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Acid rain in eastern North America contributed to the widespread decline of red spruce in high-elevation spruce-fir forests. With recent reductions in acid deposition and a warming climate, resurgence of red spruce growth has been reported in some mountain areas. Based on an extensive tree-ring sampling network established across elevations (600 to 1,200 m above sea level) in spruce-fir forests on 10 mountains in the northeastern US (New York, Vermont, New Hampshire, and Maine), we investigated whether this resurgence was specific only to red spruce or if it occurred also in the co-dominant balsam fir. Furthermore, we tested if tree growth changes for both species were related to recent trends in acidic deposition and climate. Sharply increasing growth rates of red spruce were evident at all elevations and most closely correlated with increasing rainwater pH. Although climate of the previous year (cool July and warm November) explained higher spruce growth in certain years, recent trends in climate did not drive observed increases in spruce growth. In contrast, balsam fir exhibited no regional growth surge during the period of spruce recovery. Thus, spruce growth resurgence appears to be mediated primarily by declining acid deposition and not climatic changes or stand dynamics that would also impact fir growth. Although high-elevation forests may ultimately be at risk for future warming-related heat and drought stress, the observed recent dramatic resurgence of spruce growth illustrates the benefits of policy-driven reductions in acidic deposition for the health and productivity of northeastern US forests.
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INTRODUCTION

Acidic deposition has severely impacted major forested areas of Europe, Asia, and North America (Vet et al., 2014). Across the northeastern US, acidic deposition contributed to the widespread morbidity and mortality of high-elevation red spruce (Picea rubens) in the 1980's (Adams et al., 2012). This decline was specific to red spruce and compelling evidence revealed that acidic deposition leached membrane-bound calcium from foliage and decreased the freezing tolerance (Schaberg et al., 2000). Indeed, a characteristic symptom of spruce decline is the periodic occurrence of widespread foliar injury in winter (Kosiba et al., 2013; Wason et al., 2017b). However, despite several recent winter injury events, red spruce at high elevations in mountains throughout its range is now in a period of rapid growth (Wason et al., 2017b; Kosiba et al., 2018; Mathias and Thomas, 2018).

The recovery of red spruce has been attributed to trends in acidic deposition, climate change, and atmospheric CO2 concentrations (Wason et al., 2017b; Kosiba et al., 2018; Mathias and Thomas, 2018). Reduced emissions have led to a decrease in sulfate and nitrate deposition as well as a decrease in acidic deposition in the northeastern US that has been “rapid and relentless” after 1970 (Likens and Buso, 2012). Coincident with reductions in acidic deposition, annual temperatures have warmed ~1.25°C since the 1960s in the northeastern US (Hayhoe et al., 2007; Kunkel et al., 2013; Wason et al., 2017a) although this warming has been spatially and seasonally variable (Beier et al., 2012; Wason et al., 2017a). Red spruce responds positively to some aspects of climate warming (Gavin et al., 2008; Kosiba et al., 2018), however, many studies have found that red spruce growth and abundance responds negatively to increasing mean annual air temperatures (particularly above 11°C) and increasing atmospheric pollution (Canham and Murphy, 2016, Appendix S1; Houle et al., 2012; Koo et al., 2014). Limited evidence also suggests that the recent increase in red spruce growth is related to CO2 fertilization (Mathias and Thomas, 2018), however CO2 fertilization does not always impact stem growth (Körner et al., 2005) and large-scale studies have found no support for this effect in red spruce (Kosiba et al., 2018). Recent empirical studies generally support the negative impact of air pollution on tree growth but differences in research design, geographic scope, and analytical framework have led to contrasting conclusions about the relative contributions of how increasing air temperatures and decreasing acidic deposition contribute to enhanced red spruce growth (Kosiba et al., 2018; Mathias and Thomas, 2018).

