed slope and aspect separately, assigning each of the
re-measured FIA plots to one of the four risk levels according to the
plot’s value for the topographic characteristic in question. For both
net growth and mortality, we tested for statistically significant
Table 3
Results of pairwise comparisons (N = 5396) between slope and aspect risk levels for net
Significant differences between risk levels are indicated in bold.

Comparison Entire region Georgia

Diff. estimate SE P Diff. estim

Slope
10–15% vs. 5–10% 3.03 5.00 0.93 �5.99
10–15% vs. <5% �2.73 4.36 0.92 �5.02
10–15% vs. >15% 8.87 5.54 0.38 5.97
5–10% vs. <5% �5.76 3.47 0.34 0.97
5–10% vs. >15% 5.84 4.93 0.64 11.96
<5% vs. >15% 11.60 4.29 0.03 10.99

Aspect
N/NE vs. E, NW 9.76 4.30 0.11 11.09
N/NE vs. SE/S/SW 7.83 3.50 0.11 15.70
N/NE vs. W 1.81 5.01 0.98 7.43
E, NW vs. SE/S/SW �1.93 5.01 0.98 4.61
E, NW vs. W �7.94 6.16 0.57 �3.66
SE/S/SW vs. W �6.02 5.63 0.71 �8.27

Table 4
Results of pairwise comparisons (N = 5396) between slope and aspect risk levels for pine

Comparison Entire region Georgia

Diff. estimate SE P Diff. esti

Slope
10–15% vs. 5–10% 0.18 2.15 1.00 0.94
10–15% vs. <5% �1.57 1.94 0.85 �3.69
10–15% vs. >15% �0.98 2.63 0.98 1.86
5–10% vs. <5% �1.75 1.40 0.59 �4.63
5–10% vs. >15% �1.16 2.28 0.96 0.92
<5% vs. >15% 0.59 2.08 0.99 5.55

Aspect
N/NE vs. E, NW �0.16 1.79 1.00 0.67
N/NE vs. SE/S/SW �0.05 1.51 1.00 4.04
N/NE vs. W 2.48 2.28 0.70 1.51
E, NW vs. SE/S/SW 0.11 2.11 1.00 3.37
E, NW vs. W 2.64 2.72 0.77 0.84
SE/S/SW vs. W 2.53 2.55 0.75 �2.53

Table 5
Results of pairwise comparisons (N = 5396) between slope and aspect risk levels for pine

Comparison Entire region Georgia

Diff. estimate SE P Diff. estim

Slope
10–15% vs. 5–10% 1.88 4.89 0.98 0.44
10–15% vs. <5% 1.55 4.27 0.98 �4.30
10–15% vs. >15% �2.91 5.42 0.95 2.88
5–10% vs. <5% �0.34 3.40 1.00 �4.74
5–10% vs. >15% �4.80 4.82 0.75 2.44
<5% vs. >15% �4.46 4.20 0.71 7.18

Aspect
N/NE vs. E, NW �3.96 4.21 0.78 1.90
N/NE vs. SE/S/SW �3.72 3.42 0.70 �4.92
N/NE vs. W 2.25 4.90 0.97 4.65
E, NW vs. SE/S/SW 0.24 4.90 1.00 �6.81
E, NW vs. W 6.21 6.03 0.73 2.76
SE/S/SW vs. W 5.97 5.51 0.70 9.57
differences between risk levels using mixed models (PROC
MIXED, SAS v. 9.3, SAS Institute Inc., Cary, NC, U.S.) that accounted
for plot stand age, site index, and pine percentage (i.e., included
these three factors as model covariates). We used least squares
means (LSMEANS) to perform multiple pairwise comparisons. We
performed these tests for the entire southeastern U.S. region as
well as separately for Georgia and Alabama, the two states where
pine growth. Comparisons are for plots in the loblolly pine-hardwood forest type.

Alabama

ate SE P Diff. estimate SE P

8.32 0.89 17.51 7.64 0.10
7.59 0.91 7.74 6.94 0.68
7.99 0.88 15.07 9.47 0.39
6.99 1.00 �9.77 5.60 0.30
7.74 0.41 �2.44 8.71 0.99
6.94 0.39 7.33 8.17 0.81

7.81 0.49 0.85 6.61 1.00
5.91 0.04 �0.84 6.24 1.00
9.60 0.87 �1.03 8.08 1.00
8.17 0.94 �1.69 7.86 1.00

11.22 0.99 �1.87 9.41 1.00
9.97 0.84 �0.18 9.15 1.00

mortality. Comparisons are for plots in the loblolly pine forest type.

Alabama

mate SE P Diff. estimate SE P

3.20 0.99 �1.56 2.77 0.94
3.00 0.61 1.31 2.64 0.96
3.56 0.95 �5.22 3.44 0.43
2.60 0.28 2.88 1.74 0.35
3.27 0.99 �3.65 2.87 0.58
3.07 0.27 �6.53 2.74 0.08

2.91 1.00 �2.90 2.15 0.53
2.54 0.39 �4.29 1.94 0.12
3.84 0.98 0.71 2.87 0.99
3.20 0.72 �1.39 2.54 0.95
4.32 1.00 3.62 3.31 0.69
4.08 0.93 5.01 3.17 0.39

mortality. Comparisons are for plots in the loblolly pine-hardwood forest type.

