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Abstract

Detection of brown spot needle blight (BSNB) disease caused by the fungal pathogen
Lecanosticta acicola (Thum.) Syd. has increased significantly at commercial loblolly pine
(Pinus taeda L.) plantations across the southeastern United States in recent years. Historically,
it has been a serious problem in longleaf pine (Pinus palustris Mill) during the grass stage
of seedlings, when the environment is more conducive to fungal infection. However,
since 2016, confirmed cases of the disease on loblolly pines have increased in several states,
including AL, AR, FL, GA, LA, MS, SC, TN, and TX. We investigated the distribution pattern
of confirmed cases of BSNB on loblolly pine between 2016 and 2023, identified site-specific
factors, and evaluated the historical standardized precipitation index (SPI) value record
over the past four decades. Our results showed that extended periods of above-normal SPI
values are associated with BSNB spatial distribution patterns, particularly where the disease
has been widely reported in AL, AR, LA, and MS. We observed significant reduction in tree
height and dbh in severely infected versus healthy trees at the six study sites evaluated in
2023. Excessive rainfall and prolonged water saturation associated with historical 5-Year
SPI values suggest that vulnerable loblolly pine seedlings (depending on genetic family)
are more likely to be predisposed to L. acicola infection due to persistent stress from reduced
soil nutrient flux and other physiological processes of the host. Understanding the effect
of precipitation patterns on cases of BSNB is an important step toward preventing or
minimizing the future impact of the disease on commercial plantations in the Southeast.

Keywords: brown spot needle blight; BSNB; Lecanosticta acicola; loblolly pine; standardized
precipitation index (SPI); Southeast

1. Introduction

Brown spot needle blight (BSNB) is a pine needle disease caused by Lecanosticta acicola
(Thum.) Syd., a fungal pathogen that has been recorded on several Pinus spp. in North
America and elsewhere in the world [1]. In the southeastern U.S., BSNB typically is only a
significant disease of the longleaf pine (Pinus palustris Mill.) in the early developmental
grass stage [1-3], a period during which root establishment is favored over height growth.
During this period, foliage remains near ground level and is more likely to be exposed to
needle pathogens spread by water splash. Loblolly pine (Pinus taeda L.), which lacks a grass
stage, was historically considered a more tolerant species, but in recent years, BSNB has
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been associated with increased incidence and damage in commercially grown loblolly pine
plantations [1,4-9]. Land managers have expressed serious concerns about the emerging
threat to loblolly pine stands, given, in particular, that the pathogen is readily available
all year. Although multiple pathogens, including needle cast fungi (Lophodermium sp.,
Lophodermella sp. and others), have been implicated and identified as present in low levels
on infected foliage, the BSNB pathogen has been consistently detected on symptomatic
needles, and has been identified as the primary pathogen associated with the recent needle
discoloration, defoliation, reduced growth, and mortality in loblolly pine [7-11].

Sporulation, proliferation, and dissemination of the L. acicola have been associated
with environmental factors such as mild winters, cool springs, and rainfall patterns, with
the peak sporulation occurring in May through August [12,13]. In the Southeast, loblolly
pine trees are often planted during their dormant season, which usually occurs from
December to March. Planting under extremely wet soil conditions can result in decreased
survival, delay in the development of new roots, and reduced growth [14]. Insufficient
root development in the early stages can also reduce physical support, obstruct water and
nutrient uptake, and cause dieback or seedling mortality from extreme weather conditions
or infection from tree pathogens during excessively wet periods [14].

Level of impact by precipitation on host-pathogen interaction may vary depending
on the timescales of the exposure, which can be investigated using the standardized precip-
itation index (SPI), an important indicator for quantifying and reporting meteorological
information related to soil moisture at shorter timescales, and groundwater and reservoir
storage at longer timescales. The index captures the deviation of observed precipitation
from the climatological average over a given period to estimate wet or dry conditions based
on the precipitation variable on a variety of timescales, from sub-seasonal to interannual
scales [15-18]. The timescales (i.e., short-term and long-term applications) are useful for the
recognition of patterns such as the onset of extreme events (i.e., drought and high precipita-
tion) and the availability of different water resources. Soil moisture conditions (affected by
annual rainfall deficits) respond to precipitation anomalies on a relatively short timescale (1-
Year SPI), while multi-year hydrological droughts, groundwater, streamflow, and reservoir
storage reflect longer-term (2-Year and 5-Year SPI) precipitation anomalies [15].

