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a b s t r a c t

Partitioning of elements in tree xylem is being increasingly studied, as it suggests that elements are
potentially mobile within the xylem long after their uptake. A recent study revealed that only the most
mobile xylem fraction (water-soluble) of base cations (calcium [Ca], magnesium [Mg], and potassium
[K]) increased at higher soil acidity, while the two mobile fractions (water- and acid-soluble) of acidic
metals—potentially phytotoxic aluminium (Al), cadmium (Cd) and manganese (Mn)—were significantly
enhanced on very acid soils. The current paper presents an investigation of soil–wood chemistry relation-
ships with basal area tree growth. It was hypothesized that the growth of sugar maple would be reduced
by low base cation and high acidic metal concentrations in the xylem mobile fractions. Sugar maple trees
(n = 55) from six watersheds in southern Quebec, Canada were analysed by sequential chemical extrac-
oil acidity
ugar maple
ree growth

tions for the water-soluble, acid-soluble and residual fractions of base cations (Ca, K, Mg) and acidic
metals (Al, Cd, Mn) in xylem. Generally, tree growth was positively correlated to concentrations of base
cations in wood (� = 0.27–0.50) and soil (� = 0.41–0.67), and negatively correlated to concentrations of
acidic metals in wood (� = −0.33 to −0.52) and soil (� = −0.67). However, these relations differed depend-
ing on the element fraction considered. Water- and acid-soluble xylem concentrations of base cations

st pre 2

furth

and Al were among the be
metals and tree growth is

. Introduction

Decline of sugar maple (Acer saccharum Marsh.) trees in Eastern
orth America has been linked to atmospheric acidic deposition

McLaughlin et al., 1992; Ryan et al., 1994; Ouimet et al., 1996;
uchesne et al., 2002; Watmough, 2002), among other factors

Horsley et al., 2002). This species was also shown to be sensi-
ive to Al-induced Ca deficiency (Côté and Camiré, 1995; Long et
l., 1997; Mohamed et al., 1997; McLaughlin, 1998; Watmough,
002). Soil acidification is responsible for the mobilization of usu-

lly unavailable soil Al (Cronan and Schofield, 1990; McLaughlin,
998). Mobilized Al can interfere with the uptake of base cations by
oots (Shortle and Smith, 1988; DeWalle et al., 1991; Shortle et al.,
997) or displace base cations from soil binding sites, thus induc-

Abbreviations: BAI, basal area increment; BC, exchangeable base cations; BS,
ffective base saturation; CEC, effective cation exchange capacity; EA, exchangeable
cidity; ICP-AES, inductively coupled plasma atomic emission spectroscopy.
∗ Corresponding author. Tel.: +1 514 987 3000x3781; fax: +1 514 987 4647.

E-mail address: simonbgauthier@yahoo.ca (S. Bilodeau-Gauthier).

378-1127/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.foreco.2010.09.035
dictors of growth trends (R = 0.46–0.51). The relationship between acidic
er discussed.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

ing their leaching (Tomlinson, 1983; Johnson and Fernandez, 1992;
Lawrence et al., 1995). Additionally, several studies reported inhi-
bition of Ca uptake by mobilized soil Al (Ulrich et al., 1980; Cronan,
1991; Lawrence et al., 1995). The negative impact of Ca-deficiency
on tree growth and health is also well documented (Likens et al.,
1996; Long et al., 1997; DeHayes et al., 1999; Moore et al., 2000;
Watmough, 2002). As a result, the ratio of Ca-to-Al in soil, wood and
leaves was often used as an indicator of soil acidification (Bondietti
et al., 1989; Rustad and Cronan, 1995; Berger et al., 2004) as well
as of tree health (Matzner et al., 1986; Shortle and Smith, 1988).
More precisely, a Ca/Al molar ratio under 1.0 in soil solution has
been proposed as a sign of potential Al stress and nutrient imbal-
ance to the ecosystem (Cronan and Grigal, 1995). Momoshima and
Bondietti (1990) suggested that most of the Al could be immobi-
lized in the trunk, as they observed for Fe, and thus not reach higher
parts of the tree. It was later stated that roots discriminate against Al

from soils during uptake (De Visser, 1992; Godbold, 1994; Kochian,
1995; Smith and Shortle, 1996), and that its translocation in plant
parts is limited (Godbold, 1994; Kochian, 1995).

Availability of other potentially phytotoxic metals is also
enhanced by soil acidification. Cadmium (Cd), a non-essential ele-

ghts reserved.

dx.doi.org/10.1016/j.foreco.2010.09.035
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco
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6 S. Bilodeau-Gauthier et al. / Forest Eco

ent, is among the most toxic heavy metals (Andersen et al., 2002;
enavides et al., 2005; Gratão et al., 2005b). A decrease in soil pH

ncreases Cd concentrations in the soil solution (Bergkvist, 1987;
yler et al., 1987; Berggren, 1992; Römkens and Salomons, 1998).
t can induce oxidative stress (Schützendübel et al., 2001; Vitória et
l., 2001) and cause serious damage on general plant metabolism
Benavides et al., 2005; Gratão et al., 2005a). Manganese (Mn) is an
ssential trace element for trees, which can be toxic at excess con-
entrations (McQuattie et al., 1999; McQuattie and Schier, 2000;
ogelmann and Sharpe, 2006; St. Clair et al., 2008), causing oxida-

