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Abstract

:

Diplodia pinea is a fungal pathogen that causes Diplodia shoot blight in pines and is widely spread in red pine (Pinus resinosa) and jack pine (Pinus banksiana) forests in Michigan. The objective of this study was to examine whether infection with D. pinea compromises wood quality in pine stands. Acoustic data was collected using an acoustic tomographer from the stem region at breast height (1.3 m) of red pine and jack pine trees across two categories of forest health condition (control vs. Diplodia-affected), in two latitudinal regions (Lower Peninsula vs. Upper Peninsula), and two levels of initial stand density (low vs. high). The acoustic data was used to infer the wood quality (i.e., density) in these two tree species since material of higher density generally has higher sound velocity rates. Red pine had significantly higher wood quality (i.e., higher sound velocities) in the Upper Peninsula region compared to the Lower Peninsula region. Within each latitudinal region, red pine sound velocities did not show significant differences between forest health condition or initial stand density levels. Jack pine showed no significant differences in sound velocities across the treatment categories. The results indicate that latitudinal region appears to have more impact on red pine wood quality than the influence of forest health condition (presence of Diplodia shoot blight) or initial stand density. All analyzed factors (latitudinal region, forest health condition, and stand density) did not have a significant impact on the wood quality of jack pine.
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1. Introduction


Diplodia pinea (Desm.) is one of the most common fungal pathogens to infect more than 20 pine species [1]. D. pinea is widespread geographically in the United States, and is found to occur in 30 eastern and central states plus California in the west and Hawaii [1]. Globally, D. pinea has been observed to cause crown wilt and infection of woody stems of Pinus radiata (D. Don) in Chile [2]. Furthermore, D. pinea was newly detected as a pathogen of Austrian pine (Pinus nigra Arnold) in Estonia [3] and urban trees in the United States [4]. Another species of Diplodia (i.e., Diplodia mutila) was determined to cause blue stain in wood samples of Caribbean pine (Pinus caribaea Morelet) in Venezuela [5]. Symptoms of infection of D. pinea include shoot blight, branch dieback, dead tops, death, stem cankers, and blue staining on dead wood [6].



Diplodia shoot blight preferentially affects young pine stands [7]. However, young jack pine (Pinus banksiana Lamb.) stands in the northern lower peninsula of Michigan is the only summer nesting habitat for Kirkland’s warbler (Dendroica kirtlandii), a federally protected and endangered songbird [8]. An improved understanding of how abiotic and biotic factors may predispose jack pine stands to Diplodia will be instrumental for sustainable management of this habitat for the continued survival of the Kirtland’s warbler. Jack pine is a shade-intolerant species [9]. In North America, the southern portion of the range of Jack pine is situated partly in Michigan in the northern portion of the Lower Peninsula and in the Upper Peninsula region. Jack pine stands typically regenerate via stand-replacing fires.



Red pine (Pinus resinosa Ait.) is a shade-intolerant native conifer that covers approximately 769,000 ha of forest land in Michigan [10]. In Michigan, the southern distributional range of red pine occurs in the northern Lower Peninsula region while the central range of red pine occurs in the Upper Peninsula region based on the range map of Rudolf [11]. Red pine is economically important in the Great Lakes region for a variety of uses including pulpwood and in particular utility poles where wood quality is a critical issue. Red pine stands are routinely managed using different initial levels of stand density, which in turn can improve resilience to climatic stress [12].



Climate can predispose trees to being susceptible to secondary factors (i.e., insects and fungal diseases), which in turn can lead to forest decline [13]. Drought and intraspecific competition in pine stands have been implicated as predisposing factors for increased shoot blight risk caused by D. pinea [10]. Crown damage caused by harsh winters (via increased mechanical load of snow on crowns) may have predisposed red pine stands to D. pinea affection through providing an easier entry point for the fungal pathogen [14]. Negative relationships between radial growth with precipitation in D. pinea-affected stands may promote increased dispersal of spores in D. pinea-affected stands that could occur with significant rain and any increased storm and wind activity [14].



