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INTRODUCTION

Current-year red spruce (Picea rubens Sarg.) foliage is predisposed
to winter injury by one or more types of anthropogenic pollutants,
particularly acidic deposition (DeHayes, 1992). The resultant defoli-
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ation, when severe and repeated, leads to dieback and eventual mortal-
ity of affected red spruce individuals.

The role of soil-deposited pollutants in predisposing red spruce to
winter injury is less well understood. Two early studies showed that
large amounts of soil-applied nitrogen (N) had a positive effect on the
cold tolerance of potted red spruce seedlings (Klein et al., 1989; De-
Hayes et al., 1989). In several field experiments on mature trees, some
up to three years in duration, N fertilization had no effect, or even a
slight positive influence, on the ability of red spruce foliage to survive
winter conditions (Perkins and Adams, unpublished). However, given
the long-term nature of forest stands, and the increasing concern over
nitrogen saturation in the northeast (Abed et al., 1989), we sought to
establish the relationships among soil-applied N, foliar N, winter
physiology, and winter damage in high-elevation red spruce.

METHODS
Study Area and Nitrogen Treatments

This work was conducted in a series of fertilization plots estab-
lished on Mt. Ascent, in southeast Vermont (42° 26'N, 72° 27'W, 762
m elevation) in 1988 (McNulty et al., 1996). Two replicate 15 m X 15
m plots of five fertilization types and levels were established in 1988,
in stands dominated by red spruce. These plots were fertilized in three
equal amounts applied in June, July, and August of each year to yield
total annual additions of 0, 15.7, 19.8, 25.6, and 31.4 kg N-ha~1-yr~1!
(McNulty et al., 1996). Ambient bulk precipitation added an addition-
al 5.4 kg N-ha™1-yr~ 1 (McNulty and Aber, 1993). Monitoring with-
in these plots has showed evidence of N-induced disruptions in foliar
cations and carbon relations (Schaberg et al., 1997) and reductions in
growth and increases in mortality of red spruce trees (McNulty et al.,

1996).
Foliar Collections

Current-year foliage was collected in August 1995. Foliar chemis-
try was determined according to procedures given by Schaberg et al.
(1997). Monthly visits to the site were made from December 1995
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through March 1996 to collect foliage for winter physiological mea-
surements. Foliage was collected from mid-upper crown branches of
three dominant trees near the center of each plot. Foliage was trans-
ferred to the laboratory in an insulated container packed with snow.
The following morning, the samples were examined for presence of
winter injury using a scale of 0-9 (10% injury classes). Chlorophyll
fluorescence (F,/Iy,) was measured the day following collection to
detect non-visual winter injury..Fluorescence of a replicate set of
foliage was made after four days in the cold room (4°C) to assess
potential recovery. Chlorophyll fluorescence has been demonstrated to
be a rapid and quantitative measure of foliar winter damage (Adams
and Perkins, 1993). Cold tolerance was established using a controlled
temperature chamber using methods of Adams and Perkins (1993).
Red spruce shoots were frozen at a rate of 10°C-hr ™! and samples
removed at various temperatures to bracket the range of expected
foliar cold tolerance. Chlorophyll fluorescence was used to determine
the temperature at which cold tolerance was exceeded. Dehardening
capacity (the cold tolerance foliage would deharden to) and extent (the
amount of dehardening) were determined by remeasuring cold toler-
ance of duplicate foliage samples after four days exposure to above
freezing conditions in a cold room (4°C) under low light (50
umol - m~2-s~1). Rapid freezing tolerance was assessed using a Cry-
omed liquid-nitrogen controlled rate freezer at freeze rates of 0.0,
—10.0, —12.5, and —15.0°C-min! after Perkins and Adams (1995).
Foliar water content and desiccation rates were established gravimet-
rically (Perkins et al., 1993). Chlorophyll fluorescence measurements
were also made as an indicator of the degree of photostress (Adams,
1996).