Alabama

ate SE P Diff. estimate SE P

9.57 1.00 �6.90 5.68 0.62
8.73 0.96 0.42 5.16 1.00
9.19 0.99 5.26 7.04 0.88
8.04 0.94 7.33 4.16 0.30
8.89 0.99 12.16 6.47 0.24
7.98 0.81 4.83 6.07 0.86

9.06 1.00 4.85 4.85 0.75
6.86 0.89 �1.81 4.57 0.98

11.14 0.98 8.26 5.92 0.50
9.48 0.89 �6.66 5.76 0.66

13.02 1.00 3.42 6.90 0.96
11.56 0.84 10.08 6.71 0.44
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SPD is reportedly most prevalent (Eckhardt et al., 2007; Menard,
2007; Eckhardt and Menard, 2008).

Out of the 36 comparisons for net pine growth in the loblolly
pine forest type (Table 2), we found one instance where net pine
growth was significantly and negatively related to increasing slope
across the entire southeastern U.S. region. Similarly, out of the 36
comparisons for net pine growth in the loblolly pine-hardwood
forest type (Table 3), we found one instance where net pine growth
was significantly and negatively related to increasing slope across
the entire southeastern U.S. region and one instance where net
pine growth was significantly and negatively related to increasing
aspect in Georgia. With respect to pine mortality, we found no sig-
nificant differences related to slope in the loblolly pine (Table 4) or
loblolly pine-hardwood forest types (Table 5). Overall, the number
of significant differences was less than one would expect by ran-
dom chance (at a = 0.05). In contrast to current literature
(Eckhardt and Menard, 2008; Meyerpeter, 2012), our results sug-
gest that slope and aspect are not significant factors in pine growth
and mortality in the FIA data, after accounting for variation in
stand age, site index, and stand composition.

In summary, the hypothesis that SPD is a regionally important
decline syndrome is not supported by the FIA data. Only a small
percentage of non-harvested pine plots across the southeastern
U.S. exhibited negative net growth (i.e., abnormally high mortal-
ity), and virtually all of these plots were identified by FIA field
crews as having been disturbed by common agents including
insects, fire, weather, and invasive vegetation. The lack of a distinc-
tive spatial pattern in these negative net growth plots suggests that
Table 6
Soil attributes associated with SPD and other tree maladies.

Tree species Decline/disease Soil attributes

Other regions
Eastern white pine Decline Texture, drainage, pH

Western pines Pole blight Water retention and soil dep
details unavailable

Red and jack pines Decline Texture, pH, OMb and nutrie
60 cm

Southern region
Loblolly and slash pines Heterobasidion root

disease
Texture, pH, OM to 15 cm

Loblolly and slash pines Fusifom rust Texture to 15 cm, SIc, draina
prep

Loblolly and shortleaf pines LLDd Drainage and aeration; CO2

various soils in the greenhou
cinnamomi. Develops best in
soils, poorly in heavy clays a
intermediately in sandy soil
aeration

Shortleaf pine Decline on LLD sites Erosion and drainage classes
characteristics

Shortleaf pine LLD Erosivity, permeability, textu
depth

Shortleaf pine LLD Series, texture, aspect, drain
topographic position

Longleaf pine ‘‘decline syndrome’’ No soils data specified
Sand pines Sand pine-root disease

complex w/P.
cinnamomi

Drainage and texture; Soil c
0–20 cm, but for fungal coun

Southern yellow pines Pine decline No soils data specified

a BA = basal area.
b OM = organic matter.
c SI = site index.
d LLD = littleleaf disease, Phytophthora cinnamomi Rands.
there are no obvious hotspots of high mortality that can be linked
to even a more localized, smaller-scale phenomenon impacting
pine health. Our results related to topographic drivers of SPD risk
are similar to those that found no relationship between slope
and/or aspect with loblolly pine health in stands at Ft. Benning,
Georgia (Ryu et al., 2013). After accounting for expected variation
due to stand age, site index, and plot pine proportion, there were
minimal differences in pine growth and mortality between steep
and gentler slopes, and between south-southwest aspects and all
other aspects in the FIA data.
5. Potential factors affecting tree health

The lack of consistent patterns in pine growth or mortality
related to individual disturbance factors in region-wide FIA data
suggests that SPD may be a stand-specific issue. To further explore
this hypothesis, we need to consider major factors (as described in
subsequent sections) that typically interact to influence pine
health and growth on a particular site.
5.1. Site conditions and soil

Forest growth, productivity, and tree health are a function of
site productivity and soil conditions (e.g., McLaughlin et al.,
2011) (Table 6). Tree health is impacted by factors that affect soil
fertility and the availability of essential plant nutrients, especially
in southern pines (Fox et al., 2007). Many soils in the southern U.S.
Incidence, severity, impacts Reference

Incidence increases in fine-textured
soils and poorly drained soils

Halambek (1976)

th, but Available water-holding capacity in
top 3200 of soil inversely related to %
BAa infected

Copeland and Leaphart
(1955)

nts to Higher pH w/lower OM on
symptomatic stands

Klepzig et al. (1991)

Damage worse on deep, dry sand
pockets with little or no OM and soils
w/higher pH and higher % sand or
clay

Froelich et al. (1966)

ge, site More rust on better-drained soils and
sandy loams; less rust on poorly
drained and sandy soils

Schmidt et al. (1988)

and O2 in
se; P.

loam-silt
nd

s due to

Root injury by P. cinnamomi worst in
clayey, wet soils aggravated by poor
aeration and fertility

Campbell and Copeland
(1954) and Zak (1961)

; subsoil SPD and LLD observed on eroded soils
and those with restrictive layers;
None directly measured.

