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Abstract. Depletion of calcium from forest soils has important implications for forest productivity
and health. Ca is available to fine feeder roots from a number of soil organic and mineral sources,
but identifying the primary source or changes of sources in response to environmental change is
problematic. We used strontium isotope and alkaline earth element concentration ratios of trees
and soils to discern the record of Ca sources for red spruce at a base-poor, acid deposition-
impacted watershed. We measured 8’Sr/*°Sr and chemical compositions of cross-sectional stem-
wood cores of red spruce, other spruce tissues and sequential extracts of co-located soil samples.
87Sr/8Sr and Sr/Ba ratios together provide a tracer of alkaline earth element sources that distin-
guishes the plant-available fraction of the shallow organic soils from those of deeper organic and
mineral soils. Ca/Sr ratios proved less diagnostic, due to within-tree processes that fractionate these
elements from each other. Over the growth period from 1870 to 1960, ¥’Sr/*®Sr and Sr/Ba ratios of
stemwood samples became progressively more variable and on average trended toward values that
considered together are characteristic of the uppermost forest floor. In detail the stemwood
chemistry revealed an episode of simultaneous enhanced uptake of all alkaline earth elements
during the growth period from 1930 to 1960, coincident with reported local and regional increases
in atmospheric inputs of inorganic acidity. We attribute the temporal trends in stemwood chemistry
to progressive shallowing of the effective depth of alkaline earth element uptake by fine roots over
this growth period, due to preferential concentration of fine roots in the upper forest floor coupled
with reduced nutrient uptake by roots in the lower organic and upper mineral soils in response to
acid-induced aluminum toxicity. Although both increased atmospheric deposition and selective
weathering of Ca-rich minerals such as apatite provide possible alternative explanations of aspects
of the observed trends, the chemical buffering capacity of the forest floor-biomass pool limits their
effectiveness as causal mechanisms.

Introduction

Calcium (Ca) is an essential plant nutrient that is delivered to trees via uptake
through fine feeder roots in the organic-rich forest floor and underlying mineral
soils of forested watersheds. The sensitivity of trees to natural or anthropo-
genically induced environmental change in part reflects the sensitivity of their
fine roots to changes in both root tip vitality and the availability of nutrients
such as Ca (Momoshima and Bondietti, 1990). Over the past century, increased
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atmospheric deposition of acid anions (Mayewski et al. 1986) has negatively
impacted the Ca status of sensitive forest ecosystems, due to both depletion of
readily available Ca on soil exchange sites (Shortle and Bondietti 1992; Likens
et al. 1996, 1998; Markewitz et al. 1998; Huntington 2000) and mobilization of
monomeric aluminum (Al,) that is toxic to fine roots (Lawrence et al. 1995).
Either Ca deficiency or aluminum toxicity may lead to an increased importance
of the upper forest floor relative to deeper Al-impacted organic and mineral
soils as a Ca source for fine roots (cf., Joslin and Wolfe 1992). Chemical and
isotopic approaches that can reveal transitions of Ca sources for tree roots
would be useful for determining the historic timing of, systemic response to and
potential recovery from soil acidification.

Red spruce (Picea rubens Sarg.) is a dominant tree throughout both high and
low elevation spruce-fir forests across the northeastern USA and eastern
Canada, with high ecological as well as economic importance (White and
Cogpbill 1992). Growth reductions in red spruce have been documented across
the northeastern USA and have been variously attributed to stressors such as
reduced uptake of base cation nutrients (e.g., Ca, Mg) in response to soil
acidification as well as to natural growth patterns (Shortle and Smith 1988;
Johnson et al. 1994; Reams and Van Duesen 1995). The role of base cation
nutrition in spruce growth dynamics is suggested by the association of
anomalous dendrochemical base cation patterns and biochemical stress indi-
cators (Shortle et al. 1997), the role of Ca depletion in reduction of cold
hardiness (DeHayes et al. 1999), and documentation of a regional decline of
plant-available Ca in soils of red spruce forests over the last century (Shortle
and Bondietti 1992; Johnson et al. 1994; Bailey et al. 1996; Lawrence et al.
1997). Thus, red spruce represents an ideal species with which to test the
effectiveness of proxy tracers of Ca sources in acid-impacted systems.

Both conventional wisdom (e.g., Lawrence et al. 1995) and the preponder-
ance of field observations to date (e.g., Smith et al. 1995; W.C. Shortle, pers.
comm.) suggest that the majority of fine roots of red spruce are concentrated in
the forest floor. Thus, the forest floor is likely to be an important source of Ca
nutrition for red spruce, and changes in its Ca status may have significant
implications for the heath of the spruce ecosystem. On the other hand, recent
studies have demonstrated that ectomycorrhizal mycelia associated with fine
roots of conifers are able to penetrate micropores in, and draw nutrients from
minerals that are components of the mineral and lowermost organic soils (e.g.,
Van Breeman et al. 2000; Wallander 2000; Wallander et al. 2002). Blum et al.
(2002) used chemical and isotopic approaches to argue that ectomycorrhizal
hyphae associated with roots of red spruce at the Hubbard Brook Research
Watershed are able to penetrate into the deepest mineral soils and selectively
weather the calcium-phosphate mineral apatite. They suggested that apatite
may be an important, and perhaps the predominant source of Ca nutrition for
red spruce at Hubbard Brook and similar base-poor forested watersheds;
however, this hypothesis has been controversial (e.g., Comment on Blum et al.
2002 by Watmough and Dillon, (2003); Reply by Blum et al. (2003)).
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Isotopic and chemical tracers that can distinguish contributions of nutrients
from the various soil nutrient pools and minerals would have considerable
value in assessments of root system development patterns and response to
environmental stresses. For example, the alkaline earth element strontium (Sr)
behaves similarly to Ca during nutrient uptake by fine spruce roots due to
similar ionic radius (rs;/rca = 1.13) and charge (Elias et al. 1982; Aberg et al.
1989; Bailey et al. 1996; Poszwa et al. 2000). By analogy, the alkaline earth
element barium (Ba) should behave similarly to Sr during nutrient uptake, due
to similar ionic radius (rg,/rs; = 1.17) and charge. Therefore, ratios of
neighboring alkaline earth elements (e.g., Ca/Sr and Sr/Ba ratios) as well as Sr
isotope (*’Sr/*°Sr) ratios of tree tissues may prove useful for identifying sources
of alkaline earth elements if there is systematic variability of these ratios in
plant-available pools down the soil profile.

Sr isotopes are increasingly being used in biogeochemical studies of forested
ecosystems (e.g., Aberg et al. 1990; Miller et al. 1993; Bailey et al. 1996; Blum et
al. 2002; Kennedy et al. 2002). 3’Sr/*¢Sr of ‘plant-available’ Sr in the organic
soils will differ from that in the underlying mineral soils if: (1) there is a
significant difference in ¥’Sr/*Sr of atmospherically derived and mineral
weathering-derived Sr, and (2) biological cycling of Sr does not homogenize the
Sr isotope signal. Given these conditions, temporal changes in the relative
contributions of Sr (and Ca) from the organic and mineral soils should be
recorded as changing ®’Sr/*®Sr in tree growth rings. For example, Aberg et al.
(1990) suggested that lower ®’Sr/*®Sr of outer wood relative to that of core
wood in a Norway spruce sample from Sweden resulted from acidification-
induced reduction in the relative supply of Sr (and Ca) from the mineral soil
exchange pool as the tree grew. In this case, *’Sr/*°Sr values changed toward
that of atmospheric input that should have an important influence on plant-
available pools in the forest floor.

However, if %’Sr/*0Sr ratios of weatherable soil minerals span a range that
overlaps that of atmospheric deposition, ’Sr/*®Sr alone may not provide an
effective discriminant of nutrient contributions from the various soil pools.
In this case, a ‘multi-tracer’ approach using ®’Sr/*®Sr together with addi-
tional tracers such as Ca/Sr and Sr/Ba ratios may prove far more effective.
For example, Blum et al. (2002) suggested that the high Ca/Sr ratios of
spruce foliage relative to those of NH,4Cl-exchangeable and HF/HNOs-acid
digestible fractions of the underlying soils at Hubbard Brook result from
preferential ectomycorrhizal weathering of the high-Ca/Sr mineral apatite in
deep mineral soils. To support this hypothesis, they experimentally isolated a
high-Ca/Sr, P-rich component of the deepest mineral soils from several
sampling sites in the watershed using a 1 N HNOj leach procedure. The
similarity of ¥’Sr/*Sr of the experimental leachates to that of the spruce
foliage provided support for their hypothesis. For this study they assumed
that the Ca/Sr ratio of foliage is similar to that of the soil source pool for
Ca (and Sr), and that there is little discrimination between Ca and Sr along
the transpiration stream.
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Tracers such as Ca/Sr and Sr/Ba ratios of tree tissues will be most effective if
there is no fractionation between the alkaline earth elements along the tran-
spiration stream. However, Poszwa et al. (2000) reported that the Ca/Sr ratio
of foliage from a Norway spruce was 8§ times that of roots sampled from the
B-horizon at a European watershed having soils developed on granitic mate-
rials. Bailey et al. (1996) reported a roughly 8-fold variation in the Ca/Sr ratio
of red spruce tissues at the Cone Pond watershed (New Hampshire) that
likewise has soils developed on granitic materials. However, at Cone Pond
roots and foliage had Ca/Sr ratios 6.2 and 9.2 times that of stemwood,
respectively. In both cases, Ca/Sr ratios of stemwood were similar to or slightly
greater than those of soil waters. Momoshima and Bondietti (1990) found that
the Sr/Ba ratio of stemwood from a red spruce was 25% greater at 17.4 m
height compared to that at 1.4 m height. Thus, there is clear evidence of
fractionation between the alkaline earth elements, and particularly between Ca
and Sr, within spruce following uptake from soil nutrient pools.

Momoshima and Bondietti (1990) suggested that collecting tree core samples
from a single height (e.g., at breast height) across a population of trees should
minimize uncertainty due to variability in biogeochemical behavior of the
alkaline earth elements along the transpiration stream. Using this approach, we
sought to develop a robust, widely applicable method for determination of the
depth of alkaline earth element uptake by tree root systems, similar to the
nitrogen stable isotope approach used by Nadelhofer et al. (1996) in their
assessment of nitrogen uptake by tundra plants. The fundamental premise of
our present study is that at steady-state there will be a consistent change of
composition in Sr isotope, alkaline earth element ‘multi-tracer space’ of plant-
available pools with depth through the soil profile. For example, the chemistry
of the Oi horizon is dominated by that of litter material, but is shifted toward
values that are characteristic of atmospheric deposition. The chemistry of the
Oa horizon is in part determined by that of decomposed organic material
displaced downward, but is shifted toward values that are characteristic of
mineral weathering in the uppermost mineral soils. As long as atmospheric
deposition and mineral weathering maintain distinct Sr isotope and alkaline
earth element ratios, the compositional differences of plant-available pools
with depth should persist. The chemistry of trees will reflect an intermediate
composition determined by the distribution and relative cation uptake of fine
roots throughout the soil profile, overprinted by within-tree and soil distur-
bance processes that require additional understanding.

Our present study had two main objectives: first, to determine whether Sr
isotope and alkaline earth element ratios of spruce tissues and spatially asso-
ciated soils can be used to infer sources of Ca taken up by trees; and second, to
determine whether changes in Sr isotope and alkaline earth element ratios in
spruce stemwood cores can be used to infer changes in sources of Ca taken up
by trees during their life span. For this study, we focused on the base-poor
Cone Pond watershed, where earlier work suggested that atmospheric depo-
sition of inorganic acidity has caused depletion of Ca from soil nutrient pools
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(Bailey et al. 1996) and where a lack of direct human activity (e.g., logging,
agriculture) has provided an undisturbed forest stand with a long time period
recorded in the growth rings of old spruce.