Acoustic tomography is based on the principle that material of higher density will propagate sound at faster velocities than material of lower density [15,16]. In forestry-related applications, acoustic sensors have been used for wood quality assessment [15,16,17]. In arboriculture and urban forestry settings, acoustic tomography is used primarily to measure the mechanical properties of wood [18,19] and to evaluate internal stem decay during tree risk assessments [20,21,22]. In particular, acoustic sensors are used to detect for internal decay and defects in tree stems to proactively determine if a tree needs to be cut down to limit the risk to human injury or death [15]. Prior acoustic-based studies of red pine [23] and jack pine [24] have focused solely on assessing wood properties and their connection to wood quality. No prior studies, though, have used an acoustic based assessment of the impact of D. pinea on wood properties of red pine and jack pine.



The main objective of the present study was to examine whether infection with D. pinea compromises wood quality in red pine and jack pine stands in Michigan. Furthermore, the study also examined whether differences in acoustic stem velocities existed across two latitudinal regions (Lower Peninsula vs. Upper Peninsula), and two levels of initial stand density (low vs. high).




2. Materials and Methods


Plantation stands of red pine and jack pine (pole sized) were selected in two different latitudinal regions: i.e., the northern Lower Peninsula (LP) to the Upper Peninsula (UP) region of Michigan (Figure 1). Specifically, the location of the study area was in Hiawatha National Forest situated in the UP, and Huron National Forest situated in the LP.



In each region, sites were selected for two categories of forest health condition: healthy-looking reference vs. affected by D. pinea. Selected healthy-looking reference stands had <5% of visual crown dieback while Diplodia-affected stands had at least 15% crown dieback. Infection with Diplodia was confirmed based on visual symptoms of crown dieback (based on estimation of crown area with brown needles) and by culturing pine needles in agar media [6]. Furthermore, black fruiting bodies (pycnidia) found on pine needles were placed on microscope slides and were then examined under a compound microscope to identify the presence of D. pinea spores, which look like brown jelly beans [1]. Half of the total number of sites for red pine (20 sites) and jack pine (20 sites) that were selected in this study were originally planted at higher density (>1977 trees per ha) while the other half of the study sites were planted at low density (<988 trees per ha) in order to examine the influence of intraspecific tree competition. During site selection, stands were not selected if they showed signs of other disturbance agents besides D. pinea. Furthermore, given the persistence of stumps in the stand, stands were avoided that had a high degree of natural tree mortality or high degree of past thinning.



In the Upper Peninsula region of Michigan, field sampling was conducted in the Hiawatha National Forest in a total of eight sites for red pine (Table 1) and eight sites for jack pine (Table 2). In the Lower Peninsula region of Michigan, field sampling was conducted in the Huron National Forest in a total of 12 sites for red pine (Table 1) and 12 sites for jack pine (Table 2). Furthermore, for both regions, half of the number of either healthy-looking reference or Diplodia-affected stands were selected to have a low initial stand density while the other stands had a high initial stand density.



At each site, the field data collection was conducted by first establishing a circular plot with a randomly selected focal tree representing the plot center. Stands with low initial density had a radius of 9.78 m (0.03 ha) while stands with high initial density stands consisted of a circular plot radius of 7.99 m (0.02 ha). It was required that each plot was a minimum of 30 m from the stand’s boundary. Along the compass bearings of NE, SE, SW and NW, trees that were closest to the halfway point of the radius of the plot were selected for sampling. While the selection process for trees near the mid-point of each cardinal radius did mean they were selected close to each other in the stand, which in turn could lead to spatial autocorrelation issues, the trees still experienced a unique competition environment based on the different categories of their initial stand densities. Consequently, 4 trees were measured from each of the 40 sites. All trees sampled in the D. pinea-affected sites all had dieback. For each selected tree at a measurement height of 1.3 m on the stem aboveground line, an acoustic tomographer (microsecond timer manufactured by FAKOPP: Figure 2) was used to determine the transit time in units of microseconds to travel between the start sensor and end sensor [25]. This microsecond timer requires that the sound is initiated with a small tap of a provided hammer. Each tree was measured in two orientations: (a) North to South direction, and (b) West to East direction. For each direction, 3 measurements were taken. Before an acoustic measurement was taken, each sensor was hammered in so that the tip of the sensor was seated in the xylem tissue and not in the inner or outer bark region. A bark gauge (Suunto) was used to verify the depth of the bark. The diameter outside bark in combination with the depth of the sensor was used to calculate the distance between the start and end sensor of the acoustic tomographer.