Sli)ght winter injury was observed on a few trees within the plots
during January 1996. Damage became visually pronounced in Febru-
ary, reaching a maximum in March. In both February and May (just
prior to extensive abscission of affected needles), visual injury to
current-year foliage on crowns of test trees within each plot was esti-
mated on a scale of 0-9 (representing 10% damage classes of current-
year foliage) from several sides, using binoculars.

Differences among physiological response and levels of winter in-
jury were assessed using ANOVA in PC SAS. Statistical power was
low, as there were only two replicate plots per N treatment. Differ-
ences were considered significant at p = 0.05. Relationships among
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FIGURE 1. Air temperatures on Mt. Ascutney during the winter of 1995-96.
Measurements were recorded hourly.
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nutrient concentrations and measures of winter damage were estab-
lished using correlation analysis in PC SAS.

- RESULTS
Physiological Measurements

Since most of the physiological testing relied upon visual or chloro-
phyll fluorescence detection of injury induced by the test conditions,
the early appearance of winter injury (January 1996) rendered most
measurements after that time unreliable. Thus it is not possible to fully
accredit the injury which occurred in the winter of 1995-1996 on Mt.
Ascutney, Vermont to any one particular stressor. The minimum win-
ter temperatures on Mt. Ascutney in the period of time between the
two site visits did not approach the normal expected levels of cold
tolerance for this species (minimum temperature —26.5°C, Figure 1).
Cold tolerance of current-year foliage in December did not vary
among N-treatments (p = 0.78), averaging 49.4°C for sampled trees
overall (Table 1). Increasing N-treatment decreased both the tempera-
ture to which red spruce foliage dehardened (p = 0.03) as well as the
amount of dehardening (p = 0.03). Trees that received the highest
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TABLE 1. Winter physiological parameters of current year red spruce foliage
on Mt. Ascutney during the winter of 1995-1996. Since water injury was ob-
served beginning with the January 1996 sample, values are given for only the
December 1995 sampler period. Numbers represent means + standard error
of the two replicate treatment plots (three trees per plot). Significance of the
ANOVA is given. - J

Nitrogen Addition (kg-ha = 1-yr 1)

Physiological Variable 0.0 157 19.8 i95.6 314 pvalue
Cold Temperature (°C)  —434 £ 12 —435 £ 16 —-429+05 -451 +£05 —-445+05 078
Dehardened Tolerance —365+11 —-374+21 —-330+15 —424 £03 —440+01 0.03
(°C)

Dehardened Extent (°C) 8.0 + 2.3 6.1 £ 0.5 99 £+ 1.1 28 £ 02 06 +£04 005

Rapid Freeze Survival (%) 167 = 11.8 222 £ 7.9 222+79 500 + 3.9 22+79 023
Max Fluorescence (Fyp) 153.6 + 0.6 1010 7.6 1865 + 226 1276 + 31.8 1384 + 84 054
Water Content (% dw) 1242 £ 16 150+45 1193+07 1120+18 1160+26 031
Dessication Rate (% dw) 55+ 06 82 +19 64 + 07 81 +£10 121 +£48 001

amount of N-fertilization dehardened the least. No significant differ-
ence in susceptibility to rapid freezing was observed (p = 0.23). Simi-
larly, water content was not significantly affected by N-addition (p =
0.31). The rate at which foliage lost water was significantly different
among treatments (p = 0.01).