Study area and methods

The Cone Pond watershed consists of 53 ha of all-aged (maximum tree age,
270 years) forest within the White Mountain National Forest. The watershed
cover is 80% mixed conifer forest, 15% northern hardwood forest, and 5%
bedrock outcrop. The watershed is underlain by sillimanite-grade metapelites
of the Silurian Perry Mountain Formation. Bedrock is exposed along ridges,
while the remainder of the watershed is mantled by glacial till (<2.5 m thick)
derived primarily from local granitic and metapelitic rocks (Bailey and
Hornbeck 1992). The soils are Aquic, Lithic, and Typic Haplorthods, and have
developed in a thin (<2 m), firm, slowly permeable, dense basal till which
limits deep percolation of drainage waters. As a result, hydrologic flowpaths
that feed streamflow are largely confined to upper soil horizons.

Soil profiles typically consist of a ~12 cm thick forest floor, including an Oi
horizon of the least decomposed plant litter, an Oe horizon of intermediate
decomposition and a well decomposed Oa horizon. Mineral content deter-
mined by loss on ignition ranges from <35% in the Oi horizon to 30% in the
Oa horizon. The underlying mineral soils typically consist of a highly leached E
horizon overlying a spodic B horizon, where iron and aluminum sesqui-oxides
and organic matter coat mineral surfaces. Primary minerals in the soils, in
order of decreasing modal abundance, are quartz, plagioclase feldspar (average
composition, An,g), K-feldspar, muscovite, biotite, chlorite and hornblende.
Pyroxene, garnet, epidote and apatite are present in minor to trace amounts
(Bailey et al. 1996; Hyman et al. 1998). Unlike many neighboring watersheds
such as Hubbard Brook, the Cone Pond watershed was not logged during the
19th and early 20th centuries. Rather, the main environmental disturbances of
historical record, other than acid deposition, include blowdown from a major
hurricane in 1815 and subsequent fire circa 1820, and lesser damage from a
hurricane in 1938 (Buso et al. 1985).

We analyzed soils collected from four sites (1, 8, 10 and 26; Figure 1) along
an elevational transect and spanning the depth range from the surficial litter
layer to the deep mineral soils. The elevational range sampled was small
(~100 m), and thus our purpose was to establish site variability rather than
elevational trends. Soil samples collected at sites 1 and 8 have been previously
discussed by Bailey et al. (1996). Soils were subjected to a three-stage extrac-
tion-digestion procedure that produced soil components referred to here as the
‘exchangeable’, ‘leachable’ and ‘digestible’ fractions (cf., Blum et al. 2002). To
obtain the ‘exchangeable’ fraction, approximately 5 g of sieved (<2 mm
fraction), oven-dried soil was equilibrated with 50 ml of 1 N ammonium ace-
tate for several days. Each solution was filtered and the residue rinsed with
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Figure 1. Map of the Cone Pond watershed, showing tree and soil sampling sites. Inset map
shows location of the watershed in New Hampshire.

distilled water. The filtered solutions (including rinsates) were evaporated, and
each extract was treated with a mixture of concentrated, Teflon-distilled HNO;
and Ultrex H,O, on a hot plate to eradicate organic compounds. The residue
was re-dissolved in 3 ml of 2%HNO; and reserved for analysis.

To obtain the ‘leachable’ fraction, 1 g of the soil remaining from the ex-
change procedure was allowed to sit in 10 ml of 1 N HNOj for a period of 24 h
on a hot plate set to 30 °C. As described in the Results section below, the Sr
isotope and chemical compositions of the ‘leachable’ fraction obtained using
this procedure were significantly different from those obtained by Blum et al.
(2002) for lithologically similar soils from Hubbard Brook using a similar
technique but at 20 °C. In an effort to explain the discrepancy, we repeated the
1 N HNOj leaching procedure described above on the mineral soil samples at
‘room temperature’ (~20 °C) and, for a subset of the deepest mineral soils, ‘at
freezing’ in the freezer space of a small refrigerator (~0 °C). For each leaching
procedure, the resulting leachate was then extracted using a syringe filter and
evaporated to dryness on a hot plate. The residue was dissolved in 3 ml of 2%
HNO; and reserved for analysis.
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The ‘digestible’ fraction was determined on samples from the Oa horizon
downward through the deepest mineral soils. To obtain the digestible fraction,
the soil remaining from the first (30 ° C) leaching procedure was rinsed with
distilled water, dried, carefully transferred to a crucible and ashed at 650 °C in
a muffle furnace to eradicate organic compounds. The resulting material was
then digested over several days in a mixture of concentrated HF (5 ml) and
HNO; (1 ml) on a hot plate set to 30 °C. The resulting solution was evaporated
on a hot plate, the remaining material was re-dissolved in 10 ml of 6 N HCI,
allowed to sit for several days, again evaporated on a hot plate, and finally re-
dissolved in 2% HNO; and reserved for analysis.

In addition, we analyzed the Sr isotope and chemical compositions of dated
stemwood, bark, foliage and roots from red spruce collected at three sites (8, 10
and 26) shown in Figure 1. Samples of spruce stemwood were collected using a
5 mm-bore tree corer. Cores were collected at breast height from six individual
trees. The sample set was supplemented by two 3-tree composites collected at
site 10 that were prepared for an earlier study and for which the individual
decadal increments were combined and homogenized (Shortle et al. 1997). The
time periods spanned were 1750-1995 for two samples, 18502000 for three
samples, 1910-1995 for one sample and 1870-1990 for the 3-tree composites.
The cores were air-dried and separated into decadal increments ranging from
10 to 150 mg. Bark was collected from the six individual trees. Roots, stem-
wood, bark and foliage were collected from four additional small, variously
aged sub-canopy spruce at sites 8 and 10. All spruce samples were totally
digested in 5 ml of concentrated Teflon-distilled HNO3 over a period of 24 h.
Following evaporation of the HNOj on a hot plate, each sample was treated
with a mixture of concentrated HNO; and Ultrex H,O, to eradicate organic
compounds, the residue was re-dissolved in 3 ml of 2% HNO; and the solution
was reserved for analysis.

One-tenth of each 2% HNOj; solution was used for determination of element
concentrations on a Perkin Elmer Elan 6000 inductively coupled plasma mass
spectrometer. All samples were analyzed for Mg, Al, K, Ca, Sr and Ba; in
addition, all soil fractions were analyzed for Na, the leachable fraction was
analyzed for Si, P and Fe, and the digestible fraction was analyzed for P, Fe
and Nb. Synthetic mixtures of pure element solutions were used as standards
for analysis of the tree samples and exchangeable and 1 N HNOs-leachable soil
fractions. U.S.G.S. rock standards BIR, BHVO, BCR, AGV, QLO and G2,
subjected to the HF/HNOs-dissolution technique, were used as standards for
analysis of the digestible soil fractions. Reported concentrations for all ele-
ments are precise to 3% or better. Sr was separated from the remaining 2%
HNO; solutions of tree core digests and soil fractions using AG50X8 cation
resin with 2 N HCI as the eluant. *’Sr/*®*Sr was measured on a Finnigan MAT
261 thermal-ionization mass spectrometer, with a 2-sigma internal precision of
0.00003 or better. The average value for 50 measurements of N.I.S.T. SRM987
on this mass spectrometer during the course of this study was 0.71023, with a 2-
sigma external precision of 0.00002.
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Element concentrations and ®’Sr/*’Sr ratios of the exchangeable, leachable
and digestible fractions of the soil samples are given in Table 1. Sr isotope and
chemical compositions of all spruce stemwood, bark, root and foliage samples,
as well as sample weights of decadal stemwood core increments, are available
in Appendix 1. Decadal averages of chemical compositions and *’Sr/*Sr ratios
of the stemwood core samples are given in Table 2. For completeness we report
all of the stemwood core data collected for this study, but note that we do not
include the data for one tree (tree 10-2) in the following statistical evaluation
due to its short life relative to the rest of the sample population. In addition,
although two of the trees (26-1 and 26-3) have dated wood extending back to
the mid-1700’s, we only include data on these trees for the post-1820 incre-
ments in the following plots, statistical evaluation and discussion. For both of
these trees, the time period around 1820 corresponds to their probable emer-
gence from the understory as a result of the fire that occurred in the watershed
in the late 1810’s, as indicated by the substantial increase of their decadal
increment masses at that time (Appendix 1).

Results
Soils

Concentrations of exchangeable Mg, Ca, Sr and Ba, as well as Ca/Sr and Sr/Ba
ratios of exchangeable fractions are generally greatest in the organic soils and
decrease with depth in the mineral soils (Table 1). *’Sr/*Sr ratios of
exchangeable fractions display no consistent depth trends, although at each site
values of the Oi and Oe horizons are always less than that of the Oa horizon.
Below this depth, the variations tend to be erratic.

Concentrations and ratios of alkaline earth elements in the leachable frac-
tions exhibit variable trends (Table 1). For example, concentrations of leach-
able Ca are greatest in the upper organic and deepest mineral soils, and least in
the lower organic and upper mineral soils. Concentrations of leachable Sr are
greatest in the upper organic soils and generally decrease with depth. Con-
centrations of leachable Ba and Mg, as well as K and Rb, are highly variable
and show no clear systematic down-profile trends. The down-profile distribu-
tion of Ca/Sr ratios of the leachable fractions is similar to that of Ca, while that
of Sr/Ba ratios is similar to that of Sr. *’Sr/*Sr ratios of the leachable fractions
generally increase with depth in the organic soils, and either continue to in-
crease or decrease slightly in the mineral soils. Alkaline earth element con-
centrations and ¥’Sr/*Sr ratios of both leachable and exchangeable fractions in
the forest floor generally decrease with increasing elevation in the watershed.
The concentration trends are consistent with previous regional-scale studies of
forest floor compositions (Arthur et al. 1999; Yanai et al. 1999).

Compositional variability of leachable fractions is in part due to a depen-
dence on the temperature of the leaching procedure, with the higher temper-



