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Abstract

Limited knowledge is available about the growth of Norway spruce saplings related to spring climate, especially snow duration, in subalpine

forests. The primary goal of this research was to quantify the relative importance of the direct and indirect drivers of growth for spruce saplings in

subalpine forests that are related to spring climate. Two related, subordinate goals were to compare the statistical power of different growth indices

for saplings, and to evaluate differences among model accuracy and strength of predictors for saplings stratified into three height classes. During the

2002 and 2003 field seasons we conducted an observation study in the subalpine forests of Davos and Sedrun, Switzerland. We measured growth

and local light availability, spring climate, and snow environment for 634 spruce saplings. Tree size, spring snow duration, overstory canopy cover

and elevation were among the most important variables related to annual height growth (R2 = 0.35), primary growth (of the main stem and upper

branches, R2 = 0.44), and crown volume growth (R2 = 0.80) of saplings. In addition, the presence of black snow mold (Herpotrichia nigra) was

important for height and primary growth. Crown volume growth of trees stratified into height classes explained more variability than height or

primary growth models, with R2-values of 0.43 for trees 10–30 cm tall (A), 0.32 for trees 31–60 cm (B), and 0.51 for trees 61–130 cm (C). Primary

growth models for A and C-size class trees had moderate R2-values of 0.37 and 0.36, respectively. Growth of A-size trees was primarily related to

canopy cover and spring snow duration. While for B-size trees it was difficult to capture aboveground growth, this group responded more to the

presence of snow mold than the other groups. Growth of C-size trees was correlated well with the availability of direct light, snow duration, and

slope orientation. We conclude that in addition to the other environmental predictors mentioned, spring climate and especially snow duration

matter for the growth of Norway spruce saplings in subalpine forests.
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1. Introduction

In the Northern Hemisphere, snow cover data for the past

five decades show a substantial decrease in total snow cover,

especially in spring (Diaz et al., 2003). Regional climate

models for the European Alps indicate increased winter

precipitation (more snow at high elevations, more rain at low

elevations) and earlier snowmelt over the next 100 years

(Beniston et al., 2003; Beniston, 2004). These anticipated

changes in the character of the winter snow regime and timing

of spring snowmelt are likely to cause considerable changes in
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the growth patterns and phenological cycles of alpine and

subalpine plants (Dunne et al., 2003), which will in turn

precipitate shifts in species distribution and abundance (Guisan

et al., 1998; Gottfried et al., 2002).

Field observations (Gottfried et al., 2002; Rixen et al., 2003),

modeling studies (Guisan et al., 1998) and experiments (Keller

and Körner, 2003) suggest that the distribution and abundance

of mountain plants in the European Alps is strongly influenced

by the depth of snow cover and the timing of snowmelt. While it

is widely accepted that air and soil temperature control general

treeline position (Tranquillini, 1979; Körner, 1999; Rupp et al.,

2001), snowmelt patterns partly define the location of forest

versus non-forest patches (Rochefort and Peterson, 1996;

Körner, 1998; Kullman, 2002) and tree density at the upper end

of the subalpine zone (Motta and Nola, 2001). The duration of
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snow cover in spring has many and partly contrasting effects

whose quantitative importance is not fully clear. Snow cover

prevents soils from freezing, thus averting frost heaving

(Lundqvist and Fridman, 1996; Payette et al., 1996). It also

protects young trees from wind or ice abrasion (Marr, 1977;

Hadley and Smith, 1989; Engelmark et al., 1998) and needle

damage due to spring frost (Wardle, 1968; Hänninen, 1996).

Deep and persistent snow cover in spring increases water

availability in early summer, which in combination with high

summer temperatures was found to increase the elevation of

treeline in some subalpine forests (Hessl and Baker, 1997) or to

favor tree growth in others (Barbour et al., 2002). However,

late-laying snow in spring shortens the growing season (Walsh

et al., 1994; Alftine and Malanson, 2004), increases the risk of

black snow mold (Herpotrichia nigra R. Hartig) infection

(Simms, 1967), and may lead to the drowning of seedlings by

snow (Wardle, 1968).

In contrast to the upper treeline environment, much less

knowledge is available about Norway spruce (Picea abies L.)

sapling growth and its relation to spring climate, especially

snow duration, in subalpine forests of the European Alps.

Unlike alpine and treeline environments that often are exposed

to extreme temperatures and soil frost, the interior climate of

subalpine forests is characterized by lower daily and seasonal

temperature fluctuations. The microclimate in subalpine forests

is dampened by overstory vegetation, and thus exhibits less

frequent events of soil frost. Within the subalpine zone, patterns

of snow accumulation vary depending on forest cover and

density (Stähli et al., 2001), and the patchiness of direct

sunlight has a strong effect on snow ablation and soil heating

(Imbeck, 1984; Schmidt et al., 1998). Thus, the gradient of

snow duration is potentially large within subalpine forests, but

its possible impacts on sapling growth are largely unknown.

Therefore, we focused this research on the influence of snow

duration on the growth of Norway spruce in subalpine forests,

using Switzerland as a case study.

Past studies of Norway spruce regeneration below treeline

have mostly concentrated on seedling recruitment (Lundqvist

and Fridman, 1996; Brang, 1998), seedling density (Drobyshev,

2001; Ruel, 2002), or seedling and sapling growth (Golser and

Hasenauer, 1997; Frehner, 2002; Lajzerowicz et al., 2004) in

relation to summer growth conditions, canopy closure, and gap

size. We are not aware of studies that measured spring climate

and particularly snow duration in the field for individual

saplings with the purpose to evaluate the annual growth

response. Since spring is a period of rapid plant development in

mountain environments (Monson et al., 2002; Scott and

Hansell, 2002; Kirdyanov et al., 2003), spring climate can be

expected to influence annual growth. Thus, it should be

considered directly.

Earlier studies estimating annual aboveground growth rates

have used measurements of annual height increment (Mayer,

1999; Frehner, 2002; Yamasaki et al., 2002; Chrimes et al.,

2004; Lajzerowicz et al., 2004). Although height growth is a

fast and reliable measurement commonly taken in the field, it is

well known that the relative allocation of resources to height

growth versus branch growth versus growth of other tree
compartments (such as stem or roots) is strongly influenced by

many different factors. A more comprehensive measure of

resource allocation to foliage growth may be branch develop-

ment of the upper stem, or the increase of crown volume.

Therefore, it is relevant to compare various indices of annual

aboveground growth rather than to focus on one single index in

a field study.