In this study, we investigated the upsurge in recent years of reports of BSNB detec-
tion in loblolly pines in the southeastern U.S. [7] that coincided with multiple years of
higher-than-average rainfall between 2016 and 2023 (National Center for Environmental
Information (NCEIL https://www.ncei.noaa.gov)). The specific objectives were to (i) de-
velop a county-level geographic database of confirmed cases of L. acicola in loblolly pine
as a historical record and baseline for subsequent research efforts, (ii) investigate the role
of precipitation as a key environmental trigger of the higher reported detections of the
disease seen in the Southeast over the recent decades, as well as the impact of BSNB on tree
growth, and (iii) evaluate the application of SPI as a leading indicator for BSNB detection
in the southeastern United States. We focused on SPI in this study to capture the cyclical
short- and longer-term precipitation anomalies (at field or regional scales) as they relate to
the predisposition of loblolly pine host to BSNB infection. The findings and knowledge
gained from this study will facilitate a better understanding of the impacts of BSNB on
pine growth and mortality, guide management decisions, and potentially reduce negative
economic impacts on private landowners, commercial pine nurseries, and plantations in
the southeastern United States.
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2. Materials and Methods
2.1. Regional Distribution Map of Brown Spot Needle Blight (BSNB) on Loblolly Pine

The detection of BSNB was recorded at the county level based on the confirmation of
L. acicola presence in loblolly pine needle samples as part of what subsequently became a
regional needle pathogens research network (NPRN) detection effort. The sample infor-
mation recorded included the sample collection date, location, county/parish, state, and
any additional pertinent information about the site where the sample was collected. The
source of the fundamental data for this aspect of the study was documented symptomatic
needle samples that were collected by the USDA Forest Service; Auburn University, AL;
and the University of Georgia, GA, or received from affected landowners, land managers,
and forestry cooperators across the region who were committed to facilitating the collection
and coordination of reliable geographical data for various reports. Received loblolly pine
needle samples were tested for L. acicola by morphological characterization and molecular
detection methods including Polymerase Chain Reaction (PCR), quantitative polymerase
chain reaction (qQPCR), and loop-mediated isothermal amplification (LAMP) [10,11,19,20] at
any of the three diagnostic laboratories, which were located at Auburn University, AL; the
University of Georgia, GA; and the USDA Forest Service, Southern Research Station/Forest
Health Protection, LA. Data collected from index of reporting between 2016 and 2023 from
the NPRN detection effort was used in creating the regional BSNB map of the first confirmed
cases of L. acicola across the southeastern United States by county/parish, and subsequently
used in evaluating the relationship between the SPI values and the progression of BSNB
detections across in the southeastern United States.

2.2. Standardized Precipitation Index

The standardized precipitation index (SPI) analysis in this study focused on two
aspects. The first aspect was to evaluate the correlation between SPI values and the
detection of BSNB in loblolly pine corroborated by the distribution patterns of positive
county/parish data between 2016 and 2023 in the southeastern United States. SPI values,
when positive, indicate that the wet condition is greater than median precipitation, whereas
negative values indicate that the dry condition is less than median precipitation. Values can
be classified as extremely wet (>2.00), very wet (1.50 to 1.99), moderately wet (1.00 to 1.49),
near normal (—0.99 to 0.99), moderately dry (—1.49 to —1.00), very dry (—1.99 to —1.50),
or extremely dry (<—2.00) (https://www.weather.gov/hfo/spi_info, accessed 21 March
2026). Classification and Regression Tree (CART) analysis was performed in JMP version
14.0 (SAS Institute Inc., Cary, NC, USA) using the Partition platform to determine the
interactions between cumulative number of first-time L. acicola positive counties/parishes
(CCounty) across nine states and the historical state-level SPI evaluated at three timescales
(1-Year SPI, 2-Year SPI, and 5-Year SPI) from (January to March) between 2016 to 2023.