71

LT1 €0 €0 0€l $€S TL8 'S s'¢ vL0 STl TL6ILO wsyg
€€°0 v00 900 v'T 0ze €T 0T 97 LEO 611  L661L0 q
0T €0 T 90z 99IC 1'ss1 8Ssh 8L 901 <8 LS6IL0 ®O
99°S 68'1 09°s 808 LSS 1'LE 4T I A 91T ¥6 906120 %0
98¢ v9T  LE9 €095 1°S8L 6L 66 0l 19 €9  1€81L°0 10
8 ons
860 100 120 60 01z 002 01 I'l Lr0 61T 6T61L0 mg
170 100 #20 97 067 6vL ST e 8T1  TIE  1T6IL0 sq
170 100 140 1'C 0z 1'06 0 €€ LTy T8E  OBLILO ug
€1 1€0  86€ 0L €8¢ vely  vLE  90b ¥99 1Tl SL91L0 v0
¥S'T 611 6 801 L'ST9 €101 966  ¥0T €6°L 861  9€61L°0 20
61°L v6'S 099 79011 §'8T8 102 SLST €11 10T L0k 9681L°0 10
01 oS
€1 €0  LTO ¥'SI 6LE €08 L € 850 L01  T96IL0 sq
'l 8€0 €20 611 809 €98 sl 0L SE0 89 THOTL'0 sug
6Tl 9 s6E 9661 TLES 96 0€9 €Lt 690 99 961L0 170}
LSH1 1 199 €T 9'5S9 09 96L1 091 660  9LT  TEGILO °0
96'€T €C0T 019 PI16LT  6'9L8 I'L 680€  6TI 950 TOS  ST6ILO 10
9z 218§
920 100 0€0 70 9 SLT 90 97 €T 8¢ 080ZL0 PO
v20 10°0 120 0 6'1C 9TS 0T ¢ S6T 06 660TL°0 sq
020 100 €€0 €1 667 1'6L 9T 't €9°¢ STz €1ITL0 ug
970 00 800 1z 0ze 1'6€ 9¢ S 190 S0T  PLITLO q
6L°1 $§0 6bE I'6L  0bbE §9ST Lty 9%l Ty TS 1L0TL0 170}
€57T 191 10§ THIE €859 £op 988 LL VEY ¥k SS6IL0 20
666 ve's  SLS $1681  0°€€6 04T S0zl TS 91 S6v  TS6ILO 10
1 ons
uornorly 9[qeafuryoXyg

ed AN 1 qd od ©) 1S \% 3N BN BA/IS  IS/BD  ISy./1S,

*S[I0S JO SUOTIORIJ J[qUISATIP PUB ‘d[qRYILI] D[qBITUBYIXS I0J BIe(

[ 29V L



72

LTO1 18°0 LEO  0TTTI 1L 8T 901  0€II 6967C 91 98 LTO 061 S91TL0 (Do 00) 84
1681 1€°1 LOY  09LIS 601 144 Sps ovTl 9LTLE 61S 66 SI'0 €81 L88TL0 (Do 0€) sg
S1'ze S8'T 9¢'T  08H01 6€1 201 Iy 09y 9¢€61 96 001 8T0  LOI €I1TL0 (Do 07) ud
86°9¢ w©Y 89°C  0S90¢€ 6l 6vC pEEl S99 TLT9T €©or 9Ll 9T0 66 LSITL0 (Do 0¢) ug
1581 L€ L6€  08€9 081 162 8SET 009 €0881 00 €0¢ o 901 Y961L°0 Lo}
LYTI 19T €81 OLII €92 L1T 0011 0S8 TLOL STl 661 90 0T 8881L°0 %0
60T Y9Il 660 O€S 160¢€ 43 0LL  0L6 9¢01 T el WL 08S 9p8IL°0 10
01 218
078 Lo 850 0886 Sy 8% 18 or1 TLLS ¢ 8Tl 610  S€I 0S81L°0 (Do 00) 84
erel LO] 69°¢  0£19¢  T6 61 ¥8€ 00T 90201 ey 16 LTO L8] TS8TLO (Do 0€) 59
459 0L0 600  00LS vT 0T 811 0L Y9TT 01 9L 670 9L 01610 (Do 07) sugd
1€°0€ 09°1 ISt 0ThsT 08¢ (494 6001  0cp $00E 1 €or 181 0 I8¢ 0s€zL0 (Do 0€) sug
8T'LI v0'T 8TS  0SSII rhe 60¢ YTIT  0SY €865 1 we  €1e 970  89¢ 0STTL0 'O
LY'6€ L€l S80  O€S €L0T 79 LSE 059 16€ 98 Tl LLO  LTE 8161L°0 20
8L€S 0€IT  0L°0 0Tk 8TLE 29 9y 0€6 ¥8T R A L8°0 €8¢ 9161L°0 10
9z g
196 960 €T 0159 443 S6 0£T  0T9T  90SII 95T VLI LEO  TEL 0902L°0 (D6 00) PO
YT el Sl LTI ObOEL T8¢ 16t 81T 065 12LT1 8811 018 AV I 4 ST6EL0 (D6 09) PO
8y 9¢°0 SE0  0£LTI Ss 144 8L 0sT 00£6 8T 6'S L0  Sg€ 0061L°0 (Do 00) 84
vzl STl §99  0S66T  TIl 80 LT 018T  9€STI 6L €6L €C0  S61 8YOPL'0 (Do 0€) 59
LT'6 050 $9°0  0S€91 oy IS L1y 0zT€ L8S9 6 v'8 o TLl $60TL°0 (Do 07) ud
L¥91 €1 8TS  0LSIY €L 44 €101 000 L8¥01 6 €IS LT0  TTl LEOEL0 (Do 0¢) ug
s %0 1€0 08Tl vT or o 0L Y681 L1 69 LT0  8TI TS0TL0 (D 00 1
9T'L 960 €81 06T 0S ! 68 0LS 8S¥T €S 0TS 620  SII YE6IL0 (Do 09 4
S8'11 611 €61 09TS1 LL 144 L6v 0501 00801 €T €92 o 1vl T8ETLO Lo}
TSt wL SI'T 0TS 09 o wy  0lI€l S095 81T 96 L90  Of1 €S61L°0 20
19'%C LSEl T90 08P €65¢€ 6 0S€ 0961 798 671 9§ €T 99§ 8T6IL0 10
[ ng
COSO.NC D_Dm_\_oxmﬁ—

g 9N RN aq aq o) d 1S v SN EN  BE/IS  IS/eD IS /IS,

‘panunuo) 7 g



73

CCLE
6°LTE
I'eve
S1ST
9ILT

6C9
68°L
IS¢l
19°6
€911
9C°0C
65°S
LT'TI
8¢€°0
98'1
0L°LE
Ye91
16711

£6°¢
LT°0I
SL'LT
Sty
€L
LOST

0°¢e
yee
€8¢
0°6¢
Lel

SIvl
8°L01
L96
IcL
¢ce

S9°0
9L0
SO'1
I£A!
LE'T
88’1
Lo
16°0
90°0
€0
S9°¢
16'C
wy

S6°0
€51
€9°C
650
6L°0
80°1

S'68
LS8
016
I'es
[R3%

I7°0
69°1
'y
6£°0
€81
91’6
wo
LSS
S0°0
88°0
L8'E
091
98°0

€570
¥8'Y
9S'vC
§T0
(43!
€6’y

001¢I
09¢T1
0LIYI
0009
0526

00s
0501
(11943
0001
0061
08LY
0951
0¥9¢
Sl
0S¢
0LLE
0991
(74!

OrTI
00¥¢
0L£01
08L¢
0L6L
020€1

LLOL
€655
ELLY
13943
S0LT

6vS
Ses
98Y
68
€eL
1€8
Y01
1391

6¢
9¢s
691
9601

798
0011
€06
88¢
LEY
1397

99651
9¢sS1
91691
LIVIl
01€8

6l
L8
S9¢
4!
0¢l
1S9
6¢
(414

65
Ive
091
€9

0¢
¥8¢
6161

06
VLT

SSl
6v¢C
LOT
9¢l
89

81v
LSY
€0S
YSL
L8L
686
I
988
0¢

0L

818
€CL
L9S

ovy
S0S
Ly
S0C
LT
Y474

0LST
09¢€T
08LS
0051
Ge81
001¢T
061
(194
0¢
09
0r¢
0861
019¢

0S6l
09¢€T
0S9L
OITI
0051
0¥9¢

801¢Y
144434
98¢y
P88EE
€SLYCT

8EI1CI
PLTTI
88LET
€0S91
66691
6£€81
S99
1LS8
08¢
08¢
€L9¢
8¢
0€6

€0911
IT1ct
0Z8¢l
05611
01,61
L690C

¥6¢€C
414!
0€ST
0L01
166

€8¢
w8

891
808
LE

687

Ly

(42!
(U}
el

91
ory
13414

944
0L

€Lyl
61811
0856
L6E8
0Css

€Cl
8'6
S8l
s
ol
8'6¢
'L
Lyl
S'¢
0°¢l
0°¢l
I'vl
I'L1

(4!
06l
I'vll
Tl
Sel
8'6

€80
Lo
90
£9°0
L9°0

€0
10
L10
8C°0
90
0C0
8C°0
81°0
9¢°0
LT0
€€°0
6¢°0
6L°0

8¢°0
€€°0
1T°0
620
174V
91’0

6l1
€l
801
SOl
€l

£e81
SIST
9101
0LST
LI9T1
$96
14183
89¢
44!
CLe
¥0¢
LTI
999

0861
89S1
ovL
Y441
[3¥4!
£€6

PPOI1L 0
LITTLO
61¥CL0
LYITL0
1TCTL0

PO
sd
ud

d
'O

[ 2118

uonoelj 9[qnsasIg

0291L°0
€61CL°0
€ECELO
LE6IL'O
G8ITL0
L6YYL 0
0S0TL0
Y19SL°0
0961L°0
c0LEL'O
9L8IL0
T18IL°0
6181L°0

SELILO
SOVCL0
8896L°0
008IL°0
Y9CCL 0
ISYEL0

(D, 0) D4
(D6 00) D4
(Do 0¢) D4
(Do 0) TSUL

(Do 07) Tsud
(Do 0¢) Tsud
(D0 07) 18ud
(Do 0¢) TSUg
(D0 00)
(D6 06) 4
e}

20

10

8 g

(D6 0) PO
(D6 020) PD
(Do 0€) PO

(Do 0) Mg
(Do 07) Mg
(Do 0€) Mg



74

‘suontodoid rejow ur USAIS o1e sonjel vg/I§ pue IS/e) [10s AIp JO §/31 JO SWI) Ul USAIS I8 SUONBIIUIIUOD JUIWI[F

S6EC 991 I'L6  €0L 06v6 v69L  LSEET  TEI vOETh 1861 v66E1 680  €L1  TTOTLO od
I'vec 66 L18  €0L  0I¥9 §Tss osTyl S8 199€  ST€l  €10Tl 080 Syl 89TTLO sug
L6TT S0l ¥SL  LIL 0TIS 80€S  96LPI  Spl pI6SE  $0OT  ISPIl  SL'O 8Kl SLETLO Isug
€OPT 191 SOL 689 099 by SIIST 811 9TTHE  9¥9 €8501 €90 8€1  SOSTLO q
LSL 99 LI 991 07T 8L9 965€ 90T 96001  €T€ 000T IS0 §8 €PTL0 ©0
8 ons
$'89€  T9T  €¥TI 0'€6 08901  6T8L  TS6SI 86 TI6ky LTS8 0L9V1  bL'0  SE1 L6OTL'O PD
6S€T 8S1 916 8PS 0LSS 96L§  $89ST 881 1091%  0€CC  9sbTl  S80  S8€1  TIETLO mg
66L1  TTL €SS vvb  OvLL vSIE  T9T6  O¥T L69LT  LLST  SI89 L90 STl $8ITLO sq
'O v9  0€E L9T  ObeS PILL €665 4T €1991 S8 868¢ L0 €11 0SITLO ug
vTr €L L¥l ¥9  000T 989 LS1T  ¥eT 1€59 €s¢ 9zs1 9,0  TOl  SI9ILO ©0
01 1S
$S€T 8Ll ¥T8 I'IL 0TSL 8L9F  TEOPl 81T LES6E 6091 6111 9L°0  ¥TI  99TTL0 sq
I'eel 0Tl OIS L1b 0I¥9 88yc  1ISL  6%C EST 66 0v0L 8L0  LOT  SISTLO sug
I'6 0L 8IE ¥9T  0TSE 891 PEPS  00€ 01591 LTL Wiy 90  ¥IT  66TTLO ©0
9z a1

g qN 1 q¥ k| e} bl d 1S v SN BN Bd/IS  IS/BD  ISy./IS,q
“paNuUNUO) [ 2qu L



75

Table 2. Data for weighted average of decadal increments for trees having dated wood from 1870
to 1990 (see text for details of weighting).

