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Abstract Due to projected increases in winter air tem-

peratures in the northeastern USA over the next 100 years,

the snowpack is expected to decrease in depth and dura-

tion, thereby increasing soil exposure to freezing air tem-

peratures. To evaluate the potential physiological responses

of sugar maple (Acer saccharum Marsh.) to a reduced

snowpack, we measured root injury, foliar cation and car-

bohydrate concentrations, woody shoot carbohydrate lev-

els, and terminal woody shoot lengths of trees in a snow

manipulation experiment in New Hampshire, USA. Snow

was removed from treatment plots for the first 6 weeks of

winter for two consecutive years, resulting in lower soil

temperatures to a depth of 50 cm for both winters com-

pared to reference plots with an undisturbed snowpack.

Visibly uninjured roots from trees in the snow removal

plots had significantly higher (but sub-lethal) levels of

relative electrolyte leakage than trees in the reference plots.

Foliar calcium: aluminum (Al) molar ratios were signifi-

cantly lower, and Al concentrations were significantly

higher, in trees from snow removal plots than trees from

reference plots. Snow removal also reduced terminal shoot

growth and increased foliar starch concentrations. Our

results are consistent with previous research implicating

soil freezing as a cause of soil acidification that leads to

soil cation imbalances, but are the first to show that this

translates into altered foliar cation pools, and changes in

soluble and structural carbon pools in trees. Increased soil

freezing due to a reduced snowpack could exacerbate soil

cation imbalances already caused by acidic deposition, and

have widespread implications for forest health in the

northeastern USA.

Keywords Soil freezing � Root injury � Woody shoot

growth � Carbohydrate and cation concentrations �
Acer saccharum

Introduction

Among the numerous changes climate models have pro-

jected for the northeastern United States (USA) are an

increase in mean annual air temperature and amount of

precipitation. It is projected that global temperatures may

rise between 1.1 and 6.4 �C in the twenty-first century with

a 20–30 % increase in precipitation projected to accumu-

late—primarily as rain rather than snow (IPCC 2007). The

combination of these changes in climate is expected to

delay the onset of snowpack, as well as decrease snowpack

depth and duration throughout winter. Over the next

100 years in the northeastern USA, the number of days

each year with snow on the ground is projected to decrease
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(IPCC 2007). Hydrologic models estimate a reduction in

snowpack by as much as 53 %, with the greatest change

projected for areas that currently experience air tempera-

tures just below freezing (Federer 2001). Snow insulates

the soil from severe freezing and minimizes the frequency

and extent of freeze/thaw events (Stadler et al. 1996;

Shanley and Chalmers 1999). Thus, soil temperatures

below 0 �C are currently rare in this region when a snow

layer is established by December (Decker et al. 2003). At

the Hubbard Brook Experimental Forest (HBEF), New

Hampshire, USA, between 1956 and 2009, soil frost events

have been common (e.g., 62–76 % of years at two mea-

surement stations, respectively), though the great majority

of these frosts are shallow (\10 cm deep) (Campbell et al.

2010). It is generally projected that, with a reduction and a

later onset of the snowpack, soil freezing may occur more

frequently (Brown and DeGaetano 2011). However, spe-

cific projections for HBEF are more variable, with there

likely to be no major changes in annual frost depth, but an

increase in freeze–thaw events (Campbell et al. 2010).

Past snow removal studies have documented increased

losses of nitrate (NO3
-) in leachate (Groffman et al. 2001),

which results in soil acidification that leaches cations such

as calcium (Ca) from soils (Fitzhugh et al. 2003). At the

HBEF, soil freezing is an additional cause of soil acidifi-

cation in a region that has already experienced significant

inputs of atmospheric acid deposition. Anthropogenic acid

deposition beginning in the 1950s has led to depleted base

cation reserves in the soil (Likens et al. 1996). At the

HBEF, Ca pools in the soil have been depleted by up to

50 %, and due to slow rates of weathering and reduced

cation deposition, Ca pools will not be replenished in the

foreseeable future (Likens et al. 1998). In addition to being

an essential plant nutrient, the acid neutralizing capacity of

soil Ca can help to buffer further acidic inputs (Driscoll

et al. 2001). Additional acidification caused by soil freez-

ing could exacerbate the influence of acid deposition on

cation nutrition, including the increased availability of

aluminum (Al)—a potentially phytotoxic element (Cronan

and Grigal 1995). The combined effects of soil freezing

and atmospheric deposition may lead to reduced Ca uptake

and increased Al availability—factors that have been

associated with reduced growth and increased crown

decline in sugar maple trees (Schaberg et al. 2006b;

Huggett et al. 2007).

