
ORIGINAL PAPER

Calcium addition at the Hubbard Brook Experimental Forest
increases the capacity for stress tolerance and carbon capture
in red spruce (Picea rubens) trees during the cold season
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Abstract Red spruce (Picea rubensSarg.) trees are
uniquely vulnerable to foliar freezing injury during the cold
season (fall and winter), but are also capable of photo-
synthetic activity if temperatures moderate. To evaluate the
inßuence of calcium (Ca) addition on the physiology of red
spruce during the cold season, we measured concentrations
of foliar polyamines and free amino acids (putative stress-
protection compounds), chlorophyll (a key photosystem
component), and sapwood area (a proxy for foliar bio-
mass), for trees in Ca-addition (CaSiO3 added) and Ca-
depleted (reference) watersheds at the Hubbard Brook
Experimental Forest (NH, USA). Ca-addition increased
concentrations of the amino acids alanine andc-aminobu-
tyric acid (GABA) and the polyamines putrescine (Put) and
spermidine (Spd) in November, and Put in February rela-
tive to foliage from the reference watershed. Consistent
with increased stress protection, foliage from the Ca-
addition watershed had higher total chlorophyll and chlo-
rophyll a concentrations in February than foliage from the
reference watershed. In contrast, foliage from the reference

watershed had signiÞcantly lower glutamic acid (Glu) and
higher alanine (Ala) concentrations in February than foli-
age from the Ca-addition watershed. Imbalances in Ala:Glu
have been attributed to cold sensitivity or damage in other
species. In addition to concentration-based differences in
foliar compounds, trees from the Ca-addition watershed
had higher estimated levels of foliar biomass than trees
from the reference watershed. Our Þndings suggest that Ca-
addition increased the stress tolerance and productive
capacity of red spruce foliage during the cold season, and
resulted in greater crown mass compared to trees growing
on untreated soils.

Keywords Acidic deposition� Calcium depletion�
Polyamines� Free amino acids� Chlorophyll content�
Sapwood area

Introduction

Laboratory and Þeld-based studies have determined that
red spruce (Picea rubensSarg.) foliage attains limited cold
tolerance during winter (Strimbeck et al.1995; Schaberg
et al. 1996), but that it is also quick to become photosyn-
thetically active when temperatures moderate (e.g., during
winter thaws; Schaberg et al.1995, 1998). Indeed, carbon



temperatures return (Schaberg and DeHayes2000; DeHa-



processing depended on the speciÞc analysis listed below.
Subsamples of the bulked foliar samples collected on these
dates were previously assessed for a range of nutritional
and physiological parameters, including cation and sugar
concentrations (Halman et al.2008).

Foliar free amino acids and polyamines

A portion of samples stored at-80� C were transported to
the USFS laboratory in Durham, NH where they were
stored at-20� C for several weeks prior to analyses. Nee-
dles were thawed and chopped into 2Ð3 mm size pieces,
from which two sub-samples were taken: one (approxi-
mately 200 mg FW) was placed in a pre-weighed micro-
fuge tube and 1 mL of 5% perchloric acid (PCA) was
added to it; and the other placed in a separate microfuge
tube without PCA, frozen at-20� C and subsequently used



Results

Foliar free amino acids and polyamines

Differences in foliar free amino acids and polyamines
associated with Ca treatment were detected in both
November and February, but were more consistent for the
autumn sampling (Table1). In November, concentrations
of the amino acids Ala and GABA were higher in foliage
from trees on the Ca-addition watershed relative to trees on
the reference watershed. Concentrations of two polyamines
(Put and Spd) were also higher in the foliage of trees on the
Ca-addition watershed than trees on the reference water-
shed. In February, foliar Put concentrations remained
higher for trees on the Ca-addition watershed compared to
trees on the reference watershed, whereas trees on the
reference watershed had lower Glu concentrations and
higher Ala concentrations in their foliage than trees from
the Ca-addition watershed (Table1).

Soluble proteins and chlorophyll

Treatment-associated differences in chlorophyll concen-
tration were only evident in February (Table2). At this
time, foliage from trees on the Ca-addition watershed had
signiÞcantly higher concentrations of chlorophylla and
total chlorophyll (Table2





initial protection from oxidative stress (Kuznetsov et al.
2006). In addition, Put may protect plants through
decreased membrane leakage caused by low temperature
stress (Kim et al.2002) or by modulated abscisic acid
(ABA) biosynthesis and gene expression (Cuevas et al.
2008). As with this suggested modulation of ABA, poly-
amines as a group may exert a broader inßuence on stress
protection by inßuencing the up- or down-regulation of
other stress response systems (Kuznetsov et al.2006).

