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Abstract: Seedlings from four families of loblolly pine (Pinus taeda L.) were grown in capped
open-top chambers and exposed to three different weekly moisture regimes for 13 weeks. Moisture
regimes varied in intensity and frequency of simulated rainfall (irrigation) events; however, the total
amounts were comparable. These simulated treatments were chosen to simulate expected changes in
rainfall variability associated with climate change. Seedlings were inoculated with two root-infecting
ophiostomatoid fungi associated with Southern Pine Decline. We found susceptibility of loblolly
pine was not affected by water stress; however, one family that was most sensitive to inoculation
was also most sensitive to changes in moisture availability. Many studies have examined the effects
of drought (well-watered vs. dry conditions) on pine physiology and host-pathogen interactions
but little is known about variability in moisture supply. This study aimed to elucidate the effects of
variability in water availability, pathogen inoculation and their interaction on physiology of loblolly
pine seedlings.

Keywords: rainfall patterns; Pinus taeda; Southern Pine Decline; Leptographium terebrantis;
Grosmannia huntii

1. Introduction

Southern Pine Decline (SPD) is the term attributed to the premature death of Pinus spp. in
the Southern United States due to a series of biotic and abiotic factors [1–3]. These factors include
associated root pathogenic fungi (e.g., Leptographium terebrantis Barras and Perry and Grosmannia huntii
(Rob-Jeffry.) Zipfel, de Beer and Wingfield, and their root-feeding beetle vectors (Hylastes salebrosus
Eichoff, H. tenuis Eichoff, Hylobius pales Herbst., and Pachylobius picivorus Germar). Predisposing
abiotic factors include resource stress (nutrient deficiencies, edaphic factors, and moisture stress),
management strategies such as overstocking, mechanical injury and prescribed burning [4]. Studies
have shown that when loblolly pine (P. taeda) is inoculated with L. terebrantis, the fungus can result
in the development of lesions in the phloem and resin-soaking in the xylem [5–7]. Grosmannia huntii,
a non-indigenous species, is a related fungal pathogen and has been reported to be more virulent in
young pine seedlings when compared to L. terebrantis [7].

In the 1950’s, Brown and McDowell [8] observed the decline of mature P. taeda stands in Talladega
National Forest in Alabama and since then numerous studies have been performed to find causality
of the decline as well as detect the phenomena at the landscape level [9–15]. Detection of SPD
might be difficult as aboveground symptoms in mature trees (short chlorotic needles, sparse crowns,
reduced radial growth, tree morality) occur following root damage and mortality associated with
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both associated insects and fungi [3]. Regardless, numerous studies have examined the virulence of
root-infecting ophiostomatoid fungi on mature and juvenile families of loblolly pine among other
southern Pinus species [6,16–18]. Since infection is dependent on the bark beetle vectors, it is important
to investigate how predisposing factors (e.g., drought) that lead to root feeding, and thus fungal
infection, interact with fungi associated with SPD.

Future climate change scenarios may play a significant role in the predisposing factors associated
with SPD. An uncertainty with these potential developments is how much precipitation will occur in
the Southern U.S. in the next 50–100 years [19,20]. One of the most important and least studied factors
regarding climate change is extremes in climatic variability. For example, in 2007, the worst drought in
100 years occurred in the Southern U.S. and was followed by flooding in 2009 [21]. While changes in
the intensity and frequency of summer precipitation may continue in the Southeastern U.S., there is
still debate as to the underlying cause [21–23]. Another trend in precipitation patterns has been the
daily variation in precipitation events where storms are occurring less frequently but are characterized
by more intense rainfall for longer durations in North America [20,24,25].

A concern when considering future precipitation patterns is how forests will respond to altered
drying and wetting periods [19,26]. Trees may thrive during wetter periods and experience moisture
stress if evaporative losses increase during warmer, drier periods [27]. Droughts can reduce tree vigor
and alter insect and pathogen physiology [28]. The effects of precipitation changes are anticipated
to be unique based on both the host and pathogen physiology [29–31]. For example, mature forests
would likely be tolerant of seasonal variability in rainfall frequency and magnitude [32]. The linkages
between tree size and mortality due to changes in precipitation patterns are likely to be size dependent
with seedlings and tall trees being most sensitive [33,34]. While tree size is likely important due to
physiological constraints when under reduced available moisture [35], climate of origin may be equally
important. For example, vegetation communities from more xeric sites may be more sensitive to
changes in rainfall magnitude [36], while it is mesic sites that may be more sensitive to changes in
frequency of precipitation [37].