ive stress (Ducic and Polle, 2005). Exposition to high light intensity
an exacerbate its toxic effects on sugar maple (St. Clair and Lynch,
004) as well as certain crop plants (González et al., 2000). It is also
obilized in soils by low pH (Driscoll et al., 2001; Reichman, 2002)

nd can potentially accumulate in tree wood (Butkus et al., 2004).
Numerous studies have observed, for sugar maple trees, ele-

ated Mn concentrations in wood and leaf tissues at low soil pH
Matusiewicz and Barnes, 1985; DeWalle et al., 1991, 1999; Guyette
t al., 1992; Long et al., 1997; Martin et al., 1998; Smith, 2001; Houle
t al., 2002). Due to this relationship, Guyette et al. (1992) used Mn
o reconstruct past levels of soil pH from tree-rings of eastern red-
edar (Juniperus virginiana L.) while Augustin et al. (2005) estimated
ast soil base saturation from wood Mn in Norway spruce stands
Picea abies L. Karst.). However, it should be noted that reliability of
ood element concentrations to act as historical records of envi-

onmental conditions is challenged due to radial re-equilibration
f elements in sap-conducting tree-rings, which is now commonly
cknowledged (Kennedy and Bergeron, 1991; Cutter and Guyette,
993; Martin et al., 1998; Herbauts et al., 2002; Houle et al., 2002;
atmough, 2002; Martin et al., 2003; Drouet et al., 2005). Wood

lement concentrations furthermore vary depending on soil acidic
onditions, as shown by Bilodeau-Gauthier et al. (2008) in a study
onducted at three sites along a soil acidity gradient. They reported
or the first time that concentrations of the mobile (water- and
cid-soluble) fractions of Al, Cd, and Mn in tree xylem increased
ignificantly when soil acidity was higher, while only the most
obile fraction (water-soluble) of Ca and Mg responded in this way

Bilodeau-Gauthier et al., 2008).
Because of the various impacts that chemical elements have on

ree health and considering the varying behaviours of those ele-
ents in response to environmental conditions, it is thus important

o assess the relation between the growth of trees at acidic sites and
heir xylem elemental concentrations in the different fractions. This
aper presents an in-depth examination of the link between wood
hemistry, soil chemistry, and tree growth. These relationships are
xamined on an individual tree basis and its immediate soil envi-
onment for 55 sugar maple trees distributed among six sites, thus
overing a wide range of soil conditions among typical forest soils
f glacial origin in Québec, Canada. This represents a more robust
tatistical and ecological approach than using site means. Aver-
ge sapwood concentrations in elemental fractions (water-soluble,
cid-soluble, residual) of basic (Ca, Mg, K) and acidic (Al, Cd, Mn)
ations are compared to various soil variables associated with soil
cidity. Most importantly, and despite the fact that other authors
ave previously reported relationships between tree growth and
otal concentrations of some elements in xylem (Bondietti et al.,
989; Mohamed et al., 1997; Houle et al., 2002; Watmough, 2002;
erger et al., 2004), the present investigation is the first to define
ow tree growth is related to the concentrations of elements found

n the water- and acid-soluble fractions of xylem and how it varies
ith soil acidity.
It is hypothesized here that concentrations of base cations (Ca, K,
g) in the most mobile wood fractions (water- and acid-soluble)

hould be positively correlated to growth since they take part in
hysiological processes for which mobility is required (Fromm,
010). In addition, the residual fraction of Ca should be posi-
nd Management 261 (2011) 95–104

tively correlated to growth because this element is an important
constituent of cell walls (Smith et al., 2009), where it is thus
harder to extract and should appear in the residual fraction. On
the other hand, the growth of sugar maples should be impeded
by acidic metals mobilized at high soil acidity, which should also
translate as greater xylem concentrations of those elements. Tree
growth is expected to be negatively correlated to concentrations
of acidic metals (Al, Cd, Mn) in the most mobile wood fractions
(water- and acid-soluble), in part because it is hypothesized that
these elemental fractions can potentially reach and harm the
photosynthetically-active leaves (Mn-induced oxidative stress, for
instance, is well-documented).

2. Methods

2.1. Site selection

Wood and soil samples were collected in six watersheds of the
Quebec Lakes Network (Houle et al., 2004, 2006) during the years
2005 and 2006. The six sites provided a gradient of soil acidity (i.e.,
pH, base saturation, Ca/Al ratio, exchangeable acidity; Table 1) and
were characterized by the dominance of sugar maple trees. Soils at
all sites were classified as Haplorthods or Placorthods (Soil Survey
Staff, 1998), or Podzols or Brunisols (Canada Soil Survey, 1992).

2.2. Tree sampling

Eight to fourteen healthy dominant or co-dominant sugar maple
trees (n = 55 trees) were selected per watershed, in different areas
potentially representing distinct watershed microenvironments
(e.g., differing in slope, drainage, aspect, rockiness, etc.). The tree
stands from all watersheds were fairly comparable in term of tree
age (mean age = 77; SD = 18) and width (mean diameter at breast
height = 22 cm; SD = 6). Two tree cores were taken on opposite
sides of the trunk at breast height. Upon return to the labora-
tory, cores were dried at 40 ◦C during 48 h. All wood samples were
manipulated with plastic nitrile gloves and care was taken to avoid
contamination by cleaning instruments regularly with 95% ethanol.