Finally, it is highly likely that saplings of different height

respond differently to environmental variables measured

locally, depending on whether they are within the snow cover

or above it at a certain point in time (e.g. during a frost event in

early spring). Studies ignoring size differences between

saplings may fail to reveal salient differences in the response

of small versus larger saplings to their environment. Therefore,

the growth response of tree saplings should additionally be

evaluated separately for different height classes, particularly

when considering the effects of spring climate.

Thus, the primary objective of this paper was to evaluate

whether snow ablation and air temperature after snowmelt are

significant predictors of the annual growth rate of Norway

spruce saplings in subalpine forests of the European Alps. Two

subordinate objectives of our research were to compare model

performance among three different indices of growth and

among three different height classes of saplings.

2. Methods

2.1. Study area

We selected two different regions (Davos and Sedrun,

Switzerland, cf. Fig. 1) for sampling in 2002–2003 to minimize

site-specificity of the results and to conduct model validation on

a dataset split by region. Table 1 shows that Sedrun experienced

higher average temperatures and higher winter precipitation in

2003 than Davos, but general climate and geology are similar

between these regions. Within each region we selected four

research areas (�3 km2) with the intention to maximize the

gradient of local climate, particularly snow ablation rates.

Within each research area, we randomly selected 10 points and

defined a linear transect through each point perpendicular to the

elevation contours from the lower subalpine zone (ca. 1570 m)

to treeline (ca. 2040 m). This is the elevation band for the

subalpine zone in both Sedrun and Davos (Fig. 1). In both

regions, the research areas were characterized by closed-

canopy forests with scattered openings. Every 50 m (slope

meters) along the transects, we marked the center point of a

sample plot of 10 m radius and recorded its coordinates with a

Garmin 12XL GPS unit (averaging function enabled).

We recorded aspect, slope, elevation, and habitat type at

each plot. Aspect (08–3608) was measured with a Silver Ranger

compass and inclination (08–908) with a Suunto Clinometer.

Site recordings of aspect were transformed to 08–1808 (north-

south from both west and east directions) to best capture the

influence of north-facing versus south-facing slopes on growth.

Uphill and downhill slope inclination readings were averaged.

Elevation (m) was recorded with a Thommen TX 22 altimeter,

periodically calibrated to known elevation points. Habitat types



C. Cunningham et al. / Forest Ecology and Management 228 (2006) 19–32 21

Fig. 1. Topographical map of Switzerland with the study regions (A). Research areas north-east (left) and south-west (right) for Davos (Dischma Valley) (B). Study

sites are labeled with flags along the transects. A total of 154 saplings were sampled in this valley.
for each sample plot were determined using the descriptions

given in Ott et al. (1997) based on ground vegetation,

exposition, and slope inclination.

2.2. Sampling design

In summer 2002 we selected up to three saplings (10–

130 cm tall) within each sample plot for further measurements
Table 1

Climate and snow data for Davos and Sedrun in 2003

Research

area

Meteo Swiss

station

Elevation

(m)

Summer

T (8C)

Winter

T (8C)

Summer P

(mm/day)

Davos Davos 1560 7.4 �4.5 3.4

Weissfluhjoch 2540 3.6 �7.6 4.6

Sedrun Disentis 1190 11.4 �0.8 2.3

Gutsch/Andermatt 2287 6.4 �5.1 2.7

Summer (April 15–October 15) and winter (October 16–April 14) temperatures (T)

respectively. Climate data attained from Meteo Swiss ANETZ stations and snow d
as described below. We selected one sapling in each of three

size classes, depending on the availability of trees in these size

classes. Size classes were A (10–30 cm), B (31–60 cm), and C

(61–130 cm). Numbers of trees sampled per group were

roughly equal so that different tree sizes would be represented

equally in the subsequent statistical analyses (Golser and

Hasenauer, 1997; Brang et al., 2003), and analyses with trees

stratified by height could be conducted. To minimize spatial
PT Winter PPT

(mm/day)

SLF

station

Maximum snow

height (cm)

Snow duration

(2002–2003)

2.4 SLF 73 November 28–April 18

3.1 DAV3 249 October 9–June 7

4.0 DIS 70 October 7–March 26

4.8 TUJ 305 October 15–June 15

and precipitation (PPT) are average air temperatures and average precipitation,

ata from SLFs snow stations.
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Table 2

Total number of transects, plots, and saplings in the research areas of Davos and Sedrun

Area Aspect Elevation (m) Transects Plots Initial saplings Re-located saplings

Davos East 1630–2040 4 27 82 81

North 1620–2020 6 39 79 77

South 1680–2050 4 33 80 77

West 1690–1945 4 22 80 80

Sedrun East 1620–1910 6 27 75 72

North 1570–1920 6 38 83 80

South 1600–1975 6 28 77 75

West 1635–2050 5 27 78 78

Total 1570–2050 41 241 634 620
auto-correlation among sample trees per size class, we selected

and tagged the sapling closest to the plot center using the

nearest neighbor technique combined with an a priori selection

criterion of a minimum neighbor distance of 3 m (Elzinga et al.,

2001). We sampled trees in plots along transects within each

research area until ideally the target number of 80 trees per

research area was reached. The total number of sampled

transects, plots, and saplings (Table 2) shows that we attained a

98% relocation rate of saplings in 2003. However, the total

number of trees used in the statistical analyses amounted to 470

after the dataset had been cleaned of (a) 116 trees for which

there were missing values in one or several of the 33 predictor

variables tested (see below), and (b) 17 top-browsed trees that

could not be used in the growth analyses.

2.3. Growth measurements of saplings

During the first field campaign in 2002, we characterized

each sapling by measuring total height (cm), basal stem

diameter (mm), crown height (cm), and two perpendicular

measures of crown width (cm) at the crown base. We used a dial

caliper to measure stem girth at the top of the root collar and a

ruler for all other length and distance measures. In September

2003, i.e. late enough in the growing season when spruce

saplings have finished allocating carbon to crown growth

(Bergh et al., 1999), we measured height growth and primary

growth of the branches in the two most recent whorls (cm/year,

average inter-node length) using a ruler.

Three growth indices were used as response variables in the

regression analyses. Height growth was defined by the

measured value with no transformation. Primary growth

represented growth at the top portion of the tree crown, i.e.

height growth plus the sum of all lateral branch growth on the

two uppermost stem whorls. Crown volume growth was

calculated to reflect the total investment of a tree’s carbon in

primary growth for the entire crown by subtracting 2003 crown

volume from 2002 crown volume (based on crown height and

two perpendicular measures of crown width). We assumed for

the crown volume calculation that sapling crowns were cones

and that primary growth was uniform throughout the crown.