The physiological response of trees to soil freezing has

been less studied than biogeochemical alterations within

soils. However, it is known that tree roots are sensitive to

freezing stress (Sakai and Larcher 1987) and that soil

freezing can injure tree roots in the field (Tierney et al.

2001). Roots are damaged through the extra- and intra-

cellular freezing of cells and tissues that occur at low

temperature thresholds that differ somewhat among species

(Schaberg et al. 2011). Root injury may also occur through

mechanical action as the surrounding soil heaves and

subsides with the freezing and thawing of soil water

(Sutinen et al. 1998), although the relative importance of

mechanical damage to injury in northern forests has been

questioned (Cleavitt et al. 2008).

Increases in root damage from freezing may have

numerous implications for tree health and function. At a

fundamental level, root damage and loss would likely limit

plant uptake of water and nutrients (Waisel et al. 1996).

Initial belowground perturbations could then translate into

distal changes in crown physiology if transpirational

recharge was diminished. In particular, alterations in foliar

cations (supplied via the transpiration stream) and carbo-

hydrates (produced in leaves if stomata are open and leaves

take up and assimilate CO2) are two likely downstream

consequences of freeze-induced root damage. Because

cation (especially Ca) nutrition is critical to tree stress

response systems (McLaughlin 1999; Schaberg et al.

2001), and carbohydrates fuel both growth and the pro-

duction of biochemical defense compounds (Koricheva

et al. 1998), changes in these parameters may be especially

consequential to tree health and productivity.

We hypothesized that reduced snowpack accumulation

and increased soil freezing results in sub-lethal root injury

that then influences the physiology of the crowns of asso-

ciated trees. We tested this hypothesis by removing snow

for the first 6 weeks of winter for two consecutive years at

the HBEF and measuring (1) soil temperatures, (2) root

electrolyte leakage (a measure of incipient injury), (3)

foliar cation and carbohydrate concentrations, (4) woody

shoot carbohydrates, and (5) terminal woody shoot growth

of sugar maple (Acer saccharum Marsh.) trees. Compared

to co-occurring American beech and yellow birch, sugar

maples have a higher proportion of fine roots in shallow

organic and mineral soil horizons (Fahey and Hughes

1994), which should place them at an elevated risk of root

damage following soil freezing.

Materials and methods

Study site and treatment

Our study was located at the HBEF, a National Science

Foundation Long Term Ecological Research (LTER) site in

the White Mountain National Forest, NH, USA (43�560N,

71�450W). Dominant tree species include an overstory of

sugar maple and yellow birch (Betula alleghaniensis Brit-

ton). Understory plant species include American beech

(Fagus grandifolia Ehrh.), striped maple (Acer pennsyl-

vanicum L.), and hobblebush (Viburnum alnifolium L.).

The climate consists of cool summers and long, cold
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winters. Average winter air temperatures from 1957–2000

were -4.7 �C with January air temperatures averaging

-9 �C. Average yearly precipitation is 1,400 mm, with

about 30 % of this historically falling as snow (Bailey et al.

2003). Typically, snowpack is present from mid-December

to mid-April. Soils consist of base-poor spodosols devel-

oped on glacial till with shallow bedrock averaging 1 m in

depth (Johnson et al. 2000), with an average pH of 3.9

(Fitzhugh et al. 2001).

Four snow removal plots and four reference plots (each

13 9 13 m) were established in 2007 (Templer et al.

2012). There were three or more dominant or codominant

sugar maple trees within each plot, and the three largest of

these were sampled for tree-based measurements (see

below). Beginning in December 2008 and 2009, snow was

removed for 6 weeks during early winter from the four

treatment plots. Prior to the first snowfall, low-lying shrubs

consisting mainly of hobblebush were pruned with hand

clippers from both treatment and reference plots, which

facilitated snow removal on treatment plots. Snow was

removed from treatment plots with shovels within 24 h of a

snowfall exceeding 5 cm, taking care to pack down and

leave a 3-cm layer of snow to both protect the forest floor

from disturbance and to maintain albedo comparable to

reference plots. This base layer was maintained throughout

the treatment period. Snow was removed for the first

6 weeks of snowfall and then allowed to accumulate

throughout the remainder of winter. Snow removal did not

result in compaction of soils as measured by a lack of

difference between the soil bulk density in the reference

and snow-removal plots (Templer et al. 2012).