Given the species-specific negative impacts of acidic deposition, recent studies have focused on red spruce. However, these montane conifer forests are co-dominated by red spruce and balsam fir (Abies balsamea) (Cogbill and White, 1991; Wason and Dovciak, 2017). Montane spruce-fir forests are considered sensitive high-elevation ecosystems susceptible to both air pollution (Friedland, 1989; McNulty et al., 2017) and climate change (Beckage et al., 2008; Wason et al., 2017a). However despite expectations of an “uphill retreat,” montane spruce-fir range shifts have been species specific and delayed (Wason et al., 2017b) or downslope (Foster and D'Amato, 2015; Wason and Dovciak, 2017). Our inability to reliably predict near-term responses to abiotic drivers and the uncertainty related to the drivers of observed changes (Kosiba et al., 2018; Mathias and Thomas, 2018) suggest that we do not yet completely understand the contemporary environmental controls of spruce-fir forest growth. However, understanding the impacts of simultaneous global change stressors such as climate and atmospheric deposition on overall forest growth (not just on one species) is a priority for forest conservation and management under changing environmental conditions (Smith et al., 2009; Côté et al., 2016).

In this paper, we evaluate how long-term decreases in acidic deposition and increases in air temperature affected the dominant species in the spruce-fir forests across a broad region and across a range of elevations. We build upon an extensive network of research plots established in spruce-fir forests on mountains in four states in the northeastern US (Wason and Dovciak, 2017; Wason et al., 2017a,b). Our analysis incorporates the longest record of acidic deposition available in the northeastern US and provides a comprehensive examination of the drivers of tree growth across steep climatic gradients. To isolate the environmental effects on tree growth, we compared growth patterns in red spruce and balsam fir across elevational and latitudinal gradients. Balsam fir is considered less sensitive than red spruce to acidic deposition (DeHayes et al., 1999) and climate variability (Wason et al., 2017b) but represents a major component of the spruce-fir forest. Thus, balsam fir growth responses are important for understanding of the overall montane spruce-fir forest growth response in these high elevation systems. We expect that the decline in acidic deposition, rather than climate conditions, will be the major driver of increased red spruce growth. We also expect that balsam fir will show no concurrent growth resurgence.



MATERIALS AND METHODS


Study Area

In the northeastern US, spruce-fir forests typically occupy elevations over ~750 m above sea level (a.s.l.) (Wason et al., 2017a). Spruce-fir forests are dominated by red spruce and balsam fir with lesser amounts of cordate birch (Betula papyrifera var. cordifolia). Balsam fir is the main canopy tree above ~1,000 m a.s.l. and forms a treeline above ~1,200 m a.s.l. (Wason and Dovciak, 2017).



Field Methods and Tree-Core Processing

On 10 mountains in the northeastern US, as part of a larger regional study of montane forests (Wason and Dovciak, 2017; Wason et al., 2017a,b), we established sampling sites at 100 m elevation intervals within the range of spruce-fir forest and its transition into hardwood forest at lower elevations (500 to 1,200 m a.s.l.; Figure 1; Wason and Dovciak, 2017; Wason et al., 2017a). In 2013, at each site we estimated stand-level basal area of overstory trees (DBH > 10.14 cm) using point-centered-quarter sampling (Morisita, 1960) at 15 points along a 225 m transect parallel to the elevation contour (Wason and Dovciak, 2017). We identified the highest, lowest, and a middle elevation site on each mountain for each species (red spruce and balsam fir) with at least five healthy canopy trees (DBH > 20 cm) available for coring (Table 1). Each tree was cored to the pith (two cores per tree taken from opposite sides) at breast height (1.37 m) parallel to the elevation contour. Cores were processed using standard dendrochronology procedures (Wason et al., 2017b). We mounted, sanded, and measured cores (raw ring widths) using a sliding scale micrometer (Velmex, Inc., Bloomfield, NY) and Acu-Rite encoder (Heidenhain 178 Corp., Shaumberg, IL). For cores that did not reach the tree pith, we used a template of concentric circles and the earliest 5 years of growth to estimate the age at breast height. Cores were crossdated using COFECHA (Holmes, 1983) and cores with a series intercorrelation below 0.4 were removed from the dataset (9% of spruce trees and 15% of balsam fir trees removed). Additionally, we limited each species dataset to only include years where (1) the mountain level Expressed Population Signal was ≥ 0.85 (Wigley et al., 1984; Kosiba et al., 2013) and (2) data were available for that species at all sites. Final datasets spanned 1941–2012 for red spruce and 1965–2012 for balsam fir.


