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Low Non-structural Carbon Accumulation in Spring Reduces Growth and Increases Mortality in Conifers Defoliated by Spruce Budworm
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Spruce budworm (Choristoneura fumiferana) outbreaks are important disturbance events in the boreal forests of northeastern North America, causing major growth loss and widespread tree mortality. The physiological mechanisms leading to tree mortality remain poorly understood and two important functional traits, tree-ring width and concentration of stored carbohydrate, can serve as indicators of tree vitality during defoliation. This study aims to test the hypothesis that storage starch is an indicator of tree vitality by (1) exploring the link among reductions in storage, growth and mortality, and (2) identifying starch or sugar threshold to predict the risk of mortality. We use balsam fir and black spruce, two main host species of spruce budworm. We sampled 81 trees across seven experimental sites in eastern Quebec, Canada, and assessed defoliation intensity, tree-ring growth, and tree vitality. Soluble sugar and starch concentrations in needles, twigs, and roots were measured from spring to autumn. Under conditions of increased defoliation, carbon allocation to reserves and radial growth decreased in a similar manner for both species. Starch concentration within twigs and needles in May and June was the best indicator of carbon status in defoliated trees. We observed the highest reductions in growth two to 3 years prior to mortality concurrently with reductions in starch in May and June. When starch concentrations were lower than 28 mg·g[image: image] in needles, the probability of balsam fir mortality exceeded 50%. At this level of starch, reserves and newly produced carbon are insufficient to support tree growth and vitality.
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INTRODUCTION

In northeastern North America, cyclical outbreaks of spruce budworm (Choristoneura fumiferana Clemens, SBW) are one of the main causes of growth reduction and tree mortality in several conifer species (Gray, 2008; Zhang et al., 2014). During the 20th century, there were three SBW outbreaks (Blais, 1962; Morin, 1994). Since 2006, a new outbreak has been ongoing, affecting more than of 8 M ha with defoliation concentrated in stands dominated by balsam fir and black spruce (Boulanger et al., 2016, 2017; Bouchard et al., 2018). SBW lay eggs mainly in upper crown of trees in July. The eggs hatch in later July and early August. The larvae disperse, entering in diapause in September (Régnière et al., 1989). In May of the following year, the SBW emerges as second-instar larvae and feed on the current-year foliage, only eating old foliage in very severe outbreak years (Lawrence et al., 1997; Nealis and Régnière, 2004; Rossi et al., 2018). From 5 to 7 years of feeding are needed to defoliate a tree completely, even low levels of cumulative defoliation can lead to stand-level mortality in managed forests (Chen et al., 2017).

Regardless of the host species (balsam fir, white spruce, or black spruce), successive years of defoliation lead to a decline in starch accumulation in the spring (Deslauriers et al., 2015, 2018). In conifers, starch concentration throughout the tree increases prior to the resumption of shoot and stem growth (Little, 1970; Hoch et al., 2003; Martínez-Vilalta et al., 2016; Desalme et al., 2017), with the highest quantities of starch found in the foliage. Previous studies conducted on conifers showed that there are differences in carbon reserves between non-defoliated and highly-defoliated trees, the latter having lower starch content (Webb and Karchesy, 1977; Webb, 1980, 1981). Starch levels then decrease slowly during the summer due to primary and secondary growth (Webb and Karchesy, 1977; Deslauriers et al., 2018). However, storage starch decreases proportionally with increasing defoliation (Vanderklein and Reich, 1999; Li et al., 2002; Deslauriers et al., 2015; Puri et al., 2015). Boreal stands can withstand long periods of SBW-related defoliation, because trees allocate most carbon resources to the production of new shoots and needles (Piene, 1989; Deslauriers et al., 2018) rather than to storage starch and radial growth in the stem.