Sound velocity (V) was calculated using the following formula:


V = distance/(transit time − correction)



(1)




where V = correct velocity (m/s); distance = distance between the start and stop transducer placed on opposite sides of the stem (m); transit time (s) = the time required for sound to travel from the start sensor to the stop sensor (Wang et al., 2004); and correction = delay time associated with measuring equipment (which was seven microseconds for unit used in this study).



The three sound velocity values for each direction were averaged, and then the two directions were averaged so that each tree was represented by a single sound-velocity value. The sound velocity of each tree in a total of eight categories consisting of all possible combinations of two latitudinal regions (UP = Upper Peninsula; LP = Lower Peninsula), two forest health conditions (C = control; D = Diplodia-affected), and two levels of original stand density (L = low; H = high) were analyzed using one-way analysis of variance with Systat statistical software (version 13).




3. Results


Red pine had significantly higher wood quality (i.e., higher sound velocities) in the Upper Peninsula region compared to the Lower Peninsula region (Figure 3). Within each latitudinal region, red pine did not show significant differences between the forest health condition or stand density levels. In the Upper Peninsula, high-density red pine stands affected by D. pinea (category UP.D.H) had the lowest sound velocities in that latitudinal region but this was not statistically significant (p = 0.067) (Figure 3).



Jack pine showed no significant differences across the eight treatment categories (Figure 4). In the Lower Peninsula, high density stands of Jack pine affected by Diplodia did have the lowest sound velocities but this was not statistically significant (p = 0.087).




4. Discussion


Most acoustic tomography-based studies have focused primarily on either wood-quality concerns from a forest product standpoint (e.g., [26]) or tree risk assessments in urban areas [20,21,22]. For instance, Zhang et al. [27] examined acoustic propagation through red pine stems sampled from a plantation in Wisconsin, USA, but only from a forest product perspective. Consequently, the present study represents the first attempt at utilizing this technology for understanding the potential impact of a forest pathogen on the structural integrity of the stemwood of pine species. At the 5% significance level, there was no statistically significant impact of the pathogen on the sound velocity of both investigated pine species. This could be due to the low rate of presence of D. pinea even in the Diplodia-affected stands. However, at the 10% significance level, some patterns were noticeable. Namely, in the Upper Peninsula, high-density red pine stands affected by D. pinea did have the lowest sound velocities and therefore showed some level of degraded wood quality in this category (p = 0.067). Furthermore, in the Lower Peninsula, high-density stands of jack pine affected by D. pinea did have the lowest sound velocities and, therefore, lower wood quality (p = 0.087). However, these patterns observed at the 10% level of significance may be due as much to the high-density conditions as the potential impact of the pathogen.



Initial stand density did not have a significant (5% level) impact on wood quality in this study. It could be argued that a higher initial stand density alone could lead to slower growth rates and higher wood density and, therefore, higher stem velocities. However, D. pinea is known to preferentially impact trees with a past history of stand-related stress such as high competition and/or a past history of climatic stress [10]. At the 10% level of significance, the results of the study seemed to suggest that higher-stand-density stands succumbed more to the impact of D. pinea, which, in turn, negatively impacted wood quality (i.e., for red pine in the Upper Peninsula and jack pine in the Lower Peninsula).



The results of the present study showed a clear impact of latitudinal region on the acoustic velocities in red pine wood. We speculate that given the more northerly location of the Upper Peninsula and the colder climate associated with it, the slower diameter growth rates led to a higher wood density and, therefore, correspondingly higher stem velocities. This would suggest a tradeoff between reduced growth and productivity and better wood quality in colder climates. This finding suggests that acoustic tomography may have potential applications in other ecological studies.



