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Measuring changes in stress and vitality
indicators in limed sugar maple on the
Allegheny Plateau in north-central Pennsylvania

Philip M. Wargo, Rakesh Minocha, Betty L. Wong, Robert P. Long,
Stephen B. Horsley, and Thomas J. Hall

Abstract: A study established in 1985 in north-central Pennsylvania to determine effects of lime fertilization on declin
ing sugar mapleAcer saccharunMarsh.) was evaluated in 1993 and showed that liming positively affected growth

and crown vitality in sugar maple. This effect of lime on sugar maple offered an opportunity to assess other indicators
of tree vitality and their response to lime additions. Foliar polyamines, starch and soluble sugars in root tissues, and
cambial electrical resistance (CER) at breast height were evaluated. Foliar putrescine, soluble sugars, and CER de
creased, while starch increased in lime-treated trees. Changes in these indicators were correlated with tree growth and
crown vitality, which improved in limed plots. However, they were more highly correlated with lime-induced changes

in foliar and soil elements and soil pH. Putrescine, soluble sugars, and CER decreased and starch increased, as Ca and
Mg and molar ratios of Ca/Al and Mg/Mn increased and as Al and Mn decreased in both soil and foliage, and as sail
pH increased. Results showed the beneficial effect of lime on tree vitality that was not reflected in visual assessments
of crown vitality and demonstrated the potential utility of these physiological and biochemical measures as indicators
of vitality in sugar maple.

Résumé: Une étude établie en 1985 dans le centre-nord de la Pennsylvanie pour déterminer les effets du chaulage sur
le dépérissement de I'érable a sucheér saccharunMarsh.) a été évaluée en 1993 et a montré que le chaulage avait

un effet positif sur la croissance et la vitalité de la cime chez I'érable a sucre. Leffet du chaulage sur I'érable a sucre
offrait une opportunité pour évaluer d'autres indicateurs de la vitalité des arbres et de leur réaction a I'addition de
chaux. Les polyamines foliaires, I'amidon et les sucres solubles des tissus racinaires ainsi que la résistance électrique
cambiale (REC) & hauteur de poitrine ont été évalués. La putrescine foliaire, les sucres solubles et la REC ont diminué
tandis que I'amidon a augmenté chez les arbres traités a la chaux. Les changements dans ces indicateurs sont corrélés
a la croissance des arbres et a la vitalité de la cime qui se sont améliorées dans les parcelles chaulées. Cependant, ils
sont davantage corrélés aux changements dus a I'effet du chaulage sur les éléments minéraux dans les feuilles et le sol
et sur le pH du sol. La putrescine, les sucres solubles et la REC ont diminué et I'amidon a augmenté avec
'augmentation du Ca, du Mg et du ratio molaire de Ca/Al et de Mg/Mn, la diminution de Al et de Mn dans le sol et

le feuillage et 'augmentation du pH dans le sol. Les résultats montrent que I'effet bénéfique du chaulage sur la vitalité
de la cime ne se reflétait pas dans I'évaluation visuelle de la vitalité de la cime. lls démontrent également I'utilité po
tentielle de ces mesures physiologiques et biochimiques comme indicateurs de vitalité chez I'érable a sucre.

[Traduit par la Rédaction]

Introduction Houston 1992), like other episodes of sugar maple decline
(Giese et al. 1964; McLaughlin et al. 1987; Bauce and Allen
Premature decline and death of overstory sugar mapl&991; Coté and Ouimet 1996), has been associated with a
(Acer saccharunMarsh.) has occurred across the Alleghenyvariety of stressors, including insect defoliation and drought
Plateau in northern Pennsylvania since the mid-1980s, rgKolb and McCormick 1993; Long et al. 1997).
ducing stocking in affected stands (Kolb and McCormick In studies to improve health and increase regeneration in
1993; McWilliams et al. 1996). This decline (Manion 1991; stands dominated by declining sugar maple, dolomitic lime
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was applied in 1985 to four stands in north-central Pennsylair pollution (Miller et al. 1968), and soil acidification
vania as an experimental treatment. Its effects on growth(Wargo et al. 1993). In urban sugar maples, trees with
crown condition, and flower and seed production were comhealthy crowns had high starch content, while those with de
pared with unlimed stands at the same sites (Long et aklining crowns had low or depleted starch (Carroll et al.
1997). These stands are characterized by soils that afk983). Preliminary analyses of root starch in sugar maple on
unglaciated fine loams formed from sandstone, siltstone, anthe lime-treated plots in this study indicated a positive effect
shale with low Ca and Mg concentrations relative to nearbyof lime on starch content (Wargo 1999).
glaciated sites (Long et al. 1997). Measurements on these Soluble sugars also are potential indicators of stress; ab
plots indicated that liming significantly increased vitality normally high concentrations indicate stress. Increased con
and survivorship as measured by improved crown conditiongcentrations of reducing sugars were observed in root wood
increased diameter growth of overstory sugar maple, and thef defoliated sugar maple saplings (Wargo 1972) and mature
percentage of living trees remaining in the plots (Long et alsugar maple with severe crown dieback (Renaud and
1997). Vitality is the status of tree health at any one time Mauffette 1991). High levels of reducing sugars also were
and it is the dynamic response of a tree to its surroundingseasured in sugar maple seedlings growing in “high stress”
and is especially affected by stress; by contrast, vigor is thareas with poor soil nutrients and adverse temperatures
genetic capacity of a tree to survive stress (Shigo 1986). Im(McLaughlin et al. 1996).
proved vitality in sugar maple was associated with increased Cambial electrical resistance (CER) and electrical capaci
levels of exchangeable base cations, especially Ca and Mgance have been used as indicators of altered tree vitality af
and reductions in soil acidity in the upper 15 cm of soilter fertilization, crown release, defoliation, and other
(Long et al. 1997). stresses; higher CER indicated reductions in vitality (Wargo
The availability of these treatment plots and improved1981; Piene et al. 1984; MacDougall et al. 1988; Gagnon et
conditions of sugar maple in limed plots presented a uniquél- 1988; Lindberg and Johansson 1989; Huttl et al. 1990).
opportunity to evaluate other potential indicators of stress ofFER was used as a stand hazard index for rating vulnerabil
vitality in forest trees. Foliar polyamines, root starch andity of balsam fir (Abies balsameé.) to damage from spruce
soluble sugars, and cambial electrical resistance have be®ydworm (Davis et al. 1980) and also was useful in separat-
used as indicators of stress and (or) vitality in a variety ofing red spruce stands into classes of low, intermediate, and
tree species including sugar maple and were used in thigigh vigor and vitality (Smith and Ostrofsky 1993). In stud-
study. ies with sugar maple, CER did not distinguish crown condi-