This carbon allocation strategy allows trees to endure defoliation events that last several years before eventually succumbing if the event persists even longer. Moreover, this suggest either a downregulation of storage formation (i.e., regulated as a competing sink), or a lack in carbon overflow before growth resumption (i.e., not regulated as a competing sink), or both (Hartmann and Trumbore, 2016). Compensatory mechanisms are also used to maximize carbon gain under defoliation, such as longer needle retention (Doran et al., 2017) or greater epicormic bud production (Piene, 1989). In all cases, carbon allocation to storage is not maintained under defoliation (a strong C limitation) and the challenge remains how the absence of reserve formation has an impact on the growth and survival of defoliated mature trees. High levels of non-structural carbohydrate are required for survival, mainly in form of soluble sugars (Martínez-Vilalta et al., 2016) because of their direct role in plant metabolism. Under defoliation however, the absence of storage before growth resumption affects the seasonal carbon buffer usually provided by the storage starch to support conversion to soluble sugars for growth and metabolism.

During an outbreak, radial growth drops within a relatively short period of time (ca. 4–5 years), after which the tree dies (Morin, 1994; Morin et al., 2007; Krause et al., 2012). Growth reductions that precede mortality are very common (Wyckoff and Clark, 2002; Das et al., 2016; Cailleret et al., 2017) and, for spruce budworm defoliation, represent a direct consequence of carbon allocation toward primary growth (i.e., photosynthetic tissues) to enhance tree vigor and carbon gain (Piene, 1989; Deslauriers et al., 2018). Thus, the synchronous decrease in growth rate and carbon storage (mainly starch) observed in defoliated balsam fir (Deslauriers et al., 2015) represents an indicator of tree vitality, or a functional trait underlying the mechanism leading to death. According to Dobbertin (2005), the hypothetical optimal tree vitality, i.e., the capacity to survive, grow, and to store starch, is unknown, but it can be estimated by comparing living and dead trees. In this study, we use non-structural carbon (including both soluble sugars and starch) as a proxy of tree vitality under dieback episodes during a spruce budworm outbreak. Emphasis was put on storage starch [i.e. produced in the amyloplastic for long term energy storage (Sulpice et al., 2009; MacNeill et al., 2017)] because this fraction of non-structural carbohydrate has profound impact on the tree physiology especially during growth and development (Hartmann and Trumbore, 2016). Specifically, we wanted to test the hypothesis that storage starch is an indicator of tree vitality by (1) exploring the link among reductions in storage, growth and mortality, and (2) identifying starch or sugar threshold to predict the risk of mortality.

To test this hypothesis, measurements of radial growth, carbon allocation, and mortality for balsam fir [Abies balsamea (L.) Mill.] and black spruce (Picea mariana Mill. B.S.P.) were performed on two of the main hosts of the spruce budworm, but of contrasting vulnerability. During a spruce budworm outbreak, the phase of needle development in balsam fir is favorable to the insect as the availability of resources, i.e., the developing buds, increased herbivore fitness (Nealis, 2012; Régnière and Nealis, 2018). As bud phenology in black spruce occurs 2 weeks after that of balsam fir (Antonucci et al., 2015), black spruce is about half as vulnerable as balsam fir (Bognounou et al., 2017).

MATERIALS AND METHODS

Study Sites

The study sites are in the boreal forest of eastern Quebec, Canada. We selected three areas for this study [Girardville (GIR), Gaspard (GAS), and Toulnustouc–Lac Dionne (TLD)] (Figure 1). In TLD, we established four 0.4 ha plots (plots A–D) that correspond to three stand compositions (one black spruce, one balsam fir, and two mixed fir-spruce stands) having various levels of defoliation. Similarly, we established two 0.4 ha plots at the GIR site, where both represented mixed fir-spruce stands having various levels of defoliation. At the GAS site, two 0.4 ha plots were located within a mixed fir-spruce stand, although these sites had a low level of defoliation (<10%). The region has a cold climate with harsh winters and mild summers. GIR and GAS have a mean annual temperature of 2.6°C, with 176 days above 0°C. Mean annual precipitation is 864 mm and 31% falls as snow. At the TLD site, the mean temperature is 2.1°C, with 165 days above 0°C. Mean annual precipitation is 921 mm; 28% falls as snow (Gouvernment of Canada, 2018).
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FIGURE 1. Location of the study sites: Girardville (GIR), Gaspard (GAS), and Toulnustouc–Lac Dionne (TLD). Source: Google earth imagery was used as reference background image (Google Earth 2018).