The linkages between biotic and abiotic tolerance (cross-tolerance) is a useful tool to help
understand how to select appropriate families/genotypes for out planting [31,38–40].In the case
of root-infecting ophiostomatoid fungi and loblolly pine seedlings, the role of water regulation is
likely important as inoculation can cause resin-soaking in the xylem, which has negative impacts on
water movement. Lesions in the phloem can affect carbon transport, which can affect allocation and
production of biomass [16,41,42]. The direct effects that water availability can have on physiological
traits and productivity is also important [43,44]. Therefore, a suite of response traits (e.g., chlorophyll
content, water potential, lesion length) seems appropriate for investigating interactive effects of
multiple stressors.

Based on several studies [30,45,46] there are three common relationships to look for when
analyzing climate-host-pathogen relationships: (1) Climate can affect the pathogen’s virulence,
abundance, distribution and general biology/ecology; (2) Climate can alter the host’s defense,
abundance, distribution and general biology/ecology; (3) Climate can change the way the host
and pathogen interact, through direct and/or indirect effects. In an assessment of the effect of potential
future climate change scenarios for the Southern U.S., Jones et al. [47] stated that changes in variation in
water availability are important and require further investigation. Variability in water availability can
cause alterations in loblolly pine vigor, resulting in biotic organisms, such as L. terebrantis or G. huntii,
potentially exacerbating declines and reducing productivity. The overall goal of this study, therefore,
was to elucidate the interactions of two root-infecting ophiostomatoid fungi (L. terebrantis and G. huntii)
in the presence of climatic conditions similar to those predicted in the next 50 to 100 years in the
Southern U.S. More specifically, our main focus was to understand how variability in water availability
may affect the outcome of loblolly pine infection with the root-infecting ophiostomatoid fungi. The
hypotheses tested include: (1) Loblolly pine will become more susceptible to L. terebrantis and G. huntii



Forests 2017, 8, 104 3 of 14

as variability in water availability increases and (2) Loblolly pine families selected for their tolerance
to root-infecting ophiostomatoid fungi would be more tolerant to changes in water availability.

2. Materials and Methods

2.1. Study Site and Capped Open-Top Chamber

The research site (approximately 0.02 km2 in area) is located approximately 5 km north of Auburn
University Campus, Auburn, AL, USA. The site contained 24 open-top chambers (OTCs), monitoring
sheds and a small laboratory. The OTCs were 4.8 m height × 4.5 m diameter aluminum framed
structures with fans (1.5 horse-power or 1.1 kw motors) and chamber plastics [48]. Plastic caps were
attached to each OTC to exclude ambient rainfall and permit adequate airflow [49].

Prior to the commencement of the study (March 2014), the vegetation growing in each OTC was
killed with a 3% solution of glyphosate. Once dead, the vegetation was removed prior to the ground
being covered with landscape fabric to prevent further unwanted vegetation growth within each OTC.

2.2. Seedlings

Bareroot 1–0 seedlings (sown in March 2013) from four commercially grown loblolly pine families
were used for this study (lifted/extracted from the nursery in January 2014). We utilize the term
“family” as we did not test genetic distinction between groupings. We also do not use the term ecotype
because seedling parents are not from sites with distinct/contrasting ecological characteristics. Based
on previous findings, two of these loblolly pine families were considered “tolerant” (T1 and T2) and two
“susceptible” (S1 and S2) to root-infecting ophiostomatoid fungi [18,50]. In January 2014, 2700 seedlings
(750 per family) were planted in 2.4 liter pots (1 trade gallon) with ProMix BX® peat-based potting mix
(Premier Tech, Quebec, Canada). Seedlings were kept in a shade-house and watered daily for 17 weeks
until being deployed into the OTCs in May 2014. The seedlings at the commencement of the study
were approximately 10 months removed from sowing in the nursery.

2.3. Simulated Rainfall Treatments

To determine the longest duration the saturated potting mix could last without additional water,
eight seedlings (two from each family) were placed in a greenhouse at approximately 32 ◦C (~90 ◦F).
After three days of water being withheld, the potting mix became dried out and therefore, the longest
period between simulated rainfall (irrigation) events was set at two days.