This measure likely overestimated growth because lower,

shaded branches may not elongate as much as the branches near

the top of the crown. Finally, since measured stem diameter
increments were quite small (especially for A-size trees) and re-

location of the previous year measurement site is critical to

precision, basal stem growth was not used in the analyses.

2.4. Abiotic and biotic predictor variables

We measured light, snow, and temperature for each sapling

in the 2003 field campaign to obtain accurate measurements of

their micro-climate and snow regime. Light availability was

determined by analysis of hemispheric photographs, while

snow conditions and nighttime temperatures in spring were

obtained from temperature loggers placed on a lower branch of

each sapling. In addition, we quantified the degree of

competition by ground vegetation, estimated the extent of

snow mold cover on the crown, and quantified the intensity of

ungulate browsing for each sapling, as described below.

To quantify the influence of the overstory trees on the light

environment of each individual sapling, in summer 2003 we

took hemispheric photos at a fixed height of 1.5 m above each

sapling using a horizontally balanced fisheye lens on a Nikon

Coolpix 900 digital camera. We used standard image settings to

allow for a comparison among photos. The photos were

imported into the Sidelook software (Nobis and Hunziker,

2005) to objectively define an image contrast setting that

discriminated between light (sky) and dark (canopy) values.

Transformed black and white images were then imported into

the Gap Light Analyzer (GLA) software (Frazer and Canham,

1999, 2002). Overstory forest canopy cover and leaf area index

(LAI) were calculated from the number of black and white

pixels. In addition, images were oriented by north-south

markings on the image and configured with associated GPS

coordinates and inclination values for each plot. These values in

combination with the sun path and solar radiation (Frazer and

Canham, 2002) were used to calculate direct, diffuse, and total

transmitted light (W/m2). Based on these variables, light

availability for each sapling was determined in three separate

GLA runs that accounted for (1) actual measured cloud cover in

Davos and Sedrun, (2) actual length of the snow-free season for

each sapling, and (3) both cloudiness and snow cover in 2003.

Only the third variant is listed in Table 3 because it correlated

best with growth. Finally, we determined the average number of

minutes of sunshine per day for the primary growing season of



C. Cunningham et al. / Forest Ecology and Management 228 (2006) 19–32 23

Table 3

Code names (response variables followed by predictor variables) with associated reference, units of measure, mean, standard deviation (S.D.), and minimum and

maximum values for all response and predictor variables used in the multiple linear regression models

Code Explanation Units [variable transformation] Mean S.D. Range

HG Height growth Log(height growth + 1) cm 1.1 0.1 0.8–1.6

PG Primary growth (upper canopy) Log(primary growth + 1) cm 3.2 0.7 1.4–5.5

CVS Crown volume growth Log(crown volume growth + 1) cm3 8.7 1.7 4.1–13.2

TRSIZE Initial tree height in 2002 cm 54.1 30.7 10–130

LAI Leaf area index Index integrated over zenith angle 08–758 1.5 0.7 0–3.3

FSAD Final snow ablation date Julian date (2003) 79 43.2 5–147

TRANSDIR Direct transmitted light Total W/m2 (FSAD-September 15, 2003)a 8.4 5.6 0.2–21.6

TRANSTOT Direct and diffuse transmitted light Total W/m2 (FSAD-September 15, 2003)a 15 8.8 2.1–38.5

SSD Spring snow duration Number of snow days (April 15–June 15, 2003) 9 11 0–50

WINTER Snow-free days in winter Number of snow-free days (January 5–April 15, 2003) 26 43.3 0–100

MNTT Mean nighttime temperature threshold Julian date (2003) 103 18.1 61–146

ELEV Site elevation m 1820 102.4 1570–2020

ASP Site aspect 08–1808 (north to south) 88 51.3 0–180

SM Snow mold Percent on sapling crown 3.8 11.2 0–85

SUBORD Subordinate spruce trees Percent per plot (asin(sqrt(X)) 16 34.3 0–100

CODOM Co-dominant spruce trees Percent per plot (asin(sqrt(X)) 16 33.5 0–100

RMS Moss ground vegetation Percent per plot (asin(sqrt(X)) 13 30 0–100

SHRUBS Shrub ground vegetation Percent per plot (asin(sqrt(X)) 22 25.9 0–100

Values for response variables are for transformed variables, whereas values for the predictors are for non-transformed variables.
a Accounts for local cloud cover calculated as a monthly index based on incident solar radiation measurements taken from SLF snow stations closest to respective

research areas.
June and July for comparison with other studies (Frehner,

2002).

To measure spring climate and snow duration, we attached

one temperature logger (Thermochron IButtons F52, Anon-

ymous, 2005), to each sapling in the middle of a branch within the

lower crown (downhill side) and programmed it to record

ambient temperatures (8C) every 3 h for a period of 285 days

beginning on October 15, 2002. For a randomly selected sub-

sample of 74 trees in size-class C, we additionally placed an

IButton in the middle of the upper crown to compare with lower

crown values. After June 15, 2003, we collected the IButtons

from the field and transferred time and temperature information

to a PC using Dallas Semi-Conductor’s IButton Viewer software.

We processed temperature data with a Visual Basic macro in

Microsoft Excel to calculate the date of final snow ablation, the

number of snow days in spring (April 15–June 15), the number of

snow-free days in winter (January 5–April 15), and mean

nighttime temperature in spring (Barbour et al., 2002; Gottfried

et al., 2002). In addition, we determined the first date when the

mean nighttime temperature (calculated as the average of hourly

temperature readings from 18:00 to 06:00) exceeded a threshold

(MNTT) of 0 8C for more than 3 days. While determining daily

mean temperatures from IButton data is straightforward,

determining the number of snow days (or conversely, snow-

free days) requires explanation. Daily temperature amplitudes

are low (<0.5 8C) on days with substantial (>10 cm) snow cover,

because snow acts as an insulator and buffers diurnal air

temperature fluctuations. Thus, we determined the presence or

absence of snow on a daily time step by evaluating the daily

difference in maximum and minimum temperature

(>0.5 8C = no snow). We then calculated the number of snow

days for certain periods and determined the final date of snow
ablation (FSAD). After the measurements were downloaded

from the loggers, all loggers were brought to room temperature.

Temperature readings for all IButtons calibrated to room

temperature exhibited a precision of �1 8C with an error

probability of <0.001. To verify the use of lower crown FSAD

readings for the analysis of growth for the entire crown of the

larger saplings (60–130 cm tall), we performed a Wilcoxon rank

test on FSAD calculated from temperature loggers for the upper

and lower crown from 74 saplings in this size class. This test

revealed highly significant differences between FSAD for the

two locations on this sub-sample of C-size trees ( p < 0.001).