Tree Selection and Sample Collection

In 2014, we selected between 6 and 18 mature balsam fir and black spruce in each plot. We sampled a total of 84 trees (48 fir and 36 spruce) (Table S1). Sampling for carbohydrates content occurred fortnightly between May and September. One twig per tree was sampled using a pruning shear at mid-crown between 4 and 6 m in height from the ground (Régnière and Nealis, 2007). We sampled in the middle crown to reduce the error in the evaluation of defoliation (Piene, 1989) because the tree top is the first part of the tree to reach 100% of defoliation and dies. Moreover, the larval density is higher in the middle crown (Régnière et al., 1989). A terminal part of branch, of about 20–30 cm long, was cut using a pruning shear. Roots of 1–2 cm in diameter were also sampled at a distance of 1.0–2.5 m from the base of the tree, thus ensuring that the samples effectively corresponded to the studied tree. All samples used for determining amounts of non-structural carbon were placed in plastic bags that were vacuum sealed and stored at −20°C.

Defoliation levels within each plot were assessed visually from the sampled branches following a shoot-count method (Piene et al., 1981; Maclean and Lidstone, 1982) modified to four classes: D0 represents non-defoliated trees, and D1, D2, and D3 represent 1–33, 33–66, and 66–100% defoliation, respectively. In the spring of 2015, before the onset of defoliation, we again visited the sites to assess the vitality of all the study trees; twelve out of 84 trees were classified as dead, all were to balsam fir. Tree mortality was determined by complete needle wilting (red color).

Tree-Ring Analysis

We collected two cores per tree at breast height (1.3 m) using a 0.5 cm diameter Pressler increment borer. Cores were mounted on wood plates, dried, and sanded. We used LINTAB-measurement equipment at magnifications of 60 × to measure tree-ring width to the nearest 0.01 mm (Fonti and García-González, 2004; van der Sleen et al., 2014; Fierravanti et al., 2015). The two time series from each tree were cross-dated (Holmes, 1983; Kaennel and Schweingruber, 1995) using the TSAPWin software package (Ver. 4.81 Scientific, Rinntech, Heidelberg, Germany, 2008) and averaged. Statistical indexes Gleichläufigkeit (Glk), T-values of Bailie and Pilcher (TVBP), and the cross-date index (CDI) assessed the performance of cross-dating (Kaennel and Schweingruber, 1995), which was considered acceptable only where Glk > 70, TVBP > 5, and CDI > 20 (Battipaglia et al., 2015; Fierravanti et al., 2015). The mean time series were standardized using double-detrending with a 50-year spline (Krause et al., 2012). For each class of defoliation, we calculated a yearly tree-ring index from 2006 (year of SBW arrival on our sites) to 2015 (year of cores sampling) defoliation period based on the mean tree-ring width of each n year and defoliation class, relative to the year 2006 (Deslauriers et al., 2015), i.e., the year corresponding to the beginning of the spruce budworm outbreak:
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Where 2006 is the starting year of spruce budworm outbreak at the study site and n is a sampling year (between 2007 and 2015) (Deslauriers et al., 2015).

A second tree-ring index was calculated based on the ratio between the mean standardized tree-ring width of dead and living trees (Cailleret et al., 2017). We calculated this tree-ring width ratio for the 1958–2015 period and included only balsam fir. We also fitted a cubic trend line to easily understand the general trend. We evaluated 12 balsam fir trees that died between May and September 2015 in GIR and TDL.

Non-structural Carbon Assessment

Needles, twigs, and roots were immersed in liquid nitrogen at −196°C to stop all enzymatic activity, and the samples were then freeze-dried for 5 days (Deslauriers et al., 2009). The external part of the bark on twigs and roots was removed only if they contained impurities (e.g., lichen). We separated needles and small terminal twigs from the branches. We ground the samples into a fine powder (1 μm) using a mill (Retsch MM200 Vibrant) for 5 min. Samples were then stored at −20°C until analysis (Caron et al., 2013).

