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DIVISION S-7—FOREST & RANGE SOILS

Influence of Edaphic Factors on Sugar Maple Nutrition and Health
on the Allegheny Plateau

S. W. Bailey,* S. B. Horsley, R. P. Long, and R. A. Hallett

ABSTRACT nce County, Wisconsin was the first to receive systematic
study (Giese et al., 1964; Westing, 1966; Millers et al.,Sugar maple (Acer saccharum Marsh.) decline has been a problem
1989). Since then, well-documented sugar maple de-on the Allegheny Plateau for the last two decades. Previous work

found that sugar maple is predisposed to decline by poor nutrition clines have occurred in Massachusetts in the 1960s
and incited to decline by severe insect defoliation. Nutritional diagno- (Mader and Thompson, 1969), Ontario in the 1970s
ses have been based on foliar chemistry; there is little information on (Hendershot and Jones, 1989; Gross, 1991), Quebec,
soil attributes that influence susceptibility. We evaluated relationships New York, and Vermont in the 1980s (Bernier and
among soil characteristics, foliar chemistry, and sugar maple decline Brazeau, 1988a,b,c; Kelley, 1988; Bernier et al., 1989;
for 43 stands on the Allegheny Plateau in New York and Pennsylvania Hendershot and Jones, 1989; Bauce and Allen, 1992;
using correlation and stepwise regression techniques. Foliar Ca and

Cote et al., 1995; Ouimet and Camire, 1995; Wilmot etMg concentrations correlated with soil exchangeable cations ex-
al., 1995), and Pennsylvania in the 1980s and 1990s (Kolbpressed on a concentration or site capital basis. Expression of base
and McCormick, 1993; Long et al., 1997; Horsley et al.,cation availability as a saturation value, or in ratio with Al, slightly
2000). Stress events such as defoliations, droughts, andimproved the relationships, suggesting that antagonistic cations are

important to sugar maple nutrition. The best predictions of foliar extreme weather events (late spring frosts, mid-winter
chemistry were made by regressions that considered soil chemistry thaw/freeze cycles) have been common themes in all of
across the depth of the B horizon, suggesting the importance of looking these declines.
at more than one depth to assess nutrition. Landscape position and Studies of sugar maple declines have suggested that
glacial history determined whether weathering products were effec- poor nutrition of base cation elements, including Ca,
tively delivered to the rooting zone, resulting in the observed land- Mg, and K, was a predisposing factor to decline (Mader
scape gradients. All declining stands were on unglaciated upper land-

and Thompson, 1969; Bernier and Brazeau, 1988a,b,c;scape positions where soils had lower Ca and Mg levels compared
Hendershot and Jones, 1989; Adams and Hutchinson,with other landscape positions. Declining stands had �2% Ca satura-
1992; Kolb and McCormick, 1993; Cote et al., 1995;tion and �0.5% Mg saturation in the upper B and �4% Ca saturation
Wilmot et al., 1995; Long et al., 1997; Horsley et al.,and �0.6% Mg saturation in the lower B. These thresholds may be

useful in predicting susceptibility to sugar maple decline. 2000). Evidence for this assertion is based primarily on
chemical analysis of foliage and surficial (�10 cm) soils
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whereas soils on glaciated portions of the Plateau are 10 yr preceding health evaluation. All moderately to
typically Inceptisols and may have higher base satura- severely declining stands were located on the upper
tion. There have been few reports of sugar maple decline slopes of unglaciated sites in summit, shoulder, or upper
in stands on glaciated sites in western Pennsylvania and backslope physiographic positions. The lowest foliar
New York (Drohan et al., 1999; Drohan et al., 2002), Mg, highest foliar Mn, and the highest number and
though declines have been significant in glaciated areas severity of defoliations were associated with these phys-
of northeastern Pennsylvania (Hall et al., 1999). The iographic positions. Stands on glaciated sites and the
sugar maple decline in Pennsylvania occurred against a lower slopes of unglaciated sites were not declining.
background of unusual defoliations and climatic stresses Detailed knowledge of variation in soil nutrient con-
(droughts, killing late spring frosts) (McWilliams et al., tent with genetic horizon, glaciation, topographic posi-
1996; Kolb and McCormick, 1993). Working at four high tion, geology, elevation, and the effects of these parame-
elevation unglaciated sites in northwestern and north ters on sugar maple health is lacking. In this paper, we
central Pennsylvania, Kolb and McCormick (1993) use the topographic gradient study discussed above to
found that foliar concentrations of Ca and Mg were well investigate the role that soil factors play in sugar maple
below, and Mn was well above, those of presumably nutrition and health. Specifically, we address the ques-
healthy trees observed by other researchers and re- tions: (1) What is the relationship between foliar Ca
ported in the literature. TD
[(tions:)-gTD
[-
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Fig. 1. Location of study sites in northwestern Pennsylvania and southwestern New York. The broken line represents the southern extent of
Pleistocene glaciation. Study sites: AK, Akeley; BH, Baldwin Hollow; BO, Boutwell Hill; BT, Brooks Trail; CL, Clymer; CO; Costello; CP,
Colton Point; DH, Dodge Hollow; HH, Hemlock Hollow; HR, Hardwood Ridge Trail; ID, Indian Doctor; KA, Kane Experimental Forest;
LV, Little Valley; MC, Mill Creek; ON, Onoville; RB, Red Bridge; RC, Russell City; SR, Sugar Run; TB, Tanbark Trail.