Winter Injury

Winter injury was observed on trees in treatment plots slightly
earlier than in trees outside plots. Injury generally increased with
increasing N-addition regardless of the method used to measure or
express injury (Figure 2), with correlation coefficients ranging from
0.43 to 0.93. Correlations from visual estimates of winter injury were
lower than those based upon fluorescence measurements. This likely
arises from the fact that winter injury tended to be concentrated on
southern sides of exposed tree crowns, and visual estimates were made
on all sides, whereas foliage collected for physiological and damage
assessments were always collected from the upper-third of the south
side of the trees. It is also possible that the different forms of N-fertil-
ization within the treatment plots contributed to the somewhat ele-
vated levels of winter injury observed in the 15 kg N-ha ™ !-yr!
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FIGURE 2. Relationships between nitrogen treatment and winter injury on M.
Ascutney, Vermont. Visual winter injury to current-year foliage was assessed
forthe crowns ofthree trees within each plot in February and againin May 1996.
Shoot fluorescence (F,/F) was measured on sampled branches in March
1996 and expressed as a percentage of fluorescence loss from the control
N-treatment. Shoot mortality was calculated by placing samples of collected
foliage under low light in a cold room (4°C). Foliage that did not regain typical
levels of wintertime fluorescence (Fv/Fm > 0.45) was considered injured. Num-
bers next to lines indicate the correlation coefficient for the relationship be-
tween nutrient addition and the various measures of winter injury.

100

904 | = Visual Injury Trees-May
-+~ Visual Injury Trees-February

804 | —&— Shoot Mortality (fluorescence)

—&-- Shoot Fluorescence Loss (%)

70+ 0.47
60+
50
40

WINTER INJURY (%)

0 5 10 15 20 25 30
NITROGEN ADDITION (kg N-ha~1-yr—1)

treatment. Nitrogen addition was correlated with several foliar nutri-
ents (Table 2). The various measures of winter injury were also signif-
icantly correlated with foliar nutrients.

DISCUSSION

While several earlier studies have shown that acidic deposition can
reduce the cold tolerance of current-year red spruce foliage and
pointed out the importance of foliar nutrition in winter injury (see
review by DeHayes, 1992), no work to date has shown that soil-ap-
plied N can increase the susceptibility of mature red spruce trees to
winter injury. Many prior studies have clearly demonstrated that win-
ter injury may be exacerbated by foliar-mediated processes. The
strong relationships among N-addition, foliar nutrition and winter in-
jury in this study show that the winter physiology of red spruce trees
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TABLE 2. Correlation coefficients (r?) among nitrogen additions or measures
of injury during the winter of 1995-1996 and foliar nutrient content of current-
year red spruce foliage on Mt. Ascutney (see Schaberg et al., 1997). Negative
values indicate inverse relationships. Visual injury was assessed ontreesinthe
field. Fluorescence was measured on sampled branches and is expressed as
a percentage of the control N-treatment. Survival is based upon measurements
of chlorophyll fluorescence after exposure of foliage to conditions that promote
recovery. All relationships are highly significant (p = 0.01).

-

Foliar Element
N Ca Mg Al
N Addition 0.71 —0.93 —0.89 —049
Visual Injury (May 1996) 0.86 —0.85 —0.81 —0.66
Visual Injury (Feb 1996) 0.52 —0.84 —-0.73 —0.41
Fluorescence (F,/Frn) 0.90 —0.94 ~0.97 ~0.74
Foliar Survival 0.80 —0.88 : —0.84 —0.46

may also be impacted via soil-mediated processes, although it is un-
known whether nitrogen itself or another nutrient affected by the
N-fertilization, that is the important nutrient regulating winter injury.

Because of the unexpected early appearance of winter injury, the
physiological measurements done in the course of this work provide
few clues as to the mechanism(s) that caused the damage. Seedling
studies have shown that cold tolerance is enhanced by N-fertilization
(Klein et al., 1989; DeHayes et al., 1989). This study showed no clear
effect of N on cold tolerance. However, dehardening was clearly posi-
tively affected (trees receiving higher N-fertilization dehardened less).
Interestingly, although winter injury does not seem to be caused by
desiccation, increasing N tended increase the rate at which foliage
loses water. |

CONCLUSIONS

Although foliar-mediated processes that cause winter injury are
clearly recognized and reasonably well understood, soil-mediated pro-
cesses have been largely overlooked. These results indicate that, in
addition to the foliar effects of acidic deposition, nitrogen deposition
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to soils can also influence winter physiological processes and winter
injury susceptibility in current-year red spruce foliage. With continued
deposition of N-containing compounds to northern forests, it is likely
that we will observe further changes in summer and winter physiology
and growth of trees in high-elevation sites.
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