To quantify competition by ground vegetation, we defined

circular plots around each sample sapling with a radius

equaling tree height and estimated percent grass, herb, shrub,

moss, and canopy tree cover within that plot to the nearest 5%.

Tree competitors were further classified into subordinate

(smaller), co-dominant (comparable size), and dominant

(larger) relative to the target sapling. In addition to estimating

the cover of the surrounding vegetation, we estimated the

percent of black snow mold (Herpotrichia nigra) covering the

sapling crowns in spring 2003, again to the nearest 5%. Black

snow mold hyphae appear as brown felt that can be observed in

summer as dry, brown, stringy mats (Simms, 1967). The felt

weathers and falls off the infected branches in autumn, so that it

is possible to discriminate between annual infestations

(Holtmeier, 1987; Butin, 1995). To evaluate the impact of

ungulate browsing on spruce sapling growth, we recorded the

presence of browsing of the main stem and counted the number

of browsed branches in the two most recent whorls. In 2003 we

measured browsing after snowmelt in June–July and again in

September–October to distinguish spring browsing from

summer browsing (DePerno et al., 2002).
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All predictor variables are summarized in Table 3 with

corresponding code names, units, data transformations used in

the analyses, and the range of values.

2.5. Statistical methods

We employed multiple linear regression (MLR) to analyze

which combination of abiotic and biotic factors were most

strongly correlated with Norway spruce sapling growth in the

study forests. Type III tests were run on least-squares analyses

to ensure that the ranking among predictors and the p-values

remained stable regardless of their order in the linear equation

(Sokal and Rohlf, 1995). Criteria for model-fitting from an

ecological perspective included the selection of only one

predictor variable (based on p-values) that best explained the

influence of light and snow among the several possible

variables per group (Table 3). Spring air temperature was

considered directly in the mean nighttime temperature variable,

and was also reflected in the elevation and aspect variables. The

other ecological factors were fit directly.

For annual height growth, primary growth, and crown

volume growth we first fit the models for the pooled sample of

all saplings (10–130 cm) from Davos and Sedrun. We then split

the data by region, parameterized the models for one region and

validated them with the data from the other region. This

allowed us to assess the extent to which the best model from one

area can be generalized to predict growth patterns of Norway

spruce saplings in other subalpine forests with a similar climate.

While it was desirable to conduct analyses on the pooled data to

increase statistical power, we also fit growth models for sub-

groups of saplings stratified by size class to evaluate whether

small saplings responded differently to their abiotic and biotic

environment than large saplings. We also considered running

models with interaction terms (tree height � environmental

factor). However, since the ecological interpretation of non-

linear interaction terms is quite cumbersome, we decided to

work with a stratified sample approach (height classes) only.

First, we performed an automated stepwise backward

elimination of variables from the initial full model as a baseline

(Legendre and Legendre, 1998). Second, we employed manual

stepwise backward selection of predictors from the initial full

models to attain the most parsimonious models that also matched

the following selection criteria. We attempted to minimize

collinearity (R2 < 0.5), accepted only p-values for predictors

smaller than 0.10, and selected the best fitting variables for light,

snow, and temperature among the ones tested (see above). In all

cases, the response variable represented the absolute growth rate

and was log-transformed to normalize the residuals exhibiting

heteroscedasticity. This is often unavoidable in field-based

observation studies where predictors need to be evaluated

multiplicatively (Zar, 1999). Arithmetic constants were added to

the response variables to avoid infinity errors associated with

measurements of zero growth. Thus, the final log transformation

took the following general form, log(growth + 1). Sometimes the

predictor variables were also transformed to improve the

univariate fit to observed growth data, e.g. for percent and count

value variables (Sokal and Rohlf, 1995; Zar, 1999). Generally,
outliers were not removed because they did not compromise

model results. Model summaries include R2-values as a measure

of model parameterization strength to the dataset and RMSE as a

measure of error scaled to the units of the dependent variable. For

each predictor in the best fitting models we report the parameter

estimates, standard error, and the standardized parameter values

(with associated p-values). By standardizing the estimates, we

were able to compare predictors on an equal, unitless plane and

assess the relative contribution of each to the growth response,

thereby not necessitating a systematic partial regression analysis

(Legendre and Legendre, 1998).

3. Results

3.1. Growth of saplings 10–130 cm tall (Davos and

Sedrun) and comparison of growth indices

The models calibrated with the pooled sapling data explained

80% of the variance of crown volume growth, 44% of primary

growth, and 35% of height growth (Table 4 and Fig. 2). RMSE

was low for all models, indicating good performance (Table 4).

Tukey–Anscombe plots (Anscombe and Tukey, 1963) revealed

no skewed distributions of residuals and therefore suggested a

normal distribution (not shown). Most predictor variables were

highly significant ( p < 0.001) in the regression (Table 3).

Given the independent variables tested, annual height

growth can be explained best by tree size (TRSIZE), followed

by overstory canopy cover (LAI), elevation (ELEV), spring

snow duration (SSD), presence of snow mold (SM), and percent

of shrubs (SHRUBS) in the ground vegetation (Table 4).

Because absolute growth was used as the dependent variable, it

is obvious that TRSIZE explains growth in part. Our results also

show that saplings tend to grow better in open stands (i.e. when

LAI is low) than in shaded environments, but the quadratic fit

indicates that the effect of LAI is non-linear (Table 4).

Similarly, sapling height growth increases non-linearly with

decreasing snow duration, as demonstrated by the negative

quadratic fit of SSD in the height growth model (Table 4).

A similar combination of predictor variables (specifically

TRSIZE, SSD, LAI, ELEV, and to a lesser extent SM) was

correlated well with primary growth. However, the larger

adjusted R2-value indicated a better model fit than for the height

growth model (Table 4 and Fig. 2). Taking into account the

range of values of the log-transformed primary growth response

(Table 3), the RMSE indicates a reasonable model accuracy

(Table 4). The increased significance of SSD in the model

relative to the other predictors suggests that SSD is a more

important variable for predicting primary growth than height

growth. Although nightly mean temperature readings taken for

each sapling suggest that some trees experienced a chilling

period (March 31–April 15, 2003, data not shown), saplings in

the pooled sample did not respond significantly in their growth

to the nighttime temperature threshold variable. Also, the

primary growth model that included CODOM and SHRUBS

showed greater primary growth related to increased intra-

specific competition and the converse for the presence of shrubs

(Table 4).
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Table 4

Multiple linear regression model results for sapling height growth, primary growth (of main stem and upper two branch whorls), and crown volume growth in 2003 for

trees 10–130 cm tall

Model summary Height growth Primary growth Crown volume growth

R2 0.35 0.44 0.80

RMSE 0.57 0.54 0.74

n 470 470 470

Residuals OK OK OK

Model

fit

Parameter

estimates (S.E.)