Three simulated precipitation treatments were used (3 replicates/treatment) over 13 weeks.
The treatments were as follows: (1) 3 days week−1 (3D) during the experimental period;
(2) 4 days week−1 (4D) during the experimental period; and (3) 7 days week−1 (7D) during the
experimental period. Irrigation nozzles within each OTC were adjusted to ensure an even water
distribution and flow rates within and between the chambers. The amount of water distributed was
adjusted to ensure 58 minutes of watering resulted in 25.4 mm (1 inch) of precipitation. While the days
of watering varied between treatments, each chamber received approximately the same amount of
precipitation at the end of each week. Weekly watering values were estimated based on the 30-year
(1971–2000) average precipitation for Auburn, AL. Therefore, our target for the water amount from
May to August was 97, 103, 149 and 92 mm per month, respectively. Irrigation events occurred
three times a day at 09:00, 12:00 and 15:00 hour. In June 2014, a 20% increase was applied to all
treatment amounts/time to compensate for higher temperatures and increased airflow in the chamber.
Average temperature inside the chambers was about 3–5 ◦C higher than ambient site temperature [51].
Monitoring throughout June indicated this adjustment approximately offset the increased evaporation
of moisture in the chambers.
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2.4. Inoculations

Stem inoculations were conducted as described by Nevill et al. [50] in May 2014 using the
wound + inoculum method. Five inoculation treatments were used in this study: no wound (NW),
wound only (W), wound + media (WM), L. terebrantis (LT) and G. huntii (GH). The L. terebrantis isolate
(LOB-R-00-805/MYA-3316) was obtained from a P. taeda root exhibiting symptoms characteristic of
root disease in Talladega National Forest, Oakmulgee Ranger District, AL. The G. huntii isolate
(LLP-R-02-100/MYA-3311) was obtained from Pinus palustris Mill. root exhibiting symptoms
characteristic of root disease in Fort Benning Military Reservation, GA. These isolates were obtained
by excavating primary lateral roots, cutting the root into ~1 cm3 sections, surface sterilizing
and plating into 2% malt extract agar (MEA) and MEA with 800 mg/L cycloheximide and
200 mg/L of streptomycin sulfate [3,52]. Isolates were identified using Jacobs and Wingfield [53]
by growing them in the dark and using a compound microscope. These isolates have been used
in previous studies [3,17,18,54]. Long-term storage of fungi occurred on silica gel [55] at 4◦ C.
Leptographium terebrantis is characterized by aerial mycelium but is very general in characteristics of
related species. It can be distinguished from other Leptographium species by the branching of mycelium.
Unlike L. terebrantis, G. huntii is readily distinguishable by the presence of serpentine-like hyphae and
the presence of sexual structures (peithecia) (descriptions from Jacobs and Wingfield [53]). Control
seedlings (NW, W and WM) also were plated to determine if contamination had occurred through the
presence of L. terebrantis and/or G. huntii.

To inoculate seedlings, a sterile razor blade was used to cut a 15 mm vertical lesion into the
bark (<1 cm depth) 5 cm above the soil line. Plugs on 2% MEA (3 mm) were placed into the wound
(a single plug per seedling). Media were either sterile or colonized by cultures of L. terebrantis (LT) or
G. huntii (GH). Seedling stem wounds were wrapped in cotton dampened with deionized water and
then wrapped in Parafilm® to prevent desiccation of the MEA and avoid contact with other biological
contaminants [18,54].

2.5. Measurements and Harvest

Root collar diameter (RCD) and height measurements were recorded for all seedlings at both the
study initiation (February 2014, Table 1) and completion (August 2014) using a digital caliper and
meterstick. Seedling volume increment was calculated (VolumeFinal − VolumeInitial = VolumeChange) to
determine overall growth of individual seedlings. The equation Volume = RCD2 × height was used to
estimate seedling volume/biomass in young pine seedlings (2–3 years of age) [56].