The sound velocities observed for red pine and jack pine reported in this study are within the range or higher than that reported by Mattheck and Bethge [28] for pine species sampled in Germany: i.e., 1066–1146 m/s. While Mattheck and Bethge [28] do not list the specific species of pine they tested, our slightly higher velocities are not surprising as red pine is reported to have moderately high material properties for many commercial pine species in the United States [29]. This would suggest that even stands affected by D. pinea did not have their wood quality affected below the reference velocity. This in turn may mean that stands with a minor degree of fungal infestation may still yield usable forest products. Zhang et al. [27] only reported on the transit times of acoustic waves but unfortunately did not report values of acoustic velocities, which therefore limits the opportunity for comparisons.



Overall, the effectiveness of acoustic tomography appears likely connected to the stage of decay. At one end of the spectrum, Li et al. [30] noted that acoustic tomography had difficulties detecting early decay in black cherry (Prunus serotina). Furthermore, Wang et al. [31] found that acoustic tomography typically underestimated the degree of heartwood decay in black cherry. At the other end of the detection spectrum, Burcham et al. [22] and Nicoletti et al. [20] found that different types of acoustic tomography was affective in detecting extensive internal decay in urban trees. The current study likely falls under the lower end of the decay spectrum, which limited the capacity for detection of D. pinea-induced stem decay (at the 5% level of statistical significance). Consequently, future studies should examine stands of red pine and jack pine that are affected more severely by D. pinea to further examine the utility of using acoustic-based detection systems for forest health applications.
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Figure 1. Location of the study area in Hiawatha National Forest (HiNF) situated in the Upper Peninsula of Michigan (MI), and Huron National Forest (HuNF) situated in the Lower Peninsula. National forests are shaded in black. 
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Figure 2. Demonstration of the use of a microsecond timer developed by FAKOPP. The hammer is used to initiate the sound pulse on the start sensor and the unit is able to determine how long it takes for the sound to travel through the stem to end sensor. In combination with the distance between the sensors, the sound velocity can be calculated. Photo taken by Sophan Chhin. 
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Figure 3. Acoustic velocity through the stems of red pine (Pinus resinosa) sample from two regions (UP = Upper Peninsula; LP = Lower Peninsula of Michigan state, USA), forest health condition (C = control; D = affected by Diplodia), and level of initial stand density (L = low; H = high). Bars are means ± 1 standard error. Bars labelled with different lowercase letters are statistically significant from each other (p < 0.05). 
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Figure 4. Acoustic velocity through the stems of jack pine (Pinus banksiana) sample from two latitudinal regions (UP = Upper Peninsula; LP = Lower Peninsula of Michigan State, USA), forest health condition (C = control; D = affected by Diplodia), and level of initial stand density (L = low; H = high). Bars are means ± 1 standard error. There were no significant differences between any of the categories of jack pine (all p ≥ 0.05). 
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Table 1. List of red pine sites sampled in the Upper Peninsula (UP) and Lower Peninsula (LP) of Michigan. Sites were further categorized by different levels of forest health condition (healthy-looking reference vs. Diplodia-affected) and level of initial stand density (low vs. high level).
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	Site Number
	Latitudinal Region
	Forest Health
	Initial Stand Density
	Longitude (o)
	Latitude (o)
	Elevation (m)
	Group Abbreviation