Polyamines (putrescine, spermidine, and spermine) are 0Fi_on classes in urban trees but was correlated with visual
ganic polycations of low molecular weight found in all liv- _crrc;\t/vn 1sgy7r?ptoms in a nonurban setting (Newbanks and
ing organisms and play an important role in a wide range of attar )- N
biological processes, including growth, development, and !N our study, these stress or vitality indicators were mea-
stress responses. At the cellular level, polyamines are irpt'ed in sugar maples on plots treated with lime and com-
volved in DNA synthesis, stabilization of membranes, scavParéd with trees in adjacent untreated plots to determine
enging of free radicals, and modulation of enzyme activitiedVhether the indicators were related to visual measures of
(Minocha et al. 1996, 1997: Walden et al. 1997; Kumar andree vitality and to lime-induced changes in soil and foliar
Minocha 1998). Abiotic stress induced by conditions such adutrients and to identify the best indicator of tree vitality
low pH, SO, high salinity, drought, nutrient extremes, low and, thus, the most advantageous one to measure.
temperature (Flores 1991; Bouchereau et al. 1999), high Al
concentrations (Minocha et al. 1996), and pathogen infecpaterials and methods
tions (Musetti et al. 1999) increase concentrations of cellular
putrescine. In mature red spruce tre®sc¢a rubensSarg.)  Field sites and treatment applications

an increase in soluble putrescine in foliage was associated |nformation about the field sites, including treatments,
with a decrease in foliar and soil Ca and Mg concentrationsggj| type, land-use history, and species composition, is de
and an increase in Al and Al/Ca ratios in the Oa soil horizonajled by Long et al. (1997). In brief, these sites are located
and soil solution (Minocha et al. 1997). These cations haveyy the Susquehannock State Forest, Potter County, Pennsyl
been related to putrescine concentration in other studieganja, within the unglaciated High Plateau Section of the
(Minocha et al. 1996, 2000). The molar ratio of Ca/Al in Appalachian Plateau Province. Four blocks, two in each of
soils has been proposed as an indicator and perhaps a Cay@R) areas and each with eight 60 x 60 m plots, were estab
of stress in forested ecosystems (Cronan and Grigal 1995)ished in the summer of 1985. Half of the plots in each block
Starch is the major form of reserve carbohydrate in mostvere enclosed with fence. One plot in each half-block
trees and reflects their photosynthetic capacity (genetic cgfenced and unfenced) received a single application of
pacity and environment), an indicator of the vigor and vital (i) commercial pulverized dolomitic limestone (Ca = 21%,
ity of a tree (Wargo 1999). Its status in unstressed treedlg = 12%, CaO equivalent = 58.8) at 22.4 Mg-ha
reflects the general vigor of the tree, i.e., high starch contenii) herbicide (glyphosate) applied to the understory at
is equated to good vigor (Wargo 1981). In stressed tree.2 kg a.i.-hal in 308.5 L-ha! water, (i) lime and herbi
starch content reflects the combination of vigor and vitalitycide, or {v) no lime nor herbicide (control). Herbicide was
(ability of an organism to grow and survive in its surround applied to the entire plot including a buffer zone and lime
ings; see Shigo 1986). Starch content is a dynamic indicatawvas applied only to the 45 x 45 m interior plot area. All data
of stress and shows the effects of defoliation (Wargo et alin this study are from trees within the interior plot. There
1972; Wargo 1972, 1981), drought (Parker and Patton 1975yyere 32 plots for the experiment (4 black 8 plots/block).
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Soluble foliar polyamines and inorganic elements cut, placed in plastic bags on dry ice in the field, and stored
Foliage samples were removed with a shotgun fromin freezers at —20°C on return to the laboratory.

branches in the outer midcanopy of five to seven dominant

and codominant sugar maples in each plot during mid-July/isual starch ]

in 1997 and 1998. Two or three healthy leaves were col A short section {2 cm) of frozen root was clipped from

lected from each tree and were wiped with clean Kimwipesone root section for visual assessment of starch using proce

to remove surface contaminants. Discs of leaf tissue (60—73jures described by Wargo (1975). Previous studies indicated

with no major veins and about 6 mm in diameter (yieldedthat a single healthy root reflected the overall starch status of

200-300 mg fresh mass) were punched from folded leavedature trees (Wargo 1976). Sections stained vl were

and placed in individual preweighed microfuge tubes-con rated for starch content as (1) none, (2) low, (3) moderate,

taining 1 mL of 5% perchloric acid. In 1998, all leaves were (4) high, and (5) very high, based on the density of the stain

affected by fall cankerwormA(sophila pometaria(Harr.); ~ reaction with starch (Wargo 1975). Root bark has minimal

T.J. Hall, Pennsylvania Bureau of Forestry, personal ebsestarch and was not rated. An average visual rating for each

vation) and disease, probably caused by the anthracnose fuplot was calculated from the ratings of the three trees.

gus Discula campestrigPass.) von Arx) (Hall 1995). It was

impossible to sample disease-free leaves, so leaf tissue wid1emical starch and soluble sugars
punched from areas free of “chewed” or diseased tissue. A S€ction of root (3—4 cm) was clipped from each frozen

Samples were kept on ice in the field and during transportal 00t Sample, washed, and blotted dry. Strips of bark down to

tion to the laboratory where they were stored at —20°C untif’€ Wood were removed and cut into small pieces that were

processing. Samples were processed according to the-proo%laced in a centrifuge tube and immediately refrozen. The

dures described by Minocha et al. (1990, 1997). Soluble fofémaining wood cylinder was split longitudinally and radi
liar elements and polyamines were extracted using th@!ly into four to eight sections (depending on diameter) that

freeze—thawing method (Minocha and Shortle 1993Were cut into small pieces, placed in a centrifuge tube and
Minocha et al. 1994), which extracts total soluble poly immediately refrozen. Discolored wood in the sections was

amines and a concise fraction of the total elements (Minochdiscarded.
et al. 2000). Foliar elements and polyamines were deter- S@mples were extracted and analyzed for soluble sugars

mined as micromoles per gram fresh mass and nanomolé&gcording to the procedures described by Wong et al. (2001).
per gram fresh mass, respectively. Sugars were identified and quantified with known standards

and converted to milligrams per gram residue tissue dry
, ) mass. Residue tissue dry mass was determined after starch
Total foliar and exchangeable soil elements extraction.

In August 1995, total foliar elements were measured in @ starch in the residual pellet was quantified by the method
subset of 54 overstory sugar maples; 27 trees in unlimed angescriped by Hendrix (1993) with some modification. Both
27 trees in limed plots in 22 of the 32 total plots (11 eachpranched and linear forms of starch were determined. The
per lime treatment) were sampled. Samples were collectegranched form of gelatinized starch was hydrolyzed to glu-
from the outer midcrown by shooting sme}ll bre}nches fromeose with amyloglucosidase (No. 10115; Fluka Chemical
each tree, then treated by_ meth_ods described in Long et 9&‘;0., Milwaukee, Wis.) for 30 min at 55°C. The linear form
(1997), and analyzed by inductively coupled plasma (ICP}y gelatinized starch was hydrolyzed first withamylase
spectroscopy. Total element concentrations were measurqg_(;gso; Sigma Chemical Co., St. Louis, Mo.) for 20 min at
as milligrams per kilogram dry mass. In 1996, soil samplegoom temperature, followed by maltase (M-3145: Sigma) for
were taken near six permanently marked sampling sites on g, aqditional 20 min at room temperature. Enzymatic diges
22.5 x 11.3 m grid centered in each plot (Long et al. 1997)4jon was terminated after each incubation by placing the di
Loose litter was brushed from the surface and samples Welgasts in a boiling water bath for 4 min. Concentration of
collected at increments of 2.5 cm to a depth of 15 cm. Fotarch was calculated from glucose standard curves and ex
each plot, the six samples were composited for each incréyressed as milligrams per gram residue dry mass. Quantities
ment, air dried, and sieved through a 2-mm mesh. Elementgy pranched and linear starch were combined for each tis

were extracted Wit 1 M NH,OAc for all exchangeable ele gye. This was designated as “chemical” starch in contrast to
ments except Al, which was extracted Wil M KCI, and  siarch levels determined visually.

