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Growth response of spruce saplings in relation to
climatic conditions along a gradient of gap size

Igor Drobyshev and Bengt Nihlgard

Abstract: To evaluate the relative importance of climatic factors and the level of natural canopy disturbance on sapling
growth rates, terminal shoot increment of Norway sprueeda abies(L.) Karst.) saplings was analyzed in old-growth
SphagnumMyrtillus forests of the European southern boreal zone (Tver Region, Russia). For a 5-year period, terminal
increments were retrospectively measured in 225 saplings in a range of naturally created canopy gaps. Climatic vari
ability was estimated by Seljaninov hydrothermal coefficient. Variation in the growth rate was partitiongdaasual
variation observed within a particular sapling over a 5-year period (“within-stem variation,” WSV)iigndafiation of

5-year cumulative height increments within a particular location (“within-location variation,” WLV). Sapling growth

was positively related to gap size and, except when under canopy location, with the height of the saplings. For the
growth, differences in sapling location along a gradient of gap sizes were more important than annual dynamics of wa
ter availability. Impact of the annual climatic variability was less pronounced in large gap, compared with other loca
tions. Absolute values of WSV and WLV were similar under an intact canopy. WSV had a tendency to decrease in
greater gaps, whereas WLV variation increased.

Résumé: Pour évaluer I'importance relative des facteurs climatiques et le niveau de perturbation du couvert naturel

sur le taux de croissance des gaules, 'accroissement de la pousse terminale des gaules de I'épicéaRiogamun (
abies(L.) Karst.) a été analysé dans de vieilles foréts du tgpbagnumMyrtillus de la partie sud de la zone boréale
européenne (région de Tver en Russie). L'accroissement terminal a été mesuré rétrospectivement sur une période de

5 ans chez 225 gaules, réparties dans une gamme d’ouvertures naturelles du couvert. La variabilité climatique a été es-
timée par le coefficient hydrothermique de Seljaninov. La variation du taux de croissance a été djveseeafiation

annuelle observée chez une gaule particuliére sur une période de 5 ans (“variation intra-tige,” Vil getvariation

de l'accroissement cumulatif en hauteur, sur une période de 5 ans, a l'intérieur d’un site particulier (“variation intra-
site,” VIS). La croissance des gaules était reliée positivement avec la dimension des ouvertures et, sauf dans le cas des
sites sous couvert, avec la hauteur des gaules. Pour ce qui est de la croissance, les différences dans la position des
gaules le long d’'un gradient dans la dimension des ouvertures étaient plus importantes que la dynamique annuelle de la
disponibilité en I'eau. L'impact de la variabilité climatique annuelle était moins prononcé dans les grandes ouvertures
que dans d’autres sites. Sous un couvert intact, les valeurs absolues de VIT et de VIS étaient semblables. La valeur de
VIT avait tendance a diminuer dans les grandes ouvertures, alors que la variation de VIS augmentait.

[Traduit par la Rédaction]

Introduction Veblen 1986; Hytteborn et al. 1987; Platt and Strong 1989).

shaded understorey and a canopy gap appear to be a ma

tolerant species (Tucker et al. 1997). Higher growth rates o
saplings in gaps, compared with those under a closed ca
opy, make such patches important for tree regeneration i

Diff in the levels of . I b At the same time, growth rates may also be influenced by
Iiterences in the levels of environmental factors between o jaiion in climatic conditions, which are believed to be im
R ; %rtant determinants of tree growth (e.g., Fritts 1974;
source of variation in sapling growth rates, both for shadeyj 4 ha et al, 1992: Schweingruber 1993; Clark and Clark
intolerant (Canham 1988; Busing and White 1997) and shaderggs- Aprams and ’Orwig 1995 Ettl and Peterson 1995).
The interaction between canopy disturbance leading to
.%ap formation and climate could be critical for the canopy
, composition, because it could directly affect tree growth
many temperate and tropical forests (e.g., Runkle 1985(Hofgaard et al. 1991), change the species susceptibility to

other disturbance agents (Clinton et al. 1993), affect the rate
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and Cescatti 1997; Swetman and Betancourt 1998) anthteractions between gap size and annual growth
interactions of climate with other disturbance agentsvariability