During planting in February, 40 seedlings (extra seedlings not included in the design) from each
family (160 total) were destructively harvested and separated into needles (NE), shoot (SH), coarse
roots (CR, >2 mm diameter) and fine roots (FR, <2 mm diameter) (Table 1). These components were
placed in drying-ovens at 70 ◦C for 72 h. At the conclusion of the study (August 2014), two seedlings
from each treatment combination per chamber were selected for final dry matter seedling biomass.
Initial family dry matter averages (the 160 extra seedlings; 40 per family) for each component (needles,
shoots etc.) were subtracted from the final dry matter values to estimate dry matter yield.

Table 1. Initial family dry matter, root collar diameter (RCD) and height averages and standard
deviations (n = 160; 40/family).

Family Needle (g) Shoot (g) Coarse Root (g) Fine Root (g) RCD (mm) Height (mm)

S1 8.35 ± 0.87 7.54 ± 0.53 7.15 ± 0.40 6.46 ± 0.26 4.10 ± 0.72 263.06 ± 41.65
S2 8.50 ± 0.89 7.76 ± 0.62 6.73 ± 0.31 6.28 ± 0.10 4.18 ± 0.89 267.08 ± 28.12
T1 11.36 ± 1.94 8.90 ± 1.22 8.03 ± 0.99 6.58 ± 0.38 5.81 ± 1.47 283.04 ± 42.53
T2 9.22 ± 1.16 7.80 ± 0.56 6.78 ± 0.34 6.31 ± 0.13 6.29 ± 1.52 279.69 ± 35.13

S1, S2 denote loblolly pine families selected for their susceptibility to root-infecting ophiostomatoid fungi while T1,
T2 denotes families selected for their tolerance.
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Eleven seedlings from each treatment combination, from each of the nine OTCs, were examined
for relative leaf chlorophyll (or needle greenness) using a SPAD-502 chlorophyll meter (Spectrum
Tech. Inc., Plainfield, IL, USA) during the final harvest (August 2014). Needles from the first 2013
flush (previous year) were selected as they had reached physiological maturity [57]. A group of 5 to
7 needles were used for measurements. Two measurements were taken on separate parts of a plant and
averaged. The same seedlings were measured for lesion characteristics. Seedlings were cut at the soil
line, and stems were placed in plastic bins filled with FastGreen stain (FastGreen FCF; Sigma Chemical
Co., St. Louis, MO, USA) as described by Singh et al. [18]. After 72 h, stems were removed, and the
lesion length and occlusion length were measured. Lesions are the portion of the phloem colonized
by L. terebrantis and G. huntii. The occlusion is the portion of the xylem that does not conduct water
due to resin-soaking (thus the use of FastGreen stain). Lesion/occlusion length is presented on a per
height basis (lesion length ratio) to standardize for plant growth (e.g., a 50 mm long lesion would be
functionally different between plants with heights of 100 cm and 300 cm). Two 5 mm cross-sections
of stem tissue from each lesion were removed from the stem and plated on malt extract agar with
cyclohexamide and streptomycin sulfate for fungal re-isolation [18].

The remaining two seedlings from each combination treatment per chamber were sampled for
water potential using a Scholander pressure bomb (PMS Instrument Company, Albany, OR, USA)
during the final week of the experimental period. Five cm of a randomly selected lateral branch for each
seedling was excised and sampled as described by Kaufmann [58]. Predawn water potential sampling
occurred between 03:00 and 05:00 hour. Seedlings were sampled on watered and non-watered days.
For example, those irrigated 4 day/week were measured following a day of watering and the following
day after a day with no watering (herein referred to wet and dry). Seedlings irrigated daily (7D) were
measured twice and randomly assigned the treatment ‘watered’ and ‘non-watered’. This allows for
the experimental design to be balanced (important for statistical analysis used, see Section 2.6) in
addition to determine if seedling water potential values were significantly affected by the rainfall
treatments themselves.

2.6. Data Analysis

The experimental design was a split-split-split plot with replicates at all levels: three simulated
rainfall treatments replicated 3 times (9 total chambers), 4 loblolly pine families and 5 inoculation
treatments produced 60 treatment combinations. Each treatment combination was replicated 15 times
per chamber at the initiation of the study. Those seedlings where fungi were not recovered from
re-isolations were excluded from the analysis as changes in measured characteristics cannot be
attributed to the presence of the inoculated fungi. All statistical analyses were conducted using
SAS (Version 9.3, SAS Institute, Inc., Cary, NC, USA) and STATISTICA (Statsoft, Inc., Tulsa, OK, USA).
ANOVA F-test procedures followed by post hoc Tukey (Honest Significant Difference) procedures
were used to determine individual treatment effects. ANOVA assumptions were verified (checked
for normality) using both Kolmogorov-Smirnov and Lilliefors tests. Homogeneity of variance was
inspected visually in addition to using both Levene’s and Bartlett’s tests [59,60]. Alpha was set at 0.05.