analyzed using ICP as described in Long et al. (1997). For

this present study, element concentration, milligrams per ki~5mpial electrical resistance

logram dry mass, was averaged over the total 15 cm soil' cER was measured with a Shigometer, model OZ-67 (Os
depth. Data for soil analyses will be published elsewhere. ,6se Wood Preserving Co., 980 Ellicott Street, Buffalo,

N.Y.), in mid-July 1998, on all living overstory sugar maples

Carbohydrate analyses in each interior plot. Four readings were taken on each tree,
one on each of the north, east, south, and west faces at about
Root sampling breast height (1.4 m), where DBH also was measured.-Elec

Root tissue for carbohydrate analyses was collected aftdrodes (two stainless steel pins, 2.7 cm long) were inserted
leaf drop in early November 1997 from each of three-ran vertically through the bark into the outer wood. Readings
domly chosen sugar maple trees in each plot. Two randomlyere recorded as whole kiloohms after an equilibration pe
chosen buttress roots (first order) were excavated, and omod (3-5 s). The 32 plots were completed in mid-July on 2
each, a smaller, healthy, higher order branch root (second @monsecutive days with similar air temperatures, thus avoiding
third) was located and a section, about 10-15 cm long, wasonfounding effects with temperature (Piene et al. 1984) or

© 2002 NRC Canada
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seasonality (Smith et al. 1984; Shigo and Shortle 1986). InIintercorrelation of variables

dividual readings for each face of the tree were recorded and Spearman correlation tests were performed on all data to
a mean (MEANR) for each tree was calculated. Later, meauletermine significant relationships among CER, polyamines,
minimum (MINR), and mean maximum (MAXR) CER read and carbohydrates and their relationships to crown vitality
ings were generated from the data for each plot and analyzedeasurements. Spearman correlations were used, because
to determine if minimum or maximum readings for thesethe crown variables were discrete and few were distributed
trees were related differently from mean CER to treatmenhormally. Correlations of the stress variables with 1997 and

or to other measures of tree vitality and chemistry. 1998 soluble and 1995 total foliar elements, and 1996 soll
chemistry averaged over the total 15 cm soil depth also were
Crown vitality determined. Pearson correlation tests were used to determine

relationships between years for polyamines and soluble fo
liar elements in 1997 and 1998, and among 1997-1998 solu
le and 1995 total foliar and 1996 soil elements, all of which
%ere continuous variables. Unless otherwise specified, sig
nificant relationships ap = 0.05 or lower are reported. Gor

numerical crown vitality class to increase as tree health in'€/ations among individual tree variables were determined
pa tree basis where there were data for the same trees.

creased, the Mader-Thompson system was reversed: th
P Y here data were not from the same tree or where plot data

class 1 became our class 6. Class 6 trees were healthy wi . X . .
full-size foliage and no dieback: class 5 trees had abnoronlylwere available, e.g., soil and totall foliar chemistry,-cor
! relations were based on plot-level variables.

mally small and slightly chlorotic foliage but no dieback;
class 4 trees were similar to class 5 trees but had dieback in

the upper crown; class 3 trees had several large deaBesults
branches and twig dieback on less than half the crown; class

2 trees had more than half of the crown with dieback; Clas¢-ime effects
1 trees were dead (Long et al. 1997). Only the five living
crown vitality classes (i.e., 2—6) were used.

Vitality of the trees (“vigor classes”, sensu Long et al.
1997) was estimated by rating crown condition annually dur
ing August of 1997 and 1998 using the system described b
Mader and Thompson (1969). Each tree was placed in on
of six crown vitality classes by two observers. To allow the

Foliar polyamines
Putrescine was the predominant polyamine in sugar maple
leaf tissue and its concentration in 1997 and 1998 in trees on

Statistical analyses limed plots was less than in trees on unlimed plots (Table 1).
) Putrescine concentrations in 1998 in both unlimed and limed
Lime effects plots were higher (46—77%, depending on vitality class) than

The original study was a split-plot design with fencing asin 1997 (Table1). Spermidine levels also were less in trees in
the whole-plot treatment and with lime, herbicide, lime andlimed plots except for poor trees in 1997; levels were about
herbicide, and control as the subplot treatments. Analyses &f5% lower in 1998 than in 1997. Spermine also was present
diameter and basal area, crown vitality (*vigor”, sensu Longbut in barely detectable levels and showed no consistent
et al. 1997), and foliar chemistry in a previous study ontrends (Table 1). Concentration of putrescine in 1998 was
sugar maple in these lime plots indicated that only lime hachot highly correlatedr(= 0.30,p = 0.05,n = 188) with its
a significant treatment effect on foliar chemistry, crown vi concentration in 1997. When trees were separated by vitality
tality, and growth (Long et al. 1997). Therefore, if there classes, putrescine, although numerically lower in limed than
were no effects of fence and herbicide, data for lime effectsn unlimed trees in both good and poor vitality groups in
were pooled over fence and herbicide and analyzed. Only997 and 1998, was significantly lower only for good trees
polyamines showed a herbicide effect, and data foin 1997. The same relationship occurred for spermidine.
polyamines were not pooled over herbicide for lime analyseSpermine showed the reverse relationship; it was lower in
(data presented elsewhere). Standard ANOVA procedures ugnlimed than in limed trees in the good crown vitality group
ing SAS version 6.12 (SAS Institute Inc. 1990) or SYSTAT in 1997 but not in 1998 (Table 1).
version 7.01 (SYSTAT Inc., Evanston, Ill.) statistical pack
ages were used to analyze the data.FAtest at 0.05 proba  Soluble foliar elements
bility level was used for determining significant differences Concentrations of Ca and Mg and molar ratio of Mg/Mn
between unlimed and lime-treated trees. There were too fewere greater in foliage from trees in limed plots than in
trees in each crown vitality class to analyze each class-sepanlimed plots in 1997 and 1998; the molar ratio of Ca/Al
rately for lime effects; therefore, vitality classes were pooledwas significantly higher only in 1998 (Table 2). Concentra
across several ratings. For both 1997 and 1998 crown-vitaktions of K and Mn were significantly lower in lime-treated
ity ratings, trees with ratings of 5 and 6 and those with 2, 3trees in both years, while Al and P were significantly lower
and 4 were pooled to form two general vitality groups ofonly in 1998 (Table 2). Concentrations of Ca, K, Mg, Mn,
good and poor trees, respectively. ANOVA was performedand P in the foliage in 1997 were correlated with their coun
on each vitality group within each crown-rating year and theterpart ions in 1998r(= 0.87, 0.36, 0.94, 0.94, and 0.3¥<
combined group (all five vitality classes) for both years, and0.04, respectively). Concentrations of Al between years were
unlimed and limed tress were compared. Differences weraot significantly correlatedr(= 0.32,p = 0.08). Concentra
considered significant ap < 0.05. For analyses of CER, tions of soluble foliar elements measured in 1997 and 1998
DBH was used as a covariate in the ANOVA, because CERilso were highly correlated with their total counterpart-ele
was significantly correlated with DBH and there were signif ment concentrations of Ca, Mg, and Mn measured in the fo
icant differences in DBH among the treatments. liage in 1995 and in the soil in 1996; correlations for soluble
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Table 1. Polyamine concentrations in 1997 and 1998 foliage of sugar maple separated into crown vitality groups of good and poor
based on crown vitality ratings in 1997 and 1998 or combined into one group in unlimed and limed plots, Susquehannock State Forest,
north-central Pennsylvania.