2.3. Dendrochronological measurements

Measurements of ring width were made on all cores, under
a binocular, using a UniSlide device (Velmex Inc.) and the Mea-
sureJ2X V3.1 software (Voortech Consulting, 2001). Rings were
crossdated visually by way of the skeleton plot procedure (Fritts,
1976; Yamaguchi, 1991) before measurements to identify missing
or absent rings. Series were statistically verified using the COFECHA
program (Holmes, 1996), which identifies outliers to be excluded
from the series. Measurements from both cores of the same tree
were combined to produce an average trend for each tree. Growth
was calculated using the basal area increment (BAI) with the fol-
lowing formula:

BAI = �(R2
n − R2

n−1)

where, n is the year of ring formation and R is the distance from the
pith to the other boundary of the ring formed in year n (Duchesne
et al., 2003).

2.4. Dendrochemical analyses
The position of the heartwood–sapwood boundary on the tree
cores was determined visually based on difference in wood color.
Only the sapwood section (average number of annual rings = 45;
SD = 13) was considered for analysis, because a previous study had
shown that concentrations were relatively constant within the sap-
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Table 1
Characteristics of the upper mineral soil horizon (first 15 cm of B) for the six sites.

Soil variablea Site

Coordinates Blais Clair Laurent General White Truite Rouge Duchesnay
Latitude 45◦ 56′ N 45◦ 36′ N 46◦ 28′ N 46◦ 21′ N 46◦ 09′ N 46◦ 57′ N
Longitude 75◦ 10′ W 76◦ 04′ W 74◦ 11′ W 74◦ 41′ W 74◦ 05′ W 71◦ 40′ W

PH 5.1b 5.1 4.9 4.8 4.8 4.6
K (cmolc kg−1) 0.10 (0.02) 0.15 (0.03) 0.13 (0.04) 0.10 (0.04) 0.07 (0.01) 0.14 (0.02)
Ca (cmolc kg−1) 5 (4) 2 (3) 2 (1) 2 (2) 0.6 (0.3) 0.3 (0.09)
Mg (cmolc kg−1) 0.4 (0.1) 0.3 (0.1) 0.6 (0.8) 0.4 (0.3) 0.09 (0.06) 0.13 (0.03)
Mn (cmolc kg−1) 0.11 (0.07) 0.11 (0.07) 0.3 (0.4) 0.04 (0.05) 0.03 (0.02) 0.02 (0.02)
Al (cmolc kg−1) 1.3 (0.9) 1.6 (0.7) 2 (1) 2.1 (1.6) 3.0 (0.7) 5 (1)
Ca/Al 3.76 1.52 1 1.15 0.21 0.05
EA (cmolc kg−1) 1.6 1.8 2.0 2.2 3.1 5.6
CEC (cmolc kg−1) 7 (3) 4 (2) 5 (2) 5 (1) 4 (1) 6 (1)
BS (%) 74 (21) 55 (21) 53 (23) 52 (33) 21 (10) 10 (2)
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a BS, base saturation; EA, effective acidity; CEC, cation exchange capacity. Rankin
rom left to right. Ranking was the same when considering organic soil horizons.

b Values are averages (n = 8–14 per site, see soil sampling in the Methods section

ood because of radial re-equilibration (Bilodeau-Gauthier et al.,
008) and that any declining trend should rather be attributed to
eclining cation binding capacity of the wood (Momoshima and
ondietti, 1990). Moreover, it is the section that has been affected
y recent or actual soil conditions (Berger et al., 2004; Bilodeau-
authier et al., 2008), and it is a coherent physiological stem section
here sap flow occurs, therefore it was considered in its entirety.

apwood was separated into very thin (1 mm) slices with a steel
nife, which was cleaned with ethanol between cores to avoid
ontamination between different trees. Sapwood sections from
ores of the same tree were pooled (mean mass = 1.2 g; SD = 0.4)
nd processed through a three-steps sequential extraction method
Bilodeau-Gauthier et al., 2008). The first step used deionised H2O
to extract the water-soluble fraction), and the second one 0.05 M
Cl (acid-soluble fraction). A ratio of 20 ml of solution to 1 g of
ood was maintained. For the residual (immobile) fraction, a sub-

ample (300 mg) from the whole sapwood was dissolved in 3 ml
f concentrated HNO3 in Teflon bombs (CEM linear closed-vessels,
EM corp.) put in a high-performance microwave (MDS-2000, CEM
orp.). The sequential extraction method and the nature of the dif-
erent fractions have been described in more details elsewhere
Bilodeau-Gauthier et al., 2008). Concentrations of Al, Ca, Cd, K,

g and Mn were determined with an inductively coupled plasma
tomic emission spectrometer (ICP-AES; model Vista AX from Var-
an, Australia, 1999).

.5. Soil sampling

Four soil samples were taken around each tree, at cardinal points
nd at ∼2.5 m from the base of the tree. For each tree, soil horizons
organic: FH; mineral: first 15 cm of B) were sampled separately
nd pooled accordingly. Soil samples were air-dried, ground (FH),
nd sieved to 2 mm. Exchangeable cations (Al, Ca, Mg, Mn, K) were
xtracted with an unbuffered NH4Cl (1 M, 12 h, mass: volume ratio
f 1:10) solution and measured using inductively coupled plasma
mission. Exchangeable acidity (EA) was calculated as the sum of
+ (measured with a pH probe) and Al3+ concentrations of the soil
xtract. Effective cation exchange capacity (CEC) corresponded to
he sum of the exchangeable base cations Ca, K, and Mg (BC), added
o EA. Soil pH was measured in water using a soil/solution ratio of
:2.5 (w:wt). Effective base saturation (BS) was determined as the

atio of base cations to CEC. See Houle et al. (1997) for more details
n soil sampling and chemical analysis. Please note that in this text
he term “soil acidity” refers to low values of soil pH, concentrations
f exchangeable base cations (BC), and base saturation (BS), and to
igh values of soil Al and exchangeable acidity (EA).
sed on soil base saturation (BS) and soil Ca/Al ratio, with least to most acidified site

SD in parentheses.

