


growing season (Giese et al. 1964), and finally attack by the
opportunistic fungus Armillaria mellea (Houston and Kuntz
1964). Defoliation and mortality occurred for 2 years, then
began to subside with the collapse of the defoliator popula-
tion. Houston’s (1992) model suggests that drought and de-
foliation stress predisposed trees to decline by altering the
resistance of sugar maple tissue to invasion by Armillaria
spp., which subsequently triggered decline. Houston and
others subsequently clarified that stress from an abiotic fac-
tor such as drought and a biotic factor such as defoliation
lowered tree resistance by altering carbohydrate, nitrogen,
and phenolic defense chemistry, making root tissue suscepti-
ble to invasion by Armillaria spp. (Houston 1992).

More recently, well-documented episodes of sugar maple
decline occurred in Massachusetts in the 1960s (Mader and
Thompson 1969), in Ontario in the 1970s (Hendershot and
Jones 1989; Gross 1991), in Quebec, New York, and Ver-
mont in the 1980s (Bernier and Brazeau 1988; Kelley 1988;
Allen et al. 1992b; Ouimet and Camiré 1995), and in Penn-
sylvania in the 1980s and 1990s (Kolb and McCormick
1993; Long et al. 1997; Horsley et al. 2000). Decline events
were usually characterized by a loss of crown vigor, includ-
ing increased foliage transparency, fine-twig dieback, and
loss of major branches, and by increased whole-tree mortal-
ity.

Stress events including defoliations, droughts, and extreme
weather events (late spring frosts, midwinter thaw/freeze cy-
cles) were common themes in all of these declines. How-
ever, foliage and soil sampling in the more recent sugar
maple declines suggests that deficiency of the base cations
Ca, Mg, and K and (or) excesses of the potentially toxic cat-
ions Al and Mn may have been a predisposing factor in
sugar maple decline (Bernier and Brazeau 1988; Côté et al.
1995; Wilmot et al. 1995).

The goal in our initial work was to develop a broadly ap-













(PDEADSM). In region 2, where defoliation stress was ab-
sent, slightly poorer crown health (SMVIG, PSMDIE) was
found in stands with imbalanced Ca, Mg, and Mn nutrition
but did not result in increased sugar maple mortality. Stands
with low Ca or Mg and high Mn concentrations and low de-
foliation-stress levels in region 1 did not have poorer crown
health as in region 2. In region 1, all stands with imbalance
in nutrition and low stress levels were defoliated once in the
preceding 10 years. Some fine-twig dieback may have oc-
curred for a few years following defoliation. However, there
is an abundance of evidence that once stress, e.g., insect de-
foliation, abates, crown vigor and growth of surviving trees
improve, often returning to predecline levels (Giese et al.
1964; Houston and Kuntz 1964; Hendershot and Jones 1989;
Gross 1991; Allen et al. 1992a; Houston 1992; Payette et al.
1996; Long et al. 1999). By the time of our crown-health
evaluations, many of the dead twigs had fallen from the
trees and were no longer observable. Thus, as pointed out
earlier, PSMDIE may not reflect stand health as well as
PDEADSM or SMVIG does in situations where decline has



Mn functions in plant metabolism in several important
ways: in photosynthesis, particularly electron transport in
photosystem II, photodestruction of chlorophyll and chloro-
plast structure; in N metabolism, particularly the sequential
reduction of nitrate; in aromatic ring compounds as precur-
sors for aromatic amino acids, hormones (auxins), phenols,

and lignins (Campbell and Nable 1988). In excess, Mn has
been associated with reduced leaf chlorophyll, net photosyn-
thesis, and leaf carbohydrates (Hecht-Buchholz et al. 1987;
Nable et al. 1988; Marschner 1995; St. Clair et al. 2005;
Kitao et al. 1997). The negative effect of high Mn concen-
tration on sugar maple health is supported by McQuattie and
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Schier (2000), who conducted a dose–response study on
sugar maple seedlings and found that increased Mn levels
reduced concentrations of all foliar nutrients except P. More-
over, on three of our region 1 sites with low sugar maple fo-
liar Ca and Mg and high foliar Mn concentrations, St. Clair
et al. (2005) found a strong relationship between impaired

photosynthesis and high late-season antioxidant enzyme ac-
tivity in the foliage of dominant and codominant trees. The
impact of low Ca and Mg supply and Mn toxicity on photo-
synthesis leads to a direct effect on levels of carbohydrate
and energy that are available to build new tissues and repair
damaged tissues. Using electron microscopy and energy-
dispersive X-ray microanalysis, McQuattie et al. (1999) have
demonstrated dense Mn-containing material in sugar maple
leaf chloroplasts and delayed transport of starch out of chloro-
plasts to roots and other carbohydrate-storage locations. Ap-
plications of dolomitic limestone to stands containing sugar
maple (Long et al. 1997) that increased soil pH and foliar
and soil Ca and Mg concentrations and decreased foliar and
soil Al and Mn concentrations resulted in an increase in
crown vigor and root starch content (Wargo et al. 2002).

Defoliation stress creates a massive demand for carbohy-
drates to repair the damaged crown (Wargo 1972; Wargo
1981a, 1981b; Gregory and Wargo 1986; Renaud and
Mauffette 1991; Wargo and Harrington 1991; Kolb and
McCormick 1993; Wargo 1999). Starch reserves at the end
of the growing season may be unaffected by defoliations that
occur very early in the growing season, but defoliations that
are followed by refoliation during the same growing season
or multiple defoliations in the same or subsequent years can
reduce carbohydrate reserves to the point where they are in-
adequate to support over-winter respiratory demands, result-