[image: Figure 1]
FIGURE 1. Map of mountain locations (triangles) in northeastern United States where tree cores were collected from high, middle, and low elevations for red spruce and balsam fir trees. Stars represent the National Atmospheric Deposition Program stations used for rainfall pH data (NY20, NY98, VT01, VT99, NH02, ME02, and ME09). Dark gray areas depict elevations above which we would expect to find spruce-fir forest (>761 m a.s.l.) and light gray areas represent the low elevation transition into northern hardwood forest (500–761 m a.s.l.) (Wason et al., 2017a).



Table 1. Characteristics for red spruce (1941–2012) and balsam fir (1965–2012) trees grouped by elevation on mountains in northeastern United States.
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To verify that the elevational climate gradient was not confounded by tree age, size, and growth sensitivity across elevation, we used ANOVA and Tukey's Honest Significant Difference (HSD) to test for differences in mean age, DBH, and growth sensitivity (from COFECHA) across elevation groups (low, middle, and high; Table 1) for each species (blocking by mountain). We used ARSTAN (Cook, 1985) to derive a ring width index (RWI) as the residual chronology of a power-transformed (Cook and Peters, 1981) and detrended raw ring width series. Detrending was conducted with a Friedman Variable Span Smoother (stiffness = 9) to remove low frequency geometric and ecological noise (i.e., release events) in the raw ring width series (Friedman, 1984; Cook and Kairiukstis, 1990; Fritts, 2012). We calculated the yearly mean RWI and basal area increment (BAI) per tree and used the robust biweight mean to calculate the yearly average RWI and BAI per species at each site (Cook and Kairiukstis, 1990).



Environmental Variables

The mean daily maximum temperature for each month (Tmax), mean daily minimum temperature for each month (Tmin), and total precipitation in each month (precip) were derived for each mountain using the 4 km resolution gridded PRISM dataset for pixels within 8 km of each mountain summit (PRISM Climate Group, 2016). These variables were used to calculate the monthly Standardized Precipitation-Evapotranspiration Index (SPEI) with the Thornthwaite approximation of potential evapotranspiration in the R package “SPEI” (Beguería and Vicente-Serrano, 2017). To estimate precipitation chemistry time series for each mountain, we calculated inverse distance weighted mean annual rainfall pH from monthly bulk precipitation pH data collected at seven National Atmospheric Deposition Program sites across the region (NY20, NY98, VT01, VT99, NH02, ME02, and ME09). Data for these sites was available for 1980–2012 and was extended an additional 15 years beyond previous studies by including data from the Hubbard Brook Experimental Forest, NH (Watershed 6; 1965–2012; Figure 1, Figure S4). The effect of elevation on environmental variables was accounted for by including elevation and potential interactions between elevation and environmental variables in all analyses. Forest competition may impact tree growth and was accounted for by using stand level basal area of overstory trees (>10.14 cm DBH) (Wason and Dovciak, 2017; Wason et al., 2017b).



Modeling Tree-Growth as a Function of Climate and Acidic Deposition

We modeled BAI as a function of climate and rainfall pH by first selecting the climate variables most related to tree growth. We relied on response function analysis to identify relevant climate variables. Response function analysis reduces the effects of the multicollinearity inherent in climate data (Briffa and Cook, 1990; Biondi and Waikul, 2004; Fritts, 2012). Therefore, we used this approach to calculate correlation coefficients between climate variables and site-level RWI. To select climate variables for BAI models, we calculated the mean correlation coefficients (from response functions) for each climate variable by species and elevation group and assessed significance with bootstrapped 99.9% confidence intervals (10,000 bootstraps). Climate variables were included in the BAI models as main effects if the variable was significant in all elevation groups from the response function analysis (Figures S2, S3). If the climate variable was significant in at least one elevation group, we used linear-mixed-models to test whether there was a significant effect of elevation on that correlation coefficient (with a random intercept for mountain). If there was a significant effect of elevation, that climate variable was included in the full BAI models as an interaction with elevation. The full BAI models for each species, therefore, included fixed effects for tree age, tree radius, competition (stand basal area), climate variables (some interacting with elevation), and rainfall pH (interacting with elevation). BAI models included a random effect for site nested within mountain and a first order serial autocorrelation term.