2.6. Data treatment

Average sapwood concentrations of Al, Ca, Cd, K, Mg, and
Mn from individual trees (n = 55) were related to soil chemi-
cal variables using non-parametric correlations (Spearman’s �) –
since a Shapiro–Wilk test revealed that normality of data was
not respected –, with wood fractions (water-soluble, acid-soluble,
residual, total) treated separately. Soil variables in the mineral and
organic soil horizons were separately related to wood elements;
however, only the results with mineral soil will be presented
in following sections because organic soil variables showed the
same trends, but weaker. Bilodeau-Gauthier et al. showed in a
previous study (Bilodeau-Gauthier et al., 2008) that the total of
all fractions of an element usually behaves similarly to its most
abundant fraction, but that focusing only on total concentrations
can obliterate the significant response of less abundant fractions.
Therefore, it is suggested that sequential chemical extractions be
preferably used when assessing changes in environmental condi-
tions through dendrochemistry. Nonetheless, total concentrations
will still be treated here, in order to allow comparisons with other
studies that did not analyse wood elemental fractions separately.
In addition, element ratios (e.g., Ca/Al, Ca/Mn) are often used in
dendrochemical studies as a way to circumvent issues of varying
cation binding capacity of tree wood. Correlations with these ratios
were attempted in the course of the present analyses but will not
be presented here as they did not provide any additional infor-
mation compared to individual elements. Correlations with ratios
often end up being very similar to the correlation with only one
or the other element from the ratio, but weaker or with a reverse
sign.

Tree growth trends (slope of the linear regression of annual
BAI over time) from the years 1960 to 2005 were similarly corre-
lated by non-parametric Spearman’s rho to mineral soil variables
and to sapwood concentrations. Trends of BAI over time are used
because the effect of soil quality on tree growth is seen as a long-
term effect rather than a punctual event (Phipps and Whiton, 1988).
The year 1960 is used because impacts of atmospheric pollution on
forests of eastern North America are typically considered to have
become important during that decade (Turk, 1983; Duchesne et al.,
2002). Duchesne et al. (2002) have previously used this very same
date successfully to demonstrate relations between acid deposition
and tree growth. Correlations between recent growth (BAI from

2000 to 2005) and soil variables were also attempted, but only
revealed the same information that long-term growth did. Tree
growth was further correlated to average sapwood concentrations,
because mobile elements are translocated throughout the entire
sapwood—probably no later than within a few years, according to
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Table 2
Spearman’s rank correlation coefficients (rho) between average element concentrations in sapwood and mineral soil chemistry, by elemental fraction.

Soil variablea Rho P-valueb Rho P-value Rho P-value Rho P-value

Ca
Water-soluble Acid-soluble Residual Total

EA −0.5046 ** −0.3873 * −0.5432 **
Al −0.499 ** −0.3867 * −0.5374 **
CEC −0.303 *
pH 0.5338 ** 0.4738 **
BS 0.4899 ** 0.3572 * 0.5365 **
BC 0.3851 * 0.4558 **

K
Water-soluble Acid-soluble Residual Total

EA −0.4522 ** −0.3172 *
Al −0.4532 ** −0.3146 *
CEC
pH
BS 0.4434 ** 0.2699 *
BC

Mg
Water-soluble Acid-soluble Residual Total

EA −0.4843 ** −0.3012 *
Al −0.4856 ** −0.2952 *
CEC
pH 0.4215 * 0.3121 * 0.3509 * 0.48 **
BS 0.4777 **
BC 0.3927 *

Al
Water-soluble Acid-soluble Residual Total

EA 0.6028 ** 0.4897 ** −0.4558 ** −0.4509 **
Al 0.6035 ** 0.4791 ** −0.4613 ** −0.4567 **
CEC 0.3735 *
pH −0.3705 * −0.435 ** 0.2964 * 0.3008 *
BS −0.599 ** −0.4559 ** 0.484 ** 0.4815 **
BC −0.4765 ** −0.3443 * 0.3635 * 0.3597 *

Cd
Water-soluble Acid-soluble Residual Total

EA 0.4198 * 0.637 ** 0.6346 **
Al 0.4293 * 0.6344 ** 0.6325 **
CEC 0.4087 * 0.391 *
pH −0.5285 ** −0.5219 **
BS −0.4507 ** −0.6077 ** −0.3854 * −0.611 **
BC −0.4348 ** −0.5097 ** −0.3936 * −0.5168 **

Mn
Water-soluble Acid-soluble Residual Total

EA 0.3591 * 0.4092 * 0.4281 *
Al 0.3607 * 0.4 * 0.4193 *
CEC −0.3277 * 0.3201 *
pH −0.3732 * −0.3688 *
BS −0.3633 * −0.3813 * −0.399 *
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BC −0.3748 * −0.3327

a BC, sum of base cations; BS, base saturation; CEC, cation exchange capacity; EA
b *P < 0.05; **P < 0.001; non-significant correlations are not shown.

revious studies (DeWalle et al., 1999; Houle et al., 2002)—, which
mplies that concentrations in all sapwood rings could possibly
nfluence growth. As an additional attempt to assess the determi-
ants of tree growth, non-linear regressions were constructed for
ree growth as the dependent variable, with every soil characteris-
ics as the independent variable. Also, a multiple regression analysis
Stepwise Forward, with probability to enter the regression fixed at
= 0.05) was performed in order to assess if variations in BAI slopes

ould be further explained by a combination of soil variables and
ree age.