Putrescine concentration Spermidine concentration Spermine concentration
(nmol-g fresh mas$) (nmol-g fresh mas$) (nmol-g fresh mas$
Crown rating
year and pl&t  Good’ PooP Combined  Good Poor Combined  Good Poor Combined
1997
Unlimed® 82.2+7.4 108.5+21.4 94.51£7.4 42.2+3.7 40.4+£2.9 41.8£2.7 7.3t1.8 7.2t1.7 7.1%£1.4
Limed® 54.4+5.1 77.5:090 54.946.5 33.0+2.4 54.1+10.7 33.2+2.2 11.5+£1.2 9.6+6.6 11.5+1.1
p <0.01 1.00 <0.01 0.04 0.24 0.02 0.05 0.74 0.02
1998
Unlimed® 127.4+31.2 182.9+41.6 167.1+£25.2 22.4+3.5 23.6£2.7 23.3£2.0 2.1+0.9 3.7¢0.9 3.3x0.6
Limecd® 83.3+x15.1 112.9488.9 87.1+22.8 17.7£1.7 17.74£5.8 17.7£1.8 3.4£0.5 25+2.1 3.3x0.6
p 0.21 0.48 0.02 0.23 0.36 0.04 0.25 0.61 1.00

Note: Values are means + SEs.

#Crowns were rated in 1997 and 1998 as described in the Materials and methods.

®Crown vitality classes were pooled to form two general vitality groups of good or poor crowned trees. Crown vitality classes 5 and 6 were pooled to
form the good-vitality group and classes 2, 3, and 4 were pooled to form the poor-vitality group. Combined is the pooled data for all five crown vitality
classes.

°n = 25 good and 16 poor, and 53 good and 1 poor crowned trees for unlimed and limed plots, respectively, for 1997.

dOnly one observation for putrescine in limed, poor crowned trees in 1997.

°n = 11 good and 32 poor, and 47 good and 7 poor crowned trees for unlimed and limed plots, respectively, for 1998.

Table 2. Soluble foliar elements and molar ratios in sugar maple from unlimed and limed plots, Susquehannock Forest, north-central
Pennsylvania.

Element imol-g fresh mas3) Molar ratio
Year and
treatment Al Ca K Mg Mn P CalAl Mg/Mn
1997
Unlimed 0.21+0.08 17.5+£0.9a 57.3+1.8b 9.3+0.6@& 8.9+0.4Db 4.4+0.4% 289+71a 2.5£0.22a
Limed 0.08+0.02 31.3+1.5D 52.1+2.32 22.6+£1.0Dd 2.320.2% 5.6x0.458 463+11& 25.1+2.48
1998
Unlimed 0.34+0.0B 23.5+1.2@& 62.4+1.6D 7.8+x0.42 13.0+0.6Dd 4.0£0.2a 51+4.9 1.4+0.15
Limed 0.25+£0.04 46.2+1.9D 49.4+1.1@ 27.3x1.1% 3.0+£0.26& 5.6+£0.4b 127+8.0 22.2+1.8®

Note: Values are means + SEs. Values in columns within year followed by different letter indicates significant differences between elgnsents at
0.05 f = 16).

Table 3. Pearson’s correlation coefficients among soluble foliar elements measured

in 1997 and 1998 and their counterparts in total foliar elements measured in 1995,
and exchangeable soil elements measured in 1996 in limed and unlimed sugar maple
plots, Susquehannock Forest, north-central Pennsylvania.

Soluble foliar elements

Element source Al Ca K Mg Mn
1997

1995 total foliar o = 22) -0.17 0.82* 0.33 0.93* 0.88*
1996 exchangeable soih & 32) 0.27 0.81* 0.52* 0.89* 0.71*
1998

1995 total foliar b = 22) 0.14 0.85* 0.64* 0.97* 0.87*

1996 exchangeable soih & 32) 0.53* 0.83* 0.44* 0.90* 0.77*
*Significant atp < 0.05.

foliar elements K and Al were not significant for either year wood were consistently and sometimes significantly higher

(Table 3). in lime-treated than in unlimed trees in the combined and
good and poor vitality groups (Table 4). In contrast to
Root carbohydrates starch, some soluble sugars in both root bark and wood were

The visual rating of starch content in root wood as well asless in lime-treated trees (Table 4). Stachyose, raffinose, and
concentrations of “chemical” starch in both root bark andxylose in both bark and wood were not significantly affected
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Table 4. Means (+SE) for 1998 cambial electrical resistance (CER) &nd 1997 root carbohy
drates (mg-g dry mas$ in sugar maple separated into good and poor crown vitality groups
based on crown vitality ratings in 1997 and 1998 or combined into one group on unlimed and
limed plots, Susquehannock State Forest, north-central Pennsylvania.

Crown vitality rating 1997 Crown vitality rating 1998
Vitality
group Unlimed Limed p Unlimed Limed p
CER
Good 9.9+0.9 7.3+0.3 <0.01 10.1+0.1 7.2+0.3 <0.01
Poof 11.3+0.7 7.4+1.3 0.02 11.2+0.6 8.0+1.1 0.03
Combined 10.8+0.5 7.3+0.3 <0.01
Visual starch
Good 3.9+0.2 4.2+0.1 0.13 4.1+0.2 4.3+0.1 0.27
Poor 3.6+0.2 5.0+0.0 <0.01 3.5+0.2 4.7+0.3 0.01
Combined 3.7£0.10 4.3+0.1 <0.01
Chemical bark starch
Good 0.70+0.14 2.40+0.44 0.01 0.69+0.12 2.36+0.44 0.01
Poor 0.81+0.14 1.46+0.46 0.08 0.83+0.15 1.59+0.44 0.05
Combined 0.77+0.10 2.27+0.39 <0.01
Chemical wood starch
Good 19.9+2.8 30.2+2.9 0.03 24.2+4.8 30.6+2.9 0.23
Poor 19.9+3.6 25.7+2.9 0.48 16.8+2.2 23.2+2.3 0.20
Combined 19.9+2.4 29.7+2.6 <0.01
Bark sucrose
Good 23.8+2.8 19.6+2.1 0.26 20.2+2.8 19.1+2.1 0.75
Poor 30.1+4.0 11.8+2.8 0.04 32.9+3.8 15.4+3.9 0.04
Combined 27.6+2.7 18.7£1.9 <0.01
Bark glucose
Good 4,03+0.42 3.63+0.34 0.49 4.07+0.63 3.53+0.34 0.41
Poor 5.87+0.77 1.98+0.55 0.03 5.91+0.72 2.67+0.65 0.05
Combined 5.14+0.51 3.42+0.31 <0.01
Bark fructose
Good 5.74+0.54 4.88+0.43 0.25 5.65+0.79 4,74+0.44 0.28
Poor 8.30+1.06 2.91+0.69 0.03 8.46+0.99 3.83+0.88 0.04
Combined 7.29+0.69 4.63+0.40 <0.01
Wood sucrose
Good 17.4+£1.8 12.1+0.9 <0.01 14.7+1.4 12.1+0.9 0.12
Poor 18.8+2.2 10.9+2.0 0.12 20.8+2.3 10.9+2.0 0.05
Combined 18.3+1.05 11.9+0.8 <0.01
Wood glucose
Good 2.47+0.60 1.00+0.14 <0.01 1.56+0.24 0.98+0.15 0.03
Poor 2.76+0.48 0.51+0.12 0.04 3.42+0.57 0.65+0.15 0.03
Combined 2.64+0.37 0.94+0.13 <0.01
Wood fructose
Good 2.84+0.67 1.04+0.18 <0.01 1.88+0.30 1.02+0.18 0.01
Poor 3.49+0.61 0.54+0.14 0.03 4.20+0.69 0.70+0.14 0.02
Combined 3.23+0.45 0.98+0.16 <0.01

“Crown vitality ratings are as described in the Materials and methods. For 1997 and 1998, crown vitality
classes 5 and 6 were pooled for the good-tree group, and classes 2, 3, and 4 were pooled for the poor-tree
group. Combined is pooled data for all five crown vitality classes.