In accordance with the general importance of GABA and
polyamines in protecting plants from cold injury, we found
that only trees on the Ca-addition watershed had elevated
levels of these protective compounds with the onset of cold
temperatures (mean daily temperatures in the watersheds
for the week preceding collection ranged from-2 to 11� C;
http://www.hubbardbrook.org/data/dataset.php?id=58).
Furthermore, it was just for trees on the Ca-addition
watershed that one of these compounds (Put) remained high
when some of the coldest temperatures of the winter existed
in February (mean daily temperatures in the watersheds for
the week preceding collection ranged from-17 to 4� C;
http://www.hubbardbrook.org/data/dataset.php?id=58). In
February, signs of the negative inßuence of low Ca avail-
ability on foliar biochemistry became evident for trees on
the reference watershed: they had lower concentrations of
Glu and higher concentrations of Ala than foliage from trees
on the reference watershed. The ratio of Ala:Glu has been
used as an indicator of cold hardiness and injury in plants,
with ratios of about 0.2 or lower being typical for cold hardy
or uninjured cold sensitive tissues (Patterson et al.1981).
Although Ala:Glu levels were signiÞcantly higher for the
foliage of trees from the Ca-addition watershed relative to
the foliage of trees from the reference watershed in
November (Table1), Ala:Glu levels were near or below the
0.2 threshold for trees from both treatments. By February,
Ala:Glu levels for the foliage of trees on the Ca-addition
watershed were unchanged from November levels, whereas
the foliage of trees from the reference watershed had
Ala:Glu ratios over 1.0 (Table1). Ratios considerably
above 0.2 have been detected in other cold sensitive plant
tissues and attributed to cold injury, possibly associated
with a disruption of glutamate-pyruvate transaminase
activity (which catalyzes the inter-conversion of glutamate
and alanine) (Patterson et al.1981).

Chlorophyll content, sapwood area and cold season
adaptation

In addition to signs of dysfunction for trees on the refer-
ence watershed in February, there were also indications
that Ca-addition bolstered foliar physiology at this time.
Total chlorophyll, and especially chlorophylla



potential tradeoff between the protection of existing tissues
and carbon stores and the acquisition of new stores needed
for competitive growth into the future (Strimbeck et al.
1995; Schaberg et al.1996).

The combined capacity for adequate protection from
freezing damage along with an enhanced capacity for
photosynthetic gain during mild winter interludes is an
established niche for evergreen conifers in locations where
winter climates are historically mild (e.g., Ludlow and
Jarvis1971; Fry and Phillips1977; Harrington et al.1994).
However, in the traditionally cold northeastern US, this
ecological niche may be more unique (Schaberg2000;
Schaberg and DeHayes2000). Indeed, it has been specu-
lated that the tendency for red spruce to express marginal
cold hardiness with enhanced photosynthetic capacity
during winter may be a holdover from adaptive qualities
favored when the species was in a restricted glacial refugia,
likely under a more maritime climate (White and Cogbill
1992; Schaberg and DeHayes 2001). Regardless of its
origins, the limited cold tolerance and propensity for cold
season C capture have historically put red spruce at no
adaptive disadvantage in the northeast, as evidenced by its
wide-spread occurrence and generally good health up
through the 1960s (White and Cogbill1992). However, in
more recent decades red spruce freezing injury has become
more common and has contributed to the regional decline
of the species (DeHayes1992; Johnson1992).

Impacts of Ca depletion

Recent increases in red spruce freezing injury have been
tied to acid deposition-induced leaching of Ca from soils
and foliage (DeHayes et al.1999; Hawley et al.2006).
Resulting foliar Ca limitations destabilize membranes
(DeHayes et al.1999) and lead to reductions in foliar
sugars and antioxidant enzyme activities that help bolster
foliar cold tolerance (Halman et al.2008). However, until
now, the inßuence of Ca supplementation on other stress
response compounds such as GABA and foliar polyamines
in red spruce trees have remained unknown. Data showing
that Ca addition can facilitate the accumulation of GABA
during cold acclimation and increase polyamine concen-
trations in foliage during the cold season builds on past
results (Hawley et al.2006; Halman et al.2008), and
suggests that the complex integration of Ca signaling and
winter physiology within red spruce foliage can be
impaired by ambient Ca depletion. The outcome of this
impairment includes an immediate reduction in C storage
(e.g., foliar sugar concentrations; Halman et al.2008), and
declines in the functional capacity of foliage to capture
more C during winter (exempliÞed by chlorophyll con-
centrations in February; Table2). These consequences are
ampliÞed by the inßuence of Ca on foliar biomass levels

(indicated by differences in sapwood area; Fig.1) that
build upon other concentration-based differences in foliar
C capacity to more broadly alter tree C relations. Among
its other implications, this connection between adequate Ca
nutrition and elevated C sequestration capacity at the tree-
level highlight how one anthropogenic disruption (Ca
depletion) may inßuence another (C sequestration that
helps to mitigate atmospheric CO2 accumulations and
associated climate change).

Based on our new data, we postulate that adequate Ca
supply may provide the biochemical means to regulate the
balance between cellular protection (e.g., stress response)
and physiological activity (e.g., C capture) during winter
that allows this species to exploit a niche whereby the
transition from greater tissue protection to greater physio-
logical activity can be modulated and controlled. If veriÞed
through additional testing, this would reÞne our under-
standing of the recent red spruce decline to involve not
only a greater propensity toward foliar freezing injury
coincident with anthropogenic Ca depletion, but also a shift
in C sequestration capacity attributable to Ca limitation.
SpeciÞc tests are needed to assess the inßuence of Ca
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