(Swetnam and Lynch 1993; Zhang et al. 1999), surprisingly2) The relationship between yearly terminal growth and
few attempts have been made to analyze the combined effect environmental characteristics is more pronounced in
of natural canopy disturbance and climate on sapling greater disturbed community patches, i.e., the strength
growth. There are indications for some coniferous species  of correlation between growth and water availability in
that the response to climatic variation may vary along gradi creases with the size of gaps.

ents of environmental factors (Villalba and Veblen 1994;(3) There is a consistent pattern of growth variation among
Orwig and Abrams 1997) and competitive interference saplings along a gradient of gap sizes.

(Piutti and Cescatti 1997). The role of temperature and pre

cipitation in controlling growth of saplings was consideredSt dv sit

while looking for differences in sapling growth between gap udy site
and understory (e.g., Sipe and Bazzaz 1995; Veenendaal etThe study was conducted in the old-grov@phagnumMyrtillus

al. 1996; Maherali et al. 1997) and, in particular, when-con forests of the Central Biosphere State Forest Reserve, Tver region,
sidering the effect of gap partitioning (Wayne and BazzazRussia (32°29-33°01E, 56°26-56°31N). The area lies in the
1993; Gray and Spies 1996). However, to our knowledgesouthern taiga (south boreal) subzone of the taiga zone (Sochava
there have been no studies assessing the impact of yearkyS6). The reserve is located on the poorly drained main Caspian—

variation in regional climatic characteristics on the saplingtha'“f/ \{\llgterﬁhedhtof t‘?ﬁ R“ﬁSiap P'?i?ﬁ in the s_outrr:west?rr! p"é”b‘)f
growth along a size gradient of naturally created canopy dis. ¢ Vaidal neignts. the climaté of the area 1S characterized by
large fluctuations in climatic factors, and periodic moderate

turbances. . . . _ droughts in summer (Karpov and Shaposhnikov 1983; Fig. 1).
The yearly variation in sapling growth originates from pominating soil types are podzol and bog-podzol soils (Sokolov
three principal sourcesi)(changes in site properties over 1949), with a relatively high groundwater level located within 2 m
time, including changes in microclimate, soil properties andof the surface in the majority of the forest stands (Rode 1950). Soil
competitive interactions;ji) age- and height-related changes within the study locations was poor podzolic gleygpghagnunsoil
in growth potential; andiif) year-to-year variation in cli- with similar profiles among the locations.
mate, levels of pathogen infection, and (or) herbivore dam- The SphagnumMyrtillus stands studied (Table 1) occupied
age. poorly drained mesodepressmns and had canopies formed mainly
One might suggest several ways in which disturbancé&y spruce and birchBetula pubescerghrh.). The forest floor was
. . A . ; ominated by Sphagnum girgensohniiRuss. and blueberry
Co.u!d interact W.Ith the yearly variation in C“mate, in deter- (Vaccinium myrtillusL.). Small-scale canopy windfall gaps were
mining the sapling growth pattern. Compared with a saMipe most typical disturbance event in these stands (Drobyshev
pling under a closed canopy, a sapling in a gap is moreggg).
exposed to climatic variations. Thus, the annual growth may
vary more as the area of the disturbed patch increases. In
other words, gap size can have a dual effect on saplindlethods
growth: firstly, through changes in the amplitude of variation =~
of environmental factors and, secondly, by direct control ofClimatic data _ . .
resource availability (e.g., light and nutrients). Climatic data were obtained from the meteorological station of