Standardized

valuesa

Parameter

estimates (S.E.)

Standardized

valuesa

Parameter

estimates (S.E.)

Standardized

valuesa

Intercept 1.317 (0.096) 5.043 (0.490) 7.444 (0.657)

LAI 0.314 (0.051) �0.138***

LAI2 0.019 (0.002) �0.322*** 0.094 (0.012) �0.300***

SSD 0.020 (0.007) 0.309**

SSD2 0.001 (<0.001) 0.137* 0.001 (<0.001) �0.313*** 0.001 (<0.001) �0.068**

ELEV 0.001 (<0.001) �0.149** 0.001 (<0.001) �0.17*** 0.002 (<0.001) �0.105***

TRSIZE 0.002 (<0.001) 0.491*** 0.012 (0.001) 0.520***

TRSIZE� 0.670 (0.017) 0.873***

SM� 0.088 (0.029) �0.123** 0.362 (0.149) �0.097*

SUBORD� 0.473 (0.193) 0.089*

CODOM� 0.411 (0.150) 0.099**

SHRUBS�� 0.004 (0.002) �0.091* 0.022 (0.010) �0.088*

Models are based on log transformations of the growth response in all cases. Variables included in the model are given with the corresponding transformations, �
(asin(sqrt(x)) and ��sqrt(x). p-values for all models are <0.001. Absolute values for parameter estimates, standard errors (S.E.), and standardized coefficients are

given for each variable included in the model.
a No asterisk, p < 0.1.
* 0.01 � p < 0.05.

** 0.001 � p < 0.01.
*** p < 0.001.
Finally, the crown volume growth model provided the best fit

to the pooled dataset and had the lowest standard error among

the three models relative to the scale of the response (Table 4

and Fig. 2). This model was also based on TRSIZE, LAI, ELEV,

and to a lesser extent SSD. The standardized parameter value

for TRSIZE was considerably larger than other predictor

values, indicating a greater influence of TRSIZE on crown

volume growth than on height or primary growth for the pooled

sample of saplings 10–130 cm tall.

3.2. Fit and validation of models based on a data set split

by region

Even though height growth is the most reliable field

measure, we focused on primary growth and crown growth in
Fig. 2. Multiple linear regression models for height growth (A), primary growth (B

models were fitted with log10(height + 7), loge(primary + 1), and loge(crown + 1) a
the following exercise due to the better fit of these models when

using the pooled data. The primary growth model including

only Davos data had the same predictors as the model fit with

the pooled data (Table 4), with the exception of SM and

SUBORD. This result corresponds to our observation that a

smaller proportion of the trees sampled in Davos were infected

by black snow mold compared to Sedrun (27 and 98 infected

trees, respectively). The primary growth model fit to the Sedrun

data included all predictors of the ‘pooled’ model except

SHRUBS, but additionally CODOM. The crown volume

growth model fit to the Davos data featured the same predictor

variables as the ‘pooled’ model, whereas the model fit to the

Sedrun data additionally included moss cover (RMS).

The R2-values for the primary growth models that were fit to

the pooled dataset and applied to a subset of the data from one
), and crown volume growth (C) in 2003 for all sample trees (10–130 cm). The

s the response variables, respectively.
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Table 5

Model parameterization and application by region for primary growth and

crown volume growth of saplings 10–130 cm tall

Dataset Application

Davos Sedrun

Primary growth

Davos 0.32 (0.59)

Sedrun 0.53 (0.49)

Davos and Sedrun 0.54 (0.48) 0.35 (0.58)

Crown volume growth

Davos 0.77 (0.75)

Sedrun 0.82 (0.73)

Davos and Sedrun 0.82 (0.73) 0.77 (0.74)

Multiple R2 and RMSE are reported for each model applied to the correspond-

ing dataset.
of the two regions showed a slight decrease when applied in

either region, whereas the crown volume growth models did not

show a noticeable decrease in their performance (Table 5). The

primary growth models fit to data from Sedrun and applied to

data from Davos yielded models that explained the most

variability with the least error compared to the other primary

growth models (Table 5). The high R2 and relatively low RMSE

for both crown volume model applications to Davos and Sedrun

alone indicate that these models are valid and accurate for

capturing crown volume growth when applied to either region.

3.3. Model results for sapling growth stratified by height

class

Height growth models for trees stratified by height class and

given the combination of predictors tested were characterized

by low R2-values of 0.20, 0.15, and 0.30, respectively, and
ig. 3. Multiple linear regression models for primary growth (1, top row) and crown volume growth (2, bottom row) in 2003 for sample trees 10–30 cm (A), 31–60 cm

), and 61–130 cm (C). Model response variables were represented as log (X + 1).
F

(B
 e
moderate precision (e.g. RMSE for height growth models for C-

size trees = 0.55). Thus, we focused the further analysis of size-

stratified sapling growth on primary and crown volume growth

(Fig. 3). The primary and crown volume growth models for the

three height classes did not fit as well (R2) as the models fit to

the pooled dataset, which is most likely due to the smaller

sample size, the smaller range of tree sizes and the associated

narrower range of the growth response. However, the R2-values

of the primary growth model were only slightly lower than the

R2 for the pooled models, except for the B-size trees (cf.

Tables 4 and 6). Crown volume growth was better fitted by the

combination of abiotic and biotic explanatory variables for all

size classes of trees than primary growth (Table 6). Tukey–

Anscombe plots (not shown) implied a normal distribution of

residuals in all cases. Stratifying the saplings by height class

reduced the influence of initial tree size (especially for A and B

trees in primary growth models, where TRSIZE p-values were

>0.05) relative to the influence of the other variables, including

spring snow duration, mean nighttime temperature, and light

availability. Variables representing light and elevation were

significant in both primary and crown volume growth models

for all size classes. Spring snow duration (SSD) was

additionally included in the primary growth models for all

size classes and in the crown volume growth model for C-size

trees. The relative importance of these predictors and others

that were also significant in other models differed among the

size classes.

