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Managing multiple forest insect pests and diseases is challenging. For example, in eastern white pine (Pinus strobus) stands whereas partial shading and high seedling density is encouraged to reduce damage by white pine blister rust (Cronartium ribicola) and white pine weevil (Pissodes strobi), dense conditions in the understory may increase damage by foliar diseases such as brown spot needle blight (Lecanosticta acicola) and Caliciopsis canker (Caliciopsis pinea). We evaluated the effect of silvicultural treatments, shelterwoods (residual basal area < 18 m2 ha−1), low density thinnings (residual basal area ≤ 14 m2 ha−1), patch cuts (1.2 ha openings), and untreated controls on damage by these insect pest and diseases in residual overstory trees and regeneration. Shelterwoods and low density thinnings provided a good balance of some shading and reduced stem density, which resulted in less weevil damage and foliar disease severity. Crown condition and quality of regeneration was better in all treatments compared to unmanaged controls. Shelterwoods, low density thinnings and patch cuts have the added benefit on increasing seral habitat, resulting in greater songbird diversity.
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1. Introduction

Eastern white pine (Pinus strobus) is an ecologically and commercially important species in Eastern North America (Costanza et al., 2018). For example, more than 150 vertebrate wildlife species use white pine stands for habitat in Eastern USA (Yamasaki, 2003; DeGraaf et al., 2006; Leak et al., 2020). White pine stands are maintained with silvicultural treatments such as shelterwoods, crown thinnings, or patch cuts (Lancaster and Leak, 1978; Seymour, 2007; Ostry et al., 2010; Leak and Yamasaki, 2013). Shelterwoods are a series of forest cuttings to remove overstory trees and promote seedling establishment by scarifying the soil and providing partial shade before the final and complete removal of the overstory (Table 1; Figure 1) (Lancaster and Leak, 1978). Thinnings are like shelterwoods because overstory trees are removed. However, the objective of a thinning is to increase growth of residual trees, whereas the objective of a shelterwood is to regenerate the stand. Patch cuts are small clearcuts where the overstory is completely removed in 1.2 ha (Table 1; Figure 1). These silvicultural treatments also create ephemeral early successional habitat needed by some bird species (Costello et al., 2000; Thompson and DeGraaf, 2001; DeGraaf and Yamasaki, 2003; Yamasaki et al., 2014).



TABLE 1 Description of study sites and silvicultural treatments.
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FIGURE 1
 Silvicultural treatments: (A) top left patch cut (1.2 ha opening) at the Massabesic Experimental Forest in Lyman, Maine, (B) bottom left shelterwood, and (C) shaded overstory conditions in an untreated control in Bear Brook State Park, Allentown, New Hampshire.


White pine is also commercially valuable for timber products and aesthetic values for recreational purposes, providing billions of dollars in revenue to local economies (Costanza et al., 2018). However, it is susceptible to a variety of pathogen and insect pests which include, but are not limited to, white pine weevil (Pissodes strobi), white pine blister rust (WPBR, Cronartium ribicola), Caliciopsis canker (Caliciopsis pinea), and foliar diseases such as needle casts and brown spot needle blight (Lecanosticta acicola) (Costanza et al., 2018). White pine weevil is a native insect pest to North America, where it damages Picea and Pinus species by killing the terminal leader, resulting in multi-stemmed growth form and serious lumber defects (Major et al., 2009; Ostry et al., 2010). Vigorously growing trees in full sunlight are more susceptible to damage compared to trees growing in partial shade because weevils attack succulent shoots with thicker bark produced in open conditions (Hamid et al., 1995). In addition, more open conditions increase light and temperature which stimulate the weevils (Hamid et al., 1995). White pine blister rust (WPBR) is lethal to five needle pines in North America and other parts of the world where it has been introduced (Kim et al., 2010). Partial shade and dense stands are also recommended for WPBR management because these conditions lead to self-pruning of lower branches, which are infection courts for the causal agent Cronartium ribicola (Ostry et al., 2010). A two-cut shelterwood is one of the most frequently recommended regeneration methods to avoid weevil and WPBR damage (Lancaster and Leak, 1978; Ostry et al., 2010). The first cut coincides with an abundant seed year removing 40%–60% of the overstory. Abundant seed crops (~4,429 thousand seed per hectare) may occur every three to five years, sometimes seven years (Leak et al., 2020). The second cut takes place 5–10 years later when the seedlings are growing rapidly (Lancaster and Leak, 1978).