The second aspect was to evaluate the SPI values in relation to the BSNB epidemics
between 1980 and 2023 in two geographical regions in the United States, specifically, the
first-time L. acicola-positive county/parish data between 2016 and 2023 in the Southeast
and the documented published accounts of white pine needle damage (WPND) between
2005 to 2014 in the northeastern United States. WPND is a disease complex caused by
multiple pathogenic fungi (concurrently or independently found) within infected stands
that are native to the northeastern United States. However, L. acicola appeared to be the
primary pathogen of WPND [21]. The county-level SPI was evaluated at three timescales
(1-Year SPI, 2-Year SPI, and 5-Year SPI) from 1980 to 2023, using historical data from
nine counties/parishes (Washington, AL; Grant, AR; Nassau, FL; Ware, GA; Rapides, LA;
Lowndes, MS; Abbeville, SC; Coffee, TN; and Hardin, TX) in nine southeastern states where
BSNB in loblolly pine was reported (Climate Toolbox (https:/ /climatetoolbox.org/)) [22].
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The counties/parishes included represent either the first or one of the first counties in
each state where BSNB pathogen was confirmed since 2016. In the northeastern United
States, similar SPI data was evaluated on three timescales (Climate Toolbox (https://
climatetoolbox.org/)) [22] for five counties within four states (Berkshire, MA; Aroostook,
ME; Piscataquis, ME; Hillsborough, NH; and Chittenden, VT), and included based on
previously documented reports of L. acicola (Table 1, Figure 1) [12].
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Figure 1. Distribution of brown spot needle blight pathogen and Lecanosticta acicola (Thum.) Syd.
isolated from pine species samples collected in the United States between 1870 and 2020, as previously
documented [1].
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Table 1. Counties in the northeastern region (or states) and counties/parishes in the southeastern
region included in the evaluation of the standardized precipitation index timescales (1-Year SPI,
2-Year SPI, and 5-Year SPI) as an indicator for identifying precipitation as a trigger associated with
brown spot needle blight.

Regions State County/Parish
Northeast MA Berkshire
ME Aroostook
ME Piscataquis
NH Hillsborough
VT Chittenden
Southeast AL Washington
AR Grant
FL Nassau
GA Ware
LA Rapides Parish
MS Lowndes
SC Abbeville
TN Coffee
TX Hardin

2.3. Field Study

A field study was established at six commercial pine plantations in Rapides Parish (R1,
R2, R3, and R4) and Vernon Parish (V1 and V2) in Louisiana. Each site was planted with
different loblolly pine families (MCP1, MCP2, MCP3, MCP4, and OP1) between 2014 and
2018. Site R2 was planted with MCP and OP (Table 2). MCP represents full-sib seedlings
produced from mass control pollination crosses, also sometimes referred to as CMP, while
OP represents half-sib seedlings produced from uncontrolled crosses, also referred to as
open-pollinated. The sites were chosen based on reports from landowners of widespread
BSNB infection within specific plantations. During a preliminary assessment of BSNB
severity on the loblolly pine stands in early 2023, above-average BSNB detection was
observed at each site. In October 2023, 60 loblolly trees with varying levels of disease
severity were identified, and 10 were selected randomly at each site, tagged, and evaluated
for initial crown health assessment and progressive long-term monitoring. The severity
of needle diseases in the crown was rated according to a 0—4 disease severity rating scale,
where 0 = healthy, 1 = <30% of needles within the crown infected, 2 = 30%—60% of needle
infected, 3 = >60% of needles infected, and 4 = dead. Individual tree health and crown
assessments were conducted based on disease severity, tree height, and tree diameter at
breast height (dbh). Classification and Regression Tree analysis in JMP version 14.0 (SAS
Institute Inc., Cary, NC, USA) was performed using the Partition platform to identify key
predictors of dbh and height based on pine family type, planting year, and disease severity.
Weather information for the sites, including monthly and total annual rainfall data from
1980 to 2023, was obtained from the Climate Toolbox (https:/ /climatetoolbox.org/) [22].
Available weather data was analyzed. Site-specific soil data was obtained from SoilWeb and
Soil Series Extent Explorer (SEE), applications provided by the California Soil Resource Lab
(https:/ /casoilresource.lawr.ucdavis.edu/soilweb-apps, accessed on 6 March 2026) [23].
All statistical data analyses were performed in JMP version 14.0 (SAS Institute Inc., Cary,
NC, USA)
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Table 2. Field study sites established at six commercial pine plantations in Rapides and Vernon
Parishes in Louisiana for crown health assessment of loblolly pine, determining brown spot needle