. Results

.1. Sapwood concentrations and soil chemistry
Significant (at P < 0.05) correlations were observed between
hemical characteristics of the mineral soil horizon and aver-
ge sapwood concentrations in the different chemical fractions
Table 2). Since cation exchange capacity (CEC) is a combined vari-
* 0.2978 ∗ −0.351 *

ngeable acidity.

able, correlations with soil CEC generally reflect one part of the
combination or the other, being either similar to the correlation
with EA or with BC (Table 2). When both EA and BC are signifi-
cantly correlated to the xylem concentration, coefficient signs are
reversed and consequently the correlation with CEC is often not
significant.

Sapwood base cations (Ca, K, Mg) concentrations in the water-
soluble fraction generally decreased at higher soil acidity (positive
correlations with soil pH, BC and BS, and negative correlations with
soil Al and EA; Table 2). However, the number of significant corre-
lations and their strengths decreased in the order Ca > K > Mg, with
water-soluble Mg being only related to soil pH. The acid-soluble
fraction of base cations, on the other hand, showed no significant
correlations with soil acid-base conditions, except for Mg with soil

pH. The residual fraction of K was not correlated to any soil vari-
ables, but residual Ca and Mg decreased significantly at higher
soil acidity. Total concentrations of base cations correlated to soil
variables in proportions very similar to that of their water-soluble
fraction (Table 2).
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Table 3
Spearman’s rank correlation coefficients (rho) between tree growth (BAI, basal area
increment) trends from 1960 to 2005 and mineral soil chemistry.

Soil variablea Rho P-valueb

pH 0.4067 *
Al −0.6689 **
Ca 0.6017 **
Ca/Al 0.6457 **
Mn 0.567 **
EA −0.6715 **
BC 0.5672 **
CEC
BS 0.6677 **
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a BC, sum of base cations; BS, base saturation; CEC, cation exchange capacity; EA,
xchangeable acidity.
b *P < 0.05; **P < 0.001; non-significant correlations are not shown.

Acidic cation (Al, Cd, Mn) concentrations in the water- and acid-
oluble fractions increased at high soil acidity (being, for instance,
egatively correlated to soil pH, BC and BS, and positively correlated
o soil Al concentrations). The residual fraction of Cd also increased
ith soil acidity, although the response was weaker since only BC

nd BS were significant correlated and only moderately. In contrast
o Cd, xylem concentrations of residual Al and Mn decreased with
oil acidity (Al: positive correlations with soil pH, BC and BS, nega-
ive correlation with soil Al and EA; Mn: positive correlation with
C and (marginally; P < 0.1) BS, and marginally negative correla-
ion with EA). For Cd and Mn, total concentrations show the same
rends as the acid-soluble fraction, while total Al behaves similarly
o residual Al.
.2. Tree growth, soil chemistry and sapwood chemistry

Average growth trends for each site are presented in Fig. 1. BAI
rends (1960–2005) of all trees were submitted to correlation tests

able 4
pearman’s rank correlation coefficients (rho) between tree growth (BAI, basal area
ncrement) trends from 1960 to 2005 and sapwood chemistry.

Element and fraction Rho P-valuea

Ca
Water-soluble 0.4701 **
Acid-soluble 0.2676 *
Residual
Total 0.5008 **

K
Water-soluble 0.435 *
Acid-soluble
Residual
Total

Mg
Water-soluble
Acid-soluble
Residual 0.2937 *
Total

Al
Water-soluble −0.4781 **
Acid-soluble −0.4651 **
Residual 0.3799 *
Total 0.384 *

Cd
Water-soluble −0.3329 *
Acid-soluble −0.4974 **
Residual
Total −0.5155 **

Mn
Water-soluble
Acid-soluble −0.3809 *
Residual
Total −0.365 *

a *P < 0.05; **P < 0.001; non-significant correlations are not shown.
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Fig. 1. Growth trends (BAI, basal area increment; average of all trees per site,
n = 8–14; error bars are SE) for the years 1920–2005, from least to most acid site
(top to bottom).

with several soil chemical variables from the trees’ immediate envi-
ronment (Table 3). Generally, growth was reduced on acid soils
(positively correlated to soil pH, BS, and BC, and negatively cor-
related to soil Al and EA). Likewise, average BAI trends per site
(Fig. 1) generally followed the gradient of soil acidity (Table 1),
with trees at the least acid sites showing the highest increasing
slopes. An investigation of every relationship between BAI and
soil variables revealed that BS (%) was the best predictor of BAI
through a non-linear relationship (although the relationship flat-
tened for values of BS beyond 40%) with a variance explanation

of 43%:

BAI = −29.7 + 10.5 × ln(BS)

A multiple regression analysis (Stepwise Forward) showed that
variations in BAI slopes were further explained by a model includ-
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ylem concentrations of aluminium (Al), expressed as a linear regression, (B) resid-
al Al, and (C) total Al, with the latter two expressed as logarithmic regressions.
quations and their R2 are shown on the graphs. Growth trends refer to the slope of
nnual basal area increment (BAI) for the years 1960–2005.