3. Results

3.1. Overall Results

An overview of significant interactions is presented in Table 2, including transformations utilized
and number of plants used for the analysis. An overview of significant interacts for water potential
data is presented in Table 3 (p < 0.05).
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Table 2. Results of ANOVA F-tests.

Measurement Transformation n
Treatments/Combinations

Rain Family Inoculation Rain ×
Fam

Rain ×
Inoc

Fam ×
Inoc

Rain × Fam
× Inoc

SPAD Square root 1561 *** NS NS NS NS NS NS
Seedling volume

increment Log10 2043 * *** NS *** NS NS NS

Total Dry Matter Yield Log10 298 ** *** NS ** NS NS NS
Needle DMY Square root 298 NS *** ** *** NS NS NS
Shoot DMY Square root 298 ** *** NS * NS NS NS

Coarse Root DMY Square root 298 *** *** NS * NS NS NS
Fine Root DMY Square root 298 *** *** ** NS NS NS NS

Lesion Length/Seedling
Height Log10 1194 NS *** *** ** NS ** NS

Occlusion
Length/Seedling Log10 1161 NS *** *** * NS ** NS

*: p < 0.05, **: p < 0.01, ***: p < 0.001; NS: not significant; Fam: Family, Inoc: Inoculation.

Table 3. Results of ANOVA F-tests for water potential data.

Treatments/Combinations

Predawn Water Potential

n = 787

Transformation: Square Root

Rain ****
Family NS

Inoculation NS
Dry-wet (DW) *

Rain × Fam ***
Rain × Inoc *
Rain × DW NS
Fam × Inoc NS
Fam × DW NS
Inoc × DW NS

Rain × Fam × Inoc **
Rain × Fam × DW NS
Rain × Inoc × DW NS
Fam × Inoc × DW NS

Rain × Fam × Inoc × DW NS

*: p < 0.05, **: p < 0.01, ***: p < 0.001; NS: not significant; Fam: Family, Inoc: Inoculation.

Tukey pair-wise comparisons are used to denote significant differences during post-hoc analysis.
Letters that are the same represent no significant difference, while those that are different represent a
significant difference.

3.2. Leaf Chlorophyll/Needle Greeness

Leaf chlorophyll and needle greenness were affected significantly by the rainfall treatment only.
Seedlings irrigated 7D (38.2 ± 0.7) were significantly different from those irrigated 4D (35.9 ± 0.3);
however, those irrigated 3D (36.8 ± 1.2) were not different from either 7D and 3D seedlings.

3.3. Seedling Volume Increment

Seedling volume increment (mm3) was affected significantly by rainfall, family and the interaction
between rainfall and family. Within the rainfall × family interaction, S1 grew significantly more when
watered 7D (Table 4). The remaining families were not significantly affected.
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Table 4. Summary of seedling volume increment (mm3) by rainfall and family.

Family

3D 4D 7D

Mean
(mm3)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(mm3)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(mm3)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 1243 ±136 A 1377 ±115 A 1854 ±171 B
S2 1013 ±123 A 1166 ±90 A 1273 ±105 A
T1 3144 ±385 A 2729 ±220 A 2877 ±239 A
T2 3152 ±668 A 2424 ±184 A 2261 ±191 A

Tukey pair-wise comparisons are within families.

3.4. Dry Matter Yield (DMY)

Total DMY was significantly affected by rainfall, family and the interaction between rainfall and
family. For the rainfall × family interaction, S1 was the only family to be significantly affected by the
rainfall treatment, where it produced more dry matter when watered 7D (Table 5).

Table 5. Summary of seedling total dry matter yield (g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 8.93 ±1.22 A 8.37 ±1.14 A 13.43 ±1.83 B
S2 8.88 ±1.23 A 8.29 ±1.13 A 9.17 ±1.25 A
T1 17.40 ±2.37 A 17.00 ±2.32 A 19.95 ±2.72 A
T2 23.48 ±3.84 A 20.76 ±2.83 A 19.20 ±2.58 A

Tukey pair-wise comparisons are within families.