Wood mass  ¥’Sr/®Sr  Ca/Sr Sr/Ba  Ca Mg Sr Ba K Al

1870’s  0.1290 0.72017 419 0.55 848 979 442 1271 203 4.66
1880’s  0.1188 0.72004 432 0.56 810 894 410 1146 201 381
1890’s  0.1178 0.72002 431 0.58 806 884 4.09 11.08 202 3.87
1900’s  0.1110 0.71990 435 0.60 765 845 3.84 10.15 193 4.6l
1910’s  0.1092 0.71988 429 0.61 736 8l1.1 3.75 9.69 186 4.27
1920°s  0.1117 0.71978 426 0.62 704 772 3.6l 924 188 4.28
1930’s  0.1126 0.71963 427 0.63 700 783  3.58 9.02 183 4.13
1940’s  0.1054 0.71955 436 0.62 696 787 3.49 8.80 182 4.06
1950’s  0.1058 0.71936 472 0.63 726  8l1.1 3.37 840 184 643
1960’s  0.1070 0.71922 460 0.65 674 803 3.20 771 218 4.1
1970’s  0.0934 0.71922 447 0.69 613 77.1  2.99 6.84 317 5.00
1980’s  0.0854 0.71925 398 0.72 522 69.0 287 6.25 401 4.87

Wood mass for decadal increments is given in grams; element concentrations are given in terms
of ug/g of dry wood. Ca/Sr and Sr/Ba ratios are given in molar proportions.
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Figure 2. ¥7Sr/*®Sr versus K/Stoar ratios of leachable fractions of deepest mineral soils sampled
from each site, showing values for leach obtained at 30 and 20 °C for all sites and at 0 °C for sites 8
and 10. For each site, Sr/*®Sr and K/Srmeiar ratios decrease with decreasing temperature of leach
procedure.

ature leachates having the greatest Mg, K, Rb, Sr and Ba concentrations and
87Sr/*°Sr ratios (Table 1). In Figure 2 we compare the ®’Sr/*Sr and K/Sr ratios
of the leachates of the deepest mineral soil from each site. On this diagram,
mixing trajectories plot as straight lines and thus the data array can describe
mixing between low-K/Sr, low ¥’Sr/*°Sr and high-K/Sr, high *'Sr/*°Sr
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end-member components. Based on simple linear regression through the data
in Figure 2, ®’Sr/*®Sr of the inferred ‘K-free’ component is approximately 0.714
(95% confidence interval: 0.7125-0.7155). Furthermore, based on the chemical
data for the 0 °C leachates of the deepest mineral soils at sites 8§ and 10
(Table 1), this inferred ‘K-free’ component has a P/Ca ratio equal to or slightly
greater than that of apatite (0.60) and a Ca/(Ca+ Na) ratio substantially
greater than that of plagioclase in Cone Pond soils (0.19-0.24, based on data
for digestible fractions in Table 1). Therefore, Ca in these 0 °C leachates may
have been supplied largely through dissolution of apatite having *’Sr/*¢Sr of
~0.714 (cf., Blum et al. 2002). The chemical and Sr isotope variations resulting
from leaching temperature differences are thus consistent with dissolution of
apatite and variable leaching of a soil mineral having high Mg, K, Rb and Ba
concentrations and K/Sr and ¥’Sr/8Sr ratios, such as biotite. We note that Mg/
K ratios of the 20 and 30 °C leachates range from ~1 to 3, similar to the value
for biotite (~2) and considerably less than that for hornblende (~25) separated
from Cone Pond soils (Hyman et al. 1998). The substantial Al (and Fe) in the
leachates at all temperatures may be due to dissolution of oxyhydroxide
coatings on mineral surfaces.

Concentrations of all elements (except P) and Ca/Sr and Sr/Ba ratios of
digestible fractions generally increase with depth. Ca/(Ca+ Na)yop.r ratios
range from 0.19 to 0.24, close to the average value for plagioclase (0.26) ob-
served by Hyman et al. (1998) during an earlier study of soils at the Cone Pond
watershed. There are no consistent trends of *’Sr/*®Sr with depth, but as shown
in Figure 3a the data define a robust ‘isochron’ when plotted against %’ Rb/*Sr

(a) 0.750 (b) 0.730
0.740
0.725
1 1
N 0.730 | n
8 8
E % 0.720
5 0.720 5 @ site 8 o
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0715 * s!te 10
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Figure 3. (a) ¥'Sr/*Sr versus ¥ Rb/*®Sr ‘isochron’ plot for digestible fractions of soils from
sampled profiles. Soil minerals define an isochron giving an age since mineral formation of
~390 Ma, and initial ¥’Sr/**Sr ~0.7094. Also included is the isochron defined by minerals of the
Perry Mountain Formation (Bailey et al. 1996) that gives an age since mineral formation of
~290 Ma. (b) ¥Sr/*®Sr versus Nb/Sr for digestible fractions of upper mineral and O, horizon soil
samples. For sites 1, 8 and 10, the arrow extends from the composition of the O, horizon sample
through the average composition of the B- (or B- and E-) horizon soils. The arrowhead points to
the ¥’Sr/®Sr ratio of the Sr that has been extracted from the digestible fraction of the mineral soils
to produce the composition of the digestible fraction of the O, horizon.
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ratios of the digestible fractions. The age implied by the slope of the soil
mineral isochron is approximately 390 Ma, appropriate to the Devonian age of
the granitic rocks from which the majority of pebbles in the till mantle at this
watershed were derived (Bailey and Hornbeck 1992). The isochron defined by
minerals of the Perry Mt. Formation, the bedrock on which the till was
deposited (Bailey et al. 1996), is included in Figure 3a for comparison. The
separation of the two isochrons provides strong evidence that the minerals
controlling the soil mineral isochron were derived from the granitic rock
source, and not from the local bedrock.

The initial Sr isotope composition of the granitic minerals, given by the
87Sr/*°Sr intercept determined by simple linear regression through the data
plotted in Figure 3a, is 0.7097 (95% confidence interval: 0.7085-0.7109). We
note that minerals derived from the granite that are essentially Rb-free (e.g.,
plagioclase and apatite) will not develop significant additional radiogenic ®’Sr
following crystallization, and should have ®’Sr/*Sr close to the initial value.
Bailey et al. (1996) reported that plagioclase separated from Cone Pond soils had
a ¥’Sr/*®Sr ratio of 0.7122, in close agreement with the initial value of the granitic
minerals. Although we have not physically separated and analyzed apatite from
the Cone Pond soils, our geochemical regression approaches suggest that its
87Sr/%°Sr ratio should be between ~0.7095 and 0.714 and similar to that of
plagioclase. We note that this value is substantially less than that inferred for
apatite (~0.722) at the nearby Hubbard Brook watershed (Blum et al. 2002).

In addition to providing information about the Sr isotope composition of
specific minerals, linear regression of digestible component data can be used to
infer the isotopic composition of Sr released during weathering of one soil
component to form another. For example, we suggest that the digestible frac-
tion of the Oa horizon represents a reasonable long-term weathering residue of
underlying mineral soils. In Figure 3b we compare *’Sr/**Sr and Nb/Sr ratios of
the digestible fraction of the Oa horizon with those of the average of underlying
weathered mineral soils (B- or (B + E)-horizons) from each soil profile. Nb is
used as a concentration index due to its immobility during weathering pro-
cesses. We prefer to use Nb as the immobile index element in such calculations
because, compared to titanium (Ti) and zirconium (Zr) concentrations, Nb
concentrations in soils are less likely to be biased by accumulation or loss of
heavy minerals such as titanomagnetite and zircon due to preferential trans-
location. By using the Nb/Sr ratio to index Sr losses, a straight line drawn in
Figure 3b from the composition of the digestible fraction of the Oa horizon
through that of the underlying mineral soils and projected to the ¥’Sr/*®Sr axis
intersects the isotopic ratio of Sr that was lost from the underlying mineral soils
due to weathering to form the mineral component of the Oa horizon (Bullen
et al. 1999). Based on this graphical approach, the *’Sr/*®Sr ratio of Sr derived
from weathering of the mineral soils ranges from ~0.724 to 0.726. These values
lie within the range proposed by Bailey et al. (1996) for mineral weathering on a
watershed scale at Cone Pond (*’Sr/**Sr = 0.723-0.727), and provide addi-
tional confidence in that range of values.
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Spruce stemwood, bark, roots and foliage

87Sr/%¢Sr ratios, Ca concentrations (representative of the alkaline earth ele-
ments) and K concentrations of the decadal tree core increments are plotted in
Figure 4a—c, respectively. K concentration patterns are included here to
demonstrate the lack of elevated abundances in old wood. Elevated abun-
dances of K that are not simply compensatory for decreasing alkaline earth
element abundances (i.e., in a charge-balance sense) are indicative of infection
that can allow remobilization of metals in red spruce (Ostrofsky et al. 1997), a
situation that would severely limit our ability to make meaningful interpreta-
tions of the data.

There is considerable inter-tree variability in ranges of %’Sr/*Sr and ele-
ment concentrations that makes inter-comparison of relative temporal trends
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Figure 4. %’Sr/%°Sr ratios, Ca concentrations and K concentrations of decadal increments of
spruce stemwood cores plotted as function of increment growth period in terms of absolute values
(a—c, respectively) and in terms of a ‘delta’ factor d—f, respectively) which compares the absolute
value for each decadal increment to the absolute value for the oldest decadal increment of each
core.
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difficult. In order to more effectively compare relative trends, the data are
plotted in Figure 4d—f in terms of a ‘delta’ factor that gives the absolute
difference in 3’Sr/*®Sr and the percentage difference in element concentrations
of the individual decadal increments relative to the composition of the oldest
decadal increment of each individual tree. Using this approach, we observe
that ¥’Sr/*®Sr ratios and alkaline earth element concentrations tend to be
greatest in the oldest decadal increments and least in the youngest decadal
increments of each tree. K concentrations display much less variability
compared to the alkaline earth elements, although concentrations increase
substantially over the last several decades. This late-stage K concentration
increase is a common feature of healthy red spruce that may reflect either
charge-balance compensation for the decreasing alkaline earth concentrations
or an increase of cytoplasmic K in the younger stemwood (Momoshima and
Bondietti 1990).

Previous work by tree physiologists has demonstrated that the pattern of
decreasing alkaline earth element concentrations with decreasing growth ring
age and increasing tree radius is typical of normal growth conditions. Devel-
opment of this pattern is generally ascribed to the progressive decrease in the
number of pectate sites available for binding of these and other metals
(Momoshima and Bondietti 1990), although biotic sequestration through stand
development may likewise play a role (Johnson et al. 1994). However, the
patterns for Ca (and the other alkaline earths elements) are clearly non-linear
with age, and display varying deviations toward greater concentrations at
various times during the period from 1900 to 1960. There is no clear rela-
tionship between the timing of these excursions and tree age. For example, Ca
concentrations in stemwood from trees 10-1 and 26-3 both begin to increase in
the 1920-1930’s, even though they differ in age as canopy trees by 30 years.
Moreover, tree 26-1 actually exhibits two distinct episodes of increasing Ca
concentration of stemwood, in the 1900’s and the 1950’s, at different times than
similarly aged tree 26-3. Overall, the alkaline earth element concentration
patterns appear to reflect local environmental influences rather than tree age.