Environmental data

Soil temperature was measured in each plot with copper-

constantan thermocouples (Campbell Scientific, Logan,

UT, USA) inserted at six depths below the forest floor (1, 3,

7, 15, 30, and 50 cm deep) from November 15, 2007 to

November 2, 2010. Temperature measurements were made

at 10-s intervals and hourly averages were logged on

Campbell Scientific CR10x and CR10 dataloggers with

AM416 and AM16/32 multiplexers. A T-107 temperature

probe was used as a reference for the thermocouples.

Root injury

In April 2010, three samples of sugar maple fine roots

(\2 mm in diameter) were carefully collected using hand

trowels from soils adjacent to each of the three trees per

plot used for shoot and foliar analyses (described below).

Samples were collected in groups of adjacent treatment

pairs—one replication of snow removal and reference plots

at a time. Root samples were identified to species using

morphological features (Yanai et al. 2008). The sampling

period was chosen to coincide with the initial thaw of the

snowpack to allow for the extraction of roots while pre-

ceding root growth and elongation for the season. Root

tissues were placed in water-moistened paper towels in

sealed plastic bags and immediately transported in a cooler

to the Forest Service Laboratory in South Burlington, VT,

USA, for further processing and analysis.

We measured the relative electrolyte leakage (REL: the

leakage of electrolytes from roots directly transported from

the field relative to electrolyte leakage from the same roots

after heat-induced mortality) as an indicator of freezing

injury (Schaberg et al. 2008, 2011). Measurements of REL

from plant tissues are routinely used as a measure of

membrane stability (i.e., the ability of cells to control the

flow of electrolytes, especially potassium ions) following

damage from a variety of stresses including dehydration

(Kuhns et al. 1993), osmotic stress (Zwiazek and Blake

1991), high temperatures (Ruter 1996), and freezing

(McKay 1998; Schaberg et al. 2008). Approximately 0.5 g

of each sample was washed with cool tap water to remove

soil particles, washed in a dilute detergent solution (0.1 %

v/v Triton X-100—deionized water) to reduce surface

tension on root exteriors, and then processed through three

deionized water (pH * 6) rinses to remove superficial

ions. Washed samples were then chopped into 5-mm sec-

tions. Six subsamples of chopped root for each of the three

samples per plot were measured volumetrically to obtain

0.1–0.2 g of fine root tissue. Each sample was placed into

64-cell styrene trays to measure the initial electrical con-

ductivities of the samples (electrolyte leakage soon after

samples were excavated in the field) and final conductivi-

ties (electrolyte leakage after samples were dried for 48 h

at 50 �C to kill tissues). Prior to conductivity measure-

ments, 3 mL of 0.1 % Triton X-100 were added to each

cell and the trays were agitated overnight (for initial

electrical conductivity measurements) and for 24 h (for

final conductivity measurements) to facilitate electrolyte

exchange between sample solutes and root tissues. Elec-

trical conductivities were measured using a multi-electrode

conductivity bridge (Wavefront Technology, Ann Arbor,

WI, USA), and the mean ratio of initial to final conduc-

tivities 9100 of the six subsamples per root sample (to

calculate the percent electrolyte leakage relative to heat-

killed tissue) was used as the indicator of root membrane

integrity for each tree.

Woody shoot and foliage collection, growth

and carbohydrate analyses

Woody shoots and foliage were collected from the sunlit

upper crowns of three sugar maple trees per plot in July

2010 using a shotgun. Samples were collected in pairs of
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one snow removal and one reference plot to avoid any

potential confounding of treatment with time of collection.

The longest terminal shoot per branch was measured (mm)

as an indicator of woody growth in 2010. Shoot sec-

tions 1–2 cm in diameter were excised from branches and

sealed into plastic bags before being placed on dry ice. Half

of the foliage from each branch was kept frozen to preserve

tissues for carbohydrate analysis and the other half was

dried prior to cation analysis.

