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Aluminum and calcium in fine root
tips of red spruce coliected from the
forest floor

K.T. Smith, W.C. Shortle, and W.D. Ostrofsky

Abstract: Root chemistry is being increasingly used as & marker of biologically relevart soil
chemistry. To evalaate this marker, we determined the precision of measurement, the effect of
organic soil horizon, and the effect of stand clevation on the chemistey of fine root tips of

red spruce (Picea rubens Sarg.). Fine root tips were collected from the F and H horizons of the
forest floor of nine locations, Six of the locations were selected as pairs that differed in elevation.
The concentrations of A, Ca, Mg, and Fe in fine root lip coilections were delermined by direct
current plasma emission spectroscopy. Element conrcentrations were not well correlated between
collections made from the F and H layers associated with individual trees. The concentration of
Ca was significantly higher and the concentrations of Al and Fe were significantty lower in fine
root tips collected {rom the F than in tips collected from the H horizons. Fine root tips collected
from the higher elevation member of paired focations yielded a higher Al:Ca ratio than did those
collected from the lower elevation member. These results indicated the need (o stratify fine root
collections by soil horizon within the forest floor,

Résumé : On a de plus en plus recours & la composition chimique des racines pour détecter les
caraciéristiques chimiques du sol qui ont une incidence biologique. Afin d’évaluer cette approche,
nous avons délerminé ta précision des mesures, 'effel de Phorizon organique du sel et I'eflet de
Paltitude du peuplement sur la composition chimique de "apex des racines {ines de I’épinetle
rouge {Picea rubens Sarg.). L'apex de racines fines {ut prélevé dans les horizons F et H de la
litiere dans neul sites, Six de ces sites étaient pairés en fonction de Ialtitude. Les concentrations
en Al, Ca, Mg et Fe dans Iapex des racines fines récoltées ont é1é mesurées par spectrométrie
d’émission & plasma en courant direct. Il n’y avail pas une bonne corrélation dans la
concentration d’éléments enire les échantillons des horizons F et H provenant d’un méme arbre.
La concentration de Ca élait significativement plus élevée et celles de Al et Fe significativement
plus faibles dans 'apex des racines fines récoltées dans 'horizon F que dans "horizon H. L'apex
des racines fines récoltées dans les sites pairés avait un ratio Al:Ca plus élevEé & Paltitude la plus
haute ¢u’d Ualtitude la pius basse. Ces résultats mettent en évidence la nécessité de stratifier la
récolte des racines fines en fonction des horizons dans la litiere.

| Traduit par la Rédaction]

Introduction

Red spruce (Picea rubens Sarg.) are especially sensitive
to atmospheric deposition because of soil characteristics
in the rooting zone. The rooting zone of red spruce is shal-
iow, with much of the uptake of essential elements being
from the naturally acidic forest floor, which is of low base
saturation (Cronan 1991; Majdi and Persson 1993). The
root chemistry of red spruce may be used as a marker of
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adverse changes in soil chemistry attributed to atmospheric
deposition {Godbold et al. 1988; Joslin and Wolfe 1992;
Schlegel et al. 1992; Shortie and Smith 1988).

The deposition of HNO, and H,SO, poliutants shifts
the equilibrium of base cations from a bound to a disso-
ciated form in the forest floor (Gobran and Bosatta 1988;
Richter et al. 1992). This shift in equilibrium resulis n
increased mobilization and leaching of essential base cations
such as Ca*" and Mg®" and increased mobilization of
potential antagonists to uptake such as ALY (Cronan 1991,
Joslin et al. 1988: Federer et al. 1989; Godbold et al. 1988;
Johnson and Fernandez 1992}, The underlying mechanism
for this potential blockage rests in the soil-rhizosphere
ion exchange system and is independent of further soil
acidification (Kunin 1960; Haynes 1980). In this scenario,
the proportion of Al to Ca interacting with the ion exchange
system of the root is the critical factor, rather than the
absolute concentration of the elements themselves (Johnson
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and Fernandez 1992; Schréder et al. 1988), Building on
these facts established by various researchers, Shortle and
Smith (1988) linked the atmospheric deposition of acid
anions to cation mobilization in the soil, which caused a
brief period of enhanced base availability followed by the
proionged impairment of essential base uptake (Bondietti
et al. 1990}, decreased wood production, increased canopy
shedding, and premature {ree monality from pest, pathogens,
and abiotic stresses.