blight severity, and long-term monitoring.

Site ID LA Loblolly Year Soil Characteristics, Drainage, Permeability,
Code Parish Family Planted Series Runoff, Wetness
R1 Rapides MCP3 2018 85% Ruston High, Moderate, Medium, N/A
8% Savannah Moderate, Moderate, Medium, N/A
5% Smithdale High, Moderate, Medium, N/A
2% Malbis Poor, Slow, High, Endo-saturation & Aquic
R2 Rapides MCP4/0P1 2017 85% Ruston High, Moderate, Medium, N/A
8% Savannah Moderate, Moderate, Medium, N/A
5% Smithdale High, Moderate, Medium, N/A
2% Malbis Poor, Slow, High, Endo-saturation & Aquic
R3 Rapides OP1 2018 85% Cahaba Poor, Slow, High, N/A
10% Guyton Poor, Slow, High, N/A
3% Bienville High, Moderate, Slow, N/A
2% Bonn Poorly, Slow, Slow, N/A
R4 Rapides MCP4 2017 85% Caddo Poorly, Slow, High, Endo-saturation & Aquic
5% Guyton Poorly, Slow, High, N/A
5% Messer Moderate, Slow, High, N/A
5% Glenmora Moderate, Slow, Medium, N/A
Vi Vernon MCP1 2014 85% Malbis Poor, Slow, High, Endo-saturation & Aquic
15% Guyton Poor, Slow, High, N/A
V2 Vernon MCP2 2018 85% Malbis Poorly, Slow, High, Endo-saturation & Aquic
15% Guyton Poorly, Slow, High, N/A
3. Results

3.1. Regional Distribution Map of Brown Spot Needle Blight (BSNB) on Loblolly Pine

Analyzed data from this study based on the index of reporting showed that Lowndes
County, MS, which had a confirmed case of L. acicola on a loblolly needle sample in 2016,
was the first documented county to test positive for L. acicola. Since then, L. acicola has
been confirmed in a total of 115 counties/parishes in nine states, including AL (42), AR
(11), FL (1), GA (4), LA (12), MS (38), SC (1), TN (4), and TX (2), which have been added
to the distribution map for 2016 to 2023 (Figure 2). The highest number of first confirmed
counties/parishes (48) was recorded in 2022. The number of positive counties/parishes
per year increased significantly from 2016 to 2022 but decreased by half in 2023. Two
states, AL and MS, accounted for 69.6% of the total positive cases between 2016 and 2023
(Figures 2 and 3). It is important to note that the data presented in this current investigation
were based on samples received and processed only at the three aforementioned laborato-
ries located in AL, GA, and LA, and did not represent a region-wide survey of L. acicola
in the southeastern United States. The map is a diagnostic-driven documentation, and
not a product of an active region-wide BSNB distribution survey (thus, the disease could
be present in some counties/parishes not featured on the map). Furthermore, it is quite
possible that state cooperators and land managers became accustomed to observing BSNB
symptoms, therefore reducing the need to submit new samples to any of the laboratories
for confirmation.
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Figure 2. Map of southeastern United States counties and parishes where brown spot needle blight
was confirmed on symptomatic loblolly pine needle samples by DNA detection of the pathogen
Lecanosticta acicola (Thum.) Syd. between 2016 and 2023.
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Figure 3. Number counties/parishes in the southeastern United States where Lecanosticta acicola
(Thum.) Syd. was confirmed on loblolly needle samples between 2016 and 2023.
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3.2. Standardized Precipitation Index