Soluble sugars were extracted in 80% ethanol using 40 mg from dry powder of needles, twigs, or roots. The sugars were extracted three times and chemically treated with phenol (2%) and sulfuric acid (96%) following Chow and Landhäusser (2004). The absorbance of the extracts was measured at 490 nm with a UV–VIS spectrophotometer. The concentration of soluble sugars was converted to mg per g of dry weight (mg·g[image: image]) using a dosage curve and the equation:

[image: image]

where A490 is the absorbance at 490 nm, a is the absorbance of the control, d is the dilution factor, v is the total extracted volume, and w is the weight (g) of the sample.

Starch concentrations were determined through enzymatic digestion (Bellasio et al., 2014) of the remaining pellets. α-amylase (3000 U/L, Megazyme) and amyloglucosydase (3260 U/L, Megazyme) were applied to split the glucose chains that form the starch. This mixture was then chemically treated with a Reagent and sulfuric acid (75%). The absorbance was read at 530 nm with a UV–VIS spectrophotometer. Starch concentrations were then converted to mg per g dry weight (mg·g[image: image]) using the equation:

[image: image]

where A530 is the absorbance at 530 nm of the sample, As is the absorbance of the control and enzyme that digested the starch, vsg is the volume of the glucose solution, v is the total volume of the sample, c is the conversion coefficient (= 0.9), Asg is the absorbance of glucose, Aw is the absorbance of water, m is the sample weight (g), and vs. is the volume of the enzymatic solution (= 60 μL).

Statistical Analyses

A linear mixed model was used to analyze the difference between defoliation classes of standardized tree-ring widths. Year, defoliation, and their interaction were the fixed factors, and site and trees nested in site were the random factors. Non-structural carbon concentration was compared between defoliation classes also using a linear mixed model, where defoliation and month and their interaction were the fixed effects, while sites and trees nested in the sites were the random effects. Multiple comparisons were performed with student t-tests. Normality of the data was assessed graphically by plotting the normal residuals; normality was confirmed by Shapiro's test.

A nominal logistic regression was used to calculate the probability of tree mortality based on sugar and starch concentrations for the different organs and months. The logistic regression takes the general form:
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where πx is the probability to be alive, xj is the sugar and starch concentration of a given organ and month j, β0, and β1are the intercept and the slope of the logit regression (Rossi et al., 2007). Sugar and starch concentration thresholds (x) were calculated when the probability of being alive was 0.5, i.e., when Logit(π) = 0 and then when x = −β0/β1. In other words, for a sugar and starch concentration below x, the tree was more likely to be dead than alive. For clarity, sugars or starch concentrations at which the probability of tree mortality was 50% were assigned the name M50. The fit of the logistic regression was evaluated using R2 (uncertainty coefficient [R[image: image]], and Chi-square tests (χ2)). The sugar and starch M50 were then graphically compared with the mean sugar or starch concentration values found in each defoliation class (see Results).

Canonical discriminant analysis differentiated defoliation classes and tree vitality based on growth and non-structural carbon concentrations (CANDISC procedure in SAS). Wilk's λ and the Mahalanobis squared distance were used in canonical discriminant analysis. A preliminary discriminant stepwise analysis was performed by using the STEPDISC procedure in SAS. This procedure selects a subset of the quantitative variables to discriminate between the defoliation classes. All statistics were performed in JMP 14 Pro and SAS 9.2 (SAS Institute, Cary, NC).

RESULTS

Non-structural Carbon

Sugar concentrations measured in needles, twigs, and roots varied over time, i.e., by month, and between defoliation class (Table 1, Table S2, Figure 2). D0 had a higher soluble sugar concentration than D1–D3 but not for all months (Figure 2). This led to a significant effect of the defoliation × month interaction (Table 1). In needles, sugar concentrations dropped in July, especially in the defoliated trees of both species. In August, we observed the opposite pattern with the highest sugar concentrations in defoliated trees (Figure 2). In twigs, sugar concentration was higher in D0 during May, July, and August in black spruce and in June–September in balsam fir. In balsam fir, root soluble sugars varied by month, defoliation class and their interaction (P < 0.5; Table 1). However, the effect of month was stronger than that of defoliation; sugars increased from May to June and then dropped in July and August. Significant differences among defoliation classes occurred in May and July–September (Figure 2). No factors significantly affected root soluble sugar concentrations in spruce.