Prior to 2010, eastern white pine was managed to reduce losses from white pine blister rust and weevil (Lancaster and Leak, 1978; Ostry et al., 2010). Since then, other native pests and diseases such as brown spot needle blight, Caliciopsis canker, and eastern white pine bast scale have caused unprecedented damage (Mech et al., 2013; Broders et al., 2015; Munck et al., 2015; Schulz et al., 2018a,b; Wyka et al., 2018; Costanza et al., 2019; Cram and Fraedrich, 2022). Although the impacts of silvicultural treatments on residual trees in stands damaged by these diseases have been evaluated (McIntire et al., 2018a,b; Costanza et al., 2019, 2020), the impact of these pests and diseases to regeneration following silvicultural treatments is less understood. For example, reducing stand density by thinning improves residual tree growth and symptom severity in stands affected by Caliciopsis canker and foliar diseases (McIntire et al., 2018a; Costanza et al., 2020). Partial shading and high seedling density recommended to control WPBR and weevil damage (Ostry et al., 2010) may increase humidity in the understory, creating conditions favorable to the reproduction and dispersal of foliar and canker fungal pathogens. In addition, inoculum from overstory trees may exacerbate foliar disease severity of understory seedlings (Wyka et al., 2018). Consequently, our objectives were to evaluate the incidence and severity of insect pests and diseases in white pine stands subjected to the following silvicultural treatments: low density thinnings, patch cuts, shelterwoods, and unmanaged or control stands. Understanding the effects of frequently recommended and implemented silvicultural treatments on insect pest and disease incidence and severity is important to maintain valuable white pine forests.



2. Methods


2.1. Study sites and silvicultural treatments

We evaluated the condition of eastern white pine overstory trees and regeneration in stands under different silvicultural regimes at the Northern Unit of the Massabesic Experimental Forest (MEF) in Lyman, Maine, and Bear Brook State Park (BBSP) in Allenstown, New Hampshire (Table 1). In both sites, white pine stands grow in excessively drained glacial outwash soils where soil moisture is too limited for favorable hardwood growth. These two sites, 90 km apart, are abundantly forested with white pine established in 1940s resulting from natural (BBSP) and artificial regeneration (MEF) methods following agricultural abandonment, fire (MEF), or a hurricane (BBSP). Artificial regeneration involved planting and early removal of hardwoods. At the MEF, patch cuts, a shelterwood, and low-density thinning examples cut in 2007–2008 exist on the Northern unit embedded in a forested landscape matrix created following the 1947 fires. The treatments were accomplished through a timber sale administered by the White Mountain National Forest in the fall of 2007 and 2008 before snow fall when the soil was exposed. White pine regeneration (seedlings and saplings) was achieved by timing harvests coinciding with good white pine seed years and heavy soil scarification from harvesting activities. For example, at the MEF the logging contractor whole-tree harvested the sale area using a tracked feller buncher to drop the trees; and rubber-tired skidder to collect the cut stems and haul them to the landing for processing into logs, pulpwood, and chip products. This practice scarifies the ground surface sufficiently to bury white pine seed that germinates the following spring. Other practices that minimally scarify the ground surface leave white pine seed on the ground exposed to seed predation by foraging birds, squirrels, and small mammals. Experimental forests, such as the MEF, provide the unique infrastructure to conduct long term research where results can be demonstrated to cooperators and stakeholders (Wells et al., 2009).