ng tree age and Al-derived soil effective acidity, which yielded a
ariance explanation of 51%:

AI = (0.245 × Alacid.) − (0.26 × tree-age) + 15.8

Tree growth was generally slower when acid-soluble concentra-
ions of acidic cations (Al, Cd, Mn) in xylem were higher (negative
orrelation; Table 4); total concentrations of Cd and Mn mir-
ored this pattern. Water-soluble Al also related negatively to
ree growth, while the residual and total fractions of Al were
ositively correlated to tree growth. Fig. 2 presents graphically
hese three relations, where BAI was fitted to water-soluble Al
s a linear regression (R2 = 0.23), while to residual Al it was bet-
er fitted as a logarithmic regression (R2 = 0.23; as a comparison,
imilarly fitting total Al yielded an R2 of 0.18). The latter relation-
hip notably includes an aggregation of data points at the lower

−1
nd of the Al concentrations gradient (<2 mg kg ) where trees
howed negative, or very low if positive, growth trends (Fig. 2).
rees showed faster growth when base cations (water-soluble,
cid-soluble, and total Ca as well as water-soluble K, but not Mg
n any fraction) were in high concentrations in the xylem (posi-
nd Management 261 (2011) 95–104

tive correlation). Multiple regression analyses showed that a model
including the log ratio of the sum of base cation (Ca + Mg + K) to
Al in the mobile fractions (water- and acid-soluble extracts) and
tree age yielded the best explanation (46%) of the variation in
BAI:

BAI = (30.1 × ln (Ca + Mg + K/Al)mob.) − (0.22 × tree-age) − 76.6

4. Discussion

4.1. Sapwood concentration and soil chemistry

4.1.1. Base cations
Previous studies have shown that soil reservoirs of exchange-

able base cations have been depleted in the last decades by the
input of acidic anions from atmospheric depositions (Lawrence
et al., 1995; Likens et al., 1998; Johnson et al., 2008). Therefore,
the uptake of base cations through tree roots should be reduced
in acidic soil conditions, which should result in lower concentra-
tions in tree xylem (Bondietti et al., 1990). In the present study,
average concentrations of base cations (Ca, K, and Mg) in sugar
maple xylem indeed decreased at higher soil acidity, notably for
the water-soluble fraction of those elements. Although the acid-
soluble fraction is the most abundant form of divalent cations in
tree xylem (Bilodeau-Gauthier et al., 2008), for base cations it is
the one that is the least related to soil acidity (Table 2). Even if
residual Ca and Mg were well correlated to soil acidity, it is still not
evident whether the assessment of xylem concentrations of base
cations would provide a valuable method for the temporal moni-
toring of environmental events, because the processes of element
fixation in tree wood, as well as its potential reversibility, remain
poorly understood.

The observed decreasing trend in total concentrations of base
cations in sapwood at higher soil acidity is in good agreement with
those of previous studies that have linked total concentrations of
base cations in wood with soil chemistry (Bondietti et al., 1989,
1990; DeWalle et al., 1991, 1999; Penninckx et al., 2001; Fisher et
al., 2002; Houle et al., 2002, 2007; Watmough, 2002). Earlier studies
had related decreasing radial trends of (total) base cation concen-
trations in tree-rings of recent decades (1960+) to the increased
atmospheric acidic deposition on forest soils, although they had
not directly measured soil acidity (Bondietti et al., 1989, 1990).
Berger et al. (2004), on the contrary, observed higher wood Ca con-
centrations in Norway spruce on the most acid soils, which they
ascribed to higher uptake following mobilization by acidification.
This has been hypothesized by Bondietti et al. (1990) to happen
only in the first few years of the 1960s, after the onset of increased
atmospheric acid depositions in eastern North America, and that
wood Ca would eventually decrease because of the depletion of soil
reservoirs through leaching. Still, Herbauts et al. (2002) ascribed
the observed decreasing radial trends to decreasing cation binding
capacity in more recently formed tree-rings.

4.1.2. Acidic cations
Soil acidification has been recognized to enhance mobility of

Cd (Römkens and Salomons, 1998; Andersen et al., 2002) and Mn
(Guyette et al., 1992; St. Clair and Lynch, 2004; Kogelmann and
Sharpe, 2006) in the soil. Therefore, the observed relations between
sapwood and soil are in good agreement with the premise of
increased absorption resulting from mobilization in soil. Moreover,

the correlations with soil acidity were stronger for the water- and
acid-soluble fractions of Cd and Mn than for their residual frac-
tion. If Mn solubility in soils has been often assumed (Guyette et
al., 1992; Kogelmann and Sharpe, 2006) to depend mostly on soil
pH, results indicate that Mn uptake by tree roots is governed by
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hysicochemical mechanisms that depend not only on pH, but also
n the soil acid–base status, notably base saturation (Houle et al.,
007).

The water- and acid-soluble fractions of Al in sugar maple
ylem increased with soil acidity. Notably, these Al wood fractions
ncreased at lower concentrations of soil base cations. Consid-
ring that soil base cation reservoirs were shown to contribute
argely to the acid neutralizing capacity of forest soils (Houle et al.,
006), it is thus coherent that tree uptake of Al is lessened as base
ations reduce the proportion of soil exchange sites being occu-
ied by Al. The negative relation between wood Al and soil pH is
onsistent with the known enhanced solubility of Al following acid-
fication of forest soils (Ulrich et al., 1980). Compared to total Al
oncentrations—which is the fraction most used in dendrochemi-
al studies—, water- and acid-soluble fractions did not necessarily
ield stronger correlations with soil variables but did provide dif-
erent information, since total and residual wood Al decreased at
igher soil acidity (Fig. 2). Together with results for Cd and Mn,
hese observations could indicate that soil acid–base conditions
ave an influence either on the uptake of these elements through
oots or on their fixation, partitioning, and potential mobility in tree
ood.