Tissues not used for growth or cation assessments were

stored at -80 �C prior to analyses, and then samples were

assessed for soluble carbohydrate concentrations using the

methods of Hinesley et al. (1992). For shoots, the bark and

pith were removed before samples were submerged in

80 % ethanol, evacuated in an oven at -52 kPa for 15 min,

and then boiled in a water bath for 15 min. Samples were

chopped using a razor blade, homogenized with a Poly-

tronTM (Brinkman Instruments, Westbury, NY, USA), and

then extracted twice using 5 ml of fresh 80 % ethanol at

80 �C. Finally, samples were centrifuged at 3,000 rpm for

15 min and the ethanol extracts for each sample pooled and

filtered through a 0.45-lm syringe filter in preparation for

sugar analysis, while the ethanol-insoluble residues were

reserved for starch analysis.

For foliage, 20 circular disks (0.5 cm in diameter) were

punched from leaves with care taken to avoid sampling

major leaf veins. Soluble sugars were extracted from leaf

punches using 80 % ethanol. Chlorophyll was removed

from the soluble sugar ethanol supernatant using a Waters

C18 Sep-Pak Plus Cartridge (Waters, Milford, MA, USA).

A subsample of the filtered supernatant was dried at 37 �C

in a limited volume insert, reconstituted in 200 lL 0.1 mM

Ca EDTA, and filtered through a 0.45-lm syringe filter.

Samples were analyzed for glucose, fructose, sucrose,

stachyose, raffinose, and xylose using high performance

liquid chromatography (Alliance 2695; Waters) and a

Waters Sugar-Pak column (Hinesley et al. 1992). The

column was maintained at 90 �C and 0.1 mM Ca EDTA

was used as the solvent at a flow rate of 0.6 ml min-1.

Sugar concentrations were quantified using Waters

Empower software and expressed as mg cm-2 leaf area.

For shoot and foliar samples, the pellet from the ethanol

extract was gelatinized with 0.2 M KOH, boiled for 30 min

in a water bath, and neutralized with 1 M acetic acid. The

solubilized starch was hydrolyzed to glucose with amylo-

glucosidase (no. 10115; Sigma Chemicals) in 0.1 M ace-

tate buffer (pH 4.5) and incubated at 55 �C for 30 min. The

reaction was terminated by boiling the sample for 4 min.

The supernatant was centrifuged for 10 min at 3,000 rpm.

Starch content was quantified by assaying for glucose

(liquid glucose reagent set; Pointe Scientific, Canton, MI,

USA) as described by Hendrix (1993). Samples and glu-

cose standards were read with an Elx800 UV plate reader

(Bio-Tek, Winooski, VT, USA) at 340 nm. Starch con-

centrations were calculated using glucose standard curves

and expressed as mg cm-2 leaf area. Total nonstructural

carbohydrates (TNC) were calculated by summing all

sugars and starch.

Foliar cation analysis

Foliar tissue was dried for 2 weeks at 55 �C and ground in

a Wiley mill with a 2-mm mesh. Approximately 0.5 g of

ground foliage from each tree was run through a series of

nitric acid and hydrogen peroxide digestions (Jones et al.

1990). Following digestion, samples were analyzed for Ca,

Al, potassium (K), and manganese (Mn) using an induc-

tively coupled plasma atomic emission spectrophotometer

(ICP-AES) (Perkin-Elmer Optima DV 3000; Perkin-Elmer,

Norwalk, CT, USA). National Institute of Standards and

Technology (NIST) peach leaf standards were used (SRM

1547) to ensure accuracy. Standards were within 5 % of

certified values.

Statistical analysis

Treatment differences in root, shoot, and foliar tissues were

tested using a nested analysis of variance (ANOVA) where

plot within treatment and tree within plot were the sources

of variation (Montgomery 2008). This analysis allowed us

to evaluate the consistency in response among plots within

a treatment, and differences among plot means associated

with snow removal treatment. Treatment differences in

minimum soil temperatures were tested using Student’s

t tests. A Box-Cox transformation was used on shoot length

data to satisfy the assumption of homogeneity of variances

(Montgomery 2008). Data were analyzed using JMP sta-

tistical software (SAS Institute, Cary, NC, USA). Unless

noted otherwise, results were considered statistically sig-

nificant when P B 0.05.