Classification and Regression Tree data analysis indicates that state and mean (5-Year
SPI) factors account for 60% of the variation in the interactions between cumulative num-
ber of first-time Lecanosticta acicola-positive counties/parishes across nine states and the
historical SPI value between 2016 to 2023 according to the data evaluated (R? = 0.60). In AL
and MS, the mean (5-Year SPI) > 2.09 (i.e., extremely wet) increased the mean cumulative
L. acicola-positive counties from approximately 19 to 28 counties, while the mean (5-Year
SPI) < 2.09 reduced it from approximately 19 to nine. The mean cumulative L. acicola-
positive counties/parishes, excluding SPI interaction, was approximately six in AR and LA
compared to two in the remaining states (FL, GA, SC, TN, and TX) (Figure 4).

All Rows
Count 26.00 LogWorth Difference
Mean 10.50 2.89 15.52

Std Dev 13.10

State(FL, SC, TX, GA, TN, LA, AR) State(MS, AL)
Count 15.00 LogWorth Difference Count 11.00 LogWorth Difference
Mean 3.93 2.39 4.14 Mean 19.45 137 19.17
Std Dev 3.08 Std Dev 16.21
I I
I | I |
State(FL, SC, TX, GA, TN) |[State(LA, AR) Mean(5-YEAR SP1)<2.09 |[Mean(5-YEAR SPI)>=2.09
Count 8.00 Count 7.00 Count 5.00 Count 6.00
Mean 2.00 Mean 6.14 Mean 9.00 Mean 28.17
Std Dev 1.31 Std Dev 3.08 Std Dev 9.72 Std Dev 15.80
Number
RSquare RMSE N  of Splits AlCc
0.60 8.08 26 3 195.41
Contributions
Number
Term of Splits SS Portion
State 2 1592.92 . . . . I 0.61
Mean(5-YEAR SPI) 1100189 [ ] : 0.39
Mean(1-YEAR SPI) 0 0.00 | : : : : 0.00
Mean(2-YEAR SPI) 0 0.00 | : : : : 0.00

Figure 4. Classification and Regression Tree (CART) analysis of the interactions between the cu-
mulative number of first positive counties/parishes across nine states and the mean (January to
March) historical Standard Precipitation Index (SPI) value (1-Year SPI, 2-Year SPI, and 5-Year SPI)
from each state between 2016 to 2023. The two factors (state and mean [5-Year SPI]) accounted for
60% of the variation, with state showing a higher proportion of contribution to the regression than
mean (5-Year SPI).

Historical observations indicate noticeable variability in wetness in 5-Year SPI in early
spring (February) from 2014 to 2023 in the United States (Figure 5), while the cyclical 5-Year
SPI timescale values in the southeastern region turned positive (wet) in 2016 after almost a
decade of precipitation deficits (drought). The SPI trend in the Southeast was similar on
the 5-year timescale to previous observations in the Northeast a decade earlier, between
2006 to 2015, a period that was associated with outbreaks of white pine needle damage [21]
(Figure 6). Both periods (between 2009 and 2012 in the Northeast and between 2020 and
2023 in the Southeast) experienced consistently very wet (1.50 to 1.99) conditions. The
onset of the transition was consistent on the three timescales (1-Year SPI, 2-Year SPI, and
5-Year SPI). In central Louisiana, at Rapides Parish, where field observations for this study
were conducted, SPI transitioned from a dry to wet period in 2018/2019 according to the
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2-year and 5-year timescale that indicates that some field sites experienced exceptionally
wet conditions post-2019 (Figure 7). The trend was consistent with a period of extended soil
water saturation and waterlogging in many parts of the region, which could have severely
impacted mature trees and young vulnerable pine saplings planted during this period.