Oak and Tainter (1988)

re and LLD more severe on eroded soils and
soils with restrictive layers

Campbell and Copeland
(1954)

age, No correlation between silt + clay
content in surface horizon and SI or
LLD incidence

Copeland and McAlpine
(1955)

Decline associated with stressed sites Matusick et al. (2010)
ores at
ts only

Disease worse on poorly drained
sandy or heavier clay soils

Barnard et al. (1985)

Worst incidence on low quality sites Eckhardt et al. (2010)
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have low inherent soil fertility, in part due to historical land usage
patterns (e.g., land clearing, erosion, intense agricultural use). In
general, loblolly pine is more nutrient demanding than other
southern pines (Jokela et al., 2010). The decision to plant loblolly
pine and specific genotypes of loblolly pine on a particular site
depends, in part, on the expected silvicultural regime planned dur-
ing the rotation (McKeand et al., 2006). Loblolly pine genotypes
selected for rapid growth are more likely than other species to
require fertilization to maintain stand vigor. The vast majority of
loblolly pine plantations respond positively to N or N plus P fertil-
ization, and fertilization of loblolly pine plantations at establish-
ment and during the rotation is the norm (Fox et al., 2007). Of
particular concern is the potential for significant stress to occur
when thinning and fertilization treatments originally scheduled
for intensively managed pine stands are skipped due to ownership
changes or economic conditions.

Soil fertility is likely a contributing factor in declines. For exam-
ple, littleleaf disease, Phytophthora cinnamomi Rands, of loblolly
and shortleaf pine is associated with eroded, low fertility sites with
poor internal drainage (Campbell and Copeland, 1954; Zak, 1961).
Although soil conditions have been linked to health issues in
southern pines (especially regarding H. irregulare), these relation-
ships are less consistently observed than for species such as white
pine (Pinus strobus L.), sugar maple (Acer saccharum Marsh.), or
yellow cedar (Cupressus nootkatensis [D. Don.]).

Tree health is also affected by physical characteristics of soil. In
contrast to many areas where forests are restricted to a relatively
small range of soils that are too infertile, rocky, thin or wet for
other uses, southern pine forests occur across a range of soil types
and conditions encompassing productive agricultural lands, former
pastures, and severely eroded heavy clay soils. To that end, com-
mercially valuable tree species are often planted outside their nat-
ural range (Mead, 2013; Moya et al., 2013; Urban et al., 2013) or on
sites that would otherwise be dominated by other species
(Nemeth, 1973; Lenhart et al., 1985; Lohrey and Kossuth, 1990).
For example, although the natural ranges of southern pines (espe-
cially loblolly and longleaf) overlap (Little, 1971), each species
tends to dominate different habitats within their overlapping
ranges. In the Coastal Plain, loblolly pine grows well on soil with
poor surface drainage and a subsoil clay layer; in the Piedmont,
uneroded soils are preferred (Londo and Ezell, 2011). Longleaf pine
is suited to, and most competitive on, well- to moderately well-
drained, often sandy, soils in the Coastal Plain with regularly-oc-
curring fire (Londo and Ezell, 2011). On these sandy sites, loblolly
pine requires much greater silvicultural inputs to achieve accept-
able growth than longleaf pine (Samuelson et al., 2004; Williams
and Gresham, 2006), and many times these inputs are not econom-
ically viable.

5.2. Drought and climate change

The southeastern U.S. has undergone several droughts in the
past century (Seager et al., 2009; Gilbert et al., 2012; Maxwell
et al., 2012). Such drought events can be very severe locally
(Morehart et al., 1999), and can be either longer in duration (sev-
eral years, e.g., 1998–2002 in North Carolina [Weaver, 2005]) or
very short, extremely dry spells that persist for less than a year
(Manuel, 2008; Seager et al., 2009). In the southeastern U.S., this
variability in precipitation has intensified recently (Wang et al.,
2010; Li et al., 2011), and weather models predict this trend will
continue under future climate change scenarios (Li et al., 2011,
2013). Regardless of the duration, drought events have a profound
negative effect on plant growth (Peters et al., 2003), and can result
in up to 40% decrease in net primary production (Chen et al., 2012).
While the perennial life history of trees may confer several advan-
tages over annual plants, trees are not immune to the effects of
drought. Lack of precipitation (or increased variability in rainfall
and drought events) and increases in temperature could be major
factors responsible for reduced tree growth as well as increased
mortality and susceptibility to insects and diseases (Hanson and
Weltzin, 2000; Allen et al., 2010; Adams et al., 2012; Williams
et al., 2012). Pines are particularly susceptible to the negative
effects of drought globally (Bigler et al., 2006; Klos et al., 2009;
Kharuk et al., 2013; Granda et al., 2014) and especially in the
southeastern U.S. (Vose and Swank, 1994; Bhuta et al., 2009;
Bracho et al., 2012; Graham et al., 2012).