Results

Soil temperatures

Snow removal significantly decreased minimum soil tem-

peratures recorded at all depths measured in the winter of

2008–2009 and the upper four depths measured in

2009–2010 (Table 1). Differences in soil temperature at the

30 and 50 cm depths attributable to treatment were sig-

nificant at P B 0.10 during the winter of 2009–2010. Soil

temperatures at 1 cm depth fell to almost -6 �C on snow

removal plots, while soils at the same depth in reference

plots did not freeze during either winter (Table 1).

Although differences between treatments decreased with
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soil depth (Table 1), snow removal resulted in soil freezing

as deep as 0.5 m (Table 1). In general, temperatures varied

more in soils within snow removal plots relative to refer-

ence plots (see SE values in Table 1). There was a trend for

temperature variation to be greater in surface than deeper

soils in 2008–2009 (the colder of the two winters), with

little pattern with depth evident in 2009–2010. Overall,

there were few shifts in temperature across the freeze–thaw

threshold for soils from either treatment during the two

winters (Comerford 2011).

Root injury

Fine roots collected from the snow removal plots showed

significantly higher REL values than roots from reference

plots (P = 0.005; Fig. 1). Root REL was 37 % higher in

the snow removal plots than in reference plots. However,

even in snow removal plots, average REL values were

below the 50 % threshold that is typically associated with

tissue mortality (Strimbeck et al. 2007). For root and other

tree-based data, no differences in response attributable to

plot within treatment were detected, indicating that the

influence of treatment was robust and not plot-dependent.

Shoot growth and shoot/foliar carbohydrates

Terminal shoots from trees on snow removal plots were

approximately 46 % shorter than terminal shoots from

trees on reference plots (51.75 ± 12.02 vs. 27.83 ±

3.23 mm respectively, P = 0.058; Fig. 2). However, there

were no significant differences between snow removal and

reference plots in shoot starch concentrations (P = 0.84;

Table 2). Mean starch concentrations of shoots from trees

in reference plots and snow removal plots were 17.1 and

16.63 mg g-1, respectively. There were also no differences

among individual or combined soluble sugars between the

shoots from trees on reference and snow removal plots

(Table 2).

In contrast to shoot carbohydrate data, foliage from trees

on snow removal plots had 86 % higher starch concentra-

tions (102.72 mg g-1) than foliage from the reference plots

(55.15 mg g-1; P = 0.004; Table 2). No differences in

foliar sugar concentration between trees in snow removal

Table 1 Mean (±SE) minimum soil temperatures at six depths in reference and snow removal plots during meteorological winter (December

1–February 28) and after treatment initiation

Soil depth (cm) 2008–2009 2009–2010

Soil temperature (�C) P value Soil temperature (�C) P value

Reference Snow removal Reference Snow removal

1 -0.47 ± 0.23 -5.88 ± 0.6 0.0007 -0.43 ± 0.06 -5.17 ± 0.67 0.0004

3 0.1 ± 0.38 -4.93 ± 0.44 0.0004 0.26 ± 0.04 -4.46 ± 0.79 0.004

7 0.23 ± 0.35 -3.99 ± 0.33 0.0003 0.28 ± 0.11 -3.63 ± 0.72 0.0061

15 0.66 ± 0.32 -2.52 ± 0.45 0.003 0.54 ± 0.16 -2.55 ± 0.91 0.0362

30 1.16 ± 0.28 -1.13 ± 0.29 0.0027 0.94 ± 0.43 -1.41 ± 0.78 0.0626

50 1.76 ± 0.16 -0.16 ± 0.07 \0.0001 1.68 ± 0.28 -0.88 ± 0.95 0.0766

Fig. 1 Mean relative electrolyte leakage (REL) (±SE) for sugar

maple (Acer saccharum Marsh.) fine roots from reference and snow

removal plots. Asterisk means are statistically different at P B 0.05

based on ANOVA analysis

Fig. 2 Mean terminal shoot lengths (±SE) for sugar maple trees

from reference and snow removal plots. Asterisk means are statisti-

cally different at P = 0.058 based on ANOVA analysis
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and reference plots for individual or total sugars were

found (Table 2). Total nonstructural carbohydrates values

were also higher in leaves from snow removal plots

(102.82 mg g-1) than those from reference plots

(55.24 mg g-1; P = 0.004), and reflected the dominance

of starch values as a component of TNC during the

growing season.