We visually inspected the health of white pines in stands under different silvicultural regimes: shelterwood (residual basal area of 18 m2 ha−1), patches (1.2 ha openings), low density thinnings (residual basal area of 7 and 14 m2 ha−1, respectively), and no treatment control (>2 ha) (Leak and Lamson, 1999; Leak and Yamasaki, 2013). Patch cuts and low density thinnings were replicated twice at the MEF, but the shelterwood was not. Thus, two additional shelterwoods and an untreated control stand at BBSP were included in the study (Table 1; Figure 1). Lastly, the presence of foliar pathogens, Caliciopsis canker, white pine weevil and blister rust has been documented in both sites allowing us to quantify the effects of silvicultural treatments on damage caused by these agents (Table 1; Figures 1, 2) [McConkey and Smith, 1958; Munck et al., 2016; Wyka et al., 2018; Leak et al., 2020; State of New Hampshire Department of Natural and Cultural Resources (NHDNCR), 2021].
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FIGURE 2
 Eastern white pine regeneration in southern Maine and New Hampshire with signs and symptoms of insects and (A) white pine weevil (Pissodes strobi), (B) chlorosis and defoliation caused by Lecanosticta acicola, (C) white pine blister rust stem canker caused by Cronartium ribicola, and (D) fruiting bodies of Caliciopsis pinea protruding from a branch whorl.




2.2. Field measurements

At least two stands per treatment were sampled during the summer of 2020. At each stand, three circular fixed area plots were established per stand with methods like those described by Heuss et al. (2019). To determine plot placement, a map was created using ArcGIS by overlaying a 50 m x 50 m grid on the polygon delineating the stand. A random sampling point within the grid was selected representing the center of the first plot and subsequent plots were selected using the map so that they were at least 50 m apart and well within the stand. At each plot, all trees (≥10 cm dbh = diameter at breast height 1.37 m) within a circular plot with a 10 m radius (314 m2) were evaluated. Tree species and dbh were recorded for each tree. Additionally, for every white pine (P. strobus) the following variables were noted: live crown ratio, crown density, white pine foliar disease rating, incidence (presence) of Caliciopsis canker (fruiting bodies in regeneration or resinosis in trees), WPBR, white pine weevil, and other insects or diseases (Table 2). Tree crown condition is an important indicator of forest health because trees with vigorous crown have more photosynthetic capacity to grow (Randolph et al., 2010). Crown density measures the amount of sunlight blocked by all biomass produced by the tree (Randolph et al., 2010). Live crown ratio (LCR) is the ratio of crown length to total height of the tree (USDA Forest Service Forest inventory and analyses National Program, 2011).



TABLE 2 Criteria used to evaluate health of eastern white pine trees (dbh > 10 cm) and regeneration (dbh < 10 cm and height > 30 cm).
[image: Table2]

To evaluate regeneration, two subplots 5 m and at 120 or 240 degrees from plot center relative to north, respectively. At each subplot, canopy cover was measured with the CanopyApp (UNH Earth Systems Research Center), and the total number of seedlings and saplings were tallied within a circular plot with a 2.5 m radius (20 m2). The following additional data was collected for the 10 white pine saplings (2.5 cm > dbh < 10 cm) or seedlings (dbh < 2.5 cm and height > 30 cm) closest to subplot center: dbh, height, live crown ratio (LCR), crown density, white pine foliar disease (WPND) rating, incidence of Caliciopsis canker, WPBR, weevil, and other insects or diseases (Table 2; Figure 2). White pine foliar diseases were assessed on a rating scale from 0 to 3 representing the proportion of the crown in thirds affected (Table 2) (Broders et al., 2015). Symptomatic needles were collected from each stand to confirm presence of foliar pathogens. Needles were stored at 4°C until they were they were incubated in a moist chamber overnight and fruiting structures were inspected under a light microscope (Broders et al., 2015). Only Lecanosticta acicola pycnidia and conidia were observed from samples collected at each site.