Needle DMY was significantly affected by family, inoculation, and rainfall × family. Needle DMY
increased significantly when seedlings were inoculated with GH (8.38 ± 0.72) compared to NW and W
seedlings (6.73 ± 0.72 and 6.58 ± 0.73, respectively). Seedlings with WM and LT treatment (8.01 ± 0.72
and 7.56 ± 0.72, respectively) were not different from any other treatment. Seedling needle DMY for
S1 was significantly affected by the irrigation treatments, with greater needle DMY when watered 7D
(Table 6). The remaining families were not significantly affected.

Table 6. Summary of seedling needle dry matter yield (DMY, g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 4.46 ±0.79 A 4.31 ±0.77 A 7.02 ±1.00 B
S2 4.76 ±0.83 A 4.52 ±0.79 A 4.72 ±0.81 A
T1 8.80 ±1.12 A 7.91 ±1.06 A 9.50 ±1.17 A
T2 10.98 ±1.31 A 10.20 ±1.21 A 8.59 ±1.09 A

Tukey pair-wise comparisons are within families.

Shoot DMY was significantly affected by rainfall, family, and their interaction. Similar to total
DMY, family S1 was the only one affected by rainfall treatment, where it produced greater shoot DM
when irrigated 7D (Table 7).
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Table 7. Summary of seedling shoot dry matter yield (DMY, g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 2.73 ±0.59 A 2.43 ±0.55 A 4.46 ±0.76 B
S2 2.53 ±0.57 A 2.60 ±0.57 A 2.51 ±0.56 A
T1 4.88 ±0.80 A 4.60 ±0.77 A 5.65 ±0.86 A
T2 6.14 ±0.93 A 5.54 ±0.85 A 5.83 ±0.86 A

Tukey pair-wise comparisons are within families.

Coarse root DMY was significantly affected by rainfall, family, and their interaction. Similar to
total DMY, family S1 was the only one affected by rainfall treatment, where it produced more coarse
root material when watered 7D (Table 8).

Table 8. Summary of seedling coarse root dry matter yield (DMY, g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 1.22 ±0.27 A 1.32 ±0.28 A 2.01 ±0.35 B
S2 1.16 ±0.27 A 1.05 ±0.25 A 1.15 ±0.26 A
T1 2.68 ±0.41 A 3.43 ±0.46 A 3.66 ±0.48 A
T2 3.96 ±0.52 A 3.52 ±0.47 A 3.71 ±0.48 A

Tukey pair-wise comparisons are within families.

Fine root DMY was significantly affected by rainfall, family and inoculation; however, no
interactions were found to be significant. Seedlings irrigated 3D and 7D (1.12 ± 0.13 and 1.15 ± 0.13,
respectively) produced more fine root DM than those watered 4D (0.86 ± 0.13). Susceptible families
(S1 and S2) produced less fine root material than tolerant families (T1 and T2) (Table 9). Seedlings
inoculated with GH (1.31 ± 0.18) produced significantly more fine root material than control seedlings
(NW: 0.94 ± 0.15, W: 0.89 ± 0.15, and WM: 0.98 ± 0.15). Seedlings inoculated with LT (1.07 ± 0.16)
were intermediate and not different from any of the inoculated treatments.

Table 9. Summary of seedling fine root dry matter yield (DMY, g) by family.

Family Mean (g) 95% Confidence Interval Tukey Pair-Wise

S1 0.64 0.11 A
S2 0.67 0.11 A
T1 1.54 0.17 B
T2 1.47 0.17 B

Tukey pair-wise comparisons are comparing families.

3.5. Lesions and Occlusions

Fungal re-isolation was 75.4% successful for L. terebrantis and 73.4% for G. huntii. Control seedlings
had a 0% re-isolation rate indicating no contamination had occurred. Lesion length for the controls
(W and WM) was not significantly different for any treatment or treatment combination, indicating the
wounding process was completed with accuracy. This also indicates no effect from the presence of the
media (in WM seedlings). The lesion produced from the wounding process was 14.9 ± 2.0 mm. Lesion
length/seedling height for all inoculated seedlings was significantly affected by inoculation (Table 10)
indicating successful colonization of seedling tissue by root-infecting ophisotomatoid fungi. Only S1
lesion length/seedling height was affected by rainfall; however, this includes the W and WM controls.
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Table 10. Summary of lesion length/seedling height (×100) by family and inoculation treatment.