Field studies have not yet established the critical pro-
portion of available antagonists to esscntial divalent bases.
Part of the difficulty in establishing thresholds is due o
the formation of polymers that increase activity or organic
complexes that decrease the activity of the antagonist (Asp
and Berggren [1990; Parker et al. 1989; Shuman 1990).
Previous repori{s used an Al:Ca molar ratio in fine root
tips of =1 to mark the potential for blocked Ca uptake
{Shortle and Smith 1988; Shortle and Stienen 1988).
Estimates of the extent and severity of existing forest dam-
age, if any, that are due to this shift in cation exchange
equilibrium are controversial (Friedland et al. 1993; Johnson
el al. 1992, 1994, Miller et al. 1992; Shortle and Bondietti
1992; Schlegel et al. 1992},

The fine root 1ip was selected for analysis in our previous
and current research because the apoplastic uptake of Ca and
Mg begins at the tip. As the translocation pathway of Ca is
essentially apoplastic, it is especially sensitive to changes
in the ion exchange enviromment (Haynes 1980}. The chem-
istry of roots with a suberized endodermis is less fikely
to be a useful marker of impaired Ca uptake because of
the dominance of the symplastic pathway for transloca-
tion of bases in larger, more developed roots.

The utility of fine root chemistiry as a marker of envi-
ronmental shifts depends, in part, on the inherent preci-
sien of analysis and the variability due to the soil layer
and, in part, to the elevation of the forest to be sampled.
The first objective of this experiment was to determine
the inherent precision of the quantitative chemical analysis
of Ca, Mg, Al, Fe, and the Al:Ca ratio in fine root tips.
The second objeclive was to compare the concentration
of elements in root tips collected from the F and H layers
of the forest floor. The third objective was to compare the
effect of elevation on the concentration of elements and
the Al:Ca ratio.

Materials and methods

Fine roots from the F and H layers of the forest floor were
coliected from four canopy red spruce at each of nine for-
est locations in Qctober and November of 1989 (Table 1),
All lpcations contained red spruce (20—40 cm DBH) as
the predoniinant tree with few or no broad-leaved trees in
the canopy. All locations contained a weli-developed mor
forest floor (Pritchett and Fisher 1987) with a thickiess

of at least 10 cm for the combined F and H layers. Six of

the locations (two ¢ach from Mount Mitchell, Mount
Washington, and Whiteface Mountain) were chosen as
pairs, with cach member of the pair located at different
elevations. As the layers of the forest Hoor were distin-
guished by subjective, qualitative features {Federer 1982),
IF and H nomenclaiure will be used in preference to the
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quantitative terms O, and O, of the Soil Conservation
Service {1981). The F layer, located beneath the overly-
ing litter at the surface of the forest floor, consisted of
fragmented organic material. The organic material of the the
FF layer was partially decomposed, yet sufficiently unal-
tered to allow for the possible identification of the source
of the material (branch wood, bark, root, foliage, etc.).
The H layer, located beneath the ¥ layer, consisted of
organic matter that was sufficiently decomposed so as to
appear amorphous and homogenous. The F and H layers
varied in thickaess within and between forest locations
and within the rooting zone of individual trees. For con-
sistency of application, the same two fieldworkers cate-
gorized the forest floors sampled.

Selected trees were representative of dominant or codom-
inant red spruce, free of obvious physical defects. A major
supporting root was followed away from the tree base by
careful digging with a small trowel. Subdividing branches
were followed by hand until a small woody root (0.5-1.5 cm)
with an attached fine root mass was located in the F or
H layer of the forest floor. Fine root masses from the
I7 tayer were collected from a depth of 36 cm, measured
from the top of the forest {loor, following removal of litter.
Roots {from the H layer were collected from a depth of
§-15 cm. Fine root masses were clipped off the root system
and placed in plastic bags. Usually the same branch root
would yield fine roots from both the F and H layers. The
sampling was repeated for one or two additional supporting
roots. The fine root masses from each supporting root were
pooled into separate collections from the F and H layers
associated with each tree and chilled on ice until returning
to the faboratory. The bagged fine roots were frozen until
dissection of the root tips.