2.3. Statistical analyses

One-way analyses of variance (ANOVA) were performed using the GLIMMIX procedure (Statistical Analyses Software v. 9.4, SAS Institute Inc., Cary, NC) to investigate main effects of silvicultural treatments on response variables associated with tree condition listed in the first column of Tables 2, 3: dbh (cm), height of regeneration, live crown ratio, crown density, disease severity of foliar pathogens (WPND severity), and incidence of other diseases and weevil damage. When main effects of treatment were significant (α = 0.05), a Tukey–Kramer test was used to identify differences between means.



TABLE 3 Eastern white pine (Pinus strobus) overstory response variables in relation to silvicultural treatments in Maine and New Hampshire.
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3. Results

We evaluated and measured eastern white pine trees (262) and regeneration (>500 seedlings and saplings) in 36 plots, three per stand, for 12 stands, at least 2 stands per silvicultural treatment (Table 1). Other tree species present in our plots included: Abies balsamea, Acer rubrum, Betula spp., Fagus grandifolia, Prunus serotina, Picea rubens, Pinus resinosa, Quercus rubra, Q. alba, and Tsuga canadensis. Of these, A. rubrum and Q. rubra were most common (Table 1).

Silvicultural treatments in white pine stands had the intended effects in overstory white pines. These were completely removed from patch cuts, and partially removed from other treatments, thus, stem density was more than four times greater for untreated controls compared to the treated stands (Table 3). Overall, crown condition improved in treated stands compared to controls. For example, crown density of white pines in untreated control stands was significantly less (33%) compared to that in treated stands (>75%) (p < 0.001). Conversely, severity of foliar pathogens was greater for trees in untreated stands (47% crown affected) compared to that in treated stands (<25% crown affected) (p = 0.012). Resinosis, a symptom of WPBR, Caliciopsis canker and other insects and diseases, was low in all treatments (<17% trees affected) and not statistically significant among treatments.

Compared to untreated control stands, treated stands had more and generally larger regeneration (dbh and height) with better crown condition (LCR, crown density, and WPND severity) (Table 4). The untreated controls produced in average 3,042 ha−1 white pine saplings and seedlings compared to >16,000 ha–1 saplings and seedlings for treated stands. The dbh and height of seedlings and saplings in untreated control stands was 0.6 cm and 0.9 m, respectively compared to dbh > 1 cm and height > 1.8 m in treated stands (Table 4). The main effect of some treatments was only marginally (dbh, p = 0.08) or not statistically significant (height, LCR, and crown density) for least square means comparisons among treatments. However, most treatment values were significantly different than the control value in single pair-wise comparisons (α = 0.05) (Table 4).



TABLE 4 Eastern white pine (Pinus strobus) regeneration response variables in relation to silvicultural treatments in Maine and New Hampshire.
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As expected, patch cuts and thinning to 7 m2 ha−1, the treatments with least canopy cover (25 and 42%, respectively) or shade, had the greatest proportion of white pine seedlings with weevil damage (27 and 34%, respectively) compared to untreated control stands where regeneration did not have any weevil damage due to heavy shading (Tables 3, 4). Despite the weevil damaged regeneration, patch cuts in this study produced in average > 10,000 white pine seedlings ha−1 without weevil or other pest or insect damage (Figure 3). Similarly, despite more damage from Caliciopsis canker (14%) in thinned stands compared to untreated controls (0%), because regeneration was so abundant in thinned stands (>25,000 seedlings and saplings h−1) compared to untreated stands (3,042 seedlings and saplings h−1), more undamaged regeneration was present in treated stands (Figure 3). White pine blister rust incidence was <6% and not statistically significant among treatments.

[image: Figure 3]

FIGURE 3
 Density of undamaged eastern white pine regeneration in different treatments. Bars represent the mean and standard error for plots within each treatment. Values with the same letter are not statistically different (α = 0.05).