	RPC51
	UP
	Control
	Low
	−84.7852
	46.1877
	221
	UP-C-L



	RPC64
	UP
	Control
	Low
	−86.9458
	45.8471
	206
	UP-C-L



	RPC59
	UP
	Control
	High
	−84.9909
	46.3153
	335
	UP-C-H



	RPC65
	UP
	Control
	High
	−86.9545
	45.8392
	179
	UP-C-H



	RPD62
	UP
	Diplodia
	Low
	−85.0323
	46.3185
	298
	UP-D-L



	RPD67
	UP
	Diplodia
	Low
	−86.9610
	45.8018
	200
	UP-D-L



	RPD60
	UP
	Diplodia
	High
	−84.9994
	46.3113
	296
	UP-D-H



	RPD66
	UP
	Diplodia
	High
	−86.9475
	45.8270
	188
	UP-D-H



	RPC03
	LP
	Control
	Low
	−83.9673
	44.5715
	355
	LP-C-L



	RPC04
	LP
	Control
	Low
	−84.0781
	44.6589
	295
	LP-C-L



	RPC06
	LP
	Control
	Low
	−83.5937
	44.4974
	267
	LP-C-L



	RPC05
	LP
	Control
	High
	−84.0495
	44.6588
	278
	LP-C-H



	RPC07
	LP
	Control
	High
	−83.6176
	44.5156
	267
	LP-C-H



	RPC09
	LP
	Control
	High
	−83.6389
	44.4832
	256
	LP-C-H



	RPD11
	LP
	Diplodia
	Low
	−83.6904
	44.4976
	272
	LP-D-L



	RPD17
	LP
	Diplodia
	Low
	−83.6979
	44.4289
	255
	LP-D-L



	RPD19
	LP
	Diplodia
	Low
	−83.6270
	44.4118
	259
	LP-D-L



	RPD01
	LP
	Diplodia
	High
	−84.2502
	44.6552
	328
	LP-D-H



	RPD09
	LP
	Diplodia
	High
	−84.0881
	44.5950
	387
	LP-D-H



	RPD16
	LP
	Diplodia
	High
	−83.5829
	44.5584
	254
	LP-D-H
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Table 2. List of jack pine sites sampled in the Upper Peninsula (UP) and Lower Peninsula (LP) of Michigan. Sites were further categorized by different levels of forest health condition (healthy-looking reference vs. affected by Diplodia) and level of initial stand density (low vs. high level).
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	Site Number
	Latitudinal Region
	Forest Health
	Initial Stand Density
	Longitude (o)
	Latitude (o)
	Elevation (m)
	Group Abbreviation





	JPC75
	UP
	Control
	Low
	−86.6163
	46.3019
	273
	UP-C-L



	JPC81
	UP
	Control
	Low
	−84.9866
	46.2881
	268
	UP-C-L



	JPC74
	UP
	Control
	High
	−84.9790
	46.3023
	281
	UP-C-H



	JPC80
	UP
	Control
	High
	−86.9738
	45.8475
	193
	UP-C-H



	JPD72
	UP
	Diplodia
	Low
	−84.9694
	46.2126
	267
	UP-D-L



	JPD77
	UP
	Diplodia
	Low
	−86.9615
	45.8485
	201
	UP-D-L



	JPD71
	UP
	Diplodia
	High
	−85.0044
	46.2320
	267
	UP-D-H



	JPD79
	UP
	Diplodia
	High
	−86.3902
	46.1565
	220
	UP-D-H



	JPC03
	LP
	Control
	Low
	−84.0307
	44.6542
	294
	LP-C-L



	JPC05
	LP
	Control
	Low
	−84.4482
	44.6454
	364
	LP-C-L



	JPC06
	LP
	Control
	Low
	−84.5333
	44.6110
	363
	LP-C-L



	JPC01
	LP
	Control
	High
	−84.3678
	44.5355
	367
	LP-C-H



	JPC02
	LP
	Control
	High
	−84.3521
	44.5351
	372
	LP-C-H



	JPC04
	LP
	Control
	High
	−83.9006
	44.6619
	303
	LP-C-H



	JPD01
	LP
	Diplodia
	Low
	−84.5260
	44.6479
	349
	LP-D-L



	JPD07
	LP
	Diplodia
	Low
	−84.5366
	44.6162
	379
	LP-D-L



	JPD14
	LP
	Diplodia
	Low
	−84.3692
	44.5364
	364
	LP-D-L



	JPD09
	LP
	Diplodia
	High
	−84.3703
	44.5341
	371
	LP-D-H



	JPD13
	LP
	Diplodia
	High
	−83.9118
	44.6709
	303
	LP-D-H



	JPD16
	LP
	Diplodia
	High
	−84.3719
	44.5458
	361
	LP-D-H
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