Smith and Shortle (1996) argued that the mechanism of
l-exclusion from root surfaces would preclude the use of Al in den-
rochemical studies. McLaughlin et al. (1992, see also McLaughlin,
998) reported very high concentrations of Al in roots from
eclining sugar maple trees, but observed that very little Al was
ubsequently transferred to the stem. Other studies similarly indi-
ated that Al is retained mostly in outer tissue of roots, not making
ts way to the inner root where it could be displaced along with
ap flow (Arp and Ouimet, 1986; Hutchinson et al., 1986). On the
ther hand, Meharg (1993) suggested that non-essential elements
like Al) penetrate cells through passive diffusion or as analogues of
ssential ions. Results from the present study and from an earlier
ork (Bilodeau-Gauthier et al., 2008) confirmed that Al could in

act be found in the tree stem, since its more mobile wood fractions
water- and acid-soluble) are responsive to variations in soil acid-
ty and their concentrations increase at lower pH. Similarly, Cronan
1991) had reported pH-dependant Al uptake by red spruce roots.
herefore, complete and effective Al exclusion from roots might not
e valid for sugar maple, at least at the most acid sites.

.2. Tree growth and soil chemistry

Results from this study indicated that soil acidity has a nega-
ive influence on the growth of sugar maple trees, as shown by the

any significant correlations between BAI and the variables related
o soil acidity, the non-linear relationship between BAI and BS, and
he multiple regression model of BAI that included tree age and Al-
erived Effective Acidity. It is in accordance with Duchesne et al.
2002) who investigated sugar maple growth and similarly inferred
hat it was impaired by soil acidification, as well as with the various
tudies initially mentioned that related the decline of sugar maple
orests with acidic depositions (McLaughlin et al., 1992; Ryan et al.,
994; Ouimet and Camiré, 1995; Ouimet et al., 1996; Watmough,
002). It is also in agreement with the results from liming experi-
ents (Long et al., 1997; Burke and Raynal, 1998; Moore et al., 2000;
argo et al., 2002; Moore and Ouimet, 2006), or liming plus base

ations fertilization (Wilmot et al., 1996), that resulted in improved
aple growth and health.
Tree growth was higher in this study on soils with high Ca and
ow Al content. Similarly, by comparing soils naturally differing in
utrient levels, Schaberg et al. (2006) observed superior growth
nd foliar Ca content for sugar maples growing on Ca-rich soils with
igh Ca:Al ratio. As a matter of fact, the Ca to Al ratio in soil is regu-

arly cited as indicative of soil acidity and of the potential stress to
nd Management 261 (2011) 95–104 101

forest ecosystems (see Cronan and Grigal, 1995 for a review). Hence,
the molar ratio of Ca:Al in soil solution was one of four measurable
variables proposed by Cronan and Grigal (1995) to determine the
risks inherent to Al stress in an ecosystem. Under a Ca:Al value of
0.2, these authors evaluated at 95–100% the risk of suffering from
Al stress; the site with the most acidic soil in the present study
(Duchesnay, soil Ca:Al = 0.05) was under that threshold. The next
most acid site (Truite Rouge) had a higher soil Ca:Al ratio (0.21),
which barely places it in the bracket of 75% risk (Ca:Al under 0.5).
The last bracket is for soil Ca:Al under 1.0 (50% risk), but Ca:Al ratios
in soils of the other four sites were higher (>1.15; Table 1). On the
other hand, Lange et al. (2006) have claimed that even under this
value, Al concentrations in soil solution are rarely sufficient to harm
forest vegetation. Another variable proposed by Cronan and Grigal
(1995) was soil base saturation (BS), with possible Al stress for val-
ues of BS under 15% of effective CEC. In the present study, only
the most acid site (Duchesnay) had such a low BS (10%). Overall,
according to these variables from Cronan and Grigal (1995), two of
the six sites in this study were thus at risk of Al-stress, which could
partly explain their stronger declining growth trends (Fig. 1) and
possibly the relationship between tree growth and wood residual
(and total) Al (Fig. 2).

4.3. Tree growth and sapwood chemistry

In the present study, total xylem concentrations of Ca were posi-
tively correlated to growth (Table 4), in accordance to its important
role in tree health often acknowledged in the literature (Likens
et al., 1996; Long et al., 1997; DeHayes et al., 1999; Moore et al.,
2000; Watmough, 2002; Moore and Ouimet, 2006). This relation-
ship was mirrored by some base cation xylem fractions, namely
the water-soluble fraction of Ca and K, the acid-soluble fraction
of Ca, and the residual fraction of Mg. Among these, the strongest
correlation to growth was obtained with the water-soluble frac-
tion of Ca, although it was not different from total Ca. On the other
hand, and contrary to the initial hypothesis, residual Ca showed no
relation to tree growth. Nevertheless noteworthy is the fact that
using sequential extractions to assess individual fractions allowed
for supplementary information regarding K and Mg, since the total
concentrations of these two elements did not correlate significantly
to growth.