Table 1. Mixed effect model calculated for soluble sugars, starch, and tree-ring width. NS: not significant.
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FIGURE 2. LS-mean predicted of soluble sugar concentrations (mg·g[image: image]) in balsam fir and black spruce for the four defoliation classes and each month obtained from mixed model. Different letters indicate significant differences between defoliation classes obtained from student's t-test. Rectangles indicate situations where data points sharing the same letter are overlapping on the plots.



Except in spruce roots, concentrations of starch showed a pronounced seasonal trend with values dropping gradually during the summer (Table 1, Table S3, Figure 3). D0 had higher starch concentrations compared to defoliated trees in May and June. In needles, we observed significant differences between all defoliation classes in May and June. However, these differences between defoliation classes disappeared as the summer progressed. A similar pattern was also observed in twigs, although starch concentrations were reduced in May for D0 and in June for defoliated trees (Figure 3). The seasonal trend was less pronounced in roots (especially in black spruce) and in the D2–D3 of balsam fir (Figure 3). Overall, D0 had higher starch concentrations, especially from May to July in balsam fir.
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FIGURE 3. LS-mean predicted of starch concentration (mg·g[image: image]) in balsam fir and black spruce for the four defoliation classes and each month obtained from mixed model. Different letters indicate significant differences between defoliation classes. Rectangles indicate situations where data points sharing the same letter are overlapping on the plots.



Tree-Ring Width

For both species, the tree-ring index decreased significantly with increased defoliation (Figure 4, Table S4). In black spruce, radial growth in the non-defoliated and defoliated trees began to diverge in 2012. This divergence began even earlier (in 2010) in balsam fir. The D0 tree-ring index measured in both species differed significantly from all other defoliation classes (P < 0.0001). No significant difference was observed between D1 and D2 in black spruce (Figure 4), indicating a similar decrease in growth. In balsam fir, similar growth decreases were observed between defoliated trees (D1–D3).
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FIGURE 4. Tree-ring width of trees belonging to the four defoliation classes. Different letters indicate significant differences between defoliation classes. Rectangles indicate situations where data points sharing the same letter are overlapping on the plots.



In balsam fir, we observed two decreasing phases in the tree-ring ratio between dead and living trees during the 1950–2015 period (TRI-ratio, Figure 5). A ratio higher or lower than one indicates that the tree-ring width of the dead trees was greater or less than that of living trees, respectively. A TRI-ratio greater than one before 1965 indicated a vigorous growth for the trees that died in 2015 relative to the surviving trees. Afterward, we observed a very slow decrease in the TRI-ratio of the dead trees, showing a ratio of ca. 0.7 for nearly 40 years. This indicated that trees dying in 2015 had already been experiencing a sub-optimal growth of ca. 30%. This ratio decreased continuously until the sudden drop in 2012, i.e., during the current period of defoliation. From 2012 until death, the TRI-ratio dropped quickly and reached zero in 2015.


[image: image]

FIGURE 5. Tree-ring width ratio between dead and living trees of balsam fir. The black line represents the cubic trend with its confidence interval and R2 for the period 1950–2015.



Links Between Defoliation, Growth, and Non-structural Carbon

Canonical axis 1 (Can 1) represented 96% and 87% of between-class variation in black spruce and balsam fir, respectively, and discriminated between control and defoliated trees (Figure 6, Table 2). Canonical axis 2 (Can 2) accounted for a lower proportion of variability (3% in black spruce and 10% in balsam fir) and discriminated between trees having different defoliation intensities. In both species, Wilk's λ was highly significant (P < 0.001) and the Mahalanobis squared distance separated all classes. Only six significant (P < 0.05) explanatory variables were retained (Table 2).


[image: image]

FIGURE 6. Canonical analyses discriminating the defoliation classes and tree vitality. TRI 2013: tree-ring index of 2013; TRI 2014: tree-ring index of 2014; StaN_May: starch in needles in May; StaN_Jun: starch in needles in June; StaN_Sep: starch in needles in September; SugN_May: sugars in needles in May; SugN_Sep: sugars in needles in September; StaB_May: starch in twig in May; SugB_May: sugars in twig in May; StaR_May: starch in roots in May; StaR_Sep: starch in roots in September.




