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Abstract. Sugar maple, Acer saccharum, decline disease is incited by multiple disturbance
factors when imbalanced calcium (Ca), magnesium (Mg), and manganese (Mn) act as
predisposing stressors. Our objective in this study was to determine whether factors affecting
sugar maple health also affect growth as estimated by basal area increment (BAI). We used 76
northern hardwood stands in northern Pennsylvania, New York, Vermont, and New
Hampshire, USA, and found that sugar maple growth was positively related to foliar
concentrations of Ca and Mg and stand level estimates of sugar maple crown health during a
high stress period from 1987 to 1996. Foliar nutrient threshold values for Ca, Mg, and Mn
were used to analyze long-term BAI trends from 1937 to 1996. Significant (P 0.05) nutrient



growth. Insect defoliation, drought, late spring frosts,
and midwinter freeze-thaw cycles frequently have been
associated with sugar maple decline (Houston 1999,
Horsley et al. 2002). Secondary organisms such as
Armillaria fungi serve as mortality agents. Studies



METHODS
Study sites

A total of 76 sites (Fig. 2) was selected to span the
range of major soil orders on which sugar maple is
found in the northeastern United States (Alfisols,
Inceptisols, Ultisols, and Spodosols), including 46
stands in Pennsylvania (PA) and southwestern New
York (NY) and 30 stands in New Hampshire (NH) and
Vermont (VT). The objective of our stand selection
criteria was to span the range of site nutrition on which
sugar maple grows in the northeastern United States and
was not intended to provide a statistical representation
of any particular area. The lithologic composition of
bedrock and soil parent materials included granite,
syenite, schist, phyllite, quartzite, amphibolite, marble,
dolostone, sandstone, and shale. Soil parent materials
included unglaciated residuum and colluvium as well as
Wisconsinan glacial drift. Elevation ranged from 71 to
885 m above sea level. When not referring to sites across
the entire region (n % 76), we combined all the
Pennsylvania and New York sites (n % 46) and referred
to these as PANY; the New Hampshire and Vermont
sites (n ¥4 30) are referred to as NHVT.

Stand health evaluation

Stand health was evaluated in mid to late July 1996
and 1997 for PANY stands or 1998 and 1999 for NHVT
stands using modified protocols from the North
American Maple Project (NAMP; Cooke et al. 1996,
Horsley et al. 2000). Plots were established to represent
the range of stand conditions, to characterize the
vegetation composition and stand health, and to include

healthy overstory sugar maples used for foliage sam-
pling. In each stand, three circular 400-m? plots were
established and all standing live and dead trees 10 cm
in diameter at 1.4 m (diameter at breast height [dbh])
were measured and evaluated by species, dbh, and
crown class (dominant, codominant, intermediate, sup-
pressed). Crown health was assessed by estimating sugar
maple crown vigor index (SMVIG) using NAMP
definitions: 1 ¥ healthy, , 10% branch dieback or twig
mortality; 2 ¥ light decline with 10-25% of the crown
damaged; 3 ¥4 moderate decline with 26-50% of the
crown damaged or with abnormal conditions; 4 ¥ severe
decline with more than 50% of the crown damaged; and
5 ¥ standing dead (Cooke et al. 1996). SMVIG was
averaged by stand to provide an overall estimate of
sugar maple health. Percent dead sugar maple basal area
(PDEADSM) was used as a measure of stand health and
was calculated as the proportion of the total stand basal
area of sugar maple that was composed of standing dead
trees (SMVIG ¥4 5).

Defoliation and disturbance histories

To assess the impact of defoliation and disturbance on
stand growth, we queried land managers and forest
health specialists who maintain GIS databases of annual
aerial defoliation sketch maps in the respective state
forestry agencies and U.S. Forest Service, Northeastern
Area State and Private Forestry. Estimates of the



crown with a shotgun and were processed as described
by Hallett et al. (2006). For PANY, foliage samples were
obtained in 1995-1996 and for NHVT, samples were
taken in 1996-1997. Previous research showed that
apparently healthy trees sampled in two successive years
at the same time of the growing season showed
acceptable levels of repeatability (R?> . 0.60) for some
nutrients (R. P. Long and S. B. Horsley, unpublished
data). Ca (R?%40.625, P ¥ 0.001), Mg (R?%0.857, P ,
0.001), and Mn (R? % 0.715, P , 0.001) all had
acceptable repeatability. Foliage chemistry values from
individual trees were averaged to create stand means.

The three to six sample trees in each stand were used
to calculate mean stand ages and mean dbh of sampled
trees for each stand. Mean age for sampled trees in
PANY stands was 89.2 years (range



position of the study stands along the hillside, was
calculated by dividing distance to the high point along a
slope by the sum of the distance to the high point and
the distance to the low point; a stand at a summit would
have a land index value of zero while a stand at the
lowest point on a hillside would have a value of one.
Local relief was determined as the difference in elevation
between the highest and lowest point within a 1 km
radius of each stand.