Inoculation Family S1 S2 T1 T2

W
Mean 3.28 3.33 2.59 2.82

95% Confidence Interval ±0.24 ±0.23 ±.017 ±0.31
Tukey A A A A

WM
Mean 3.18 3.40 2.63 2.62

95% Confidence Interval ±0.23 ±0.21 ±0.18 ±0.24
Tukey A A A A

LT
Mean 4.03 5.14 3.17 3.48

95% Confidence Interval ±0.28 ±0.32 ±0.19 ±0.30
Tukey B B B B

GH
Mean 4.37 4.43 3.25 3.39

95% Confidence Interval ±0.31 ±0.30 ±0.21 ±0.34
Tukey B C B B

Tukey pair-wise comparisons are within family.

Occlusion length/seedling height was significantly affected by family, inoculation, rainfall × family,
and family × inoculation. The rainfall × family post-hoc analysis yielded results that indicated
significant differences between families (not within) and therefore do not warrant further examination.
The family × inoculation results show that W and WM seedlings were not different for any family
(Table 11). Seedlings inoculated with GH had a lower occlusion length/seedling height than those
inoculated with LT for each family with the exception of S1, where they were not significantly different.

Table 11. Summary of occlusion length/seedling height by family and inoculation treatment.

Inoculation Family S1 S2 T1 T2

W
Mean 1.52 1.51 1.43 1.45

95% Confidence Interval ±0.03 ±0.03 ±0.03 ±0.05
Tukey A A A A

WM
Mean 1.50 1.53 1.42 1.42

95% Confidence Interval ±0.03 ±0.03 ±0.03 ±0.04
Tukey A A A A

LT
Mean 1.76 1.89 1.66 1.67

95% Confidence Interval ±0.04 ±0.03 ±0.03 ±0.04
Tukey B B B B

GH
Mean 1.69 1.69 1.57 1.55

95% Confidence Interval ±0.04 ±0.03 ±0.03 ±0.05
Tukey B C C C

Tukey pair-wise comparisons are within family.

3.6. Predawn Water Potential

Water potential (megapascals) was affected by many treatments and treatment combinations.
Since the rainfall × family × inoculation was significant, the main effects of each of these treatments
(and their two-way interactions) cannot be analyzed. The rainfall × family × inoculation post-hoc
analysis results showed that significant differences are not comparable (e.g., comparing S1-NW-7D
to T2-GH-3D seedlings). There was a significant difference between measurements taken on days
following watering (wet: 0.129 ± 0.009) and those taken on days following watering being withheld
(dry: 0.146 ± 0.010).
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4. Discussion

To our knowledge, no studies have utilized fluctuating moisture availability to mimic predicted
changes in rainfall periodicity in tandem with root-pathogen inoculations. The variability in simulated
rainfall patterns in the OTCs to simulate precipitation changes due to climate change did not result
in an increase in susceptibility of four commonly grown loblolly pine families to the root-infecting
ophiostomatoid fungi. We did observe a trend that families chosen for their tolerance to root-infecting
ophiostomatoid fungi tended to have greater growth rates and produce more dry matter. Results
from this study should be reviewed with caution as the experimental duration (13 weeks) was short,
while the impact of changed precipitation patterns could have effects over longer periods. In addition,
root-infecting ophiostomatoid fungi associated with SPD affect mature trees; however, the use of
seedlings to screen families for tolerance has been useful in predicting the response of mature trees
(Eckhardt et al., 2004).

Water stress has been found to result in a decrease in net photosynthesis in loblolly pine [61],
which is accompanied by a decrease in transpiration rate [62]. Seiler and Johnson [63] found evidence
that water stress conditioning allowed loblolly pine seedlings to photosynthesize at lower water
potentials than usual. This may explain why, in our study, seedlings watered 3D were not different
from those watered 4D or 7D. The confidence interval for SPAD measurements for seedlings watered
3D was nearly twice that of the other treatments, which could indicate some had begun to become
acclimated to the simulated rainfall treatment. Overall, needle greenness was not affected by any other
treatment. This could indicate that needle greenness, or more broadly photosynthesis, is unrelated to
susceptibility of loblolly pine to root-infecting ophisotomatoid fungi.