4. Discussion

Host density may facilitate or slow down the development of disease epidemics or pest outbreaks (Asaro et al., 2023) and understanding effects of host density is therefore critical to management of resilient forests. Shelterwoods and low-density thinnings are the most prescribed silvicultural treatments for management of eastern white pine insect pests and diseases (Ostry et al., 2010; Livingston et al., 2019). These treatments can reduce disease incidence and severity at the stand level by improving condition of residual trees and removal of the weakest trees during harvesting operations (McIntire et al., 2018a; Costanza et al., 2020). Harvesting operations to implement these treatments can result in abundant white pine regeneration (Leak and Yamasaki, 2013).

Compared to overstory trees, the relationship between high stem density in regeneration and foliar diseases or Caliciopsis canker is not as well understood. In a previous study, stem density was associated with greater Caliciopsis canker disease severity in white pine overstory trees and regeneration (Munck et al., 2016). Similarly, in this study the thinnings to 14 m2 ha−1 had the greatest Caliciopsis canker incidence and the most abundant regeneration. In this study, both overstory and understory white pines across all silvicultural treatments exhibited less foliar disease severity compared to untreated controls. This finding is consistent with a study by McIntire et al. (2018a) that evaluated crown condition of overstory trees before and after thinning stands.

Foresters and land managers are reluctant to implement clear cuts and patch cuts because white pine weevil preferentially attacks regeneration growing in open conditions. Shading provided by residual trees in shelterwoods reduces white pine weevil damage in the understory (Ostry et al., 2010). In this study, patch cuts and low density thinnings had the least canopy cover and consequently, greatest incidence of weevil damage (Tables 3, 4). Both these treatments, however, yielded abundant white pine regeneration with >10,000 seedlings and sampling per hectare. Defective regeneration could be removed in precommercial thinnings when saplings are 6 m tall to a recommended stem density of 490–740 stem per hectare (Livingston et al., 2019), thus plenty of healthy stems would be available in treated stands evaluated in this study. These low-density treatments have the added benefit of creating early successional habitat preferred by some songbirds.

In Eastern USA, forested land is mostly privately owned. Obtaining support for silvicultural treatments to improve forest health is challenging because private landowners are not solely interested in commercial value of their trees. However, many are interested in wildlife management. Following treatment, shelterwoods and patch cuts produce greater average species richness of birds than unmanaged forest (Goodale et al., 2009; Duguid et al., 2016). These silvicultural treatments create early successional habitat needed by birds using young forests (Costello et al., 2000; Thompson and DeGraaf, 2001; DeGraaf and Yamasaki, 2003; Yamasaki et al., 2014). Thus, shelterwood and patch cut treatments may both increase biodiversity and improve forest production and regeneration.

In conclusion, silvicultural treatments that reduced stem density in the overstory and scarified the soil during harvesting operations resulted in better conditions of residual trees and plenty of healthy white pine regeneration compared to unmanaged stands. Our study emphasizes the importance of considering a realistic spectrum of natural enemies when designing silvicultural operations. Our findings are consistent with management current recommendations for white pine (Livingston et al., 2019; Leak et al., 2020). Given the economic and ecological value of eastern white pine, the effects of silvicultural treatments on insect and pest conditions merit further study. Results could vary in locations where insect pest and disease pressures are greater. This study was conducted in Northeastern USA, but the insect pest and diseases we evaluated have worldwide distribution. For example, white pine blister rust damages pine in Asia, Europe and North America (Geils et al., 2010). Lecanosticta acicola has a global distribution and is a threat to plantations and naturally regenerated stands (van der Nest et al., 2019; Tubby et al., 2023). Pathogenic Caliciopsis spp. damage conifer species in Europe, North America, and Eucalyptus spp. in Australia (Pascoe et al., 2018; Migliorini et al., 2020). Consequently, our findings could be useful to the management of other patho-systems.
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‘Means  standard errors (5.E.) of plots in each treatment. Values followed by the same letter within the same row are not significantly different (
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‘Incidence is expressed as the percentage of damaged eastern white pine (Pinus strobus) regeneration (scedlings and saplings).

Effect of response variable in bold are statistically significant a<0.05.
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