Total basal area was calculated using data from the
400-m? plots for trees 10 cm dbh, and is considered an
estimate of the degree of competition among trees.
Climatic parameters included the 30-year normal mean
annual temperature and mean annual precipitation
obtained from the National Cartography and Geo-
spatial Center (data available online).® Parameter values



growth for these stands and encompasses a period when
detailed records of defoliation were available that allowed
explicit statistical evaluation of the effect of stress on
growth. During this period, sugar maple decline became
widespread across northern Pennsylvania and was
coincident with stress events such as defoliation and
drought.

Pearson correlation analyses were used to reduce the
number of variables under consideration, limiting the
variables of interest to those having correlations with the
mean 1987-1996 BAI that were significant at P 0.05.
These variables were then examined using backward
selection (with P%



similar between subregions, the PANY subregion






TABLE 3.

Repeated-measures analysis results (P values) for the effects of foliar Ca, Mg, Mn,

and soil Ca:Al thresholds, time, and their interaction for sugar maple in all stands in the
region (n ¥ 76 stands), and for the PANY (n%46) and NHVT (n % 30) stands.

Effect Ca threshold Mg threshold  Mn threshold CA:Al threshold
Sugar maple
Region
Threshold 0.149 0.019 0.231 0.193
Time ,0.001 0.001 ,0.001 ,0.001
Threshold 3 time 0.010 0.003 0.043 0.200
PANY
Threshold 0.250 0.034 0.101 0.173
Time ,0.001 0.001 ,0.001 ,0.001
Threshold 3 time 0.110 0.008 0.022 0.504
NHVT
Threshold 0.418 0.275 0.841 0.684
Time ,0.001 0.001 ,0.001 ,0.001
Threshold 3 time 0.135 0.429 0.148 0.232

Black cherry
PANY

on sugar maple growth during the high stress period
from 1987 to 1996. SMVIG is a measure of visible crown
health, but also provides an indication of physiological
function. Correlation of mean stand total basal area
with the 1987 to 1996 BAI was significant and positive
for NHVT, but not for PANY. Closer examination of
the data showed that the NHVT stands with the highest
foliar levels of Ca and Mg also had the highest basal
areas. Adequate base cation nutrition enhanced growth
enough that higher levels of competition did not
adversely affect sugar maple BAI in these stands.
Foliar nutrient thresholds of Ca, Mg, and Mn had a
significant effect on growth in two subregions of the
northeast with contrasting defoliation and stand health
histories (Fig. 3). This expands on the previous research
relating crown vigor and mortality measures to nutrient
thresholds (Hallett et al. 2006). Stands with below-
threshold amounts of foliar Ca or Mg and above-
threshold Mn have decreasing BAI trends, while stands
with above-threshold Ca and Mg and below-threshold
Mn show a leveling off of the BAI trends (Fig. 4A, B).
Basal area growth trends suggest that the separation
between stands at sites with above-threshold foliar Ca
and Mg and stands at below-threshold nutrition
occurred sometime in the 1970s (Figs. 3, 4A, B).
Research conducted in the 1980s did not detect
decreases in sugar maple growth (Hornbeck et al.
1988) because sites were not stratified by site quality.
Similarly, in our study BAI flattened or leveled off at the
subregional level when stands of all nutritional classes
were considered together (Fig. 3A). Trees on better sites
probably obscure any signal of decreasing growth
detectable from trees on the sites with low base cation
pools. In southern Quebec in the 1990s, research

conducted at fourteen sites showed six sites with
declining BAI trends that started sometime between
1950 and 1965 (Duchesne et al. 2002). The remaining
eight stands had either flat or increasing BAlIs.
Correlation analyses showed negative correlations of
BAI trend with atmospheric N and S wet deposition,
forest floor exchangeable acidity, and exchangeable K
concentration in mineral B horizon. Correlations of BAI
with exchangeable Mg and Ca in the mineral soil were
not significant; however, the BAI trend was positively
correlated with base saturation and exchangeable Ca in
the forest floor (Duchesne et al. 2002). The contrast
between these findings and those in our study could be
related to significant differences in soil morphology,
deposition inputs, and the more stressful climatic regime
in Quebec.

Differences in long-term growth trends for stands
above and below Ca, Mg, and Mn thresholds that
became observable in the 1960s and 1970s suggest that
changes in soil nutritional levels became critical for
sugar maple during this period at some sites. Long-term
decreases in soil pH, exchangeable Ca, and exchangeable
Mg concentrations, and increases in exchangeable Al
concentrations at all depths (to at least 120 cm) were
documented over 30 years (1967-1997) at four forested
sites on the unglaciated Allegheny Plateau in northwest-
ern Pennsylvania (Bailey et al. 2005). Even accounting
for forest growth and net biomass accumulation, the
magnitude of decrease in soil pools of exchangeable Ca
and Mg suggests substantial net losses. In 1967, soil
exchangeable Ca and Mg were well above their
respective soil nutrient thresholds, but by 1997 these
values were below-threshold levels. The analysis of sugar
maple growth over time suggests that growth reductions






the 1960s and this pre-dates the decline and mortality
episode of the 1980s by at least 20 years (Shortle and
Bondietti 1992). This is similar to the timing of the



While it is possible to maintain site productivity with
soil amendments, operational procedures have not been
developed and cost effectiveness is undetermined.
Silvicultural practices can be adapted to promote
species composition suitable for local site conditions.
Nutrient thresholds can be used to differentiate stable