Loblolly pine has been shown to have reduced growth when exposed to moisture stress [64,65]
and the degree of response is linked to seed source location [63]. In our study, only one susceptible
family had reduced growth (volume growth and dry matter yield) when exposed to altered rainfall
amounts. In general, tolerant families produce more volume and biomass compared to susceptible
families. This could indicate that families that have greater relative growth rates are less susceptible to
root-infecting ophiostomatoid fungi. In this study, we found the wounding process to be of particular
importance. This could indicate tolerant families allocate photosynthates differently than susceptible
families. Future research should investigate resource allocation of photosynthates to structural and
chemical properties of wood. We did observe changes in biomass allocation (needles, roots, etc.) with
inoculation treatment; however, no strong pattern emerged. Given the short duration of the study,
a pattern may have been difficult to detect, and we recommend a longer experimental duration to
determine if trends exist regarding biomass allocation and inoculation with fungi associated with SPD.
Changes in allocation of biomass can have effects on acquisition (e.g., root length) and storage (e.g., leaf
water holding capacity) of water, which in turn can affect plant response to drought. Numerous studies
have examined the effects of precipitation magnitude (flooding or drought) on plants and fungal
pathogen interactions. These studies usually compare a sufficiently watered control and a reduced
water treatment [16,63,64,66,67]. While these findings provide insight into host plant responses to
periods of reduced moisture availability, less is known about the impact that variability in moisture
availability will have on host-pathogen interactions. Some reports indicate that these alterations result
in decreased productivity of loblolly pine [65], but widespread evidence is scarce and lacking with
respect to fungal pathogens. In a previous investigation using the same families/genotypes [54],
it was observed that inoculation with root-infecting ophiostomatoid fungi increased water stress when
compared to non-inoculated control seedlings. In this study, no pattern in water potential emerged
with respect to inoculation and the inoculation × rainfall interaction. Overall, the rainfall treatment
had a significant effect, indicating the treatments were affecting seedling water relations. Future
analysis should utilize a more in-depth analysis of hydraulic features of loblolly pine seedlings.

Gooheen et al. [66] found increased susceptibility of P. ponderosa (Laws.) to a root-infecting
ophiostomatoid fungi with wetter soil; however, seedlings were inoculated below the root crown.
In that study, the success of the fungal pathogen seemed to be driven by increased moisture; however,
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these results could be caused by the effect of moisture on the pathogen. In our study, inoculation
occurred above the soil line [50], which does not directly increase moisture access of the pathogen.
Croisé et al. [67] found severe drought stress increased susceptibility of P. sylvestris (L.) to L. wingfieldii
(Morelet) as well as a significant decrease in hydraulic conductivity. Our results do not indicate
an increase in susceptibility of loblolly pine or a significant change in plant water status. Working
with loblolly pine, Meier et al. [64] found decreases in soil moisture led to decreases in available
carbohydrates for both above- and belowground biomass. We observed similar results in that decreased
moisture availability decreased total biomass yield. We found that this response was not ubiquitous
but was rather specific to family.

5. Conclusions

The results of the study indicate that tolerance to root-infecting ophiostomatoid fungi may be
linked to moisture stress sensitivity. One of the two susceptible families used was also increasingly
sensitive to moisture stress. The same family that was sensitive to changes in moisture also had a larger
lesion or wound when watered less frequently. This was not specific to inoculation with the pathogenic
fungi and therefore we reject the hypothesis that altered moisture availability increases loblolly pine
susceptibility to root-infecting ophiostomatoid fungi. We can conclude that the strategy to compensate
for mechanical stress/wounding is compromised by moisture stress in one family of loblolly pine. We
observed that families chosen for their tolerance to root-infecting ophiostomatoid fungi were tolerant
to the rainfall treatment itself. Therefore, we fail to reject the hypothesis that families selected for their
tolerance would also be more tolerant to changes in water availability. The results from this study
indicate that the topic of linkages between tolerance to both drought and root-infecting ophiostomatoid
fungi warrants further investigation. The authors recommend utilizing more families of loblolly pine
in addition to experiments of longer duration, particularly with trees of varying age.
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