details on foliage sample processing and analytical methods, moisture and nutrient retention (physiography � 5) and in-
cluded stands on foot- or toeslopes, benches, or any topo-see Horsley et al. (2000).
graphic position with concave microtopography.

Stand Health Evaluation and Defoliation History
Soil Description and SamplingThe trees sampled for foliage formed the locus for establish-

ing three 400-m2 plots for determination of forest composition County soil surveys and reconnaissance observations were
and health (Horsley et al., 2000). All standing live or dead used to locate one representative sampling pit per stand. Ped-
trees �10 cm diameter at a height of 1.4 m (diameter at breast ons were described using the protocols of the Soil Survey Staff
height, DBH) were evaluated using protocols developed by (1993) to a depth of at least 130 cm, unless bedrock was
the North American Maple Project (NAMP) (Cooke et al., encountered at a shallower depth. Root density for each hori-
1996). Previous findings indicated that the percentage of dead zon was determined by estimating root density classes as many
sugar maple basal area (PDEADSM) was the best discrimina- (�100), common (10–100), or few (1–10) fine (�2 mm diam.)
tor between nondeclining and declining stands. Nondeclining root tips per square decimeter. Rock fragment content of
stands were those with 0 to 11 PDEADSM, while moderately each horizon, expressed as the volume percentage of rocks (2
to severely declining stands ranged from 21 to 56 PDEADSM mm–25 cm diameter), was estimated by comparison of the
(Horsley et al., 2000). pit face to the percentage area charts, and by examination

Defoliation incidence and severity were determined for of horizon samples removed for analysis. Depth to a root-
each stand for the most recent 10-yr period from 1987 to 1996 restricting layer was measured as the distance from the soil(Horsley et al., 2000). A geographic information system (GIS) surface to a fragipan, densipan, bedrock, or to the base of thecomprised of annual layers of digitized sketch maps was que- pit (130 cm), in the absence of any of the above. Depth toried to determine the timing, agent, and severity of defoliation redoximorphic features was recorded as the depth from the(light: �30%; moderate: 30–60%; or heavy: �60%). In addi- soil surface to the shallowest observed redoximorphic features.tion, local land managers were consulted to supplement or

Solum thickness was calculated as the distance from the topconfirm information from the GIS database. A defoliation
of the Oa or A horizon to the shallowest of either the top ofseverity index (defsev10) was calculated by summing the num-
the C horizon, bedrock, or 130 cm, if a C or R horizon wasber of defoliations documented for the preceding 10-yr period;
not encountered at that depth.each year with a defoliation event was weighted according to

Soil samples for chemical analysis were collected by geneticseverity as 1
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Table 1. Site characteristics of study stands.