The relative standardized values for LAI and SSD suggest

that these predictors best explained primary growth of A-size

trees (10–30 cm tall). Elevation, aspect, intra-specific competi-

tion among co-dominant saplings and mean nighttime

temperature were also significant albeit at a considerably

lower level. As indicated by the parameters of the primary
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Table 6

Multiple linear regression model results for primary growth and crown volume growth in 2003 of saplings stratified by height class (A, B, and C)

Model summary A B C

Primary growth Crown volume growth Primary growth Crown volume growth Primary growth Crown volume growth

R2 0.37 0.43 0.19 0.32 0.36 0.51

RMSE 0.48 0.73 0.55 0.67 0.51 0.68

n 137 137 176 174 157 157

Distribution of residuals OK OK OK Two outliers removed OK OK

Standardized parameter valuesa

LAI 0.601*

LAI2 �0.998*** �0.376*** �0.385***

TRANSDIR 0.281*** 0.239*** 0.422***

SSD 0.573**

SSD2 �0.670** �0.254 �0.343*** �0.263***

MNTT2 0.194

WINTER �0.387**

WINTER2 0.300*

ELEV �0.166* �0.186** �0.299*** �0.205** �0.246*** �0.205**

ASP �0.176* �0.156* �0.314***

TRSIZE 0.585*** 0.286*** 0.587***

TRSIZE2 0.505***

SM� �0.157 �0.163**

RMS� 0.193* 0.148**

CODOM� 0.167* 0.171*

SUBORD� 0.153*

Models are based on log transformations of the growth response in all cases. Variables included in the model are given with appropriate transformations and �
(asin(sqrt(x)). p-values for all models are <0.001.

a No asterisk, p < 0.1.
* 0.01 � p < 0.05.

** 0.001 � p < 0.01.
*** p < 0.001.
growth model (Table 6), growth of A-size trees was higher at

lower elevations (ELEV), on northern slopes (ASP), and within

clusters of similarly sized trees (CODOM). The negative

quadratic fit of SSD and LAI to primary growth indicated that

while trees grew less under conditions of long-lasting snow and

high shading (cf. maximum values for LAI and SSD correlated

with primary growth, Fig. 4), the highest growth was achieved

under conditions of moderate spring snow duration and

moderate shading (Table 6). Intermediate values of MNTT

corresponded to those Julian dates (March 31–April 14, 2003)

that represented a short period of cold temperatures (decreasing

to as low as �10 8C). Thus, our results suggest that the growth

of A-size trees was related negatively to the occurrence of cold

periods shortly after the beginning of the growing season.
Fig. 4. Bar chart for predicted primary growth values in 2003 for trees in size cla

individual predictors represents deviations from the baseline model (fitted mean o
However, this trend was not evident for all A-size trees (data not

shown). Finally, in explaining crown volume growth for A-size

trees, TRSIZE correlated best, ELEV was again significant, and

the largest growth with regard to LAI shifted back to the origin

(zero) as the linear term for LAI was dropped from this model.

The primary growth model for B-size trees exhibited the

lowest R2-value of all height-stratified models, whereas the

crown volume growth model for this size class was

characterized by a better fit (Table 6). Both models for this

size class indicate a reduction in growth as elevation (ELEV)

and snow mold cover (SM) increase, and an increase in growth

as direct radiation (TRANSDIR) increases (Table 6). Primary

growth for B-size trees correlated best with the WINTER

variable (retained as both a linear and a quadratic term). The
ss A. Predicted growth for minimum, mean, and maximum (left to right) for

f all predictor values).



C. Cunningham et al. / Forest Ecology and Management 228 (2006) 19–3228
most important predictors for crown volume growth in our

models were TRSIZE, followed by TRANSDIR and ELEV.

These results indicate that crown volume growth of these trees

was higher at lower elevations and with increased availability of

direct sunlight. The significance of snow mold presence in these

models but not in the others indicates that B-size trees were

more prone to infection than the other saplings in our study.

Although 42% of the 125 sample trees exhibiting black snow

mold in 2003 were C-size trees, snow mold did not significantly

influence their growth according to the regression analysis.

Instead, LAI, SSD, TRSIZE, ELEV and ASP were significant

for explaining primary growth in that order of importance

(Table 6). As for A-size trees, C-size trees responded positively

in their primary growth to moderate shading and moderate

snow duration that did not persist very late into spring. The

relatively strong influence of SSD on primary growth translated

into a 13.4 cm difference in growth between C-size trees

covered in snow during spring (April 15–June 15) for zero days

(min SSD) versus for 48 days (max SSD) (data not shown).

Crown volume growth was explained best by TRSIZE,

TRANSDIR, ASP, SSD and ELEV, in that order (Table 6).

TRSIZE became important in both the primary and crown

volume growth models of C-size trees, whereas it was not

significant in the primary growth models for the other size

classes. The reduction of both primary and crown volume

growth with increased SSD was most pronounced in our study

for the larger saplings that were subject to late snow ablation. In

addition, the inclusion of slope orientation (ASP) in the models

for these larger trees suggests that they respond more strongly

to ASP than smaller saplings (with the exception of primary

growth for A-size trees) and that the highest growth can be

found on northern slopes.

4. Discussion

4.1. Abiotic and biotic predictors of growth for saplings

10–130 cm tall

In this study, we have shown that tree size, spring snow

duration, forest canopy cover, and elevation correlated well

with the annual growth rate of Norway spruce saplings. To a

lesser extent, competition from ground vegetation and black

snow mold infection also influenced growth. Although the

larger saplings in our study exhibited greater growth than the

smaller saplings, we first discuss the environmental factors that

conditioned growth, and only then address the differences

among tree size classes.

Saplings reacted in all growth models to the duration of

snow cover in spring (Table 4). They grew best in environments

with moderate spring snow cover duration, i.e. when they were

exposed neither to early spring frost events nor to long snow

persistence into the growing season. These results are not

consistent with other studies where early snow ablation was

conducive to the establishment of Engelmann spruce in alpine

meadows (Fagre et al., 2003) or where secondary growth of

conifers in high latitude forests increased in years with early

snowmelt (Vaganov et al., 1999; Kirdyanov et al., 2003). We
surmise that this is due to the fact that we did not focus on tree

growth near its upper limit of elevation, but rather tried to

capture the conditions of the subalpine zone, where the growing

season is considerably longer. Our results also disagree with

findings from southern Sweden (Bergh et al., 1999), from lower

montane forests in the Sierra Nevada, USA (Royce and

Barbour, 2001), and from treeline environments in the Rocky

Mountains, USA (Weisberg and Baker, 1995; Hessl and Baker,

1997), where late-lying snow in spring increased sapling

growth. This may be due to the different climatic conditions in

these typically much drier forests, where spring soil moisture is

more critical compared to our mesic sites. Our findings are

consistent, however, with results from mesic subalpine forests

in the northwestern USA (Rochefort and Peterson, 1996) and

from treeline environments in the Swedish Scandes (Kullman,

2002) and across the Swiss Alps (Paulsen and Körner, 2001).