Five of the individual trees and the two 3-tree composites have dated wood
ranging from 1870 to 1990. Combining the data for these samples allows a
more straightforward evaluation of compositional variability and trends for
the tree population, and eliminates potential bias when comparing patterns for
individual trees and the composite samples (Table 2). In Figure 5a—f, the
weighted average of the decadal increments (i.c., 3-times weighting for the 3-
tree composites, 1-time weighting for the individual trees) and the standard
deviation of the population for each decade are plotted for Mg, Ca, Sr and Ba
concentrations, and 87Sr/gf’Sr and Sr/Bap,., ratios, respectively. Again, the
data are plotted in terms of a ‘delta’ factor that compares the weighted average
composition of increments for each decade to the weighted average composi-
tion of the 1870’s decadal increments, on a percentage difference basis for Mg,
Ca, Sr, Ba and Sr/Bag., ratios and on an absolute difference basis for
87Sr/8Sr.
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Using this approach, several important features of the temporal patterns are
revealed. First, variability of alkaline earth element concentrations generally
increases with time and reaches a maximum in the period from 1940 to 1960.
Second, the overall patterns of decreasing concentrations of all alkaline earth
elements display inflections toward leveling to increasing concentrations during
the period from 1930 to 1960. The inflections for the nutrient cations Mg and
Ca are substantially greater than those for the non-nutrient cations Sr and Ba,
and given the pattern for Sr/Ba,ar, the inflection for Ba is greater than that
for Sr. Third, by the 1920’s 4 3’Sr/*¢Sr of stemwood became statistically less
than that of pre-1900’s wood (p < 0.01; Student’s ¢-test comparing individual
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Figure 5. Weighted average (solid diamonds) and standard deviation (lines above and below dia-
monds) of relative Mg, Ca, Sr and Ba concentrations, 87Sr/%Sr and Sr/Bap,o., ratios for spruce
stemwood cores having dated wood from 1870 to 1990 (Table 2). Concentrations are plotted in terms
of a ‘delta’ factor that compares the absolute value of the weighted average of increments for each
decade to the absolute value for the weighted average for the 1870’s decadal increments. The two
3-tree composites are given a three-times weighting compared to the samples from individual trees.
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decade and pre-1900’s sample populations), suggesting a transition to a new
alkaline earth element uptake regime characterized by lower %’Sr/**Sr ratios.
Fourth, although not plotted here, there is an excellent correlation between
average decadal increment wood mass and Ca concentration (R> = 0.91,
n = 12; Table 2). In detail, average decadal increment wood mass actually
increased during the period from 1920 to 1940 after having progressively de-
creased during the period from 1870 to 1920. Fifth, trees sampled from the
same site can have markedly different stemwood composition patterns (e.g.,
trees 26-2 and 26-3), suggesting heterogeneities at the plot scale for soil com-
position and the inter-tree scale for nutrient uptake depth. Sixth, given that Sr
and Ba should behave similarly during root uptake and neither cation plays an
active nutritional role, the considerable variability of Sr/Ba ratios in the
stemwood population should reflect similar variability in the soil source pools.

Bark and foliage have significantly greater concentrations of all analyzed
elements compared to stemwood and roots. Bark samples from the canopy
trees (n = 7) have Ca/Sr ratios that are 1.5 to 3 times those of the youngest
stemwood increment, but Sr/Ba ratios that are approximately 0.8 times (i.e.,
more similar to) those of the youngest stemwood increment of their corre-
sponding trees. These data suggest that bark formation is an important process
that can fractionate the alkaline earth elements, and particularly Ca and Sr,
with respect to each other at a given height of the tree. The foliage samples of
the sub-canopy trees have greater Ca/Sr ratios but similar Sr/Ba ratios com-
pared to those of stemwood or roots. Alkaline earth element concentrations of
foliage increase with increasing needle age, as do (in general) Ca/Sr and Sr/Ba
ratios (Appendix 1). In the two sub-canopy trees for which both stemwood
and roots were analyzed, Ca/Sr ratios of the stemwood are 1.5 to 2 times
greater than those of the roots, while Sr/Ba ratios are similar. Taken together,
these new data for the sub-canopy trees confirm the results of earlier studies
(e. g., Bailey et al. 1996; Poszwa et al. 2000) that alkaline earth element
fractionation, particularly between Ca and Sr, can occur within healthy spruce
after uptake from soil nutrient pools. The data further suggest that Sr/Ba
ratios of stemwood may provide a better proxy of root composition than Ca/
Sr ratios.

Discussion
Alkaline earth element source pool identification

Chemical approaches for identification of nutrient sources require an
understanding of the nutrient pools that are actually available to fine roots in
soils. The conventional approach is to consider the exchangeable ions in soils
to be the most ‘plant available’ (e.g., Suarez 1996), although any laboratory
procedure for the determination of exchangeable inventories is strictly
operational and may not truly approximate nutrient uptake by fine roots. On
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the other hand, Kennedy et al. (2002) found that plants rooted in shallow soil
at a Chilean watershed did not take up isotopically labeled Sr residing on
shallow soil exchange sites during the two years following application of the
tracer to a forest plot. They suggested that the plants obtained alkaline earth
elements predominantly from decomposing soil organic matter, rather than
from the exchange sites. Moreover, a growing body of research has suggested
that fine roots and their fungal associates are able to derive nutrients directly
from minerals, utilizing chemical exudates that are more aggressive than
typical salt extractants (e.g., Van Breeman et al. 2000; Wallander 2000;
Wallander et al. 2002).

We suggest that a more reasonable estimate of plant-available soil pools is
obtained by considering the operational exchangeable and leachable fractions
of the soils together as a bulk pool. The distribution of Ca in the individual
organic soil horizons provides an argument in favor of this approach. As
shown in Table 1, Ca is concentrated in the Oi horizon of all profiles but is
effectively removed from both the exchangeable and leachable fractions of the
soils as organic matter decomposition proceeds, such that Ca concentrations of
those fractions in the Oa horizons are 3-35 times less than those in the Oi
horizons. Moreover, Ca is removed preferentially relative to Sr, such that the
Ca/Srpolar ratio of the fraction removed during the Oi to Oa conversion varies
from 400 to 870, a range that essentially encompasses the range observed in
spruce stemwood (Appendix 1; Figure 6a). For each organic soil profile there
is considerably more Ca in the leachable fraction than in the exchangeable
fraction, and subtraction of exchangeable Ca alone is insufficient to account
for the lower concentrations in the Oa horizons relative to those in the Oi
horizons. We recognize that on the time scale of organic soil decomposition,
the leachable nutrients may partially cycle onto the exchange complex prior to
root uptake, but in terms of operational considerations both the exchangeable
and leachable fractions of the organic soils in total are ultimately available to
fine roots.

Determination of the availability of nutrients to fine roots in mineral soils is
more problematic. Nutrient availability may be controlled by the ability of
nutrients to enter soil water through weathering processes that are enhanced by
the chemical activity of plant root tips or fungal hyphae. In this regard, we note
that Bailey et al. (1996) reported a ¥’Sr/*°Sr ratio of 0.7442 for a stream water
sample collected at extreme base flow at Cone Pond. This ¥’Sr/*®Sr ratio is
considerably greater than that for monthly weighted stream flow (~0.720) as
well as for the range of exchangeable Sr in our soil sample set (~0.717-0.722),
but lies within the range of leachable Sr for the deeper mineral soils (Table 1).
We suggest that this base flow sample represents discharge of relatively deep
soil water, and that our operational leaching procedure effectively approxi-
mated its Sr isotope composition. An alternative explanation is that this base
flow sample represents discharge from fractures in the underlying bedrock,
which contains several minerals having ®’Sr/*Sr greater than 0.750 (Bailey
et al. 1996). Regardless, we note that Blum et al. (2002) needed the leaching
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Figure 6. (a) Ca/Sryerar and (b) Sr/Bap,o., ratios of plant-available fractions of soils plotted as a
function of sample depth. Plant-available fractions were determined by combining values for
exchangeable and leachable fractions at any depth. Data for samples having multiple-temperature
treatments of the leachable fraction are connected by horizontal tie-lines; in each case, point at far
right is 0 °C data, and temperature of treatment increases to the left. Line at ~12 cm depth in each
figure corresponds to the organic soil-mineral soil boundary. Shaded region gives the range of
stemwood sample compositions.

procedure employed in this study to selectively extract apatite, their favored
nutrient source for ectomycorrhizal species, from the mineral soils at Hubbard
Brook. Apparently, plant root exudates may be similarly aggressive in order to
effectively accomplish dissolution of apatite and other primary minerals in
mineral soils.

Based on these observations, we approximate plant-available alkaline earth
element pools as a simple combination of the exchangeable and leachable
fractions of any soil horizon. Ca/Sry,1., ratios of these pools (Figure 6a) de-
crease with depth from the Oi horizon through the upper mineral soils, but are
highly variable in the lower mineral soils. Sr/Ba,. ratios of these pools
(Figure 6b) similarly decrease with depth from the Oi horizon through the
upper mineral soils, but remain low with increasing depth through the lower
mineral soils. ¥’Sr/%Sr ratios of these pools (Figure 7a and b) increase with
depth through the organic soils, but are highly variable in the mineral soils.
The variability of the Ca/Sr ratios of the mineral soil pools is complementary
to that of their ®’Sr/®¢Sr ratios, and based on the above experimental evidence
is due to the variable influences of apatite dissolution and leaching of radio-
genic Sr from minerals such as biotite. We contend that this variability com-
promises the use of Ca/Sr and ®’Sr/*¢Sr ratios of stemwood together in a
‘multi-tracer’ approach for determination of nutrient source depths. Moreover,
recognition that Ca may fractionate from Sr and Ba within plants suggests that
the use of Ca/Sr (or Ca/Ba) ratios of plant tissues for identification of soil Ca
sources may be problematic. On the other hand, Sr/Ba ratios appear to
effectively discriminate between organic and mineral soil plant-available
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Figure 7. ¥7Sr/®Sr ratios of plant-available fractions of soils (calculated as in Figure 6) plotted as
function of sample depth. (a) data for all samples; (b) organic horizon samples only. Shaded region
gives the range of stemwood sample compositions.

alkaline earth element pools as defined here. Thus, Sr/Ba ratios of stemwood
may provide an ideal tracer of nutrient source depths (i.e., organic versus
mineral soil depths) particularly when considered together with *’Sr/*°Sr ratios
of stemwood. Unfortunately, Sr/Ba and ®’Sr/*®Sr ratios of stemwood consid-
ered together are unlikely to be useful for determining contributions of
nutrients from soil minerals such as apatite, hornblende and Ca-oxalate that
typically contain meager amounts of Sr and Ba on a total mass basis.

In Figure 8, *’Sr/*®Sr and Sr/Bamoar ratios of spruce stemwood are plotted
in relation to our estimate of plant-available pools using the compositions for
the leachable fractions obtained at 20 °C. The range of 8’Sr/**Sr and Sr/Bamojar
ratios of the stemwood population overlaps that of the organic soils and is
distinct from that of the mineral soils. In addition, although not shown in
Figure 8, the data for the roots of the sub-canopy spruce samples lie within the
ranges of the organic soils at their respective sites (Appendix 1). We note that
the temporal trend of average stemwood composition from 1870 to 1990 (solid
arrow) is toward that of the Oi horizon plant-available pool. Using data for the
leachable soil fractions obtained at 30 °C (dashed arrow) or 0 °C does not
affect this observation.

Causal mechanisms

The temporal patterns of alkaline earth element concentrations in the spruce
stemwood (Figure 5) reflect the interplay of multiple processes. For example,
overall decreasing concentrations of all alkaline earth elements in stemwood
from 1870 to 1990 is consistent with an expected decreasing number of pectate
sites available for cation binding in progressively younger wood (Momoshima
and Bondietti 1990). Overall increasing Sr/Ba.. ratios and decreasing
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Figure 8. 87Sr/XE’Sr versus Sr/Bay,on., for plant-available fractions of soil samples (organic soils,
closed symbols; mineral soils, open symbols) and stemwood samples (shown as field). Plant-
available fractions determined by combining values for exchangeable and 20 °C-leachable fractions
at each depth. For reference, organic soil samples having the greatest Sr/Ba,o., ratios at each site
correspond to the Oi horizon; mineral soil samples having the greatest *’Sr/*Sr ratios at each site
correspond to the deepest mineral soil. Solid arrow shows the trend of the weighted average for
spruce stemwood cores having dated wood from 1870 to 1990 (Table 2); tail of arrow corresponds
to 1870’s data; tip of arrow corresponds to 1980’s data. Dotted arrow shows the direction of offset
of data for the leachable fraction obtained at 30 °C compared to that obtained at 20 °C.