Landscape-level repercussions of drought can affect multiple
biogeochemical processes and biotic interactions among trophic
levels. Smaller trees are more susceptible to drought than larger
trees. Loss of leaf cover can result in elevated ground temperatures
and increased evapotranspiration, leading to drier conditions for
remaining trees (Adams et al., 2012) and further stress on those
individuals. Allen et al. (2010) outlined several key knowledge gaps
regarding forests and drought, of which three are particularly
relevant to this review: (1) ‘‘Mechanistic understanding of
climate-induced tree mortality requires improved knowledge of
belowground processes and soil moisture conditions’’, (2) ‘‘The
direct effects of climate on the population dynamics of almost all
forest insect pests and other biotic disturbance agents remain
poorly understood but are important to modeling climate-induced
forest mortality’’, and (3) ‘‘Feedbacks between physiological stress
(and tree mortality) driven by climate and other forest disturbance
processes (e.g., insect outbreaks, fire) are poorly understood’’.
These crucial knowledge gaps may be particularly relevant to the
concept of SPD, as they indicate that we do not yet know enough
to accurately and confidently determine whether or not loblolly
pines are dying at non-naturally occurring rates, and if so, from
what causes. It generally takes multiple years of persistent drought
to see high tree mortality (Guarín and Taylor, 2005; Millar et al.,
2007), although even short drought periods likely have an impact
on tree health and growth. In fact, most evidence of drought-in-
duced tree mortality in conifer forests comes from the western
U.S. (e.g., in the Southwest and Sierra Nevada Mountains), which
has seen persistent drought conditions over the last two decades.
In the southeastern U.S., especially in pine-dominated regions –
the North Carolina example of Weaver (2005) notwithstanding –
the region generally experiences a pattern of frequent late-summer
droughts (Hanson and Weltzin, 2000). This emphasizes our lack of
knowledge regarding whether frequent (but not necessarily persis-
tent) seasonal droughts result in enough cumulative tree stress
that they likely contribute to ‘‘decline’’ symptoms in susceptible
pine stands.

5.3. Insects

Bark and woodboring insects tend to garner much attention as
related to tree mortality. For example, certain bark beetle genera
such as Dendroctonus (e.g., the southern pine beetle, D. frontalis
Zimmerman [SPB]) are capable of infesting and killing healthy
trees. Yet, especially in the southern U.S., bark and woodboring
insects are more commonly a secondary factor in the ultimate
demise of a tree, and arrive and establish once the tree is suffi-
ciently stressed by other abiotic or biotic factors (Marchetti et al.,
2011; Zegler et al., 2012).

In southern pine ecosystems, Ips species (Ips avulsus [Eichhoff],
I. grandicollis, and I. calligraphus [Germar]) are often found in weak
and/or dying pine trees (Berisford and Franklin, 1971; Flamm et al.,
1993). Ips beetles can attack individual trees or groups of trees
within a stand (Bryant et al., 2006), and in rare cases attack and kill
entire stands, usually when stand health has been compromised
from prolonged drought or because of damage caused by distur-
bance such as fire or storms (Clarke et al., 2000). Most literature
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supports the notion that North American Ips species attack weak-
ened, dying, or dead trees (e.g., Erbilgin and Raffa, 2002; Negron
and Wilson, 2003), and that healthy trees can generally withstand
Ips attacks (Anderson and Anderson, 1968).

Seven species of rhizophagous beetles occur in pine ecosystems
of the southeastern U.S.: Dendroctonus terebrans (Olivier), Hylastes
opacus Erichson, Hylastes porculus Erichson, Hylastes salebrosus
Eichhoff, Hylastes tenuis Eichhoff, Hylobius pales (Herbst),
Pachylobius picivorus (Germar), and Pissodes nemorenis Germar. Of
these species, H. opacus is non-native to North America. Hylastes
salebrosus and H. tenuis have been observed breeding and repro-
ducing in the roots of trees with dying and dead crowns
(Matusick et al., 2013). While mass attacks by D. terebrans (e.g.,
Smith and Kowal, 1968) can occasionally kill healthy mature trees
(Drooz, 1985; Staeben et al., 2010), there is no similar evidence
with respect to Hylastes, Hylobius, Pachylobius, and Pissodes species.
These beetles primarily attack the lower bole or roots of weakened,
stressed, dying, or dead trees, and most can breed in and are
attracted to cut stumps or logs (Ciesla and Franklin, 1965;
Warner, 1966; Drooz, 1985; Staeben et al., 2010). Rhizophagous
weevils are a critical component of stump and root degradation
(Wallace, 1953). While a few species (e.g., Hylobius, Pachylobius,
and Pissodes species) can be aggressive and impact healthy trees
or seedlings, most rhizophagous weevils are considered secondary
pests (Sullivan et al., 2003; Matusick et al., 2013).