Foliar cations

Foliage from trees on snow removal plots had significantly

higher Al concentrations than foliage from trees on refer-

ence plots (P = 0.0074; Table 3). Foliage from trees on

snow removal plots tended to have lower Ca concentrations

(P B 0.12; Table 3) and had significantly lower Ca:Al

molar ratios than foliage from trees on reference plots

(P = 0.049). No differences in foliar K or Mn associated

with treatment were detected (Table 3).

Discussion

Companion research at our study site has verified that

the snow removal treatment reduced the depth and duration

of snowpack during the winters of 2008–2009 and

2009–2010, which resulted in significantly lower soil

temperatures on snow removal plots relative to reference

plots during winter (Templer et al. 2012). The snowpack

depth varied among years, with maximum mean depths of

98.6 and 48.7 cm on the reference plots and 53.9 and

19.8 cm on the treatment plots during 2008–2009 and

2009–2010, respectively. During the winter of 2008–2009,

the maximum mean frost depth on reference plots was

6.6 cm (25 November 2008), whereas it averaged 37.2 cm

(13 February 2008) on treatment plots. During the winter of

2009–2010, the maximum mean frost depths on the refer-

ence and treatment plots were 5.4 cm (10 February 2010)

and 38.0 cm (3 March 2010), respectively. Snow removal

increased the mean duration of soil frost among the plots

by 16 days in 2008–2009 and 29 days in 2009–2010

(Templer et al. 2012). Treatment-induced reductions in soil

temperature increased the average maximum depths and

duration of soil frost to 37.2 and 38.0 cm and 16 and

29 days in 2008–2009 and 2009–2010, respectively

(Templer et al. 2012). Because temperature minima are

particularly important in inducing species-specific freezing

injury, here we focus on these minima for the 6 soil depths

sampled (Table 1). The lowest soil temperature measured

for snow removal plots was -5.88 ± 06 �C at the 3 cm

depth.

The proportion of the root system damaged by soil

freezing depends on the freezing event (how cold soils

become and how deep frosts reach), and the tree species

(which differ in cold tolerance and the proportion of fine

roots that populate upper soil horizons). For example,

yellow-cedar [Callitropsis nootkatensis (D. Don) Florin ex

Table 2 Mean (±SE) carbohydrate concentrations of woody shoots and foliage from sugar maple (Acer saccharum Marsh.) trees on reference

and snow removal plots

Treatment Starch

(mg g-1)

Stachyose

(mg g-1)

Raffinose

(mg g-1)

Sucrose

(mg g-1)

Glucose

(mg g-1)

Xylose

(mg g-1)

Fructose

(mg g-1)

Total sugars

(mg g-1)

TNCa

(mg g-1)

Woody shoots

Reference 17.1 ± 1.59 0 ± 0b 0.14 ± 0.02 6.3 ± 0.43 0.11 ± 0.02 0 ± 0 0.05 ± 0.02 6.6 ± 0.45 23.7 ± 1.75

Snow removal 16.63 ± 2.04 0 ± 0 0.13 ± 0.02 5.76 ± 0.42 0.13 ± 0.03 0 ± 0 0.08 ± 0.04 6.1 ± 0.43 22.73 ± 2.21

Treatment Starch

(mg cm-2)

Stachyose

(mg cm-2)

Raffinose

(mg cm-2)

Sucrose

(mg cm-2)

Glucose

(mg cm-2)

Xylose

(mg cm-2)

Fructose

(mg cm-2)

Total sugars

(mg cm-2)

TNCa

(mg cm-2)

Foliage

Reference 55.15 ± 5.61 0 ± 0 0 ± 0 0.06 ± 0.01 0.01 ± 0 0 ± 0 0.01 ± 0 0.09 ± 0.01 55.24 ± 5.62

Snow removal 102.72 ± 8.05* 0 ± 0 0 ± 0 0.07 ± 0.01 0.01 ± 0 0 ± 0 0.02 ± 0 0.1 ± 0.01 102.82 ± 8.06*

* Significant differences between means, P B 0.05
a Total nonstructural carbohydrates (TNC)
b Values of zero indicate concentrations below instrumental detection levels

Table 3 Mean (±SE) element concentrations and Ca:Al molar ratios of foliage from reference and snow removal plots

Treatment Al (mg kg-1) Ca (mg kg-1) K (mg kg-1) Mn (mg kg-1) Ca:Al molar ratio

Reference 29.47 ± 1.09 7,020.42 ± 673.41 6,706.36 ± 361.81 966.56 ± 123.03 207.84 ± 22.09

Snow removal 38.8 ± 2.78* 5,942.59 ± 596.55 6,620.19 ± 284.3 849.74 ± 126.33 135.63 ± 13.7*

* Significant differences between means, P B 0.05
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D. P. Little] trees in Alaska appear particularly vulnerable

to root freezing injury because they have limited hardiness

and a high proportion of superficial roots (Schaberg et al.