Diff in the d f fluctuati f . t Ithe reserve located about 4 km from the study site. Daily preeipita
irerences In the degree or iuctuation ot environmentaly,, 5nq temperature measurements were used to obtain monthly

factors is also likely to affect the pattern of growth variation gyerages and, subsequently, cumulative values for various sets of
of saplings. The latter can be partitioned intpgnnual vard  spring and summer months. We calculated the Seljaninov hydro
ability among saplings in a particular location arig Yariaa  thermal coefficient (SHC; Shvidenko et al. 1998), a simple mea
tion in the growth rate of a sapling over a period of years.sure of humidity for the 4 months (April to July) when spruce
Since the resource availability and growth rate generallygrowth mainly occurs. SHC was calculated as
change in a linear fashion along the gradient of disturbance P x10
size (e.g., Yetter and Runkle 1986), it would be possible for SHC =
the two components of growth variation to show a certain Z T
linear pattern along a disturbance gradient. To test these as
sumptions, the growth of Norway sprucBi¢ea abies(L.) wherey T andy P are the sums of temperature and precipitation
Karst.) saplings was retrospectively studied in old-growthfor a fime period, respectively. Data for the period 1971-1996
SphagnumMyrtillus spruce-dominated forests under intactwere utilized to compute long-term averages (Fig. 1).
canopy and in a range of natural treefall gaps.

Sampling of spruce stems

Sapling data for the under-canopy location were obtained by

Hypotheses randomly sellecying .saplings in areas Without.distinguishable. can

opy gaps. Within disturbed patches the saplings were studied in

Three hypotheses about sapling growth patterns wertwo small gaps (122 and 1674 size, respectively), one medium
combined into two groups. (1050 nf), and one large (about 2400°gap. Data from the two
small gaps were combined during analysis. The recorded gaps
were chosen from amongst canopy gaps which complied with the

Relative importance of different factors _ following rules: {) the gap was located completely within the stud
(1) Different levels of canopy disturbance are more impor ied forest type; i{) the disturbed contour had a recognizable-bor
tant than annual growth variability. der; (ii) the gap was at least 50 m away from the nearest glade.

© 2000 NRC Canada
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Fig. 1. Average sum of temperatures and precipitation for April-June 1991-1996. T and P are long-term averages for the sum of tem
peratures and sum of precipitation, respectively, for 1971-1996 (with no temperature data for 1975 and 1978). Error bars are SDs.
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Table 1. Stand characteristics. Table 2. Age and height distributions of spruce saplings in dif-
- ferent locations.
Average canopy height (m) 21.6+1.8
No. of canopy spruce trees/ha 8461309 Age (years) Height (m)
Average spruce DBH (cm) 26+7.1 Mean SD Mean SD n
Age of spruce trees in canopy (years) 140 (80—260)Under canopy 35.1 842 128 087 26
Note: Values are means + SD, except for age which is mean with In small gaps 20.0 568 1.12 059 122
range given in parentheses. The data were obtained on four plots 150— .
200 nt in size, located under undisturbed canopy. In medium gap 19.3 7.06 148 0.73 52
In large gap 16.7 20.2 1.33 0.74 25

) L . . ) Combined for all locations 21.2 11.1 1.25 0.69 225
All locations were within an area with an approximate radius of

400 m.
All disturbances were 9 years old. The annual increment of the
terminal shoots on at least 25 stems were recorded retrospectivetems growing at least 2-4 m from the nearest gap border were
for 5 years (1992-1996). The number of stems sampled in eachampled.
site was 26 under the intact tree canopy, 69 and 53 in the small All recorded saplings were between 0.3 and 3 m in height at the
gaps, 52 in the medium, and 25 in the large gap. end of 1996. The low height limit of recorded spruce stems was set
The stems sampled in gaps were growing within non-expandingo 0.3 m above the ground to ensure the consideration of only well-
gaps (i.e., defined by crown projections and not by tree basesstablished individuals. Their mortality has been found to be much
Runkle 1982) and at lea® m from the crown projection of the lower compared with that of spruce seedlings (Karpov et al. 1983).
nearest canopy tree. Thus, the effect of precipitation interceptioiBetting 3 m as thdigher height limit helped include the majority
by tree crowns could be excluded for these stems. Possible effectd spruce saplings present in gaps at the moment of sampling. The
of competitive interference (Golser and Hasenauer 1997) withirstudy did not consider changes in height distribution of the whole
the sapling cohort was addressed by sampling only stems havingapling pool in a particular location but focused on climate * dis
(i) no neighbors of similar or higher height within sapling crown turbance size x growth interactions within one cohort (0.3-3 m).
projection andi{) no more than one shorter neighbor within their Therefore, sampling was aimed at obtaining similar height distri
crown projections. butions of recorded stems among locations. Only in one case
In gaps, stems were sampled to represent the whole sapling po@mall vs. medium gaps) did the actual “availability” of stems with
of each gap and not particular within-gap locations. In small gapsparticular height lead to a significant difference in average sapling
stems were sampled in four gap quarters (northwest, northeasheight between these locations (Table 2).
southwest, and southeast quarters). In the medium gap, sapling The terminal shoot increment was measured as the distance be
were recorded in the northwest and southeast gap portions as weleen the two nearest whorls on the leading branch of the sapling,
as in the gap center. In the large gap, the data came from saplinggith an accuracy of £1 mm. Cores or cross sections were made at
from randomly chosen within-gap locations. Within each gap, onlya height of 2—-10 cm above the ground to obtain data on sapling