Rhizophagous beetles may act as fungal vectors (see
‘‘Pathogens’’ section). For instance, in the Great Lakes region of
the U.S., red pine plantations have experienced a syndrome called
‘‘Red Pine Pocket Decline’’. Trees are initially stressed or weakened
by factors that are uncertain but likely abiotic in nature (e.g., water
stress or heat stress) (Klepzig et al., 1991). Red pine is at the south-
ern edge of its natural range in Wisconsin, so it may be that rising
temperatures, drought, or heat stress play roles as predisposing
factors in the syndrome. This may reduce defensive abilities, allow-
ing infestation by a suite of root and lower-stem feeding beetles.
The rhizophagous weevils Hylobius radicis Buchanan, Hylobius rhi-
zophagus Millers, Benjamin & Warner, H. porculus, and P. picivorus
attack the root collar and coarse roots, while Dendroctonus valens
LeConte attacks the lower trunk and root collar. These beetle spe-
cies are associated with moderately virulent fungi, Leptographium
terebrantis Barras and Perry and Leptographium procerum
(Kendrick) Wingfield (Klepzig et al., 1991, 1995), which are inocu-
lated into the roots of attacked trees. A key factor in the red pine
system is the high degree of root grafting among pine trees
throughout affected stands. In comparison, southern pines are
much less likely to root graft than red pines. This, coupled with
the circular-shaped pattern of decline and mortality observed in
red pine pocket decline, indicates fungal infection from a central
source and subsequent radial spread. Even so, rhizophagous bee-
tles and fungi in red pine trees do not kill the tree; rather, their
presence further stresses and weakens the tree, increasing its sus-
ceptibility to stem-colonizing bark beetles such as Ips spp. and red
turpentine beetles (Dendroctonus valens LeConte) (Erbilgin and
Raffa, 2002).

5.4. Pathogens

Root disease pathogens, particularly those affecting woody
roots, are regarded as key drivers of forest ecosystems (Otrosina,
2005). They may act as primary disturbance agents or secondary
consequences of disturbance (Otrosina and Ferrell, 1995) depend-
ing upon several pathological, ecological, and environmental fac-
tors. Root disease pathogens are often implicated in forest
declines, but are usually considered secondary factors (Hansen
et al., 1988; Hennon, 1990; Bal et al., 2013). Because root diseases
are often cryptic, and in many cases not identified in the initial
stages without considerable effort, they are often overlooked in
assessments of stand health.

Several root pathogens are prevalent in forests of the southeast-
ern U.S., but rarely implicated as factors in SPD – even if the patho-
gens are considered primary mortality factors. For instance, H.
irregulare is an important primary pathogen of conifer forests
across the southeastern U.S. This pathogen is spread by aerial spore
dispersal and subsequent infection through freshly cut surfaces
such as stumps and/or root wounds (Otrosina and Cobb, 1989;
and references therein). The fungus then colonizes healthy roots
of adjacent trees, spreading from diseased to healthy tissue via root
grafts or contact. Growth losses by H. irregulare infection can be
significant (Tainter et al., 1989), as the additional stress resulting
from root disease often renders trees susceptible to stem-coloniz-
ing bark beetles (Cobb et al., 1974; Alexander et al., 1981).
Phytophthora cinnamomi occurs in the Piedmont region of the
southeastern U.S. (Mistretta, 1984) and can cause serious damage
and economic losses on southern pines (Campbell and Copeland,
1954). Phytophthora cinnamomi spores spread via soil-borne water.
Fungal spores can infect roots and cause needle shortening and dis-
coloration, thin crowns, branch dieback, and reduced diameter
growth (Campbell and Copeland, 1954; Mistretta, 1984).
Fertilization can help alleviate disease symptoms. Pythium spp.
fungi, implicated as factors in littleleaf disease (Lorio, 1966;
Hendrix and Campbell, 1970), are often associated with P. cin-
namomi (Otrosina and Marx, 1975). Armillaria mellea (Vahl) P.
Kumm., or Armillaria root rot, is a ubiquitous pathogen affecting
many plant species around the world (Wargo and Shaw, 1985;
Williams et al., 1986). The pathogen either parasitizes living tissue
or functions as a saprophyte on dead woody tissue. Armillaria root
rot is spread when fungal rhizomorphs or uninfected roots contact
each other underground. Damage can include growth reductions
and lower stem decay, or tree mortality. This disease may go unno-
ticed, or its damage may be attributed to other factors (Williams
et al., 1986).

While H. irregulare, P. cinnamomi, Pythium spp., and A. mellea are
all quite common across southeastern U.S. forests, none have been
implicated as contributing factors in SPD. In fact, Eckhardt et al.
(2007, 2010) indicate that these fungi are either not present in tree
roots or not associated with SPD sites. However, one group of
Ophiostomatoid fungi – the Leptographium complex – has been
implicated as an important pathogen in SPD (Eckhardt et al.,
2007, 2010). These fungi are associated with (and transmitted
by) native root feeding Curculionidae including Hylastes spp.,
Hylurgops spp., Hylobius spp., and Pissodes spp. (Klepzig et al.,
1991; Nevill and Alexander, 1992; Eckhardt et al., 2004a). The bee-
tles acquire fungal spores from the microscopic conidiophores
inside the insect galleries. Unlike those of H. irregulare, P. cin-
namomi, or A. mellea, spores of the Leptographium complex are
not suited to aerial or water dispersal, and do not persist in soil
for more than a few months, making insects the critical component
of overland spread (Lewis et al., 1987).