Table 2. Upper part: Correlation coefficients between the canonical axes (Can 1 and Can 2) and variables used in the multivariate analysis.
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Defoliation intensity was correlated to changes in both growth and carbon allocation (Figure 6, Table 2). In both species, Can 1 and Can 2 were correlated with the tree-ring index in 2014, confirming that defoliation in that year was inversely correlated to radial growth. Can 1 was also positively correlated with starch concentration, especially in needles and twigs of May and June (Table 2, Figure 6). Weak (0.04, in black spruce) or negative (-0.36, in balsam fir) correlations observed between Can 1 and the sugar concentration of needles in May indicated higher sugar concentrations in defoliated trees, especially in balsam fir. Can 2 was positively correlated with the starch of roots in September, meaning that the more defoliated trees of both species exhibited a lower starch concentration. A divergence between species was observed in their respective correlations between Can 2 and starch in May–June; black spruce showed a negative correlation whereas for balsam fir, it was positive.

Mortality

We investigated differences between living and dead trees in terms of starch, sugar, and tree-ring growth although only for balsam fir as no mortality occurred in black spruce [Wilk's λ (P < 0.001) and Mahalanobis squared distance (P < 0.001)]. As only two classes comprised the canonical discriminant analysis for mortality, Can 1 represented 100% of the between-class variation and discriminated between living (positive scores) and dead (negative scores) trees (Table 2, Figure 6). Variables had a positive correlation with living trees, whereas they had negative correlation with dead trees (Table 2). Can 1 was positively correlated with the tree-ring index in 2013 as well as the sugar concentrations of needles (May and September) and twigs (May). Since the tree-ring index of the previous year decreased with increased defoliation, the soluble sugars and starch of the current year were also reduced. In contrast, the starch concentration of needles in September was negatively correlated with Can 1.

For starch, the logistic models in needles of balsam fir produced the highest values of explained variance (R2 of 0.63, Table 3). The M50 calculated for May was significant, having a value of 28.1 mg·g[image: image] of starch concentration in needles (Table 3). This threshold was reached in D3 only (Figure 7), although the probability of mortality began to increase in D2. In June, the starch located in twigs decrease with increasing defoliation but the measured values in defoliated trees (~32 mg·g[image: image] in D2 and D3, Figure 3) did not reach the mortality threshold of 18.13 mg·g[image: image] (Table 3). Similarly, in August, the measured starch values in defoliated trees did not reach the threshold (18.16 mg·g[image: image] in twigs, Table 3) and even that, defoliated trees show a higher starch concentration in twigs than control (Figure 3). However, the variance explained in twig was very low (R2 of 0.26)


Table 3. Logistic results of each organ and variable including the calculated values of M50 from May to September in balsam fir.
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FIGURE 7. Logistic function linking starch concentrations in May with the probability of balsam fir mortality. The box plot represents starch concentrations across the different defoliation classes. The gray rectangles represent the threshold of tree vitality with probability of 50%.



The sugar concentrations at which the probability of plant mortality exceeded 50% were significant in all organs in May with the highest explained variance in needles (R2 of 0.62, Table 3). In needles, the model estimated a sugar threshold of 29.2 mg·g[image: image] in May, a concentration not reached in our observations due to the high variability in sugar concentrations (Figure 2, Table S2). In both twigs and roots, M50 was reached for D3 only, with 10.0 and 12.0 mg·g[image: image] of sugar in twigs and roots, respectively. For the other months (June–September), only a few models were significant (Table 3), including June (M50 of 5.0 mg·g[image: image] sugars in root) and September (M50 of 2.0 mg·g[image: image] sugars in twig). However, these were less parsimonious models because of their lower explained variance (R[image: image]).

DISCUSSION

Defoliation by spruce budworm reduces leaf area and carbon assimilation; this has dramatic consequences on carbon allocation (Vanderklein and Reich, 1999; Li et al., 2002; Deslauriers et al., 2015). During an outbreak, this reduced carbon assimilation is reflected in the tree's starch concentrations, which is a strong signal of a decrease in tree vitality, confirming our hypothesis. The stored starch in spring likely influences the free sugars availability when degradation occurs after budbreak, enabling a higher flux of sucrose export through the tree, thus representing an important future use of sugars (Martínez-Vilalta et al., 2016). Storage starch follows a clear and stable intra-annual pattern in all tree organs (Hoch et al., 2003; Deslauriers et al., 2018), increasing the possibility to use this form of NSC as a proxy. Our results demonstrate that under increasing defoliation, carbon allocation to reserves and radial growth decreases in a similar manner. In balsam fir, the most affected species, the decrease in starch and soluble sugar concentrations was linked to mortality thresholds at moderate and high levels of defoliation; this pattern thus reflects the decreasing resistance of trees to defoliation.