Prior to model fitting, BAI was log transformed (to satisfy normality) and all predictor variables were scaled to facilitate comparison (mean = 0, standard deviation = 1). Full BAI models were reduced by first removing variables with variance inflation factors above 10 (Neter et al., 1989). Next, we used backwards AIC selection of elevation, pH, and climate variables to determine the final model for each species. Tree age, tree radius, and competition were retained in all models to account for their known impact on growth. Using the final model for each species, the variance explained by fixed effects (marginal R2) and by fixed and random effects (conditional R2) was calculated following Nakagawa and Schielzeth (2013). Finally, for each species we summarized the effects of pH, temperature, and moisture on BAI by comparing predicted BAI at each site with predicted BAI when the long-term trend in each variable was removed (i.e., variables held at their means). Unless noted otherwise, all analyses were conducted in R (R Core Team, 2015) with the dplR (Bunn et al., 2015), nlme (Pinheiro et al., 2016), bootRes (Zang, 2012), and boot (Canty and Ripley, 2016) packages.




RESULTS

Red spruce growth (BAI) exhibited an increasing trend since the mid-1990s and reached the greatest values between 2009 and 2012 across all elevations (Figure 2A). Red spruce growth patterns were consistent among all sites (Figure 2A, Figures S1A, C) suggesting common driver(s) of growth resurgence across the region.


[image: Figure 2]
FIGURE 2. Recent trends in basal area increment (BAI, mm2 yr−1) for red spruce (A) and balsam fir (B) in high, middle, and low elevation groups (depicted by solid blue, dashed green, and dotted red lines, respectively) on 10 mountains in the northeastern US. Predicted BAI for red spruce (C) and balsam fir (D) from the best linear mixed effects models including the effects of tree age, tree size, competition, elevation, regional climate, and rainfall pH (model results and significance of the individual predictors in Table 2). Gray lines in (A,B) represent mean site BAI for each species. Note that 95% confidence intervals (not shown for clarity) indicated that there were no mean differences in BAI among the elevation groups for any year.


Balsam fir growth (BAI) did not exhibit this large growth increase, but had gradually increasing BAI at low elevations and relatively stable BAI at middle and high elevations since the mid-1980s (Figure 2B). Models of red spruce (Figure 2C) and balsam fir (Figure 2D) BAI captured 51% and 39% of the variability in BAI for each species, respectively (Table 2).


Table 2. Summary of best linear mixed effects models predicting changes in basal area increment (BAI; mm2 yr−1) of red spruce and balsam fir between 1965 and 2012.
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The overall 62% average increase in red spruce BAI since the 1960s was primarily related to concomitant increases in rainfall pH, i.e., a strong declining trend in bulk acidic deposition (Figure 3A; Table 2; Figure S4A). Climate also influenced red spruce growth, but the magnitude of the response was less compared to pH (Figures 3A,C,E, Table 2). Out of all temperature variables, spruce growth responded most positively to past warm fall temperatures (cf. Tmin previous November) and most negatively to past summer heat (cf. Tmax previous July) (Table 2). Interestingly, the combined effects of multiple temperature variables on growth was associated with some recent years of high growth (Figure 3C). For example, in 2000, 2001, and 2009 the cool maximum temperatures in July and warm minimum temperatures in November (Figure S4B) corresponded to high red spruce BAI in the subsequent year (Figures 2A, 3C). However, when compared to acidic deposition, climate warming did not contribute to the observed longer-term trend in BAI (Figures 2A, 3A). Red spruce also experienced slight increases in growth related to spring moisture availability (March SPEI; Table 2) but net changes in moisture did not influence long-term growth (Figure 3E, Figure S4D).


[image: Figure 3]
FIGURE 3. The separate effects of acidic deposition (A,B), temperature (C,D), and moisture (E,F) on growth from models of basal area increment (BAI) for red spruce (A,C,E) and balsam fir (B,D,F) in the northeastern US (1965–2012). Plots represent the impact that pH, temperature, or moisture had on predicted tree-growth (see Figures 2C,D) averaged within high, middle, and low elevation groups. The impact of each variable was calculated as the difference between predicted BAI from the full model (Figures 2C,D) and a model where the variable is held constant at its mean (i.e., no change in that variable over time). Positive values indicate the variable resulted in higher predicted growth in that year. BAI was predicted from the best linear mixed effects models including the effects of tree age, tree size, competition, elevation, regional climate, and rainfall pH (Table 2). Statistical tests of these effects are in Table 2.