2011). Compared to co-occurring American beech and

yellow birch, sugar maple trees have a higher proportion of

fine roots in shallow organic and mineral soil horizons

(Fahey and Hughes 1994), which should put maples at

greater risk of root damage following soil freezing.

Although no single low temperature threshold has been

established for the induction of root mortality in sugar

maple, Calmé et al. (1994) reported a gradual decrease in

the dry mass of live roots below -10 �C. Thus, the tem-

peratures of injury noted by Calmé et al. (1994) were well

below the minima we recorded on snow removal plots

(Table 1). Others have reported elevated mortality for

sugar maple roots when snow removal increased soil

freezing in the field, although the temperatures associated

with this damage were not reported (Tierney et al. 2001). A

separate study found no clear influence of snow manipu-

lation on sugar maple root mortality, but detected a sig-

nificant reduction in the vitality (assessed using a

colorimetric assay) of cells in first and second order roots

(Cleavitt et al. 2008). The REL values recorded in our

study are consistent with these findings of sub-lethal injury,

and indicate that membrane damage can occur for the fine

roots of sugar maples even when the temperature thresh-

olds that induce mortality are not reached. Even if mor-

tality thresholds are not exceeded, sub-lethal injury has a

metabolic cost as energy and other resources are used to

support tissue repair and maintain electrolyte balance

across damaged (leaky) membranes (Morsomme and

Boutry 2000; Schapire et al. 2009). Nutrient uptake

through injured roots can be reduced (Marschner 2002),

increasing opportunities for leaching loss from soils.

Although various datasets highlight tree root injury fol-

lowing snow removal and soil freezing (Tierney et al.

2001; Cleavitt et al. 2008; Table 1), Cleavitt et al. (2008)

found that snow manipulation had no effect on mycorrhizal

colonization of sugar maple.

In addition to root damage, snow removal was signifi-

cantly associated with increases in foliar Al concentrations

(Table 3), reductions in terminal shoot lengths (Fig. 2), and

increases in foliar starch and TNC concentrations

(Table 2). Similar changes in root and foliar parameters

have been noted in other plants following root freezing

injury that directly reduced water and nutrient uptake and

led to altered carbon relationships (Marschner 2002).

However, a diminished capacity for root uptake would

reduce the foliar incorporation for all cations transported

via the transpiration stream, not just the Al and Ca:Al

concentrations that we report.

In contrast, the indirect effects of soil freezing on

nutrient availability may better account for the changes in

aboveground physiology that we detected. Specifically, we

propose that freeze-induced soil acidification increased Al

uptake and reduced foliar Ca:Al to levels that hindered

woody growth, thereby altering carbon source–sink rela-

tionships that allowed for build-ups of foliar starch. Past

work has shown that a reduced snowpack led to root

freezing damage, increased N leaching, acidified soils, and

altered soil cation availability (Tierney et al. 2001; Groff-

man et al. 2001; Fitzhugh et al. 2001). Our foliar cation

data show that this alteration in soil nutrition also leads to a

specific increase in foliar Al and a reduction of Ca:Al

molar ratios—patterns that are characteristic of soil acidi-

fication (Cronan and Grigal 1995). Furthermore, the Al

concentrations (almost 40 mg kg-1) and Ca:Al ratios

(under 150) that we report for maple foliage from the snow

removal plots are consistent with levels associated with

reduced basal area growth (and thus reduced carbon sink

strength) in sugar maple trees (Schaberg et al. 2006b;

Huggett et al. 2007). The reduced length of terminal shoots

that we document indicate that reduced crown growth can

accompany snow removal. Whether this reflects more

substantial reductions in carbon sequestration in tree boles

has yet to be determined. A reduction in distal sink strength

with reduced growth would slow phloem transport away

from leaves and shunt foliar photosynthate production

toward starch accumulation—a biochemically neutral form

of localized carbon storage that would limit the feedback

inhibition of photosynthesis (Herold 1980).