87Sr/%°Sr ratios during this period (Figures 6b and 7b) are consistent with
progressive shallowing of the effective depth of alkaline earth element uptake
by the evolving root systems. Trends indicating shallowing of nutrient sources
might reflect progressively increasing fine root density in the shallow forest
floor relative to that in the lower organic and upper mineral soils over this time
period, and may be a normal feature of a healthy spruce forest.

On the other hand, the pattern of leveling to increasing concentrations of all
alkaline earth elements in stemwood dated from 1930 to 1960 is consistent with
an abnormal enhanced mobilization of these elements from plant-available soil
pools during this period. The resulting elevation of alkaline earth element
concentrations in soil water leads directly to a transient increase in their con-
centrations in tree sap water, allowing enhanced partitioning onto wood ex-
change sites (Shortle et al. 1995). The coincident leveling of Sr/Ba ratios of
stemwood during this period (Figure 5f) is consistent with enhanced mobili-
zation of alkaline earth elements from plant-available pools in the mineral
soils. Enhanced mobilization of cations, particularly from soil exchange sites, is
an expected result of increased inorganic acidity in the soils (Shortle and
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Bondietti 1992; Shortle et al. 1997; Markewitz et al. 1998; Huntington 2000).
We note that the concentration increases of Mg and Ca during this period are
noticeably greater on a percentage basis than those for Sr and Ba (Figure 5c
and d). This is consistent with a soil acidification scenario, in that the relative
efficiency of alkaline earth element mobilization from soil exchange sites due to
proton transfer decreases with increasing atomic radius (Jenny and Reitemeier
1935).

Increased soil acidity could result from either a regional-scale stressor such
as atmospheric deposition of inorganic acidity (‘acid rain’), or a more local,
transitory impact such as severe soil freezing (e.g., Mitchell et al. 1998). The
timing of the deviation of alkaline earth element concentrations in stemwood
from the ‘normal’ decreasing trend is critical for deciding between these pos-
sible causes. Evidence from the distribution of *Sr in spruce reveals that its
stemwood may continue to transpire nutrients for up to 30 years following its
formation (Bondietti et al. 1989). Thus, the acidification event may have oc-
curred as many as 30 years after the formation of the earliest stemwood
increment observed to have greater than expected concentrations of alkaline
earth elements. Based on the average stemwood compositions (Figure 5),
deviation from the trend of decreasing alkaline earth element concentrations at
Cone Pond occurred in the 1930’s, and thus the acidification event happened at
some specific time or over some period within the 1930-1960 time frame.

Similar trends of Mg and Ca enrichment in spruce stemwood over the
growth period from 1930 to 1960 have been observed in red spruce populations
from throughout northern New England (Shortle et al. 1997). This period in
particular was characterized by substantially increased atmospheric deposition
of SO, and NO, compounds relative to earlier decades (Mayewski et al. 1986;
NAPAP 1993), and there is evidence that acid rain was prevalent over much of
New England by the early 1950’s (Cogbill and Likens 1974). On the other
hand, there is no compelling evidence from climatological records from 1930 to
1960 for exceptionally cold, dry winters that would foster widespread soil
freezing. Thus, we suggest that increased atmospheric deposition of inorganic
acidity after 1930 followed by soil acidification is the more likely cause of
alkaline earth element mobilization from soil pools as recorded in the chem-
istry of spruce stemwood dated from 1930 to 1960.

Strong decreases in Mg and Ca concentrations of stemwood after 1960
suggest that these nutrients may have been depleted from plant-available soil
pools to such an extent that pre-acidification homeostatic concentrations in sap
water were unable to be reestablished (Shortle et al. 1995; Smith and Shortle
2001). On the other hand, a generally accepted consequence of mineral soil
acidification is the mobilization of monomeric aluminum (Al;) that can poison
fine root tips in contact with soil water primarily in the upper mineral and
lower organic soils (Shortle and Smith 1988; Smith et al. 1995). Aluminum
toxicity severely restricts or destroys the ability of fine roots to take up
nutrients including alkaline earth elements. We note that the decrease of
Ca concentrations in stemwood after 1960 is greater than that of Mg
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concentrations, consistent with laboratory physiology studies of acid-induced
Al toxicity that demonstrate enhanced exclusion of Ca relative to Mg at
damaged root tips (Thornton et al. 1987). Finally, the return to increasing
Sr/Ba ratios during this period (Figure 5f) is consistent with renewed shal-
lowing of the effective depth of alkaline earth element uptake.

Alternative causal mechanisms

The important temporal trends observed in the Cone Pond spruce stemwood
include: (1) overall decreasing concentrations of alkaline earth elements from
the 1870’s to the present; (2) deviation from this ‘normal’ trend toward
increasing concentrations of all alkaline earth elements, primarily during the
period from 1930 to 1960, followed by strongly decreasing concentrations of
those elements from 1960 to the present; and (3) progressively decreasing
87Sr/%6Sr ratios from the 1870’s to the 1960’s. Although we have proposed an
internally consistent set of causal mechanisms for these trends in the discussion
above, there are viable alternative scenarios that must be considered. For
example, depletion of Ca and other alkaline earth elements from mineral soil
pools due to stand development has been hypothesized to lead to decreasing
concentrations of these elements available for uptake by roots and incorpo-
ration into stemwood (Hamburg et al. 2003). However, this process was
probably not important in the case of the Cone Pond spruce forest that was
never logged, and thus has probably been at or near ‘steady-state’ at least for
centuries. We prefer the explanation of Momoshima and Bondietti (1990), that
overall decreasing concentrations of alkaline earth elements in progressively
younger spruce stemwood is due to a decreasing number of pectate binding
sites.

An alternative process that might cause deviations from this normal pattern
is enhanced dissolution of nutrient-rich minerals by ectomycorrhizal fungi
associated with the fine roots in response to an environmental stimulus. Van
Breeman et al. (2000) suggested that nutrients derived from such biologic
weathering processes can be translocated to the roots through the fungal
network, even bypassing Ai,-rich soil solutions resulting from acidification and
eliminating competition for nutrient uptake by other organisms. Enhanced
dissolution of Ca-rich minerals such as apatite and plagioclase can explain
transient increases in Ca concentration as well as decreasing ®’Sr/*°Sr of
stemwood, particularly given that *’Sr/*®Sr of these Rb-free minerals in the
Cone Pond soils is probably less than 0.714 and thus less than stemwood
values. However, this scenario does not explain the similar behavior of all
alkaline earth elements in stemwood during the growth period from 1900 to
1960, because Mg and Ba are not significant constituents of apatite and pla-
gioclase. Enhanced dissolution of hornblende, the only Ca—Mg soil mineral
derived from the granitic mineral source, can explain the similar behavior of Ca
and Mg, but cannot explain the Sr isotope trends because %’Sr/*°Sr of
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hornblende separated from soils at Cone Pond (0.7225; Bailey et al. 1996) is
greater than that of any of the stemwood samples. Enhanced dissolution of a
combination of these minerals can explain the Sr isotope trends in the stem-
wood from 1900 to 1960, but cannot explain the Ba systematics and should
result in a greater increase of Ca concentrations compared to Mg concentra-
tions in stemwood, and in fact the opposite is observed. We prefer the soil
acidification scenario outlined above as an effective means of mobilizing all
alkaline earth elements.

Although we attribute decreasing ®’Sr/*®Sr in spruce stemwood over the
period from 1875 to 1965 to progressive shallowing of the effective depth of
nutrient uptake by roots, we note that changes in atmospheric deposition may
influence the Sr isotope composition of the forest floor. If ¥’Sr/*Sr of plant-
available Sr in the forest floor changed over time due to changing amounts of
atmospheric deposition, that change would have been recorded in stemwood
without requiring a change of effective rooting depth. To test the ability of
increased atmospheric deposition of relatively unradiogenic Sr to account for
the trend of decreasing ¥’Sr/*Sr observed in the Cone Pond spruce stemwood
population, we used a simple mass balance approach to model the Sr isotope
composition of the forest floor, using present-day Sr pools and fluxes as the
baseline.

In this model, the ¥’Sr/*®Sr ratio of the forest floor in any year is given by the
expression:

Xiprl g X ppekLppe+Xeerle-XiieklieHXwen ¥ lwin —Xupetlir—Xich *Ls— (X ppt—Xppt,base ) * 1
Xff+Xp]71+le+X]it+thh 7Xupt7X]ch - (prl 7prl‘bzlse )

where ‘X’ terms are Sr pool sizes (mol/ha) or annual Sr fluxes (mol/ha-y "), ‘T’
terms are ¥’Sr/*Sr ratios of pools or annual fluxes, and subscripts denote the
following ecosystem components: ff, forest floor; ppt, precipitation; tf,
throughfall; lit, litter; wth, mineral weathering; upt, biomass uptake; Ich,
leaching losses; ppt, base, baseline precipitation value. Sr pool sizes and annual
fluxes were calculated by dividing Ca pool sizes and annual fluxes given in
Bailey et al. (1996) by the following Ca/Sr molar ratios: forest floor, 350;
precipitation, 700; throughfall, 800; litter, 500; mineral weathering, 200; bio-
mass uptake, 500; leaching losses, 350. X,n¢ pase Was taken to be equivalent to
the Sr flux in precipitation measured at Cone Pond during the 1990’s. This
finite difference model assumes that spruce take up Sr from the forest floor
only, and that changing atmospheric deposition of Sr is offset by equal
adjustment of biologic uptake and leaching loss terms, such that the size of the
forest floor Sr pool remains fixed. The model further assumes that *’Sr/*°Sr
ratios of litter and throughfall in any year are equal to that of average uptake
during the previous 50 years of forest growth, that the flux of Sr to the forest
floor from mineral weathering is constant and has ¥’Sr/*®Sr = 0.725, and that
87Sr/*°Sr of atmospheric deposition is 0.710 (Bailey et al. 1996).

In order to approximate the average trend of *’Sr/*°Sr of the spruce stem-
wood over the period from 1875 to 1985 (Table 2) with the calculated Sr
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Figure 9. Results of mass balance model describing evolution of 3’Sr/*Sr of the forest floor in
response to changing atmospheric deposition of Sr. Sr deposition was assumed to be equal to the
‘baseline’ value (present-day Sr deposition flux) from 1825 to 1875. Beginning in 1875, Sr depo-
sition was increased annually by a set increment, reaching a maximum in 1955. After 1955, Sr
deposition was decreased annually by a set increment, returning to the baseline value in 1975.
Curve labeled ‘model A’ shows result when the maximum deposition value was adjusted to give
agreement between model results and the trend of weighted average spruce stemwood compositions
(Table 2; open squares). ‘X-factor’ arrows show year in which Sr deposition for this model reached
2 times, 4 times and 6 times baseline levels. Curve labeled ‘model B’ shows result when the
maximum deposition value was taken to be that measured at Hubbard Brook watershed from 1963
to 1966 (Likens et al. 1998).

isotope composition of the forest floor, it was necessary to progressively in-
crease atmospheric deposition of Sr from the baseline level (0.029 mol/ha-y~")
in 1875 to 0.205 mol/ha-y " in 1955 (i.e., by 0.0022 mol/ha-y~"). Atmospheric
deposition of Sr was then decreased back to the baseline level by a fixed
amount annually over the period from 1955 to 1975, consistent with our
knowledge of regional trends based on work at Hubbard Brook (Likens et al.
1998). In Figure 9, the results of this calculation (‘model A’) are compared to
the average trend of the spruce stemwood data.