Even if not measured, other sources of stored reserves could also be used such as protein and lipids (Hoch et al., 2003; Hartmann and Trumbore, 2016). Depending on the species, the seasonal variation in lipids in conifers was reported to be either negligible (Hoch et al., 2003) or less pronounced (Lahr and Krokene, 2013), which makes this compound much less attractive to use as a proxy. Lipids and proteins have a well-documented roles as respiratory substrates (MacNeill et al., 2017), especially under shading (Fischer et al., 2015) when transient starch (starch synthetized and degraded according to a diurnal pattern in the chloroplast) is not sufficient to fulfill the metabolic needs at night (Wiley et al., 2016).

Carbon Allocation and Growth Under Defoliation

We found that our defoliation classes corresponded to differences in growth and carbon allocation to storage, with both variables decreasing at higher defoliation intensities. In conifers, needles can assimilate and store carbon, especially during the spring. Any changes in carbon balance under defoliation occur initially in the starch pool of needles (Vanderklein and Reich, 1999; Deslauriers et al., 2018) because of a reduced carbon allocation to storage (Wiley and Helliker, 2012). Our results agree with these findings as in May and June, the starch concentrations of twigs and needles (rather than soluble sugar concentrations) were indicative of the carbon status in defoliated trees. The molecular mechanism by which storage starch is gradually down-regulated along a defoliation gradient is not known but a decrease in key enzymes or essential products of photosynthesis could be involved (MacNeill et al., 2017).

Interestingly, the total sugars concentration slightly increases in defoliated trees in May, but the decreasing starch concentration across the defoliation gradient indicate a progressively lower storage. The increase in soluble sugars in May was however, not consistent between defoliation classes, organs and species. Even if sugar concentration in tree organs need to be kept above a critical threshold (Sala et al., 2012; Dietze et al., 2014; Martínez-Vilalta et al., 2016) a consistent decrease with higher defoliation levels in fir and spruce was not observed. Soluble sugar content is subject to less pronounced variations (Schiestl-Aalto et al., 2015) and is organ-dependent (Li et al., 2002; Hoch et al., 2003), which is in agreement with our results. Compared with un-defoliated trees, a drop in sugar concentrations was indeed observed in needles, twigs and roots of defoliated trees of both species in July which could be related to lower growth activity (Deslauriers et al., 2018).

Following defoliation, stem growth, a secondary sink of carbon, is quickly reduced (Dobbertin, 2005; Krause et al., 2012). Tree-ring formation is sink-driven (Körner, 2015; Deslauriers et al., 2016), and a modification in carbon allocation negatively affects radial growth. Severe defoliation by spruce budworm reduces radial growth (Blais, 1962; Morin and Gagnon, 1992; Krause et al., 2003; Pothier and Mailly, 2006) as confirmed by our 2012–2015 data. Indeed, our results followed a characteristic pattern, beginning with a gradual decrease in radial growth and then an accelerated decrease after 3–5 years (Morin and Gagnon, 1992; Morin, 1994; Boulanger et al., 2012; Fierravanti et al., 2015). Moreover, the 2014 growth reductions were closely linked to the severity of defoliation, such as previously observed in balsam fir (Deslauriers et al., 2015). In addition to growth reductions, defoliation also decreases the allocation to defense compounds (in term of number and concentration) due to lower carbohydrate availability (Deslauriers et al., 2015; Wiley et al., 2016), which may extend defoliation and, in turn, growth reduction.

Carbon Allocation and Growth: The Cause of Mortality?