5-Year SPI 5-Year SPI
2014/02/24 2015/02/24

5-Year SPI 5-Year SPI
2016/02/24 2017/02/24

5-Year SPI
2019/02/24

5-Year SPI
2018/02/24

5-Year SPI 5-Year SPI
2020/02/24 2021/02/24

5-Year SPI 5-Year SPI
2022/02/24 2023/02/24

Figure 5. Variability in 5-Year Standardized Precipitation Index (SPI) in the United States in February,
from 2014 to 2023 (Data source: Climate Toolbox ‘Climate Mapper’, https:/ /climatetoolbox.org/tool /
climate-mapper, accessed on 6 March 2026) [22].
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https:/ /climatetoolbox.org/) [22].
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3.3. Field Study

The tree health conditions evaluated in 2023 showed a significant reduction in height
and dbh in severely affected trees compared to healthy trees (based on the 0—4 disease
rating scale) at the six study sites. The dbh of healthy pine trees planted in 2014 (MCP1,
disease rating of 1) was significantly greater than similarly rated trees from a different
genetic family planted in 2017 and 2018. Although there were subtle differences in the
dbh of MCP4 and OP1 trees planted in 2017, OP1 had significantly greater mean dbh than
MCP2 and MCP3 trees planted in 2018. As expected, OP1 planted in 2017 (older) had larger
dbh than those planted in 2018. Trees rated with moderate or severe disease (i.e., disease
rating of 2 or 3) were significantly smaller than healthy trees in all of the three planting
years evaluated. The five genetic families evaluated in the study were located at different
sites in central Louisiana. Hence, the variation in the dbh measurements suggests a possible
influence stemming from interactions between genetic and environmental factors, a finding
that could guide future studies. There was a significant correlation between the tree height
and the dbh (0.91, p < 0.0001 measurements) across all factors. Similar patterns of tree
height and the dbh responses to genetic family, disease severity, and year tree planted were
observed (Figure 8).

Further investigation using CART analysis suggests a strong interaction among the
various factors evaluated in predicting the dbh (R? = 0.81). The genetic family that was
planted, disease severity rating, and year that trees were planted contributed portions of
approximately 0.79, 0.16, and 0.05, respectively, to the dbh variation in evaluated pine trees
(Figure 9).

The analysis of precipitation and the SPI data from Rapides Parish, LA, indicates a
period of consistent soil water saturation due to extended above-average precipitation
between 2015 and 2021 (Figure 10).

The historical weather data between 1980 and 2023 in Rapides Parish, LA, showed
that the annual rainfall post-loblolly planting in early 2018 was consistently above the
2015 to 2022 average. The highest rainfall was in 2020, at 577 mm above the average
(1583 mm) (data source: Climate Toolbox https://climatetoolbox.org/) [22]. Since 2020,
the total annual precipitation at the site has trended down, and by the end of 2023 was
approximately 384 mm below average (1583 mm). However, the cumulative amount
of rainfall above the 2015 to 2022 average was 1599 mm. The composition of the soil
series at the field site R4 in Rapides Parish, LA, showed 85% Ruston, 8% Savannah, 5%
Smithdale, and 2% Malbis (Table 2). These soil series typically experience varying levels
of soil water deficit from June to October according to SoilWeb, Soil Series Data Explorer
(SDE) (https:/ /casoilresource.lawr.ucdavis.edu/sde/?series, accessed on 6 March 2026) [23]
(Figure 11).

https:/ /doi.org/10.3390/£17040411


https://climatetoolbox.org/
https://casoilresource.lawr.ucdavis.edu/sde/?series
https://doi.org/10.3390/f17040411

Forests 2026, 17,411 12 of 19

10 I
- T
10
0 I I

5
I il
0 |
OP1

MCP1 MCP2 MCP3 MCP4

102

L10¢
pajue|d Jeap

(%2}

Oct2023 DBH (cm)

810¢

10 b
I N}
o
5 IS
0
10
,é <
~ ()
= - 2
o L 8=
% 5 \13
8 2
0
10
. N
S}
| i I I m
0 l -
MCP1 MCP2 MCP3 MCP4 OP1

Genetic-Family
Oct2023 Disease Severity . 2 s
Figure 8. Effects of loblolly pine genetic family, brown spot needle blight severity, and the year trees
were planted on (a) diameter at breast height (dbh) and (b) the tree height or Ht (m) of loblolly pine