Our data also show that increased soil freezing could

exacerbate the effects of acid deposition and push soils

further toward acidification that can deplete Ca when it is

available, and mobilize Al when Ca availability is low.

Indeed, in a manipulation study where snow was excluded

from soils all winter in a sugar maple forest in Quebec,

Canada, Boutin and Robitaille (1995) found that soil

acidification the year after treatment was the equivalent to

decades of acidic deposition. Altered Ca and Al nutrition

from inputs of acidic deposition have already been asso-

ciated with the declines of sugar maple (Schaberg et al.

2006b; Huggett et al. 2007), red spruce (Picea rubens

Sarg.) (Schaberg et al. 2006a; Halman et al. 2008), and

paper birch (Betula papyrifera Marsh.) (Halman et al.

2011) in the northeastern USA. If climate change results in

increased soil freezing that further acidifies sites altered by

acidic deposition, then more forests and tree species may

be put at risk of injury and decline. A significant decrease

in sugar maple canopy dominance over the next 100 years

has already been predicted as a result of Ca depletion

associated with acid deposition (Kobe et al. 2002). Any

additional susceptibility to root damage or greater sensi-

tivity to lower Ca:Al ratios in soils could lead to a gradual

replacement of sugar maple by other tree species in many

northern hardwood forest ecosystems.
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Intra-system cycling of Ca is dominated by vegetation

uptake and eventual return to the forest floor with litterfall

(Likens et al. 1998). Our data and the results of others

(Groffman et al. 2001; Fitzhugh et al. 2003) indicate that,

at least in northern hardwood forests dominated by sugar

maple, reduced snow cover can damage tree roots, acidify

soils, alter soil and foliar cation nutrition, reduce woody

growth, and perturb tree carbohydrate relations. Similar

alterations caused by acid deposition have been shown to

move beyond soil and plant populations to influence

dependent animal populations (Schaberg et al. 2001).

Notably, acid-induced depletions of Ca have led to declines

in snail populations that then reduce Ca intakes of depen-

dent breeding birds—resulting in elevated rates of eggshell

defects, clutch desertions, and empty nests (Graveland and

Van Gijzen 1994; Graveland and van der Wal 1996). It is

not yet known if soil acidification following soil freezing

when snowpack depths are low may similarly cause cation

perturbations that cascade up through food webs.

Acknowledgments The authors are grateful to Justin Brigham, C.

J. Freeman, Meghan Gagne, Josh Halman, Chris Hansen, Glenn

Harrington, Gary Hawley, Alexandra Kosiba, Chenin Limback, Paula

Murakami, Erik Niebylski, Dan Ott, Sarah Pears, Matthew Ross,

Bethel Steele, Phil Thompson, Alexandra Webster, Megan Yanney,

Will Young, and Helen Yurchenco for their assistance in both the

field and laboratory. We thank Alan Howard for assistance with

statistical analyses and Drs. Abby van den Berg, David V. D’Amore,

Brynne E. Lazarus and Kevin T. Smith for providing helpful feedback

on an earlier version of this manuscript. We further thank the staff at

the Hubbard Brook Experimental Forest for their generous help in all

aspects of our sample collections. This research was supported by

funds provided by the Forest Service Northern Research Station, the

USDA CSREES McIntire-Stennis Forest Research Program, and the

Andrew W. Mellon foundation. This manuscript is a contribution of

the Hubbard Brook Ecosystem Study. Hubbard Brook is part of the

Long-Term Ecological Research (LTER) network, which is supported

by the National Science Foundation. The Hubbard Brook Experi-

mental Forest is operated and maintained by the USDA Forest Ser-

vice, Northern Research Station, Newtown Square, PA.

References

Bailey AS, Hornbeck JW, Campbell JL, Eager C (2003) Hydrome-

teorological database for hubbard brook experimental forest,

1955–2000. In: General technical report NE305. US Department

of Agriculture, Forest Service, Northeastern Research Station,

Newtown Square, Pennsylvania

Boutin R, Robitaille G (1995) Increased soil nitrate losses under

mature sugar maple trees affected by experimentally induced

deep frost. Can J For Res 25:588–602

Brown PJ, DeGaetano AT (2011) A paradox of cooling winter soil

surface temperatures in a warming northeastern United States.

Agric For Meteorol 151:947–956
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