Fine root tips were excised from root masses in a shal-
low, glass baking dish. The baking dish was tilted approx-
imately 30° above the horizontal plane. A rool mass was
placed on the upper, tilted surface of the dish. The root
was thawed and rinsed with short bursts (<3 s per appli-
cation) of distilled, deionized water dispensed from a
squeeze bottle. The root mass was not permitied to soak in
the rinse water, Individual fine root tips (0.1-0.2 mm in
diameter X 2-3 mm in length) were excised from the rool
using dissectling needles. Care was taken to obtain bright,
translucent-white root lips. Tips with heavy, obvious eclo-
mycorrhizal sheaths were avoided, as were broken and
discolored tips.

Excised tips were air dried on filter paper and then
oven-dried at 104°C. Dried root tips (approximately 5 g
per sample, approximately 60-100 tips/mg) from each tree
and Jayer of the forest floor were placed in glass crucibles
and heated at 590°C for 12 h. Following cooling, the ash
in each crucible was digested in 2 mL of 50% (v/v) HCJ
and diluted with 22 mL of deionized distilled water. Element
analysis was performed by direct-coupled plasma emis-
sion spectroscopy using a Spectra-Span V. ARL. Measured
values of sample blanks were subtracted from sample
values. The mean concentration of duplicate samples was
taken as a single observation. Concentrations of Ca, Mg, Al
Fe, and Si were expressed as micromoles per gram of
ovendried root tips. Molar ratios of Al:Ca were calculated
for cach sample. The precision of the total procedure was
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Table 1. Stand locations of red spruce sampled for chemical analysis of fine root tips.

Stand code Location Elevation (m)
BED Beddington, Maine 100
KOS Kossuth, Maine 200
HOW Howland, Maine 60
MMH Mount Mitchell, North Caroiina 1850
MMI. Mount Mitchell, North Carolina i500
MWH Mount Washington, New Hampshire 790
MWL Mount Washington, New Hampshire 680
WFH Whiteface Mountain, New York 1010
WL Whiteface Mountain, New York 875

tested by repeated analysis of in-house reference material
(a single, pooled collection of red spruce fine root tips)
that was inciuded in each sample set.

Variability in element concentration due to adhering
soil minerals was assessed by comparison of Si concen-
trations. Any Si measured was presumed to be a mincral
contaminant on the surface of the fine root tip. Concentra-
tions of Si in root tp samples were compared by two-way
ANOVA. Blocking factors consisted of forest location (8 df)
and forest floor fayer (I df), with four observations per
cell {n=72),

To determine the relationship of element concentration
in fine root lips associated with individual trees but dif-
fering in soil layer, correlation coefficients were calcu-
lated (n = 36). For each forest location, element concen-
trations for the F and H layers were compared by
paired-sampled 7-tests (P £ 0.05, n = 4). The observations
that composed each pair were from roots collected from
a single tree. Within each layer of the forest floor {F and H),
element concentrations in root tips were compared across
ail locations by one-way ANOVA (P £ (1.05). Element
concentrations were transformed to log values prior to
ANOVA for increased stability of variance and normality
of distribution. Fisher’s protected LSD method (P < 0.05,
df = 35) was used to separate mean values because of the
power of the test, the reliability of the comparison-wise
error rate, and because all pairs of comparison were of
interest {(Carmer and Walker 19823,

Results

Analysis of reference standard material indicated that the
method was most precise for Ca, followed by Fe, Mg, Al,
and Si {Table 2). Variation in element concentration in
root samples was not due to adhering soil minerals, as
indicated by Si concentration. Variation in Si concentra-
tion (overall mean = 23.3 pmol-g”', SD = 4.88) was not
attributable to forest location (P = 0.16) or forest floor
layer (P = 0.52), as determined by ANOVA.

For individual trees, the correlation of element concen-
tration in fine root tips from the F layer with tips collected
from the H tayer was significant (P < 0.01) for Fe (#* =
0.50), Ca {r¥=0.31), and Al (r'2 = {3.26). Concentrations
of Mg in fine root tips of the I layer were not correlated
with concentrations from the H layer (* = 0.04, P = 0.30).

Table 2. Element concenirations (wmel-g™') in fine root tip
reference standard.

Ca Mg Al Fe Si

Mean 65 3 27 19 20
Standard deviation 2.9 5.2 4.9 2.7 5.1
Confidence interval (%) 4 10 11 9 15

Note: Confidence intervals for each mean (n = 13) were calculated
as 2.18 (reritical value, P £ 0.05, {2 df) moitiplied by the standard
crror of the mean. Confidence intervals were expressed as a percentage
of the mean value.