© 2000 NRC Canada
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Fig. 2. Relationship between cumulative 5-year increment and Table 3. Impact of height and age of the stem on cumulative
sapling height in 1992 for different locations. 5-year terminal increment as estimated by Spearman partial cor
- relation coefficient.

o under canopy A
o small gaps Location R, with height Rs with age
160 ] medium gap
A large gap R Under canopy 0.075 (0.751) 0.180 (0.390)
_ . Small gap 0.783 (<0.0001) —0.555 (<0.0001)
Medium gap 0.771 (<0.0001) —0.185 (0.188)
Large gap 0.674 (<0.001) —0.142 (0.498)

120

Note: Values in parentheses are probabilities.

Table 4. Impact of sapling location and annual growth variation
on terminal shoot growth: results of MANOVA analysis with age
and height of saplings at 1992 as covariates.

Cumulative 5-year increment, cm

N 4 Factors MS F p
a
= Location 13.773 42.5 <0.0001
409 Annual variation 2.772 35.2 <0.0001
Location + annual variation 0.316 4.0 <0.0001
7] [ ]
° ®
0 T T T . T 1 indicated significant differences between any pair of
0 0.5 i 15 2 25 3 contrasts (withp = 0.034—0.0001). The mean height and the
Sapling height in 1992, om distribution of heights were significantly different between

small and medium gapp € 0.002). Although saplings were
age, and to find the age of the canopy gap. The latter was estlimited to individuals less th@ 3 m in height, gap size af-
mated as the time since the last two to four fold enlargement of théected the mean height and the distributions of height; sig-
annual growth ring. nificant difference was observed between saplings in small
and medium gapsp(= 0.002).
Statistics _ _
_A_Mann—WhltneyU test was used to compare age and he'ghtSapIing growth at different locations
distribution of stems among different locations. To evaluate the re- |, gaps the growth rate was closely related to the height

lationship between growth rate, age and stem height, a Spearmagy ,»"stams (Table 3), whereas in most cases correlation be-
partial correlation (Altman 1991) was computed for the 5-year cu- ’

mulative terminal increment and the above-mentioned parameters.tween growth and stem age was insignificant.

To study sapling growth response to annual climatic variability, BOth factors, a sapling's location and annual growth varia-
ANCOVA analysis with repeated measures design was appliedion, significantly influenced terminal shoot increment
with calendar years as the independent factor and terminal shodffable 4). Judging by the MS and value Bfstatistics, the
increment as the dependent variable. Covariates included saplingcation factor was of main importance for growth. Interac
age and height, and previous year growth. Additionally, MANOVA tion of location and annual variability was also significant.
analysis was conducted with location and calendar years as ind¢{owever, it appeared to be the least important factor.
pendent factors. The increment data were natural log transformed ANCOVA analysis revealed numerous highly significant
to avoid correlation between means and SDs across cells. differences in growth between years in a single location