Site Stand Physiography Parent material Bedrock formation Particle-size class Pedon classification

AK 1 shoulder residuum Venango loamy skeletal Lithic Dystrochrept
AK 3 bench colluvium Chadakoin fine-loamy Aeric Fragiaquept
BH 1 upper backslope glacial till Huntley Mountain loamy skeletal Typic Haplorthod
BH 3 footslope glacial till Huntley Mountain fine-loamy Aeric Epiaquept
BO 1 bench glacial till Venango fine-loamy Aquic Fragiboralf
BO 3 bench glacial till Venango coarse loamy Aquic Fragiorthod
BT 1 summit colluvium Catskill fine-loamy Ultic Fragiorthod
BT 3 middle backslope colluvium Catskill fine-loamy Ultic Hapludalf
CL 1 upper backslope glacial till Chadakoin coarse-loamy Aeric Epiaquept
CL 2 bench glacial till Chadakoin coarse-loamy Aquic Dystrochrept
CL 3 footslope glacial till Chadakoin coarse-loamy Aeric Epiaquept
CO 1 shoulder colluvium Huntley Mountain fine-loamy Ultic Haplorthod
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Table 2. Correlation of foliar chemistry with soil horizon parameters. Values shown are Pearson correlation coefficients with uncorrected
probabilities in parentheses.

Relationship Oa/A Upper B Lower B

Foliar Ca vs.
exchangeable Ca, cmolc kg�1† 0.404 (0.007) 0.676 (�0.001) 0.651 (�0.001)
Ca saturation, %† 0.425 (0.004) 0.755 (�0.001) 0.660 (�0.001)
Ca/Al molar ratio† 0.446 (0.003) 0.738 (�0.001) 0.616 (�0.001)
base saturation, %† 0.375 (0.013) 0.691 (�0.001) 0.586 (�0.001)
cation exchange capacity, cmolc kg�1 0.090 (0.565) �0.160 (0.307) 0.128 (0.414)
organic matter, % �0.295 (0.055) �0.235 (0.129) �0.035 (0.822)
pH 0.794 (�0.001) 0.532 (�0.001) 0.454 (0.002)
rock fragments, % by vol. 0.627 (�0.001) 0.584 (�0.001) 0.474 (0.001)

Foliar Mg vs.
exchangeable Mg, cmolc kg�1† 0.387 (0.010) 0.757 (�0.001) 0.667 (�0.001)
Mg saturation, %† 0.466 (0.002) 0.748 (�0.001) 0.672 (�0.001)
Mg/Al molar ratio† 0.408 (0.007) 0.748 (�0.001) 0.612 (�0.001)
base saturation, %† 0.273 (0.076) 0.653 (�0.001) 0.615 (�0.001)
cation exchange capacity, cmolc kg�1 0.027 (0.865) �0.059 (0.707) 0.139 (0.375)
organic matter, % �0.307 (0.046) �0.212 (0.173) 0.005 (0.972)
pH 0.684 (�0.001) 0.521 (�0.001) 0.443 (0.003)
rock fragments, % by vol. 0.346 (0.023) 0.304 (0.048) 0.305 (0.047)

† Log10 transformation.

sley et al. (2000) were on unglaciated Ultisols with a mations, which included larger portions of the pedon.
The highest correlation coefficients for both nutrientsfine-loamy particle-size class (Table 1).

Foliar Ca and Mg were correlated with many variables were seen with soil capital summed for the portion of
the pedon with many and common roots (r � 0.680,measured on the soil horizon level (Table 2) and the

stand level (Table 3). Expressions of cation nutrient 0.683 for Ca and Mg, respectively).
While these northern hardwood stands are found onavailability on a mass basis, as a saturation value, and

in ratio with Al all showed significant correlation (p � a fairly narrow range of soil particle-size class (Table 1),
the textural variation present did not account for varia-



248 SOIL SCI. SOC. AM. J., VOL. 68, JANUARY–FEBRUARY 2004

Table 4. Regression models predicting foliar nutrient levels from soil variables. Coefficients are in parentheses.