While spring snow duration was important for sapling

growth, winter exposure (as estimated by the WINTER

variable, Table 3) was not generally significant in our study.

Unlike treeline (Payette et al., 1996) or subarctic (Kullman and

Engelmark, 1997) environments where snow cover reduces

exposure to harsh mid-winter conditions and may therefore

enhance annual growth, temperatures are seldom low enough

under the canopy of subalpine forests to cause widespread frost

damage, physical abrasion of needles (Kullman, 1998), foliage

dehydration, or even root damage by frozen soils (Frey, 1983).

The highest growth rate of saplings under moderate canopy

cover further supports this argument. As in other investigations,

the saplings studied here responded positively to lower canopy

cover (LAI) because of the higher availability of direct

(Imbeck, 1987b; Brang, 1998; Mayer, 1999; Ewers et al., 2001)

and possibly also diffuse light (Frehner, 2002; Ruel, 2002;

Lajzerowicz et al., 2004). Increased direct light also warms the

rooting zone of saplings (Tranquillini, 1979), which stimulates

photosynthesis (Day et al., 1989), the uptake of water and

nutrients (Mellander et al., 2004), the allocation to root growth

(Brang, 1996; Kirdyanov et al., 2003), bud burst (Partanen

et al., 1998; Royce and Barbour, 2001) and height growth

(Coates et al., 1991; Lajzerowicz et al., 2004). However, given

that saplings in our study grew best under moderate forest

canopy cover, our findings imply that while increased light and

soil heating is advantageous to growth (Körner, 1998, 1999),

saplings also benefit from partial canopy shading that provides

protection from extreme daily temperature amplitudes and

possible drought (Imbeck, 1987a; Jonasova and Prach, 2004).

Therefore, we suggest that Norway spruce saplings in the

studied subalpine forests respond positively in their growth to a

combination of direct light, warm soils, moderate snow

accumulation, and shelter associated with moderate forest

canopy cover (LAI).

To a lesser extent, the sporadic infection by black snow mold

contributed to reduced height and primary growth of saplings in

our study. As suggested by Hessl and Baker (1997), late-lying

snow may have had an indirect effect on growth via black snow

mold spread because most infected trees in our study were

found on northern slopes and in open forest environments

where snow persisted long into spring (data not shown). Our
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results also indicate that snow duration had a direct effect on

growth, likely via a shortening of the growing season. Since the

indirect and direct effects of snow duration occur simulta-

neously and thus are highly correlated, it is quite difficult to

separate them in a regression analysis. Therefore, more detailed

analyses on snow mold spread under different snow conditions

would be needed to disentangle this relationship.

It may at first appear surprising that an increased abundance

of subordinate and co-dominant trees was positively correlated

with primary growth. However, many of these tree clusters were

found in raised positions (Hofgaard, 1993) where snow ablation

occurs early. Additionally, it is possible that these clusters

occurred more frequently on microsites with richer soils (but

soils were not investigated here). This positive association may

also be partly attributed to competition for light among saplings

that occupy the same growing space (Kubner et al., 2000;

Thevathasan et al., 2000), and thus stimulate height growth.

Perhaps this is why primary growth was positively correlated

with intraspecific competition, but not with crown volume

growth. Conversely, the negative response of sapling growth to

shrub presence may be explained by an allelopathic influence of

ericaceous shrubs on spruce regeneration (Mallik and Pellissier,

2000; Mallik, 2003).

Only few trees in our study were subject to browsing by red

deer (Cervus elaphus) or European roe deer (Capreolus

capreolus). The second Swiss National Forest Inventory

(referring to the period 1993–1995) gives browsing rates of

3.0% for spruce saplings at high altitudes (1600–2000 m) in the

Swiss canton of Graubünden (Brändli, 1999). The relatively

low incidence of browsing (3.3% or 21/634 trees) in our sample

fits nicely with the regional browsing survey and may be

attributed to plentiful forage of preferred species in lower

montane forests that are snow-free earlier in spring (Kup-

ferschmid and Bugmann, 2005).

4.2. Comparison of models for saplings 10–130 cm tall

using different growth indices

Most earlier studies on the growth of Norway spruce

saplings have not compared the relative strength of different

indices for describing aboveground growth. Quantifying height

growth as a proxy for aboveground primary growth is reliable,

fast to perform, and thus it has often been used (Lundqvist and

Fridman, 1996; Brang, 1998; Drobyshev, 2001; Ruel, 2002).

However, it is the least representative measure for explaining

above-ground carbon allocation, and it cannot be predicted well

using the variables considered in our study compared to

primary and crown volume growth. The poorer performance

and the slight underestimation of height growth for the pooled

model (Fig. 2) may be partly explained by the inclusion of

variables (e.g. snow mold) with many zero values, particularly

for the smaller trees. Conversely, the pooled model for primary

growth explained more variability in the data than the height

growth model (cf. R2, Table 4) and given the range of primary

growth values (cf. log primary growth, Table 3) it was also

reasonably accurate (cf. RMSE, Table 4). Crown volume

growth is a more comprehensive measure of carbon allocation
than either height growth or primary growth of the uppermost

stem, and this is reflected in the high performance of this model

(Table 4). Thus, while height growth may be measured more

reliably in the field, crown volume growth can be predicted best

and is a more representative measure of aboveground carbon

allocation. Even though we assumed that tree crowns are

perfect cones and volume increase is uniform, our study shows

that crown volume growth can be predicted better. The

successful validation of the crown volume growth models on

independent data further suggests that the model may be

applied to other subalpine forests with similar environmental

conditions (Table 5).

While other researchers have measured radial growth of

saplings (Hessl et al., 1996; Kullman and Engelmark, 1997;

Kubner et al., 2000; Vila et al., 2003), dial caliper measurements

were abandoned in our study because we found it exceedingly

difficult to attain the precision necessary to adequately determine

radial growth for the small trees in our study.

4.3. Comparison of models for saplings stratified by height

class

The difference in the relative importance of the various

environmental predictors of sapling growth for the three height

classes suggests that small saplings respond differently to their

environment than large saplings. The stratified models reduced

the impact of initial tree height relative to pooled models

(Table 6), permitted a closer evaluation of the ecologically

interesting predictors, and ultimately revealed some differences

in the growth response of different size classes of saplings to the

environment.