®n = 19 good- and 29 poor- and 41 good- and 6 poor-crowned trees for unlimed and limed plots,
respectively, for 1997 and = 20 good- and 28 poor- and 42 good- and 6 poor-crowned trees for unlimed and
limed plots, respectively, for 1998.

‘Combined health class is the same for both crown vitality groups.

by lime treatment, although all concentrations were slightlyclasses were combined. When vitality groups were analyzed
lower in limed trees (data not presented). Concentrations afeparately (good and poor) the increase or decrease in-carbo
sucrose, glucose, and fructose were less in both bark artydrates in response to lime treatment was greater in poor
wood of roots from trees in limed plots (Table 4). Differ vitality trees, and differences between trees in limed and
ences were significant for all these sugars when all vitalityunlimed plots within the poor vitality group were more often

© 2002 NRC Canada



Wargo et al. 635

Table 5. Spearman correlation coefficients of plot means of cambial electrical resistance (CER) in 1998, visual and chemical starch
and soluble sugars (sucrose, glucose, and fructose) in 1997 in root bark and wood, with crown vitality in 1997 and 1998 of-sugar ma
ple in unlimed and unlimed plots, Susquehannock State Forest, north-central Pennsylvania.

Chemical starch Sucrose Glucose Fructose Total
Visual

Tree variable CER starch Bark Wood Bark Wood Bark Wood Bark Wood Bark Wood
CER -0.32 -0.30 -0.46* 0.34* 0.19 0.53* 0.63* 0.55* 0.61* 0.39* 0.22
Visual starch 0.36* 0.40* -0.27 -0.32 -0.33 -0.61* -0.34* -0.53* -0.24 -0.35*
Chemical starch

Bark 0.43* -0.46* -0.39* -0.40* -0.35* -0.41* -0.37* -0.44* -0.37*

Wood -0.13 0.17 -0.31 -0.33 -0.33 -0.42* -0.24 0.21

Vitality 1997  —0.48* 0.25 0.54* 0.32 -0.36* -0.33 -0.18 -0.46* -0.25 -0.53* -0.32 -0.32
Vitality 1998  —0.46* 0.29 0.48* 0.34* -0.36* -0.32 -0.12 -0.48* -0.20 -0.53* -0.29 -0.32
Note: Cambial electrical resistance was measured in July 1998. Crown vitality (crown vigor sensu Mader and Thompson 1969) determined in August

1997 and 1998 using the Mader—-Thompson system modified, where class 6 is healthy with no dieback and class 2 is >50% crown dieback.
*Significant atp < 0.05 f = 32).

significant in comparison with the good vitality group ¢Ta even after CER was adjusted by covariate analysis for the
ble 4). effect of DBH (Table 4, only MEANR data presented).

In the bark, starch concentration was about 3 times greater
in trees on limed than unlimed plots; starch content in rootCorrelations with tree vitality
wood of limed trees was about 1.5 times greater than in . o
unlimed trees (Table 4). Mean starch concentration in rootntracorrelations of tree vitality ,
wood was more than 10 times higher than that in root bark _1he tree-vitality ratings in 1997 were highly correlated
(Table 4). In the bark, sugar concentrations in limed treedVith vitality ratings in 1998 ( = 0.94,p = 0.0001).
were 33-37% less than in unlimed trees; in the wood, suga]5 | .
levels were 35-70% less in limed than unlimed trees (Ta- olyamines

ble 4). In general, sugar concentrations in bark were higher Olar putrescine in 1997 was significantly £ 0.01) but
than those in wood (Table 4). not highly correlated with crown vitality; Spearman correla-

Visual starch rating was positively but not highly corre- tions coefficients for putrescine with crown vitality in 1997

lated with concentrations of chemical starch in both rootand 1998 were ~0.47 and —0.49, respectively. Putrescine in

bark and wood and negatively correlated with concentration&go?sn\’\ﬁfal?tm correlated significantly with either measure of
of glucose, fructose, and total sugars, especially those in rodt Y-
wood (Table 5). Chemical starch in the bark was pOSitivelyCarbohydrates

correlated with chemical starch in the wood and negatively The visual starch rating was not significantly correlated

with all soluble sugars in bark ar!d wood; che_mical StarCh,ir\Nith crown vitality rating in 1997 or 1998; however, chemi
the wood was correlated (negatively) only with fructose inga| sarch in root bark was significantly correlated with
the wood (Table 5). crown vitality in 1997 and 1998, and chemical starch in root
Cambial electrical resistance wood was correlated significantly with crown vitality in
1998 (Table 5). About 62% of trees with high starch were in

CER was measured on 249 sugar maples in the 32 plo%e two high crown vitality classes (5 and 6); 54% were in

and ranged from 3 to 33k The maximum individual-tree : o
. . the highest crown vitality class (6). More than 80% of trees
difference between the MINR and MAXR was 1@ kwhile in vitality class 6 were in limed plots.

the mean difference between MINR and MAXR was 3.6 * : :
All sugars affected by lime were negatively correlated
3.3 kQ. The overall tree MEANR, mean MINR, and mean with crown vitality in 1997 and 1998 but not all correlations

MAXR were 9.2 + 4.1 (mean + SE), 7.6 + 3.5, and 11.2 * were significant (Table 5). Sucrose in root bark and glucose

5%:;% respeqtlvng[y. v | i i treated t than i and fructose in root wood were significantly correlated with
was significantly 'ess In lime treated rees than iNe,q, yitality in 1997 and 1998 (Table 5).

unlimed trees (Table 4). When trees were separated into the

two vitality groups, changes in CER within vitality groups in campial electrical resistance

response to lime treatment were similar to that for CER was negatively correlateg & 0.01) with crown vi
polyamines and carbohydrates. CER in trees in the pooigjity in 1997 and 1998 (Table 5).

vitality group in limed plots was similar to trees in the good-

vitality group in limed plots and was significantly lower than - relations among the three stress indicators

CER in unlimed trees. The difference between lime treat

ments within a vitality group was greater in the poor-vitality Carbohydrates and CER with putrescine

group (Table 4). CER and DBH were significantly correlated Visual starch rating and chemical starch in root wood
(r = —0.61,p = 0.0002), and there were significant differ were not significantly correlated with putrescine measured
ences in DBH between limed and unlimed trees. Howeverin 1997 or 1998; starch in root bark was correlatgd<(
differences in all three measures of CER were significan0.05) with putresciner(= —0.39). Glucose and fructose in
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Table 6. Spearman correlation coefficients for plot means for foliar putrescine measured in 1997
and 1998 with soluble foliar elements measured in 1997 and 1998, total foliar elements in 1995,
and exchangeable soil elements and pH in 1996 in the upper 15 cm of soil pooled across limed
and unlimed sugar maple plots, Susquehannock State Forest, north-central Pennsylvania.