The ~7-fold increase of Sr (and Ca) flux from atmospheric deposition over
baseline values required by the model is consistent with the ~6-fold differ-
ence between Ca concentration measured in regional precipitation in 1955-
1956 (12.5 umol//; Junge and Werby, 1958) and that measured in precipi-
tation at Cone Pond during the early 1990’s (2 umol/l; Bailey et al. 1996).
However, apart from this single measurement of Ca in pre-1960’s precipi-
tation, there is no compelling evidence that the long-term concentration of
Ca in regional precipitation ever exceeded the well-constrained levels
measured during the early years of monitoring at Hubbard Brook (6.6 umol/
[ for the period from 1963 to 1966; Likens et al. 1998). Using this latter value
to determine maximum Sr deposition for the model produces the curve
labeled ‘model B’ in Figure 9, which clearly does not provide a good fit with
the stemwood data. Moreover, in order to account for decreasing ®’Sr/*°Sr
of stemwood prior to 1917, ‘model A’ requires that atmospheric deposition
of Sr would have quadrupled over baseline levels by that time (Figure 9), an
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increase that we view as highly unlikely and for which there is no inde-
pendent evidence. Finally, little is known about the timeframe of bioavail-
ability of cations in atmospheric deposition, making it difficult to judge the
reasonability of any particular model result. Although changes in atmo-
spheric deposition of Sr may have had some effect on the *’Sr/*°Sr ratios
observed in spruce at Cone Pond, it is unlikely to have been the major
controlling factor due to the substantial chemical buffering capacity of the
large pool of Ca in both the forest floor and in litter derived largely from
older biomass and returned to the forest floor on an annual basis.

Implications

Our results suggest that the spruce forest at Cone Pond depends on the forest
floor as its primary source of Ca and other alkaline earth elements, consistent
with the observations of Kennedy et al. (2002) in their study of a pristine forest
ecosystem in southern Chile. This conclusion provides an alternative view of
Ca nutrition dynamics compared to that of Blum et al. (2002), whose study at
the nearby Hubbard Brook watershed emphasized the importance of selective
weathering of apatite by ectomycorrhizal hyphae associated with fine spruce
roots in the deepest mineral soils. The contrast of conclusions is intriguing,
particularly given that the lithologies comprising the till mantle at Hubbard
Brook are essentially identical to those at Cone Pond (Bailey and Hornbeck
1992; Bailey et al. 2003), and thus any assessment of soil source pools of Ca at
one watershed should be largely applicable to the other.

Based on the assumption of negligible discrimination of Ca from Sr within
spruce, Blum et al. (2002) suggested that selective apatite dissolution was the
primary cause of high Ca/Sr ratios of spruce foliage compared to those of the
bulk mineral soils at Hubbard Brook. In support of selective apatite weath-
ering, they noted that experimental leachates of the deepest mineral soils, using
1 N HNO; at 20 °C, had the P/Ca stoichiometry of apatite and *’Sr/*®Sr
similar to that of the spruce foliage. In contrast, we contend that foliar Ca/Sr
ratios of spruce grown in soils developed on granite are likely to be poor
indicators of soil Ca sources. Our data, considered together with that of Bailey
et al. (1996) and Poszwa et al. (2000), reveal that in such settings Ca/Sr ratios of
spruce foliage are significantly greater than those of stemwood, primarily due
to preferential sequestration of Ca in foliage as it ages. We point out that
stemwood has Ca/Sr ratios similar to or slightly greater than that of the plant-
available fraction of the forest floor, the main rooting zone of spruce. Finally,
the results of our multiple-temperature leachate experiments and the mineral
soil isochron calculation indicate that the %’Sr/*¢Sr ratio of apatite at Cone
Pond is less than 0.714, substantially less than that observed in any spruce
tissue.

Although mixing calculations based on Ca/Sr ratios indicate that some
ecosystem pools including soil water and plants must derive a large percentage
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of their Ca from a high-Ca/Sr source such as apatite (cf., Blum et al. 2002),
there are other soil minerals such as hornblende and Ca-oxalate that have high
Ca/Sr ratios that must likewise be considered in the mixing analysis. For
example, hornblende at Cone Pond has Ca/Sryepar ~ 13,000 (unpublished
data), and at Hubbard Brook, Ca in hornblende constitutes essentially the
same proportion of total soil Ca as does Ca in apatite (Nezat et al. 2004. We
view selective apatite weathering as a potentially important, but subordinate
Ca nutrition supply mechanism. Moreover, we view the use of Ca/Sr ratios of
plant tissues as indicators of nutrient source pools to be problematic at best,
and urge caution in their further application to forest nutrition studies.

Ca appears to be more tightly recycled within the spruce biomass-forest floor
system than the other alkaline earth elements, based on the substantially
greater Ca/Sr, Ca/Mg and Ca/Ba ratios of both exchangeable and leachable
fractions of the Oi horizon relative to those of deeper plant-available organic
soil pools. The importance of recycled forest floor Ca as the primary source of
Ca for spruce nutrition is consistent with the watershed-scale view of the Ca
cycle at Cone Pond (Bailey et al. 1996) and Hubbard Brook (Likens et al. 1998)
which shows that Ca fluxes associated with uptake, litterfall and decomposition
are at least an order of magnitude greater than input to the ecosystem from
atmospheric deposition and mineral weathering and output to streamflow.
Furthermore, although uptake of Ca directly from granitic and metamorphic
minerals contained in the lower organic and mineral soils is likely to be
ongoing and of varying relative importance, we find no evidence that either
suggests or requires selective weathering of any primary soil mineral to explain
the temporal trends of alkaline earth element chemistry and *’Sr/**Sr observed
in our stemwood core population. Uptake of Ca by fine spruce roots from
easily weathered, high Ca/Sr minerals such as apatite and hornblende may
have been the predominant nutritional mechanism when the spruce forest or its
precursor was first established on the fresh glacial till mantle and prior to the
establishment of a thick forest floor. However, these minerals were probably a
component of a mineral weathering assemblage that included other alkaline
earth element-bearing minerals such as plagioclase and biotite. Thus, the
overall elevated Ca/Sr and Sr/Ba ratios of the spruce forest and underlying
forest floor relative to those of the bulk mineral soils and granitic/metamorphic
substrate are probably long-lived characteristics of the forest, perhaps accen-
tuated by within-tree processes and maintained by tight cycling of alkaline
earth elements and concentration of fine roots in the forest floor.

This multi-tracer approach is a promising technique both for determining
historic nutrient uptake trends and for assessing the impacts of, and responses
to anthropogenic disturbances such as clear-cutting. For example, Hamburg
et al. (2003) demonstrated that the initial response to forest harvesting is an
extended period of Ca enrichment in the forest floor, presumably due to
enhanced weathering of, and nutrient uptake directly from easily weathered,
Ca-rich primary minerals in the C-horizon. They proposed that the opera-
tionally defined leachable fraction of C-horizon material is likely to be repre-
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sentative of the plant-available pool in this situation. Given our data for the
leachable fractions of the deepest mineral soils at sites 8 and 10 at Cone Pond
(Table 1), the proposed nutrient uptake from the C-horizon should be recorded
in stemwood growth rings immediately after harvesting as increased Ca/Sr
ratios, decreased ®’Sr/*®Sr ratios and perhaps decreased Sr/Ba ratios relative to
pre-harvesting compositions. Alternatively, we note that enhanced uptake of
Ca from apatite-poor plant-available pools in the B-horizon is likewise con-
sistent with their data. In this case, nutrient uptake from the B-horizon should
result in decreased Sr/Ba ratios, but only minor differences in Ca/Sr and
87Sr/%°Sr ratios of new wood. In addition to helping resolve such issues, this
multi-tracer technique may be especially useful as a cost-effective means of
monitoring the effectiveness of efforts to remediate anthropogenic activities, if
manipulation of nutrient uptake depths is a goal of those efforts.

Summary

We used ®’Sr/*®Sr and Sr/Ba ratios of spruce tissues and soil fractions in a
multi-tracer approach to demonstrate that the spruce forest at Cone Pond is
obtaining Ca and other alkaline earth elements predominantly from the forest
floor and only subordinately from mineral soil pools. Temporal trends of
87Sr/*Sr and Sr/Ba ratios in stemwood point to an increased proportion of
recycled alkaline earth elements from the upper forest floor during the past
130 years, consistent with progressive shallowing of the effective depth of
alkaline earth element uptake. This apparent shallowing may have been due to
preferential growth and expansion of the shallow fine root network, but like-
wise may have occurred in response to Ca depletion and/or Al; mobilization in
the lower forest floor and upper mineral soil horizons. The timing of dend-
rochemical changes that suggest a response to soil acidification in stemwood
dated from 1930 to 1960 is consistent with the established history of inorganic
acid deposition in northeastern North America. Our results indicate that
alkaline earth elements, and especially Ca are tightly recycled within this forest
floor-spruce ecosystem, and thus that environmental stressors that affect the
forest floor may have considerable impact on the spruce nutritional cycle.
Future monitoring of ®’Sr/**Sr and Sr/Ba ratios in spruce stemwood may allow
us to recognize the onset or continuation of ecosystem disturbance, as well as
to track the recovery of impacted systems to pre-disturbance conditions.
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Appendix 1. Data for canopy and sub-canopy tree samples. The first number in each sample name
indicates the sampling site. Wood mass for decadal increments of stemwood cores is given in grams;
element concentrations of all samples are given in ug/g of dried material; Ca/Sr and Sr/Ba ratios are
given in molar proportions. Composites 10-A and 10-B are composites of cores from three trees
each collected for a previous study (Shortle et al., 1997); other canopy trees are represented by a
single core. All cored trees were dominant or co-dominant in the forest canopy.

Wood mass *’Sr/*Sr Ca/Sr Sr/Ba Ca Mg Sr Ba K Al

Tree 8-1:

1850’s 0.1241 0.71981 548 0.61 963 1059 3.8 99 319 19
1860’s 0.2370 0.71961 573 0.63 893 963 34 8.6 295 1.0
1870’s 0.1992 0.71968 569  0.69 822 88.6 3.2 7.2 281 3.3
1880’s 0.1416 0.71947 587 0.76 773  79.7 29 6.0 276 1.6
1890’s 0.1319 0.71947 619 0.82 763 772 2.7 52 287 2.0
1900’s 0.0765 0.71937 634 0.85 766 764 2.6 49 257 4.6
1910’s 0.0810 0.71944 638  0.87 756 750 2.6 47 236 22
1920’s 0.0940 0.71924 652 091 716 71.7 24 41 268 1.6
1930’s 0.1051 0.71899 677 0.90 704 737 23 40 220 1.9
1940’s 0.0863 0.71888 731 0.84 722 79.0 22 4.1 217 1.7
1950’s 0.0705 0.71866 961 0.71 834 89.1 19 42 211 1.1
1960’s 0.0524 0.71835 979  0.66 819 89.5 1.8 44 238 1.7
1970’s 0.0773 0.71867 957  0.70 651 809 1.5 33 29 23
1980’s 0.0692 0.718383 756  0.77 521 842 1.5 3.1 389 1.5
1990’s 0.0515 0.71877 681 0.71 467 90.5 1.5 33 509 2.6
bark 0.71854 1832 0.46 17825 721.1 21.3 723 1576 13.7
Tree 10-1:

1850’s 0.0935 0.72023 375 0.62 1090 130.7 6.3 162 277 3.5
1860’s 0.1184 0.72027 376 0.62 996 119.7 5.8 148 260 3.8
1870’s 0.1153 0.71995 383 0.64 922 110.6 53 13.0 252 2.5
1880’s 0.1045 0.72019 382 0.67 870 103.1 50 11.6 249 24
1890’s 0.0902 0.72005 387  0.72 860 984 49 10.7 247 3.1
1900’s 0.1319 0.72000 368 0.75 745 878 44 9.3 230 28
1910’s 0.1292 0.71984 366 0.78 705 793 4.2 8.5 227 2.5
1920’s 0.1233 0.71971 365 0.82 673 773 4.0 7.7 240 2.2
1930’s 0.1454 0.71951 371 0.79 682 85.1 4.0 8.1 252 1.6
1940’s 0.0860 0.71948 374 0.88 707 98.8 4.1 74 256 1.4
1950°s 0.0532 0.71935 399 094 771 1149 4.2 7.1 265 1.7
1960’s 0.0530 0.71939 337  0.94 665 111.2 43 7.3 253 3.5
1970’s 0.0479 0.71947 324 093 551 851 3.7 6.3 346 2.6
1980’s 0.0530 0.71945 267 0.88 482 756 3.9 7.1 597 3.6
1990’s 0.0504 0.71937 329 0.73 616 1069 4.1 8.8 736 4.6

bark 0.71890 697 0.50 15774 108.4 49.5 156.3 259 56.1
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Wood mass ’Sr/*¢Sr Ca/Sr Sr/Ba Ca Mg Sr Ba K Al

Tree 10-2:

1910’s 0.2331 0.71938 419 0.46 1005 122.1 52 181 276 39
1920’s 0.2572 0.71873 418 0.47 998 117.5 52 174 281 48
1930’s 0.2005 0.71906 442 0.49 936 1156 4.6 147 253 5.1
1940’s 0.2293 0.71902 475 0.49 837 109.8 39 123 251 59
1950’s 0.2634 0.71905 430 0.63 771 998 3.9 9.8 201 32
1960’s 0.2291 0.71893 497 0.55 736 100.6 3.2 9.2 262 35
1970’s 0.2184 0.71894 532 0.54 588 79.6 2.4 7.0 328 3.1
1980’s 0.2825 0.71895 580  0.50 627 795 24 7.5 404 32
1990’s 0.3028 0.71880 657 0.53 615 834 2.0 6.0 590 28
Inner bark 0.71881 1261 0.45 13192 481.5 229 79.3 3512 11.5
Outer bark 0.71888 897 0.33 4797 1145 11.7 553 378 15.1
Composite 10-A:

1870’s 0.1121 0.72026 429 0.56 947 118.0 48 13.5 197 5.7
1880’s 0.1084 0.72000 450 0.57 884 998 43 11.8 186 4.7
1890’s 0.1140 0.72010 438 0.61 894 1004 45 11.6 189 4.6
1900’s 0.1092 0.72022 443 0.64 809 96.0 4.0 9.8 182 58
1910’s 0.1144 0.72007 431 0.70 771 90.7 3.9 88 184 5.1
1920’s 0.1132 0.72000 419 0.73 718 824 3.7 81 175 5.1
1930’s 0.1108 0.71978 414 0.82 703 843 3.7 7.1 180 5.2
1940’s 0.1116 0.71968 412 0.84 657 793 35 6.6 177 52
1950’s 0.1153 0.71926 421 0.85 638 759 33 6.1 178 4.7
1960’s 0.1124 0.71865 433 0.89 630 86.8 3.2 57 234 48
1970’s 0.1108 0.71858 428 0.92 604 919 3.1 53 319 56
1980’s 0.1110 0.71864 375 1.09 486 819 2.8 4.1 367 49
Composite 10-B:

1870’s 0.1147 0.72086 450 0.52 821 823 4.0 120 139 6.1
1880’s 0.1119 0.72071 466  0.56 783 76.6 3.7 103 138 4.8
1890’s 0.1162 0.72061 465  0.58 773 740 3.6 9.8 134 48
1900’s 0.1199 0.72012 457 0.63 710 672 3.4 85 131 53
1910’s 0.1098 0.72033 457 0.65 689 644 33 80 130 5.5
1920’s 0.1120 0.72022 467 0.64 663 595 3.1 7.6 129 5.5
1930’s 0.1113 0.72005 480 0.65 629 537 29 7.0 125 48
1940’s 0.1126 0.71979 512 0.64 668 539 29 7.0 134 48
1950’s 0.1207 0.71995 522 0.65 650 56.8 2.7 6.6 130 438
1960’s 0.1127 0.71980 546 0.63 627 584 25 63 159 49
1970’s 0.1113 0.71982 550  0.64 608 62.1 2.4 59 322 63
1980’s 0.1133 0.71981 550 0.64 523 527 21 51 408 6.1
Tree 26-1:

1740’s 0.0283 0.71994 367 0.42 829 1450 49 18.7 262 158
1750’s 0.0556 0.71979 355 0.37 739 1273 4.6 193 242 139
1760’s 0.0209 0.71977 306 0.42 628 130.0 4.5 167 259 203
1770’s 0.0111 0.71969 341 0.42 696 1250 4.5 169 268 44.1
1780’s 0.0294 0.71972 318 0.44 642 1212 44 158 262 121
1790’s 0.0287 0.71961 346  0.44 713 1200 4.5 160 278 14.8
1800’s 0.0464 0.71981 339 0.44 689 1141 45 160 263 10.0
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Wood mass ’Sr/*¢Sr Ca/Sr Sr/Ba Ca Mg Sr Ba K Al

1810’s 0.0787 0.71989 370 0.45 676 106.6 4.0 140 263 7.7
1820’s 0.1142 0.71987 426 0.45 799 108.0 4.1 142 254 6.8
1830’s 0.1253 0.71988 390 045 736 101.0 4.1 144 239 62
1840’s 0.1176 0.71991 403 0.46 730 942 40 136 233 59
1850’s 0.1136 0.71987 407 0.47 701 912 3.8 12.7 234 48
1860’s 0.0983 0.71974 378 0.40 749 920 43 169 228 6.0
1870’s 0.1126 0.71975 380 0.48 716 836 41 137 229 6.0
1880’s 0.0837 0.71963 405 0.46 732 820 40 135 239 58
1890’s 0.0940 0.71955 384  0.48 710 780 4.0 132 232 53
1900’s 0.0633 0.71936 451 0.45 828 81.8 4.0 142 235 73
1910’s 0.0607 0.71925 406 0.41 750 821 4.0 155 208 7.7
1920’s 0.0667 0.71910 393 0.40 683 765 38 149 211 1717
1930’s 0.0607 0.71915 362 0.41 607 822 37 140 174 8.0
1940’s 0.0471 0.71920 358 0.41 603 882 37 142 161 84
1950’s 0.0615 0.71893 435 0.45 797 850 4.0 140 184 36.1
1960’s 0.0776 0.71935 363 0.47 680 81.0 4.1 138 249 58
1970’s 0.0382 0.71919 276 0.49 523 815 41 134 383 95
1980’s 0.0261 0.71933 247 0.49 478 804 42 135 391 10.1
1990’s 0.0262 0.71944 237 0.53 461  86.1 43 127 466 9.8
bark 0.71938 707 0.40 11531 2549 35.7 141.2 681 18.1
Tree 26-2:

1840’s 0.2560 0.71945 462 0.40 820 83.1 39 153 225 1.1
1850’s 0.1814 0.71938 439 0.41 811 894 4.0 156 203 2.1
1860’s 0.2372 0.71940 437 0.41 786 888 39 151 210 2.0
1870’s 0.2442 0.71939 434 0.41 745 892 37 143 205 24
1880’s 0.2235 0.71931 437 041 712 861 3.6 138 194 19
1890’s 0.2052 0.71937 449 0.41 700 850 34 132 192 21
1900’s 0.1675 0.71926 453 0.42 718 850 35 129 189 2.0
1910’s 0.1600 0.71927 456 0.44 704 81.0 34 122 180 2.1
1920’s 0.1509 0.71922 433  0.46 658 754 33 115 163 28
1930’s 0.1634 0.71913 436 0.46 698 79.0 35 120 203 3.0
1940’s 0.2020 0.71911 456 043 672 757 32 117 193 23
1950’s 0.2000 0.71855 525 0.38 732 763 3.0 127 184 2.1
1960’s 0.2567 0.71870 602  0.39 754 799 27 111 196 1.7
1970’s 0.1400 0.71882 645 0.46 702 732 24 82 216 19
1980°s 0.0781 0.71878 574 0.51 681 61.0 26 8.1 333 22
1990’s 0.0752 0.71888 525 0.44 608 61.1 2.5 9.1 508 1.3
bark 0.71903 1035 0.35 14664 296.2 31.0 139.6 818 6.8
Tree 26-3:

1750’s 0.0564 0.71965 274 0.59 1014 1249 81 21.6 334 32
1760-1770’s 0.0333 0.71980 275  0.60 975 1206 7.7 205 319 34
1780-1790’s 0.0399 0.71590 277  0.60 1009 1223 80 209 323 33
1800-1810’s 0.0376 0.71990 273 0.60 977 1199 7.8 204 306 3.0
1820’s 0.1004 0.71986 274 0.61 929 1134 74 191 296 2.5
1830’s 0.1133 0.71978 286 0.62 803 106.6 6.1 155 291 16.2
1840’s 0.1074 0.71987 288  0.63 820 1048 62 157 279 19
1850’s 0.1066 0.71984 299 0.62 788 102.1 5.8 147 261 2.0
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Wood mass ’Sr/*¢Sr Ca/Sr Sr/Ba Ca Mg Sr Ba K Al
1860’s 0.0778 0.71986 303 0.61 822 102.5 59 152 262 19
1870’s 0.0675 0.71983 306 0.62 825 103.8 59 150 261 1.7
1880’s 0.0923 0.71974 310 0.62 823 104.0 58 148 280 1.5
1890’s 0.0837 0.71968 322 0.59 840 1106 5.7 153 298 19
1900’s 0.0944 0.71980 316  0.57 801 108.8 5.5 154 270 0.8
1910’s 0.0976 0.71974 325 0.56 804 109.1 54 153 254 08
1920’s 0.1184 0.71970 335 0.54 870 1224 57 165 273 1.0
1930’s 0.0972 0.71963 355 0.52 1011 1274 6.2 189 254 0.7
1940’s 0.0658 0.71973 343 0.52 976 1245 6.2 187 240 1.0
1950’s 0.0703 0.71964 375 0.55 988 128.7 58 164 256 1.3
1960’s 0.0620 0.71974 305  0.65 721 86.5 52 125 285 32
1970’s 0.0577 0.71979 313 0.71 673 656 4.7 104 324 3.0
1980’s 0.0397 0.71981 265 0.76 550 539 45 9.5 378 3.1
1990’s 0.0421 0.71977 262 0.58 528 59.6 44 120 514 37
bark 0.71973 568 0.51 17785 436.8 68.4 210.2 1817 31.3
Sub-conopy:
Tree 8-2 (0.7 m):
bark 0.71919 736 036 19187 5264 57.0 251.1
Inner wood 0.71934 401 0.43 1035 1055 5.6 209
Roots 0.71975 278  0.36 1979 817.5 15.6 67.7
Tree 10-3 (2.6 m)
Current foliage 0.71953 339 0.59 962 536 62 16.6
1 yr old foliage 0.71942 497 0.68 3236 667 142 33.0
2 yr old foliage 0.71940 604  0.63 3316 623 12 30.3
3 yr old foliage 0.71957 775  0.78 5273 880 149 30.2
Tree 10-4 (0.3 m):
Current foliage 0.71953 358  0.62 776 508.8 4.7 12.0
1 yr old foliage 0.71933 336 0.78 2106 834.7 13.7 27.6
2 yr old foliage 0.71944 548 0.76 3138 723.4 125 26.1
Inner wood 0.71956 314 0.68 811 140.6 5.6 13.1
Roots 0.71990 149 0.77 683 4552 10.0 20.5
Tree 10-5 (seedling):
Current foliage 0.71929 739 0.51 1329 4927 39 122
1 yr old foliage 0.71906 572 0.62 3112 828.7 11.9  30.0
Roots 0.71935 432 0.57 2795 468.3 14.1 38.8
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