The results of the primary growth model for A-size saplings

show that the smallest saplings grow best in moderately open

forest environments that are snow-free early in spring and

experience nighttime temperatures above 0 8C throughout the

period of growth initiation. The significant fit of SSD in the

primary growth model (as opposed to the crown volume growth

model) may indicate that upper stem growth of A-size trees

responds strongly to SSD because apical buds higher in the crown

flush first and thus may be more responsive to changes in spring

snow cover. The inclusion of MNTT in the primary growth model

for A-size trees confirms that the upper stem is also sensitive to

ambient air temperatures during the period of dehardening and

growth initiation (Table 6 and Fig. 4). The greatest growth

reduction again corresponded to a cold snap lasting from March

31 to April 15 (data not shown). We interpret the significance of

LAI and its negative, non-linear relationship to growth (Table 6)

as an indication that A-size trees are sensitive not only to light

availability, but to a combination of exposure, snow accumula-

tion, and soil heating differences associated with different forest

gap sizes, as was also found for Engelmann spruce seedlings

(Lajzerowicz et al., 2004).

For B-size trees, the explanatory power of the primary

growth model is low (cf. R2, Table 6), and we thus focus on

crown volume growth here. The fact that the growth of B-size

trees correlated best with direct light (TRANSDIR) as a linear

term can be taken to imply that larger saplings are less sensitive
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to exposure associated with a more open forest canopy than

smaller trees. More specifically, the inclusion of the

TRANSDIR (Table 3) variable in the best fit model that

accounted for cloudiness and the snow-free period suggests that

cloud cover and snow cover mediate the actual amount of direct

light transmitted to saplings and may indirectly affect sapling

growth. Meteo Swiss climate data for 2003 showed high

variability of cloudiness between the regions and throughout

the growing season (data not shown). Also, the final snow

ablation date varied among individual saplings by as much as

107 days. Therefore, the length of the snow-free period

mattered, and assuming a standard growing season length for

all trees would not have been appropriate. Finally, the

significance and negative influence of snow mold in both

growth models for B-size trees suggests that these trees are

particularly susceptible to snow mold. Although SSD was not

significant in this model ( p > 0.1), SSD and SM were

positively correlated (R2 = 0.48). This perhaps indicates that

late lying snow indirectly reduces the growth of B-size trees by

promoting the spread of snow mold.

Similar to B-size trees, C-size trees responded positively in

their crown volume growth to an increase in direct light

(TRANSDIR, Table 6), which corroborates our interpretation

that larger saplings are less susceptible than smaller saplings to

exposure effects induced by forest canopy cover. Additionally,

although the growth rate of large saplings was correlated with

moderate snow duration (cf. SSD as a squared term), C-size

trees did not react to the cold snap in March–April 2003 as did

some A-size trees. Thus, our results suggest that it is more

advantageous for large saplings to be snow-free early in spring

than for small saplings. C-size trees also exhibited higher

primary and crown volume growth on north slopes, which

appears to contradict our argument that these saplings grow best

with increasing direct light and moderate spring snow duration.

Assuming that the inclusion of aspect in the model is not a

statistical artifact (negative result for test of significant

correlation with other predictors, data not shown), the

advantage of C-size trees growing on north slopes may be

linked to greater soil moisture on these slopes. Larger saplings

depend more on soil moisture than saplings in the other two size

classes because they must support the growth of a larger crown.

However, the difference in soil moisture on north-facing versus

south-facing slopes has been shown not to be a decisive factor

for sapling growth, at least at larger spatial scales (Paulsen and

Körner, 2001). Finally, the Wilcoxon test results suggests that

spring climate calculations for the lower crown of C-size trees

cannot be applied directly for taller saplings because the

differences between upper and lower crown values were highly

significant for the 74 saplings tested.

5. Conclusions

This investigation focused on the growth of Norway spruce

saplings in two subalpine regions of Switzerland in relation to

spring climate. The following conclusions can be drawn from

our analyses.
First, we present evidence that the growth of Norway spruce

saplings (10–130 cm tall) in the studied forests of Davos and

Sedrun is influenced considerably by spring climate, but not in

simple ways. These saplings grow best in environments

characterized by moderate spring snow duration and moderate

forest canopy cover. Although spring snow duration is a proxy

for several (partly counteracting) effects on growth, we propose

that the highest growth rates attained under moderate snow

duration reflect primarily the negative response of saplings to

early spring exposure when temperatures are too low for growth

and to snow persisting late into spring that shortens the growing

season. Additionally, we conclude that saplings grew best under

moderate forest canopy cover because this environment

dampens climate extremes while still providing sufficient

amounts of direct light for photosynthesis and soil heating.

Although soil temperature measurements are laborious, we

recommend that further research on sapling growth include the

influence on growth of soil temperature and perhaps also soil

moisture. In addition, the large number of saplings infected

with snow mold in our study and the negative growth response

of host trees to infection confirm the importance of under-

standing the behavior of this pathogen with regard to snow

duration.

Second, in our study the crown volume growth model proved

to be a reasonably accurate model that explained variation in

growth well. Primary growth (defined as height growth plus

lateral growth of the top two whorls of the crown) was second in

its performance, and height growth ranked last. Thus, although

height growth is the most reliable and most efficient variable to

measure in the field, we recommend that other proxies of

aboveground growth (such as crown volume growth) be used in

the future. This recommendation is corroborated by our

validation tests, which suggest that the crown growth model can

be applied reasonably well to subalpine forests with similar

characteristics as those in our studied forests.

Finally, we found that the growth of saplings in different size

classes is partly related to different environmental character-

istics. Although A-size and C-size trees responded to light,

elevation, and spring snow duration (as did B-size trees, but

only to a lesser extent), we found that A-size trees were more

sensitive than C-size trees to the cold snap in March–April 2003

and to exposure effects induced by low canopy cover. The

growth of B-size trees was most difficult to explain, but the

susceptibility of these trees to snow mold infection was evident.

The influence of aspect on the crown volume growth of C-size

trees and the larger growth associated with northern sites

suggest that soil moisture may play a role here. Thus, it is

preferable to evaluate sapling growth with models stratified by

size class, even though statistical power is lost.

With this study, we aimed at filling a gap in our knowledge of

Norway spruce sapling growth related to snow duration and

other spring growing conditions. Regeneration is important in

mountain forests, especially those with a protection function

against rockfall, avalanches, landslides, or soil erosion (Brang

et al., 1999; Bebi et al., 2001; Schönenberger, 2001). As climate

will continue to change over the coming decades due to

anthropogenic trace gas emissions, it is important to better
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understand the regeneration niche of subalpine tree species so

that the modeling of tree population dynamics in forest

succession models can be improved. Thus, we expect that our

results will also be useful in the further development of these

models (Guisan et al., 1998; Price et al., 2001).
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