Element Molar ratio
Putrescine Al Ca K Mg Mn Ca/Al Mg/Mn pH
1995 total foliar elements ( = 22)
1997 0.45*  -0.41* 0.59*  -0.53* 0.48*  -0.47*  -0.55*
1998 0.12 -0.27 0.05 -0.33 0.06 -0.24 -0.28
1997 and 1998 soluble foliar elementsn(= 32)
1997 0.03 —0.45* 0.25 —0.50* 0.43* -0.02 —-0.40*
1998 0.17 -0.15 0.22 -0.28 0.27 -0.20 -0.29
1996 exchangeable soil elements E 32)
1997 0.52*  -0.72* 0.02 -0.73* 0.37*  -0.65*  -0.46* —0.54*
1998 0.36*  -0.42* -0.11 —0.45* 0.21 -0.46*  -0.29 —0.35*

Note: The pH was measured only in soil.
*Significant atp < 0.05.

root bark were not significantly correlated with putrescine inCarbohydrates
1997 but were correlated positively with putrescine in 1998
(r = 0.36 and 0.42, respectively< 0.05). Glucose and fruc ~ Starch
tose in root wood were correlated € 0.05) positively with Visual starch and chemical starch in the bark were signifi
putrescine ( = 0.54 and 0.60, respectively) in 1997 but not cantly correlated with all 1995 foliar elements, positively
in 1998. CER was correlategh € 0.05) with putrescine in Wwith Ca and Mg and Ca/Al and Mg/Mn molar ratios and
1997 ¢ = 0.41) and in 1998r(= 0.46). negatively with Al, K, and Mn; chemical starch in the wood
was not significantly correlated with any 1995 foliar element
(Table 7). Similar relationships of visual and chemical starch
CER, starch, and soluble sugars _ _ occurred with soluble foliar elements for 1997 and 1998, but
CER was significantly correlated with chemical starchcorrelations were not as frequent or as high as with 1995 fo-
content in the wood but not with visual starch or bark chem+jar elements (data not shown). Visual starch rating was cor-
ical starch, although these relationships also were negativig|ated significantly with 1996 soil Ca and Mg and Ca/Al
(Table 5). CER decreased as the concentration of starch ismd Mg/Mn molar ratios (Table 7). Chemical starch in bark
creased. By contrast, CER was correlated with all solublgyas significantly correlated with all soil elements, positively
sugars in root bark and all but sucrose in root wood. CER inwijth Ca and Mg and Ca/Al and Mg/Mn molar ratios as well
creased as concentrations of these sugars in the root tissgg with soil pH and negatively with Al, K, and Mn (Table 7).
increased (Table 5). Chemical starch in wood was significantly correlated with
Al, Ca, Mg, Ca/Al molar ratio, and pH (Table 7).

Correlations with foliar and soil cations

Sugars
_ In contrast to starch, sugars, particularly in the wood,
Polyamines were negatively correlated with 1995 foliar Ca and Mg and

Only putrescine was significantly correlated with foliar Ca/Al and Mg/Mn molar ratios and positively correlated
and soil elements. Putrescine measured in 1997 was- negaith Al, K, and Mn (Table 7). Sucrose was significantly eor
tively correlated with 1995 total foliar Ca and Mg, and related with all elements in root wood and with Al and
Ca/Al and Mg/Mn molar ratios and positively with Al, K, Ca/Al and Mg/Mn molar ratios in root bark. Correlations of
and Mn (Table 6). However, putrescine measured in 1998lucose, fructose, and total soluble sugars in root wood with
was not significantly correlated with any 1995 total foliar el all 1995 foliar elements were significant, while only total
ement (Table 6). Putrescine measured in 1997 was signifisoluble sugar in root bark was significantly correlated with
cantly correlated with 1997 soluble foliar elements, Al and Ca/Al molar ratio (Table 7).
negatively with Ca and Mg and the Mg/Mn molar ratio and Sugars were significantly correlated with some but not all
positively with 1997 foliar Mn; in 1998, putrescine was not 1997 and 1998 soluble foliar elements, but coefficients were
significantly correlated with any 1998 soluble foliar elementnot as high as with 1995 total foliar elements. Sugars in the
(Table 6). Putrescine measured in 1997 and 1998 was signifvood in general were correlated with more elements, and
icantly correlated with 1996 exchangeable soil elementscoefficients were higher than for bark sugars; correlations
negatively with Ca and Mg, Ca/Al and Mg/Mn molar ratios, were more numerous for 1998 elements (data not shown).
and pH and positively with Al and also Mn but only for Sugars in root wood also were significantly correlated with
1997 (Table 6). Correlation coefficients of 1997 putrescinemore 1996 soil elements than sugars in the bark (Table 7).
with 1996 soil elements were higher than those for 1998Correlation coefficients for sugars with 1996 soil elements
putrescine and also were the highest of all correlations wittwere slightly lower than those for 1995 total foliar elements
any of the elements measured (Table 6). (Table 7).
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Table 7. Spearman correlation coefficients for plot means of visual and chemical starch and soluble
sugars (sucrose, glucose, and fructose) in bark and wood of sugar maple roots in 1997 with 1995 total
foliar and 1996 soil elements and pH pooled across limed and unlimed sugar maple plots,
Susquehannock State Forest, north-central Pennsylvania.

Element Molar ratio

Carbohydrate
variable 1997 Al Ca K Mg Mn Ca/Al Mg/Mn pH

1995 total foliar elements ( = 22)
Visual starch

Wood -0.57* 0.61* -0.58* 0.66* -0.51* 0.71* 0.62*
Chemical starch

Bark -0.53* 0.61* -0.63* 0.56* —0.54* 0.61* 0.55*

Wood -0.28 0.37 -0.36 0.32 -0.19 0.39 0.25
Sucrose

Bark 0.63* -0.37 0.40 -0.32 0.40 —-0.50* -0.42*

Wood 0.56* -0.60* 0.41* —0.54* 0.55* -0.61* —0.53*
Glucose

Bark 0.31 -0.27 0.16 -0.28 0.19 -0.32 -0.25

Wood 0.62* -0.68* 0.55* -0.73* 0.62* -0.72* -0.68*
Fructose

Bark 0.38 -0.30 0.19 -0.32 0.26 -0.35 -0.31

Wood 0.61* -0.64* 0.56* -0.73* 0.59* -0.69* -0.66*
Total soluble sugars

Bark 0.58* -0.30 0.34 -0.27 0.37 -0.45 -0.37

Wood 0.61* -0.63* 0.48* -0.60* 0.60* -0.64* —0.59*

1996 exchangeable soil elements & 32)
Visual starch

Wood -0.29 0.61* -0.07 0.52* -0.33 0.41* 0.38* 0.32
Chemical starch

Bark -0.65* 0.50* -0.35* 0.42* -0.48* 0.66* 0.43* 0.59*

Wood —-0.39* 0.48* -0.02 0.39* -0.29 0.50* 0.31 0.42*
Sucrose

Bark 0.44* -0.34* 0.27 -0.32 0.41* -0.46* -0.39* —0.48*

Wood 0.53* -0.35*% 0.39* -0.30 0.51* -0.51* -0.46* -0.51*
Glucose

Bark 0.21 -0.30 -0.14 -0.35*% 0.18 -0.32 -0.19 -0.32

Wood 0.30 -0.72* 0.09 -0.69* 0.48* —0.55* -0.49* —-0.60*
Fructose

Bark 0.30 -0.36* -0.06 -0.43* 0.28 -0.41* -0.30 -0.41*

Wood 0.41* -0.73* 0.10 -0.72* 0.52* -0.65* —0.55* -0.63*
Total soluble sugars

Bark 0.33 -0.29 0.14 -0.29 0.28 -0.36* -0.28 -0.37*

Wood 0.49* -0.38* 0.36* -0.33 0.50* —0.42* -0.46* -0.47*

Note: The pH was measured only in soil.
*Significant atp < 0.05.