While most of the Leptographium complex (not including L.
wageneri [W.B. Kendr.] M.J. Wingf.) is comprised of opportunistic
pathogens infecting previously-compromised trees (Harrington
and Cobb, 1988), there are instances where tree mortality in sev-
eral Pinus spp. was associated with the presence of the
Leptographium complex (Highley and Tattar, 1985; Klepzig et al.,
1991; Otrosina et al., 1997, 1999, 2002; Sullivan et al., 2003;
Eckhardt et al., 2007). In these examples, closer scrutiny of stand
condition, ecological status, and edaphic conditions revealed that
factors such as older tree age, high basal area, degraded and eroded
soils, silvicultural treatments (e.g., prescribed fire conditions), and
trees growing on edge of their ecological range were strongly asso-
ciated with recovery of these fungi from tree roots and associated
tree mortality.
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6. Available SPD information and forest management

6.1. Natural pine mortality rates

The background mortality rate for temperate forests in the east-
ern U.S. is about 1–2% per year on a tree density basis (Brown and
Schroeder, 1999). Major disturbances (e.g., hurricanes) might
increase forest mortality at a regional scale to 5–15% (Brown and
Schroeder, 1999). For loblolly pine plantations in the southeastern
U.S., Zeide and Zhang (2006) reported an annual probability of
mortality from all causes of 0.038 (i.e., approximately 4 out of
every 100 planted trees die each year). Notably, the authors attrib-
uted a fair amount of this mortality to insects, specifically the SPB.
Loblolly pine on heavily managed and military-used land experi-
enced 8.2% morality, although these plots contained older stands
(aged 38–98 yr; Ryu et al., 2013).

At the stand level, mortality rate (like growth rate) depends on
site index, stand age, and species. Older stands exhibit an increase
in density-dependent mortality due to greater resource competi-
tion between trees. Still, this effect of competition is also seen in
relatively young stands. Martin and Jokela (2004) reported cumu-
lative mortality rates ranging between 10.8% and 22.5%, depending
on site treatment, in 19-year-old stands in north-central Florida
(where length of a single rotation � 18 years). The highest mortal-
ity rates were in plots subjected to fertilization, but in all cases, the
mortality reflected a process of self-thinning, with most mortality
occurring in low to average diameter classes (i.e., larger trees are
more competitive for resources and have a higher probability of
survival). Better survival of larger trees continues as a stand
matures. For example, between 25 and 44 years of age, an even-
aged loblolly pine stand lost 62% of trees 10–20 cm in diameter
(the smallest size class present at that age range), but only 12%
of trees 20–40 cm in diameter (Peet and Christensen, 1987).

It can be difficult to distinguish excessive from normal mortality
rates in larger, relatively older pine stands (i.e., >40 years old), espe-
cially those that have been suggested to be most susceptible to SPD
(Eckhardt et al., 2007). Stands sampled having symptoms of SPD ran-
ged from 29 to 65 years old with a mean age of 47 ± 2 years old, and
most were grown on poor sites or soils (Brown and McDowell, 1968;
Eckhardt et al., 2007). Roth and Peacher (1971) found <1% annual
mortality over a 5-yr monitoring period in initial SPD plots in
Alabama. In addition, plots symptomatic for SPD had significantly
greater fire damage than asymptomatic sites (48.5% compared to
10.5%; Eckhardt et al., 2007). While increased tree age and reduced
radial growth have been associated with the presence of the
Leptographium complex (Eckhardt et al., 2007), pine growth rates
decline in older stands due to hydraulic limitation and declining res-
piration (Drake et al., 2010, 2011) even when site conditions are
good (Samuelson et al., 2013).

In short, a low level of annual mortality is to be expected in pine
stands regardless of age, and due to many causes, especially com-
petition between trees. In practical terms, a noteworthy health
issue only exists if a stand exhibits excessive mortality of relatively
large-diameter trees. This further depends on stand age, since at
some point all of its trees become large, and thus only large trees
can die (Peet and Christensen, 1987). Separating tree mortality
resulting from natural or specific factors with that of the SPD is,
at this time, impossible to do because of the plethora confounding
factors.
6.2. Contribution of abiotic factors to decline and disease

Fire has been implicated in southern pine decline and mortality,
as symptomatic roots were associated with increased fire damage
(Eckhardt et al., 2007; Menard et al., 2010). Additionally, greater
numbers of rhizophagous weevils were captured and a higher inci-
dence of infection by the Leptographium complex was observed in
severely burned areas (Hanula et al., 2002), highlighting the impor-
tance of fire in southern pine health issues. National Forests in the
southeastern U.S. use prescribed burning regularly and damage
from fire is a primary factor in tree damage leading to mortality
(Hanula et al., 2002).

