


and ambient acid deposition (DeHayes et al. 1991; Vann et
al. 1992) in seedlings and mature trees. These reductions in
cold tolerance occur following the leaching of calcium (Ca)
associated with foliar cell membranes (DeHayes et al. 1999;
Jiang and Jagels 1999; Schaberg et al. 2000), which leads to
membrane destabilization and the possible disruption of cel-
lular stress response systems (DeHayes et al. 1999; Schaberg
et al. 2000). Low levels of protracted N deposition may also
impact Ca availability by decreasing Ca:Al (Al, aluminum)
ratios (Aber et al. 1998), which can interfere with Ca uptake
by fine roots (Clarkson and Sanderson 1971). Indeed, pro-
tracted N fertilization has been shown to deplete cell mem-
brane associated Ca, destabilize cells, reduce cold tolerance,
and lead to higher levels of winter injury in mature spruce
trees (Schaberg et al. 2002). Based on this evidence from
controlled studies, it is predicted that winter injury should be
greatest in locations where red spruce experience both high
pollution loading and elevated freezing stress. However, field
verification of this is currently lacking.

In the northeastern United States, a small amount of win-
ter injury occurs on red spruce foliage almost every year,
particularly at exposed high-elevation locations (Curry and
Church 1952). Severe, widespread injury has been observed
in certain years, including 1981, 1984 (Friedland et al. 1984),
1989 (Peart et al. 1991), and 1993 (Boyce 1995), with 2003
being the most recent and extreme example of region-wide
damage (Lazarus et al. 2004). Severe or repeated winter injury
has been associated with reduced radial growth (Wilkinson
1990; Tobi et al. 1995) and increased mortality (Lazarus et
al. 2004) and has been implicated as an “important initiating
and synchronizing factor in the decline of red spruce” ob-
served between the mid 1960s and the mid 1980s (Johnson
et al. 1988).

Previous studies have characterized some spatial patterns
in winter injury during years when damage was severe. Peart
et al. (1991) assessed winter injury on Mount Moosilauke,
New Hampshire, in 1989 and found that injury increased
with elevation and that sapling injury was greater on a west-
ern slope than on an eastern slope (no north or south slope
assessment was included). They also found that injury in-
creased with height in the canopy at high elevations and de-
creased with height in the canopy at low elevations. Boyce
(1995) assessed winter injury on Whiteface Mountain, New
York, in 1993 and found that injury increased with height in
the canopy and was greatest on the southern followed by the
western crown aspect. Hadley et al. (1991) examined the ori-
entation (but not the severity) of winter injury on vertical
shoots on red spruce saplings growing on five different
mountains in the northeastern United States in 1989. They
found that needle death on these shoots was centered in a
south to southeast orientation, though needles were some-
times killed on all sides of the shoot. Curry and Church
(1952) also observed that injury was worst on the south and
southwest sides of trees during the severe injury event they



closer to negative one. While it would have been possible to
calculate a single orientation value such as relative northeast
versus southwest orientation (sine of compass bearing plus
45°; Beers et al. 1966), this was not done because the hy-
potheses associated with winter injury variation along a north
versus south slope orientation gradient are related to insola-
tion, while the hypotheses associated with winter injury vari-
ation along an east versus west slope orientation gradient are
related to pollutant deposition. Using a single variable would
have simplified the models but would have made it impossi-
ble to separately address the two hypotheses.

Data presented here are a subset of the 176 plots at 27 lo-
cations reported by Lazarus et al. (2004). Some of those
plots and locations were not included in the analyses that
follow because they did not contain any dominant or
codominant trees or because they had no perceptible slope
and thus no clear orientation.

Statistical analyses
An ordinary least squares full factorial regression model

(Table 1, model 1) was used to evaluate overall landscape
patterns. This model was constructed with average plot in-
jury as the dependent variable and the following set of inde-
pendent variables (all measured or calculated at the plot
level): latitude, longitude, elevation, slope, relative N–S ori-
entation, and relative E–W orientation. Assumptions of nor-
mality, homogeneity of variance, and linearity were satisfied,
and residuals showed no spatial autocorrelation. This analysis
resulted in many complex interactions involving latitude and
longitude, suggesting the presence of spatial nonstationarity.
Spatial nonstationarity is the variation of model parameters


