Cambial electrical resistance Discussion

CER was significantly correlated with 1995 total foliar el
ements, negatively with Ca and Mg and Ca/Al and Mg/Mn  Factors that may contribute to sugar maple decline on
molar ratios and positively with Al and Mn (Table 8). CER these sites as well as the effects of liming treatments on soil
was lower in plots where foliar Ca and Mg were higher, and foliar chemistry and tree recovery measured by changes
whereas it was higher where Al and Mn were higher. CERin growth and crown condition are discussed in detail in
was significantly correlated with 1997 soluble foliar Ca, Mg, Long et al. (1997). More recently, the vulnerability of sugar
and Mn and the Mg/Mn molar ratio and all elements and ramaple to decline after stress from defoliation has been
tios but Al in 1998; correlations with Al were not significant strongly linked to foliar and soil chemistry (Horsley et al.
in either year (Table 8). CER also was significantly cerre 2000). This current study shows that recovery of sugar ma
lated with pH, Ca, Mg, and Mn and Ca/Al and Mg/Mn mo ple in these stands in response to liming was related tc mea
lar ratios in the 1996 soil elements; coefficients were highessurable changes in soil and foliar chemistry that were
for Ca and Mg (Table 8). reflected in favorable changes in concentrations of foliar
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Table 8. Spearman correlation coefficients for plot means of cambial electrical resistance (CER) for 1998 and soil and foliar elements
measured in sugar maple from unlimed and limed plots, Susquehannock State Forest, north-central Pennsylvania.

Element Molar ratio
Mean CER Al Ca K Mg Mn CalAl Mg/Mn pH
Total foliar elements, 1995 (= 22) 0.62* —-0.61* -0.30 —0.52* 0.57* —-0.62* —0.59*
Soluble foliar elementsn(= 32)
1997 0.18 —0.54* -0.12 —-0.59* 0.55* -0.23 —-0.59*
1998 0.26 —0.54* 0.40* —0.55* 0.45* —-0.53* —-0.51*
Exchangeable soil elements, 1996 32) 0.26 —-0.65* -0.03 —0.65* 0.40* —0.48* -0.41* —-0.56*

Note: The pH was measured only in soil.
*Significant atp < 0.05.

putrescine, soluble foliar elements, starch and soluble sugaputrescine levels. However, the affects of additional stress

in the roots, and CER. ors may have caused the lack of and (or) weak correlation
between putrescine measured in 1998 and foliar and seil ele
. ments.
Polyamines

An increase in cellular putrescine in plants has been re .
lated to stress from a variety of factors, such as nutrient defiS0luble foliar elements _ _
ciencies, ozone exposure, pathogen infections, salt exposure,Changes observed in soluble foliar elements in response
drought (Flores 1991, and references therein), and increasé® lime treatments were similar to those for total foha_r—ele
in Al (Minocha et al. 1996). Arginine, a precursor of Mments observed by Long et al. (1997), and concentrations of
putrescine, also increased in spruce and pine needles in rglements in both studies were correlated significantly and
sponse to higher N deposition, a form of stress (van Dijk_5|m|larly with _s_()ll chemistry. B_oth studies showed that lim-
and Roelofs 1988; Dohmen et al. 1990; Santerre et al. 199079 had a positive effect on foliar Ca, Mg, and P and a nega-
Ericsson et al. 1993; Nohrstedt et al. 1996; Nasholm et aftive effect on Mn, K, and Al. The soluble foliar elements
1997). Increases in putrescine when accompanied bijneasured in this study mimicked the total foliar elements
changes in soil chemistry can be used as an early indicatdpeasured on these trees in 1994 (Long et al. 1997) and were

of stress in apparently healthy trees (Minocha et al. 19970ighly correlated with concentrations re-measured by
2000). R.P. Long, S.B. Horsley, P.R. Liija, and T.J. Hall (unpub-

Conversely, if stress is reduced or eliminated, putrescin(?Shed data) in 1995 (foliar) and 1996 (soil). Thus, the

should decrease. Our data support this relationship; trees df€ze—thawing method is an easy, safe, and quick way to
nutrient-enriched plots amended with lime had lowerMeasure the nutritional status of trees.
putrescine concentrations than trees on nutrient-deficient
plots not amended with lime. These data also support previCarbohydrates
ous work that showed that putrescine content was inversely
proportional to elements such as Ca and Mg and positivelytarch content
related to Mn and K in response to Al treatment (Minocha et Starch content corroborated the beneficial effects of lim
al. 1997). This is the first report of a decrease in foliaring on sugar maple vitality (crown condition), growth, and
putrescine in forest trees in response to a treatment applieslrvival reported by Long et al. (1997). Trees in limed plots
to alleviate stress and improve growth. These sugar maplead higher starch contents than those on unlimed plots in all
trees in limed plots in Pennsylvania showed an increase igrown vitality groups, and this difference in starch content
tree vitality, as indicated by improved growth rate and crownwas not related to recent stress factors. Although there was
condition, both associated with an increase in foliar Ca andlefoliation in 1992 and 1993, there were no differences in
Mg (Long et al. 1997). severity among the plots, and trees had recovered probably
Putrescine concentrations in 1998 in both unlimed {conby 1998 from the effects of earlier defoliations. Starch-con
trol) and limed plots were higher than their concentrations irtent of trees on limed plots prior to fertilization is not
1997 and probably reflected infection by the mapleknown; however, the lower starch content of trees in all
anthracnose fungus (Hall 1995) and damage by larvae of thenlimed plots and high starch content in most of the poor-
fall cankerworm caterpillar. In addition, a severe droughtcrowned trees in the limed plots suggest that starch content
that began in the spring of 1998 (Quimby 1998) in this aredncreased in trees in limed plots.
of Pennsylvania affected trees well into 1999 (Towers 2000). Starch content was positively correlated with concentra
Although care was taken to avoid sampling necrotic leaf tistions of Ca and Mg in the soil and foliage and negatively
sue, increases of putrescine in adjacent tissues that appeangith concentrations of Al and Mn confirming the beneficial
healthy might have resulted from stress due to fungal infeceffects of lime on foliar nutrients in these sugar maples.
tion, insect herbivory, or water deficit (Flores 1991) or from Long et al. (1997) related improvement in “vigor” and
direct production of putrescine by fungi (Shapira et al. 1989;,growth of sugar maple to increases of available Ca and Mg
Walters 1995). The highly elevated concentrations ofin the soil, increased concentrations in the foliage, and-a de
putrescine in some treatments from additional stressors inrease in Al and Mn in both soil and foliage. The combined
1998 did not mask the overall effects of lime in lowering data suggest that trees on nutrient-poor soils produce less
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carbohydrate than trees on nutrient-enriched sites, and it isrown condition, carbohydrate content, or soil and foliar

reflected in their starch contents. chemistry variables.
CER reflected the beneficial effects of fertilization with
Soluble sugars lime on the vitality of sugar maple. CER was significantly