(n = 60) using the 0—4 disease severity rating scale at the six field sites in Rapides and Vernon Parish,
LA, in October 2023.
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Figure 9. Classification and Regression Tree (CART) analysis of interactions among site-specific
factors evaluated for assessing the diameter at breast height (dbh) measurements of loblolly pine
trees in 2023 from study sites in Rapides and Vernon Parishes, Louisiana. The three identified factors
(Genetic-Family, October 2023 Disease Severity, and Year Planted) accounted for 81% of the variation,
and the table shows the contribution of each factor to the regression tree.
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Parish, Louisiana (data source: Climate Toolbox, https://climatetoolbox.org/) [22].
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Figure 11. Monthly water balance estimated for four soil series (85% Ruston, 8% Savannah, 5%
Smithdale, and 2% Malbis) at the R4 study site in Rapides Parish, LA, showing monthly precipitation
(PPT), potential evapotranspiration (PET), the actual monthly evapotranspiration (AET), and typical
soil water storage and deficit on top, and the approximate geographic extent of the soil series at
the bottom (data source: SoilWeb, https://casoilresource.lawr.ucdavis.edu/see/#ruston,savannah,
smithdale,malbis, accessed on 6 March 2026) [23].
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4. Discussion

The early developmental stage of loblolly seedlings planted at the R4 study site in
2018 coincided with a season of above-average total rainfall. The cumulative excess rainfall
(above the average amount) between 2015 and 2023 was approximately 1599 mm, which is
relatively substantial and likely caused soil water saturation and produced stress in the
young loblolly seedlings for several months. Although 2015 was preceded by several years
of extensive drought seasons, the post-drought years from 2016 to 2021 recorded excessive
moisture at the study sites, creating conditions conducive for BSNB inoculum buildup and
infection. In Rapides Parish, LA, where field observations for this study were conducted,
SPI transitioned from a dry to wet period in 2018/2019 according to the 5-year timescale,
which corresponds to exceptionally wet conditions at field sites that are suitable for fungal
infection and disease development. In addition to favorable conditions for fungal disease
development, excess soil moisture may cause significant physiological problems such as
oxygen deprivation to the roots and reduced root activity, stomatal closure, and reduced
plant growth. Most often, Cz plants such as loblolly pine close stomata due to stressors (i.e.,
waterlogged soils) as a mechanism to reduce transpiration and water loss [24].

Observations over the last 40 years show that waterlogged conditions during the
planting year can reduce the survival of pine seedlings, particularly in the immediate
post-planting period [25]. In well-drained soils, above-normal rainfall may not have an
adverse effect on seedling survival or soil oxygen levels. However, when infiltration is
low in fine-textured soils, water may accumulate. The Southeast received record amounts
of rainfall (>430 mm) through the last three months of 2009, 2015, and 2019 [25]. Rainfall
exceeding 50 mm/week for three weeks or longer in the fall or spring causes pine mortality
on certain soils. Anaerobic conditions can quickly develop following a few warm days of
soil saturation, slowing root growth and reducing transpiration of seedlings [25].

Loblolly pine saplings or seedlings typically struggle to survive under extended
flooding. Therefore, significant mortality frequently occurs during the growing season
when total water inundation lasts longer than two weeks. Loblolly pine growth is highly
correlated with departure from the normal rainfall between April and October [26-28], and
departures can have a significant negative impact on loblolly pine growth [29]. Larger trees
are moderately tolerant of flooding; they can mostly withstand one season but usually die
in the second growing season if they are submerged in 0 to 3 m or more for a continuous
period [30,31]. A study on the effects of continuous and periodic waterlogging periods
during the growing season on Scots pine (Pinus sylvestris L.) saplings found that needle
concentrations of pinitol increased in the waterlogged saplings, indicating stress, and even
short-term waterlogging during the growing season is a stress factor that can affect carbon
allocation and dynamics in boreal forests [32]. A prior study on the effect of waterlogging
on the rhizosphere of young Scots pine trees found that in all plant tissues, waterlogging
reduces the amounts of amino acids and chlorophyll while increasing the deposition of
carbohydrates [33].