In general, balsam fir growth was less sensitive to rainfall pH and climate. Balsam fir growth declined with increasing rainfall pH but only at higher elevations (Figure 3B; Table 2). This growth decline was observed particularly in dense high elevation stands recently reaching basal areas > 50 m2 ha−1. Climate had weak effects on fir growth (Figures 3D,F, Figures S1B,D). There were slight and divergent growth responses to air temperature (Table 2) and a small decrease in growth with increasing precipitation (Table 2). However, the net effect of temperature (Figure 3D) and moisture (Figure 3F) changes did not correlate with a long-term change in balsam fir growth.



DISCUSSION

Our results indicate that climate warming is unlikely to be the primary reason for the regional surge in montane red spruce growth for several reasons. First, the temperature variables that were most strongly related to red spruce growth (Table 2) have warmed very little or not at all since the 1960s (Figure S4; Wason et al., 2017a). Second, recent climate conditions resulted in some years with high growth in the last ~20 years but not a long-term increase (Figure 3C). And third, if climate were driving recent growth trends, we would expect differential responses to climate variables along the broad elevational and latitudinal gradients studied (Koo et al., 2014; Juday et al., 2015; Wason et al., 2017a). For example, we did not see stronger growth responses to warming at higher elevations or latitudes where trees should be more limited by temperature (Juday et al., 2015; Sherriff et al., 2017). Warming may have led to fewer opportunities for winter injury (Friedland et al., 1984; Hamburg and Cogbill, 1988; DeHayes et al., 1999) that interacted with reduced acidic deposition to drive the red spruce growth resurgence. However, the drivers of winter injury susceptibility are not straightforward (Schaberg et al., 2011). For example, the intense warming in January and February (Wason et al., 2017a) may increase the likelihood of midwinter thaws that can increase, rather than decrease, chances of injury (Schaberg et al., 2011).

Our analysis suggests that reductions in acidic deposition since 1990 (Figure S4A) have been the primary driver of steep increases in red spruce growth across the northeastern US. The positive relationship between increasing rainwater pH and spruce growth is consistent throughout the region and across the elevation gradient. The rapid increase in spruce growth following reductions in acidic deposition is similar to the rapid recovery of Abies alba in Europe although the physiological mechanisms of that decline are still uncertain (Elling et al., 2009). Although the right combination of climatic conditions can promote high-growth years for red spruce (such as 2001, 2002, and 2010), these climatic factors have not changed consistently over this period in a way that would drive a strong and persistent trend of improving growth (Wason et al., 2017a). The asynchrony between growth trends of red spruce and balsam fir further suggests that other potential drivers of tree growth that should influence both species in a similar way are not the primary cause of the recent growth trends in red spruce. For example, CO2 fertilization has been suggested as a driver of the recent red spruce growth increase (Mathias and Thomas, 2018), however (i) other studies contradict this finding (Kosiba et al., 2018), (ii) lowland stands that received far less acid rain show no recent spruce growth increase (Teets et al., 2018), and (iii) we see no evidence of increased growth in co-dominant balsam fir suggesting that CO2 fertilization has a limited effect in these forests.

Balsam fir, has not experienced a region-wide increase in growth. The slight decline in growth for some high elevation balsam fir trees was correlated with increasing rainfall pH but was mostly sites with exceptionally high stand basal areas and may also be driven by high competition with rapidly growing spruce that was not captured by our models. The increase in basal area growth of balsam fir at some low elevation sites is consistent with reports from one other mountain (Wason et al., 2017b) but was not consistent across all mountains in this study suggesting this effect may be limited to stand level dynamics on a few low elevation sites.