Certain patterns were consistent for all locations in
comparison of fine root tips from the F and H layers.
Concentrations of Ca were significantly higher in fine root
tips collected from the ¥ than from the H layer of the
forest floor (P £ 0.05). Concentrations of Al and Fe were
significantly lower for fine root tips collected from the F
than from the H layer. Concentrations of Mg were not
significantly different in fine root tips from the F and
H layers of the forest floor. The Al:Ca molar ratio was
consistently higher in root tips from the H than from the
F layer (P < 0.05). Between forest locations, the concen-
trations of Ca and Mg in fine root tips varied over a more
narrow range than the concentrations of Fe and Al (Table 3),

For paired locations that differed in elevation, fine roots
collected from the higher elevation contained greater
ALCa ratios than lips collected from the lower elevation for
both layers of the forest floor (P £ 0,05, Table 3). The
greater Al:Ca ratios in higher elevation locations were due
to a higher concentration of Al at Mount Mitchell and
Mount Washington and to lower Ca concentrations at
Whiteface Mountain.

Discussion

The chemistry of fine root tips is a marker that integrates
biologically relevant conditions of the rooting environ-
ment. In this experiment, the analytical precision of the
fine root tip reference standard of red spruce ranged from
approximately 5 to [0% (Table 2) and was adequate to
compare elenient concenirations in root tips from sample
collections. For all red spruce forest locations, {fine root
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Table 3. Stand means (and standard deviations) for element concentration {umol-g™") in fine root tips of red spruce

collected from the forest floor.

Stand Ca Stand Mg Stand Al Stand Fe Stand Al:Ca
I layer
MMIL  43(4)a MMH 1l{d)a MWL 19(5)a BED 6(2)a MWL, 0.3(0. Da
MMH  43(7)a WFH  11{2) MML 24{5)ab MML T(2)a BED  04(0.1)a
WFH  45(6)al WFL 123« BED 24(5)ub KOS Hd)ab MML  0.6(0.1)8
HOW  46(5)ab MME  14(1)ab WFL 31{3)bed MWL 10(3)ab WFL  0.6(0.1)b
MWH  46(5)ab MWL 14(D)ab MWH 35(9)bed WFL 13(5)b KOS  0.7(0.Hbe
WFL  51(5)abe MWH  15(3)ab KOs 38{(7)d MWH 14 MWH  0.8(0.)¢
KOS  53(5)bc BED 18(3)be HOW 39(Nd HOW  15(d)b HOW  0.8(0.De¢
MWL 58(6) KOS 18(2)be WEH 59(11)e WFH  34(10)c WFH  1.3(0.1)d
BED  64(6)¢ HOW  23(3)c MMH 64(15)¢ MMH  35(11)c MMH  1.5(0.2)d
H layer

MMH  20(6)a WFL  10(3)a MWL 46(Ta MWL 18(4)a MWL 1.7(0.2)a
MML  21(2)a MWH  12(3)ab MML 58(15)a MML  21(6)ab MML  2.7(0.5)b
MWH  22{4)a WFH  12(2)ab HOW  110020& WEFL  36(8¥c WFL  3.2(0.3)be
WFH  23(3)a MMH  12(3)ab BED 112222)b MWH 391 7be KOS  4.4(0.3)d
BED  27(0)ab BED  16(3)ab MWH 113175 BED 3G(4xbe BED  4.2(0.3)cd
HOW  28(5)ab MWL 16(2)ab KOS 118215 HOW  46(8)cd HOW  4.0(0.2)cd
MWL 28(G)ab KOS 16(3)ab WFL, 118{135)b KOS 471N cd MWH 5.1(0.4)de
KOS  2906)ab MML  17(5)b WFH  119(14) WEH  58(18)d WEFH  5.2(0.3)de
WFL  37(5)b HOW  17(d)b MMH  125026)b MMH  82(9)d MMH  6.5(0.4)¢

Note: Comparisons of log-transformed values were made between lorest stands for collections made from a singie layer (Fishers’s
protected LSIY test, £ < 0.05). Values were retransformed to the original scale {or tabulation.

tips collected from the F layer contained higher concen-
trations of Ca and Jower concentrations of Al and Fe than
collections made from the H layer. On the basis of jon
chemistry, the F layer was comparatively more favorable for
root activity than the H layer. The similarity in Mg con-
centration in fine roots from the F and H layers may reflect
the symplastic requirement for Mg, Unlike Ca and Al, Mg
is actively concentrated within the cytoplasm and is not
governed primarily by ion exchange with the cell walls.