Reduced concentrations of sucrose, glucose, and fructogewer in trees in limed plots indicating that these trees had a
(and corresponding higher starch content) in trees in limedvider cambial zone and, hence, faster growth rate than trees
plots in response to increased available Ca and Mg also rén the unlimed plots. CER measurements in balsam fir
flected the beneficial effects of liming on sugar maple vital showed that trees with a CER of Tkor less grew three
ity. Increased concentrations of soluble sugars in root woodimes faster than trees with a CER of 18 KDavis et al.
of mature sugar maples have been related to crown diebad@80). Subsequent work with balsam fir indicated that CER
in stressed trees (Renaud and Mauffette 1991). Coneentravas related to the width or number of vascular cambial cells
tions of sucrose, glucose, and fructose in root wood werén the current growth ring (Smith et al. 1984) and the con
higher in stressed trees during autumn and were directly pracentration of mobile ions, principally K in the cambial zone
portional to the amount of dieback in the crowns. GlucosgBlanchard et al. 1983)
and fructose were two times higher in trees in the highest CER also reflected the beneficial effects of liming on
dieback class %50%) than in trees in the lowest dieback foliar- and soil-element content. Lower CER occurred in
class (“healthy” trees) with10% dieback. A similar but trees with higher foliar concentrations of Ca and Mg and
more obvious relationship of sugars and crown dieback wakwer levels of Al and Mn growing in the limed plots. This
detected when trees were separated by a crown deterioratigiidicates that radial growth was better in trees in plots with
index (CDI) based on rate of decline in 3 years. Trees with dncreased available soil cations and improved foliar nutrients
higher CDI had 1.9 times higher reducing sugar levels inin relationship to the range of nutrient concentrations for pu
their roots than trees with stable crowns (Renaud andative healthy sugar maple trees compiled by Kolb and
Mauffette 1991). McCormick (1993).

Concentrations of soluble sugars in both bark and wood Physiologically favorable changes in concentrations ef fo
tissues of our trees were correlated with tree vitality, i.e.liar polyamines, principally putrescine, starch and soluble
higher concentrations in trees with poorer crowns (Renaudugars in the roots, and CER of sugar maple trees in lime-
and Mauffette 1991), but correlation coefficients were low.fertilized plots showed the beneficial effects of liming on
This low correlation with crown condition probably reflects tree vitality and reflected to some extent the improvements
the larger decrease, in comparison with good crowned treesn crown condition, growth, and survival observed on these
of these sugar concentrations in lime-treated trees with poafees by Long et al. (1997). These results support the hy-
crowns. Sugar concentrations were more highly correlategothesis that nutrients, especially Ca and Mg, are important
with foliar and soil cations suggesting that sugars are beingn the health dynamics of sugar maple in response to stress
affected more by current site nutrient condition rather tharin northern hardwood forests in northern Pennsylvania
by crown condition, an effect of previous stress. Accumula-(Horsley et al. 1999, 2000). The relationship of these indica-
tion of reducing sugars in sugar maple seedlings has been résrs with sugar maple vigor and vitality suggest that they are
lated to site conditions of temperature, growing season, angotentially useful in assessing sugar maple stands for their
soil chemistry (McLaughlin et al. 1996). Seedlings growingvulnerability to decline from stress and (or) for their vitality
on a more northerly and stressful site had higher concentrafter a stress event.
tions of reducing sugars than those growing on a more The four indicators measured in this study were not highly
southerly site. intercorrelated nor was any indicator highly correlated with

Acute stress from defoliation can cause similar increasegee crown condition; correlations of all indicators with- fo
in reducing sugar, but it lowers sucrose and total carbohyliage and soil elements were consistently higher than with
drate reserves (Wargo 1972). Concentrations of reducingee condition. Indeed, poor-crowned trees responded more
sugars in defoliated trees increase as a result of mobilizatiofavorably than good-crowned trees for most of the variables
of starch to translocatable sugars for sustaining tissues dumeasured. The lack of a strong relationship with tree crown
ing the “leafless” period during the growing season. Mearvitality and a stronger relationship with site nutrient cendi
concentrations of sugar in the wood from the roots of treesions should be considered favorable. This suggests that indi
in the lime study were within the range of seasonal measurecators were reflecting physiological processes that were
ments at a comparable time for these sugars in maturgfluenced or induced by longer term and more stable condi
healthy sugar maple (Wargo 1971). Thus, it is unlikely thattions of site nutrients rather than by ephemeral onset of or
concentrations of these sugars were elevated because @icovery from stresses such as defoliation and drought. In
acute stress; concentrations of glucose and fructose iterestingly, putrescine increases in 1998 over the 1997 level
defoliation-stressed trees were four to five times highefeflected not only the difference in the long-term nutrient
(Wargo 1972) than those reported here, suggesting that thgatus of the plots but also the short-term effects of herbivory
elevated concentrations of sugars reported here are a fungy insects, foliar fungal infection, and drought stress.

tion of site and concentrations of soil and leaf cations. C|ear|y the easiest measurement on sugar map|e trees was
CER, which required no collection and analyses of tissue.
Cambial electrical resistance CER indicated differences in trees that were related to the

Although there were significant differences amongbeneficial effects of liming and was highly correlated with
MEANR, MINR, and MAXR, these measurements showedconcentrations of foliar (both soluble and total) and soit ele
consistent results with regard to lime treatments, DBH,ments. Only glucose and fructose in root wood had higher
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correlations with these elements than CER. The other three in plants.Edited byR.D. Slocum and H.E. Flores. CRC Press,

indicators required significant effort to collect tissues and Boca Raton, Fla. pp. 213-228.

analyze them. Even the visual starch technique was labor iff5agnon, R.R., Chabot, M., and Pineau, M. 1988. Effets de

tensive. However, the current observations were on sites that I'élagage sur la résistance électrique cambiale de la tige de jeu

were treated experimentally and that are limited geographi nes sapins baumiers. Can. J. For. RE&.1655-1658.

cally and geologically within the large range of site cendi Giese, R.L., Houston, D.R., Benjamin, D.M., Kuntz, J.E., Kapler,

tions applicable to sugar maple. It is not clear whether these J:E-. and Skilling, D.D.Editors). 1964. Studies of maple blight.

results can be applied to sugar maple universally. Inferma  University of Wisconsin, Madison, Wis. Res. Bull. 250.

tion is needed on these stress or vitality indicators over &'all: T-J. 1995. Effect of forest tent caterpillar ariiscula

wider spectrum of soil- and foliar-nutrient conditions before Ei?tgizt{r%ggysﬁirzg maple in Pennsylvania in 1994.

\r/]vee aﬁﬂnaggt?irsrﬂl?oe &Tﬁgelré?;%?gé)o\:vsg;éeboef mggaﬁgguﬁo:ﬁendrix, D.L. _1993. Ex_traction and analysis of nonstructural car

h bohydrates in plant tissues. Crop S88 1306-1311.

managing sugar maple. Horsley, S.B., Long, R.P., Bailey, S.W., Hallett, R.A., and Hall, T.J.
1999. Factors contributing to sugar maple decline along-topo
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