Our results, when considered in light of the known physiological impacts of acidic deposition on red spruce (DeHayes et al., 1999; Schaberg et al., 2000) and in conjunction with insights from previous studies (Wason et al., 2017b; Kosiba et al., 2018; Mathias and Thomas, 2018) provide compelling evidence of the efficacy of policies to reduce atmospheric pollution and its negative impacts on ecosystem services and human health (Beier et al., 2017; Sullivan et al., 2018). The resurgence of red spruce, a foundational species in high elevation forests of northeastern North America, fulfills the original purpose of the law “to reduce the adverse effects of acid deposition through reductions in annual emissions” (Clean Air Act, 1990). Climate change accounted for only a small amount of the long-term growth trends in red spruce and balsam fir in our study. However, as rainfall pH stabilizes near pre-industrial levels, future climate warming will continue to affect these forests at increasing levels (Wason et al., 2017a). For example, continued warming minimum temperatures in November may potentially benefit growth of red spruce but this positive effect may be outweighed over time by the negative impacts of extreme heat in July (Table 2) and potential early season droughts in March. We stress that while the growth of high elevation red spruce has greatly increased, red spruce dominance in eastern forests is still well below historical levels (Hamburg and Cogbill, 1988; Wason et al., 2017b) and other tree species sensitive to atmospheric deposition-related soil acidification (e.g., sugar maple) are still experiencing declines (Bishop et al., 2015). While reduced atmospheric deposition has directly benefited red spruce growth, acid deposition will have a lasting legacy in northeastern U.S. forest ecosystems as acidified soils and plant communities are slow to recover (Driscoll et al., 2001; Battles et al., 2014; Lawrence et al., 2015; Zarfos et al., 2019); importantly, acidic deposition still remains a significant form of pollution in many forested areas globally (Vet et al., 2014).
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Spruce 036 051 (Intercept) 6.655 0.059 1,257 112.8 <0001
Tree Age -0.196 0076 1,257 -26 0010
“Tree Radius 0256 0057 1,257 45 <0.001
Compeiion 0.104 0055 16 1.9 0076
pH 0.117 0,020 1,257 57 <0.001
Elevation -0053 0063 16 -08 0.411
Trnax July 0013 0.006 1,257 22 0,031
Trvax prev July -0054 0006 1,257 -84 <0001
Tonax Prev Sept -0015 0.007 1,257 —22 0.081
Toin April 0,006 0.006 1,257 09 0348
Tain prev June 0.087 0.007 1,257 55 <0001
Trin Prev Nov 0072 0,005 1,257 138 <0.001
SPEI March 0016 0.005 1,257 3.1 0.002
Tova Jully x Elev, 0019 0005 1,257 39 <0.001
Toin April x Elev. -0.026 0.006 1,257 —45 <0001

Fir 039 039 (Intercept) 6504 0058 1,445 1125 <0001
Tree Age 0.028 0.084 1,445 03 0734
Tree Radius 0.412 0.079 1,445 5.2 < 0.001
Competition 0.036 0.060 19 06 0553
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pH x Elev. -0.052 0016 1,445 -82 0.001
Trnax Sept x Elev. 0011 0.005 1,445 20 0,049

Marginal R (imer; fixed effects) and conditional R? (conl, fixed, and random effects) calculated following Nekagawa and Schielzeth (2013). All predictor variables were scaled prior to
model ftting (mean = 0, standard deviation = 1).

*Standardized coeffcients; Competition—stand total basal area; Elevation—site elevation; pH~—rainwater pH; Trax—mean daiy maximum temperature; Tr—mean daily minimum
temperature; SPEI—Standardized Precipitation-Evaporation Index; precip—monthly total precipitation; prev—previous year.
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Differences across elevation groups for mean (<1 standard error) diameter at breast height (DBH), age at breast height (Age), and sensitiity (Sens.) (Holmes, 1983) were each tested
with ANOVA (block by mountain). Letters indicate significant differences (Tukey's HSD, P < 0.05) across elevation groups for each species and variable combination. Total number of
trees (andisites) and elevation range (m a.s.1) reported for each species and elevation group. Two cores were collected per tree.
Significance of elevation group in ANOVAs: *P < 0.05, **P < 0.01. " Sensitvity (sens.) is an estimate of the interannual variabilty i the tree ring series estimated from COFECHA. 2Spruce
sampled on nine mountains, not sampled on Sugerloaf due to a lack of large trees at enough sites. ®Fir sampled on all 10 mountains and includes data from two high elevation sites

on Sugarloaf.
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