Site suitability for loblolly pine across the landscape may also be
influencing southern pine health. The Conservation Reserve
Program (CRP) and other federal acquisition programs which
resulted in the planting of loblolly pine across millions of hectares
of formerly agricultural land in the southeastern U.S., has been
acknowledged as potentially contributing to pine health issues, as
many CRP plantings had long-term productivity issues (Stubbs,
2014). The relatively greater nutrient demands of loblolly pine, espe-
cially for faster growing plantation selections, may contribute to
stress and health issues on such sites. For example, Hess et al.
(1999) associated loblolly decline symptoms found in sites in the
Oakmulgee Ranger District of the Talladega National Forest with lit-
tleleaf disease, but noted that the agricultural history of these sites,
because it impacted soil nutrient availability and internal drainage,
could explain the disease’s presence. They also noted that, in some
cases, littleleaf disease symptoms have been delayed and tree condi-
tions improved via soil application of inorganic nitrogen. Other
researchers (e.g., Mitchell et al., 1991) have implicated biotic agents
as factors contributing to pine mortality on former agricultural sites.
Many of the SPD sites identified by Eckhardt et al. (2007) and
Eckhardt and Menard (2008) were from the Oakmulgee Ranger
District, which was largely assembled from formerly agricultural
land reclaimed by the CRP or similar programs (Hess et al., 2002);
other plots analyzed in central Alabama probably had a similar his-
tory considering their location. As such, careful interpretation of any
land use history data related to tree decline syndromes is essential.

Based on Sinclair’s (1966) model on factors affecting tree health,
managing sites that are declining requires identifying the abiotic
conditions that predispose the sites to accumulated stress and
eventual attack by biotic agents attracted to damaged trees.
Reducing fire and mechanical damage, better site selection, nutri-
ent inputs (especially nitrogen), and better matching of planted
species to the specific site are viable management options.

6.3. Biotic agents and causality

The death of a tree is a complex ecological process (Franklin et al.,
1987; Stephenson et al., 2011), and many factors work in concert to
cause tree mortality (Houston, 1981; Manion, 1981; Mueller-
Dombois, 1987; Stephenson et al., 2011). Literature from forest
decline syndromes around the world supports the notion that pre-
disposing factors are required to weaken trees prior to insect/fungal
infection (Sinclair, 1964; Houston, 1981; Hinrichsen, 1987; Ciesla
and Donaubauer, 1994; Jurskis, 2005). In fact, specific causes of tree
mortality in forest declines are extremely difficult to identify.
Dobbertin et al. (2001) and Lännenpää et al. (2008) recorded factors
responsible for tree mortality, and the majority of recently dead
trees could be associated with a fungus. However, the authors could
not determine if the trees were susceptible to fungal infection due to
drought or another abiotic factor.

Artificial inoculations with various ophiostomatoid fungi have
elicited only relatively small lesions in either seedlings or mature
trees (Raffa and Smalley, 1988; Klepzig et al., 1991, 2005;
Långström et al., 2001; Eckhardt et al., 2004b; Matusick and
Eckhardt, 2010a, 2010b; Matusick et al., 2012) suggesting that
the fungi have limited effects in healthy trees. As such, based on
the available evidence and complexity of the death process in trees,
it would be premature to label fungal agents as causes of SPD or
tree mortality associated with SPD.
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6.4. Potential for Leptographium complex-induced mortality in mature
southern pine

Previous research (Mitchell et al., 1991; Zwolinski et al., 1998;
Eckhardt et al., 2007) has linked soil biota to mortality in pine
stands, but lacked evidence that rhizophagous beetles and their
associated fungi can kill mature trees in the field. Similarly, inocu-
lation studies have indicated that the causal relationship between
the Leptographium complex and southern pine root diseases have
to be interpreted carefully (Eckhardt et al., 2004a). The available
data suggest that the Leptographium complex is relatively common
in the southeastern U.S. forest landscape (http://www.auburn.edu/
~eckhalg/PDF%20files/Loblolly_Pine_Decline_and_Leptographium_
Overview.pdf). However, causality between tree death and biotic
factors in SPD is not clear. While recent research suggests a link
between abundance of rhizophagous weevils and SPD (Eckhardt
et al., 2007; Zanzot et al., 2010) or stand thinning (Zeng et al.,
2014), other research from the southeastern U.S. indicates that
healthy stands are not at risk for attack by rhizophagous or
stem-infesting beetles. Hines and Heikkenen (1977) found that
over 99% of the seven most common bark and woodboring species
(including H. pales and H. porculus) were captured at girdled com-
pared to control Virginia pine (Pinus virginiana Mill.) trees. Prior to
girdling, <1 H. porculus/tree/month was captured on sample trees,
but after those same trees were girdled capture rates rose to >65 H.
porculus /tree/month (Hines and Heikkenen, 1977). Our own work
in the southeastern U.S. also indicates that these rhizophagous
beetles are primarily associated with girdled (stressed) versus
ungirdled (unstressed) pine trees (Helbig, Coyle, Klepzig, Nowak,
Gandhi, unpublished data). As such, the idea that these rhi-
zophagous weevils cause pine tree mortality needs to be fully
investigated before making pine management decisions.