The negative correlation found between tree growth and the
total xylem concentrations of Cd and Mn is consistent with most
other studies concerning these metals (McQuattie and Schier, 2000;
Reichman, 2002; Benavides et al., 2005; Kogelmann and Sharpe,
2006; Houle et al., 2007). The acid-soluble fraction of Cd and Mn
was also significantly and negatively correlated to tree growth and
consequently did not yield more information than the residual frac-
tion. Berger et al. (2004), contrary to most studies, reported positive
correlations between growth of Norway spruce and Mn concentra-
tions in xylem (in certain situations of their study). However, the
study of Berger et al. (2004) is also peculiar in reporting increased
xylem concentrations of Ca on acid soils.

In trees from the sampled sites, total wood Al was positively cor-
related to tree growth. In contrast, Mohamed et al. (1997) observed
higher total concentrations of Al in the xylem of declining trees on
acidic soils, even though their calcareous site showed no difference
in total xylem Al between healthy and declining trees. Similarly,
Watmough (2002) reported poor growth associated to high xylem
total Al concentrations for sugar maple growing on acidic Pod-
zols, while Bondietti et al. (1989) observed an inverse relationship

between radial growth and xylem Al:Ca ratios for spruce and hem-
lock trees. These studies show quite different results than the
present one. However, there is one report of “immobile” Al being
less abundant in leaves of declining red spruces (Borer et al., 2004).
Such contradictions emphasize the need to discriminate between
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l fractions. Indeed, sugar maples did not grow as well when xylem
oncentrations of water- and acid-soluble Al were high, while the
esidual fraction of Al was, on the contrary, related to faster growth
Fig. 2). Thus, assessing the behaviour of the individual fractions
f Al conveyed additional information that was not available from
he sole analysis of total concentrations and yielded more coherent
bservations, with both soil chemistry and tree growth, than did
otal Al concentrations. Also noteworthy was the numerous trees at
he low end of the gradient of residual Al (<2 mg kg−1) that showed
ery poor growth (slopes below 10 or even negative)—hence the
se of the logarithmic regression. Thus, while trees were relatively

inearly distributed along the gradient of residual Al concentrations,
nder the threshold of 2 mg kg−1 the relationship dropped abruptly
nd all trees were in struggling conditions for growth. This could
lso be important for future assessments of sugar maple health
nd its relations to soil conditions, which will be further discussed
elow.

In addition to these correlations, multiple regressions offered
urther insights in the relationship between tree growth and
apwood chemistry. The log ratio of the sum of base cations
Ca + Mg + K) to Al in the mobile fractions (water- and acid-soluble)
as—when combined with tree age—the best predictor of BAI,

ielding a variance explanation of 46%. This model is consistent
ith many of the relationships found above between BAI and

ndividual cation taken separately. As expected, tree growth is
mproved when the sum of nutrient cations on Al in the mobile
ractions of wood is higher.

From the present results, it might be inferred, for instance,
hat Al in the soil can be toxic to trees (Hutchinson et al., 1986;
ndersson, 1988; Shortle et al., 1997) or that soil acidity reduces

he tree’s capacity to immobilize Al in the stem–as previously men-
ioned, such Al immobilization was suggested by Momoshima and
ondietti (1990). Alternatively, it might mean that declining trees
re less efficient at partitioning Al to an immobile form, or that
he uptake of mobilized Al on acid soils increases the proportion of
ood Al that is found in the water- and acid-soluble rather than in

he residual form.
Immobilization of toxic metals in plant tissues as a defence

echanism against toxicity was proposed by Borer et al. (2004) fol-
owing the observation that higher ratios of mobile to residual Al in
ed spruce needles were more frequent in declining trees. Schaberg
t al. (2006) similarly reported higher Al and lower Ca concentra-
ions in leaves of declining sugar maple trees. This phenomenon
s not restricted to Al, though, since higher foliar Mn levels were
imilarly observed in declining sugar maple stands (Horsley et al.,
000). Such reports might indicate that these elements can move
pwards in the tree stem, presumably when they are present in a
obile form; hence, when bound in a residual form in the lower

ylem, they would be prevented from reaching and damaging the
eaves.

. Conclusion

This study consists in a first report on the relationship between
ree growth and individual xylem elemental fractions on glaciated
orest soils of northeastern North America. Sugar maple growth
as enhanced when the xylem water- and acid-soluble fractions

f the essential macronutrient Ca were high and that of the acidic,
otentially phytotoxic Al, Cd, and Mn were low. Elevated residual
or total) Al concentrations coincided with better growth while Al

n the xylem water- and acid-soluble fractions showed an inverse
elationship with growth. An explanation was proposed to concil-
ate these contrasting results but remains to be tested. Although
lower tree growth was linked to higher concentrations of more
obile (water- and acid-soluble) forms of acidic cations found in
nd Management 261 (2011) 95–104

wood tissues of trees growing on acidic soils, it is currently not
known what impact this has on tree health.

In addition, the present results confirmed and expanded on
previous ones regarding relationships between wood and soil
chemistry. Soil acidity showed the best relations to average sap-
wood concentrations of water-soluble Al and Ca, and acid-soluble
Cd. Sapwood Mn was also related to many soil acid-base variables,
but provided less information for each of them than did the above
three elements. Xylem concentrations of the residual fraction of Al,
Ca, Cd, Mg, and Mn were also responsive to soil acidity (with Al and
Mg being the most responsive), albeit not as strongly as the more
mobile fractions.
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