We observed drastic growth reductions in dying balsam fir trees that occurred simultaneously with declines in non-structural carbon concentrations, especially for starch in May and June. Comparing the results of the logistic models, the starch concentration in needles in May was the best indicator of the decrease in tree vitality, with the minimum values indicating mortality recorded during the following year (Figure 7). Therefore, mortality in balsam fir was linked to both reduced tree-ring width and starch reserves, although establishing a direct link (i.e., causality) is difficult without a general understanding of carbon allocation. Indeed, understanding of the physiological mechanisms that lead to mortality and the associated change in growth rates remains limited, although mortality is preceded by growth reductions in 84% of the cases (Cailleret et al., 2017). Moreover, most models of forest dynamics assume that the probability of tree mortality is a function of the growth rate, with the slowest-growing trees having a higher probability of dying (Kneeshaw et al., 2006; Das et al., 2016;De Grandpré et al., 2019).

Spruce budworm instars usually eat new current-year needles, which have, at maturity, a higher photosynthetic rate compared to older foliage (Robakowski and Bielinis, 2017). Before the resumption of growth, the net carbon assimilated by photosynthesis is used for carbon reserves, representing a form of passive storage [i.e., overflow of carbon not regulated as a competing sink (Hartmann and Trumbore, 2016)]. However, as the outbreak continues, the carbon (in this case, starch) decreased to a threshold of 28 mg·g[image: image] during the spring. Beyond this threshold, the probability of observing mortality exceeded 50%. In early spring, starch refilling in needles and twigs is fundamental for supporting primary growth (Millard et al., 2007; Palacio et al., 2014) as the resumption of growth activity in the stem and in the canopy occurs when storage starch peaks at the end of May in both spruce and fir (Antonucci et al., 2015). In defoliated conifers however, the production of new needles has priority over carbon storage (Deslauriers et al., 2018) and stem and root growth (Piene, 1989). Therefore, because of the missing flux of sucrose from storage starch degradation, highly defoliated trees cannot allocate sufficient carbon to support new shoot growth, while non-structural carbon is insufficient to maintain stem growth. To some extent, this could explain why the probability of tree mortality is inversely related to the growth rate (Das et al., 2016; De Grandpré et al., 2019) and explain why mortality increases rapidly in highly defoliated trees (Alfaro et al., 1982). Even if black spruce was only moderately defoliated, the pattern of starch allocation with increased defoliation remains similar to that of balsam fir. We thus propose that severely defoliated black spruce could reach similar M50 values of starch before succumbing. However, more study is needed on defoliated black spruce to assess the starch and sugar concentrations for which the probability of plant mortality exceeds 50%.

An understanding of the drivers of decreasing tree vitality leading to mortality should also consider the overall cumulative set of environmental stressors [i.e., Manion's model of mortality, Manion (1981)]. For example, spruce budworm outbreaks are cyclical (Morin et al., 2007), and severe outbreaks occurred in the 1970s (Morin et al., 1993). Given that a first decreasing phase was observed in the tree-ring index ratio between dead and living trees during the last spruce budworm outbreak in the mid-sixties and seventies, the dead trees may be those already showing a sub-optimal growth (i.e., a value <1, Figure 5). Moreover, the decrease in tree vigor in the mid-sixties were also related with abiotic stress conditions characterized by below average spring temperature and above average summer temperature (De Grandpré et al., 2019). A large reduction in the probability of mortality is largely explained by an increase in tree growth (Soucy et al., 2012). Therefore, previous defoliation- or climate-related stresses may have led to a lower level of tree vitality, indicated by lower growth, before the current defoliation and tree mortality observed in this study (Soucy et al., 2012; De Grandpré et al., 2019).
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Defoliation Month  Defoliation x Month

Sugars  Fir Needles NS <005 <0.001
Twigs NS <0.01 <0.0001

Roots ~ <0.0001  <0.05 <0001

Spruce  Needles NS <0.0001 003

Twigs NS NS NS

Roots NS NS NS

Stach  Fir Needies  <0.0001  <0.0001 <0.0001
Twigs NS <0.0001 <0.0001

Roots <0.0001 <0.0001 <0.001

Spruce  Needes NS <0.0001 <001

Twigs NS <0.0001 <005

Roots 001 NS NS

TRW Fir - <0.0001 - -

Spruce - <0001 - -
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