Early in the decay process of needle litter and woody
debris on the surface of the forest floor, concentrations of
Ca, Mg, Al and Fe fluctuate because of microbial immo-
bilization and abiotic adsorption (Rustad 1994; Rustad and
Cronan 1988, 1989). The weak or absent correlation of
element concentration in root tips from the F and H layers
suggests that markedly different input or mobilization
processes may be occurring in the two layers even though
the layers are immediately adjacent to one another. The
different processes could be due to inherent differences in
the F and H environments or to temporal shifts in the
external environment during the formation of the forest
floor.

Previous research on root chemistry has generally bulked
together the roots collected from the different layers of
the forest floor (e.g., Joslin et al. 1988; Majdi and Persson
1993). Unfortunately, such bulking obscures real differ-
ences in root chemistry within the forest floor. Chemical
analysis of the floor of western hemlock (Tsuga hetero-
phylla (Raf.) Sarg.) forests indicated that the F and H lay-
ers could be differentiated on the basis of cation exchange

capacily, cation conceniration, and other factors (Quesnel
and Lavkulich 1981),

The greater Al:Ca ratios at higher elevation locations
compared with lower elevation locations at Mount Mitchell,
Whiteface Mountain, and Mount Washington may be due
to the greater deposition of pollutants from cloud water
at the high-elevation [ocations (Joslin and Wolfe 1992,
Mohnen 1992). The increased deposition of pollulants at
higher elevations resulted in significant increases in the
Al:Ca ratio in the soil solution {Joslin and Wolfe 1992).

The use of markers of environmental change that threaten
red spruce and other forests requires a multifaceted
approach. Soil analysis is most convenient and can indicate
which locations may be sensitive to change due to low
cation exchange capacity, base saturation, and pH (Cronan
1991; Majdi and Persson [993; Shortle and Bondietti 1992).
Frequent collection and analysis of soil solutions can indi-
cate the temporal patterns of ion mobilization and the ionic
species involved. Fine root tip chemical analysis can be
interpreted as a record of peak exposure to exchangeable
ions, Peak mobilization events may be diluted or missed in
soil solution analysis and not evident at all in traditional soil
analysis. The importance of “occasional” periods of high
Al:Ca ralios in soil solutions may be discounted because of
their episodic occurrence (Johnson et al. 1991). However,
a brief period of exposure can result in the essentially irre-
versible binding of Al and exclusion of Ca on the ion
exchange site of fine root tips.

The chief drawback of analysis of fine root tips is that
the acquisition and preparation of samples for analysis is
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laborious. This sample preparation and analysis procedure
hag the advantage of using a composite sample of many
individual tips collected from a strictly defined layer of
the forest floor. Consequently, this method should be less
subject to variability between individual tips than highly
localized techniques such as the laser microprobe (Schlegel
et al. 1992; Schrader et al. 1988). Contamination of sam-
ples with soil minerals may also be reduced in that the
lips are free of an irregular periderm that could trap adhes-
ing soii particles.

This resecarch does not establish an “unsafe” or
“unbealthy” benchmark concentration or ratio of essential
elements or potentially antagonistic soil bases. The form or
complexation of ions in the soil solution, especially for
Al greatly affects their biological activity, well beyond
stmple measures of total, extractable, or exchangeable con-
centrations (Parker et al. 1989; Shuman 1990). The ion
exchange and complexation processes are themselves
dynamic and change in response to changes in the physi-
cal and biological environment. The tree can partially com-
pensate, at a metabolic cost, through the production of
new fine root tips. The dynamic and episodic nature of
these potentially harmful conditions in the rooting zone
enhances the vajue of fine root tip analysis as a record of
peak exposure to antagonistic conditions. Further research
to link episodes of peak levels of antagonists 1o rates of
fine root turnover and altered allometric patterns may help
to resolve the effects of perturbations of dynamic soil
processes and forest health.

The value of fine root analysis will increase with a bet-
ter understanding of the biology and chemistry of fine root
shedding and turnover (Majdi and Persson 1993; Vogt et al.
[986).
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