In addition to the role that physical soil characteristics may play in BSNB susceptibility,
studies have also found that pines growing on soils where phosphorus (P) is deficient are
less healthy when soils are saturated, while those growing on P-rich sites can use P in place
of oxygen to continue respiration. The Malbis and Ruston soils, the predominant series
at four of the six study sites, are usually well drained, but a pseudo fragipans could slow
water percolation. Both soils are known to be deficient in phosphorus, which is essential
for growing pine trees in young stands [34-36].

The extended period of flooding or water saturation in poorly drained sites across the
southern loblolly distribution range may have affected soil nutrient movement, tree tran-
spiration rate, stomatal functions, and other host physiological activities. Hook et al. [37]
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have suggested that several elements, including Na, Mn, Zn, and Fe, are distributed more
to the upper crowns in flooded loblolly seedlings, and under anaerobiosis, loblolly roots
leak ethanol, a non-ionized compound, to the external environment, and lose the discrim-
inatory capacity to uptake and transfer to the transpirational stream. The inability of
some loblolly pine to tolerate excessive precipitation could predispose certain vulnerable
trees (i.e., genetics or families) to stress and subsequent infections by pathogens such as L.
acicola. The reduction in growth, as observed in this study, is possibly associated with the
hindrance of photosynthesis, movement of soil nutrients, transpiration rate, and stomatal
functions, among other critical physiological activities, which can predispose plants to
heavy infections by pathogens such as L. acicola that thrive under moist/wet conditions.
This hypothesis would require further investigation.

Furthermore, loblolly pine shows regional variability in drought resistance. Hence,
the extent of stressor cyclical events (i.e., transition from extreme drought to excessive
precipitation) may affect how a loblolly population responds to such events. The loblolly
populations from west of the Mississippi River are generally slower growing and more
drought resistant than those from the east side, wherever they are planted [38,39]. It is more
likely that loblolly pine from outside sources will be adversely affected during periods of
extreme drought than loblolly from within the western edge of its range. Survival under
drought conditions is poor for trees from Gulf Coast sources, poor to moderate for those
from East Coast sources, and moderate for those from northeastern and interior sources,
but is excellent for those from both southwestern and northwestern sources [40-42]. Along
the northern boundary of loblolly’s natural range, severe damage to stems and branches
caused by winter precipitation from snow and ice storms can affect pine stand productivity
significantly, with crown loss observed as the most common injury caused by snow or
ice [14]. Younger trees typically recover more quickly and fully than larger, older trees.
However, if the winter snowstorms occur in two consecutive years, a pine stand may be
destroyed completely [43,44].

Aside from the direct response to stressors by loblolly, there are indirect effects, such
as favorable moisture conditions, that are critically important for the germination and
subsequent dissemination of L. acicola spores that cause BSNB in pine species [13,45]. A
study of risk prediction of L. acicola found that rainfall accumulation over time served
as a good indicator of the pathogen’s spore abundance [46]. Precipitation is regarded as
the main environmental factor affecting the prevalence of BSNB in pine seedlings, while
temperature is relatively less important than rainfall, especially because L. acicola is known
to be actively distributed across a large scale with varying temperatures [45]. Management
methods that improve drainage (including bedding) and fertilization have been shown to
increase dominant height and basal-area growth, resulting in dramatic increases in volume
growth [29,47-50].

5. Conclusions

The findings from this study will be useful for future investigations seeking to develop
BSNB risk modeling using environmental parameters, including the historical SPI that
captures short- and longer-term precipitation anomalies. Such modeling will facilitate
a better understanding of the complex interactions between abiotic and biotic factors
associated with the increase in BSNB detection. An accurate and timely deployed risk
model could provide sufficient lead time in predicting the next BSNB outbreak, could
perhaps facilitate the development of mitigation methods that are urgently needed in
addressing the BSNB issue, and could ultimately prevent the loss of loblolly pine to other
needle diseases in commercial plantations in the southeastern United States.
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