Dependent
variable Parameter 1 Parameter 2 Parameter 3 Multiple r 2 Cp

Foliar Ca rock fragments Oa/A (104) Ca/Al upper B (1954) Ca/Al lower B (980) 0.757 2.3
Foliar Ca rock fragments Oa/A (94) Ca saturation upper B (2441) Ca saturation lower B (1391) 0.755 5.5
Foliar Ca rock fragments Oa/A (77) pH Oa/A (2974) exchangeable Ca lower B (1271) 0.748 5.1
Foliar Mg depth to restriction (�3.2) pH Oa/A (240) exchangeable Mg lower B (331) 0.686 �0.2
Foliar Mg depth to restriction (�3.2) Mg saturation upper B (361) Mg saturation lower B (123) 0.676 0.0
Foliar Mg depth to restriction (�4.2) Mg/Al upper B (386) 0.625 0.5

was also a three-parameter model, but included one site Although statistical testing with ANOVA was not
variable and one variable from each of the Oa/A and deemed useful due to the small number of stands in
lower B horizons. The second best model for both Ca some site types, an examination of soil chemical trends
and Mg was a three-parameter equation of similar form by glacial history and landscape position suggests broad
for each element, including cation-saturation values
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DISCUSSION history of more severe insect defoliation. Foliar Mg was
a better predictor of decline than foliar Ca, with noSignificant correlation of many soil parameters with
stands misclassified if unhealthy stands were predictedfoliar Ca and Mg confirms the utility of foliar analyses by foliar Mg concentrations �700 mg kg�1 and twoin addressing site quality and base cation nutrition for or more moderate to severe insect defoliations in thesugar maple. The B horizon provided the best indicators preceding 10-yr period (defsev10 � 4). In contrast,of foliar chemistry, suggesting the importance of this stands with foliar Mg concentrations �700 mg kg�1 re-portion of the pedon in sugar maple nutrition. The best mained healthy regardless of defoliation history.models for predicting foliar chemistry include expres-
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Fig. 2. Exchangeable Ca and Mg (expressed as a percentage of saturation value) in the Oa/A, upper B and lower B horizons vs. sugar maple
mortality (percentage of standing dead basal area). Open circles represent stands where defsev10 was less than four; filled circles are stands
where defsev10 was four or higher. Note the x-axes are on a log scale.

where water flowpaths bring ions released from bedrock grounds (Reuss, 1983) and in laboratory studies (Law-
rence et al., 1999). Long-term depletion of exchangeor deeper regolith to the solum where roots are active

(Fig. 3a). Locations where water that has percolated pools has been documented by retrospective studies
(Shortle and Bondietti, 1992; Lawrence et al., 1997; Mar-into the bedrock is forced laterally into the regolith by

a stratum of lower permeability may be expressed as kewitz et al., 1998) and is consistent with watershed
mass balance studies (Bailey et al., 1996; Likens et al.,hillslope seeps. On other portions of the landscape, par-

ticularly unglaciated summits, shoulders, and upper 1998). In the present study, the base cation-poor sites
where sugar maple decline has occurred are located inbackslopes, base cation nutrient inputs are dominated

by atmospheric inputs; nutrient conservation by efficient landscape positions and on bedrock formations and soil
parent materials (Table 1) that one would expect to havebiological cycling is particularly important on these sites,

increasing the importance of the upper soil horizons in the lowest nutrient levels, based on lack of weatherable
minerals in the rooting zone and lack of hydrologicmaintaining site fertility.

In contrast, on glaciated portions of the Plateau, much pathways to deliver weathering products from deeper
sources. Given the available evidence, it is reasonableof the weathered regolith was removed by glacial ero-

sion. Soils are developed in glacial till (Fig. 3b), incorpo- to hypothesize that nutrient depletion due to acid depo-
sition has increased the portion of the landscape withrating relatively unweathered material freshly exposed

by glacial erosion. Thus, weathering reactions occur nutrient values below a critical threshold for mainte-
nance of sugar maple health in a stressful environment.within the rooting zone, creating less contrast in base

cation levels by landscape position. However, even on However, in light of the great variety of site quality due
to landscape position, mineralogy and soil development,glaciated sites weathering in the rooting zone may be

limited where glacial till is largely derived from bedrock the extent that acid deposition has contributed to sugar
maple decline remains unquantified.units with few weatherable minerals, such as quartz-

ose sandstone. Analysis of early land survey records shows that the
greatest abundance of sugar maple in the presettlementThe role of base cation depletion and acid deposition

in contributing to sugar maple decline remains difficult forest of the unglaciated Allegheny Plateau was on bet-
ter drained, coarser textured, sandstone-derived soils ofto quantify. Acid deposition has been shown to reduce

exchangeable base cations in soil based on theoretical plateau tops and summits with thick deposits of “non-
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