6.5. Management implications

The hypothesis that southern pine stands with declining trees
be labeled SPD is not currently supported in the literature. The
term SPD (Zeng et al., 2014) appears to be used based on the
Fig. 3. Conceptual model outlining the complex interactions among factors affecting s
ensure sustainable forest management. While this particular model specifies southern p
common presence of root-feeding weevils and their association
with the Leptographium complex in unhealthy stands. Managing
for a presumed causal agent (e.g., insect or its transmitted fungal
pathogen) rather than for the local events’ unique circumstances
may lead to counter-productive management practices. For exam-
ple, a focus on the Leptographium complex and their vectors as sug-
gested by Eckhardt et al. (2010) may be managing for indicators
rather than causes of a forest health problem. Suggesting manage-
ment practices that focus on secondary invaders such as rhi-
zophagous weevils after thinning (Zeng et al., 2014) instead of
primary factors can potentially exacerbate other pine health prob-
lems. For example, thinning has long been established as a benefi-
cial silvicultural practice worldwide. It is well-known that as trees
age, productivity declines. In stands managed for production, thin-
ning must occur to prevent overstocked stands, which can lead to
stressed trees. Thinning leads to growth increases (Della-Bianca
and Dils, 1960; Aussenac and Granier, 1988; Zhang et al., 2006),
increased physiological functioning (Ginn et al., 1991), and can
reduce susceptibility to insect outbreaks (Mitchell et al., 1983;
Fettig et al., 2007, 2014; Wallin et al., 2008). Thinning is one of
the primary silvicultural prescriptions recommended to increase
resistance of pine stands to SPB (Brown et al., 1987; Belanger
et al., 1993; Turchin et al., 1999; Nowak et al., 2008). In fact, a
recent study definitively showed that thinning can reduce SPB
damage on both local and landscape scales (Nowak et al., in
press). The conclusion that thinning results in an increased abun-
dance of pathogen-carrying Hylastes spp. beetles (Zeng et al.,
2014) is not surprising. Thinning, by definition, creates stumps,
which are the preferred oviposition substrate for these weevils.
Terpenes associated with recently-cut trees (e.g., ethanol and tur-
pentine) are also known attractants for several species of root wee-
vils (Lindelöw et al., 1993). Thus, one would expect a short-term
(i.e. 1–2 yr) increase in rhizophagous weevil abundance. A study
that monitored insect populations for one year captured this
increase via traps and examining stumps (Zeng et al., 2014).
However, it is likely that Hylastes spp. numbers would have
returned to pre-thinning levels, as shown by Sullivan et al.
(2003). In addition, health issues were not noted in thinned stands
outhern pine health, landowner education, and management decisions needed to
ine forests, the model can be adapted to any forest system worldwide.

http://www.auburn.edu/~eckhalg/PDF%20files/Loblolly_Pine_Decline_and_Leptographium_Overview.pdf
http://www.auburn.edu/~eckhalg/PDF%20files/Loblolly_Pine_Decline_and_Leptographium_Overview.pdf
http://www.auburn.edu/~eckhalg/PDF%20files/Loblolly_Pine_Decline_and_Leptographium_Overview.pdf
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(Zeng et al., 2014), so the question whether a short-term increase
in rhizophagous beetles after thinning leads to tree health issues
is still unanswered. A wealth of literature supports thinning as a
management strategy to reduce pine stand susceptibility to bark
beetle outbreaks. In contrast, there is relatively little literature to
support the hypothesis that Hylastes spp. colonize healthy trees
and contribute to SPD. Therefore, literature and expert opinion
continues to strongly support thinning as a silvicultural option to
reduce SPB susceptibility, improve tree health, and increase resid-
ual tree growth.

Screening for resistance to these secondary individual compo-
nents of declining trees (e.g., Singh et al., 2014) also seems prema-
ture since there is no way to predict how different tree genotypes
would perform when subjected to multiple stressors, nor is this a
test of their tolerance of insect herbivory. Further, seedlings were
used in such trials (Singh et al., 2014) instead of mature trees,
which are the host of the fungal vector, Hylastes spp.
Extrapolating data from seedling inoculation studies to make pre-
dictions on mature tree resistance may be premature.
7. Conclusions

Presently, there is little evidence that SPD exists as a region-
wide phenomenon or is an emerging forest health issue in the
southeastern U.S. Instead, our analyses of FIA data indicate that
pine health issues in the southeastern U.S. tend to occur in local-
ized areas (SPB outbreaks notwithstanding), likely resulting from
a complex interaction between predisposing and inciting factors.
Several factors (predisposing, inciting, and contributing) affect
southern pine health and pine mortality. These factors, coupled
with the greater nutrient requirements of loblolly pine and reduc-
tions in silvicultural treatments during forest rotations, may result
in low vigor, reduced growth and increased mortality of pine
stands.

There are significant obstacles to sustainable management of
southeastern forests, as they represent a patchwork of landscapes
having different management histories and current objectives
(Butler, 2008). However, effective forest management is possible,
especially as related to pine health issues. Depending on stand
age, some tree mortality may be expected. Many other factors
are likely at play in these situations, including weather, soils, and
land use history (Fig. 3). Interplay between those abiotic and biotic
factors may assist with building decision models for providing sus-
tainable management guidelines (Fig. 3). Local forest health profes-
sionals may continue to consider standard practices that promote
forest health, including site preparation, selection of the appropri-
ate tree species, vegetation control, prescribed burning, and thin-
ning at appropriate times. These standard management methods
have been honed and tested over time, and in the absence of evi-
dence to the contrary, they are likely the way forward to forest
sustainability.
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