The variability in the sapling growth rate was estimated by the .
coefficient of variation (CV) calculated in two ways: as annual (Table 5, Fig. 3). In general, the growth pattern matched the

variation observed within a particular sapling over a 5-year periocpne of SHC of the Cu_rrent season, Wher_eas previous year
(later referred to as “within-stem variation”), and variation due to SHC appeared not to fit the growth dynamics. Except within
different growth rates among saplings (later referred to as “within-the large gap, growth was significantly greater in 1994 com
location variation”). For the estimation of within-stem growth vari pared with 1993. In all locations except for the medium gap,
ation, CV was calculated for a 5-year period for each stem, and thgears 1992 and 1994 had significantly different growth.
obtained values were averaged for each location. In the case @nly in the medium gap was there a significant difference
within-location variation, single year and 5-year cumulative incre petween years 1992 and 1993. Within the studied time
ments were used to obtain CVs for each location. __frame, 1994 had the highest value of SHC and showed in
The drawbacks of the study were the lack of proper gap replicacreased growth in the majority of locations. In contrast, the
tion and the fact that only a 5-year period was ConSidered"HOWfollowing year indicated a drop in both SHC value :and
ever, consistency of obtained results and presence of climaticallé th rate i | fi
contrasting years during the selected period helped partly to avoi rowth rate in every focation. - .
these shortcomings. ' Growth variability, expresseq as the coefficient of varia
tion (CV), showed two opposite trends among the studied
locations (Fig. 4). Within-stem annual variation decreased
consistently from the under-canopy situation to the large
Age and height distributions of saplings gap. In contrast, growth variation among sampled stems in a
Sapling age decreased from under-canopy locations tparticular location had a tendency to increase with increas
large gaps (Table 2, Fig. 2), and the Mann-Whitiieyest  ing size of disturbance. We found no relationship between

Results

© 2000 NRC Canada
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Table 5. Annual growth variation of the terminal shoot increment: results of ANCOVA
analyses. Significance of post-hoc comparisons was checked by LSD test.

Years with significantly
Location MS F p different growth

Under canopy 1.049 4.95 0.001 1992 vs. 1994, 1996
1993 vs. 1994, 1996
1994 vs. 1995
1995 vs. 1996

Small gaps 8.69 51.49 <0.0001 1992 vs. 1994, 1995
1993 vs. 1994, 1995
1994 vs. 1995, 1996
1995 vs. 1996

Medium gap 3.24 29.4 <0.0001 1992 vs. 1993, 1995, 1996
1993 vs. 1994, 1995
1994 vs. 1995, 1996
1995 vs. 1996

Large gap 1.121 16.7 <0.0001 1992 vs. 1995, 1996
1993 vs. 1995, 1996
1994 vs. 1995, 1996

within-sapling variation and sapling age: coefficient of cor especially with water availability in upper soil horizons
relation was insignificant at all studied locatioms{—0.168, (Nihlgard 1971), and negatively with the level of root inter
0.115, 0.013, and 0.115 for under canopy and small, meference between sapling and canopy trees. Changes in the
dium, and large gaps, respectively). Height also provided nevater demand of canopy trees apparently follow the one of
significant impact on within-sapling variatiomr € —0.083, spruce saplings. Subsequently, the water uptake by trees can
0.034, 0.043, and 0.284 for under canopy and small, meenhance the impact of dry years under the canopy and prob-
dium, and large gaps, respectively). ably also in small and medium sized gaps, where one might
expect belowground interference from trees around the gap
(Parsons et al. 1994; Campbell et al. 1996).

Discussion Apparently, an increase in light levels in greater gaps is
) associated with a more favorable water balance of spruce
Pattern of annual sapling growth saplings. This conclusion is supported by the observation

_Besides the positive allometric relationship between tregnat the size of a gap and soil moisture are positively corre-
size and its grpwth rate, strong correla_tlons between saplinged (Mladenoff 1987), and data from experimental studies
height and their growth in gap suggestéddreater resource  gyggesting that spruce saplings can successfully acclimate to
availability for taller saplings (e.g., light) and)taller sap  the sudden changes in light or water conditions after ferma
lings could be less suppressed than shorter ones. Howevgfon of large gaps (Katrushenko 1965). However, extrapola
under the canopy, taller saplings did not necessarily receivgon of this conclusion for the silvicultural implications
more light, and the level of suppression could vary quite in should be done with caution; studies of the water regime of
dependently of sapling height. _ _ spruce sapling shoots before and after clear-cutting identi
_ After 4 years since a gap-formation episode, spruce saffied atmospheric evaporative demand and associated water
lings appeared to acclimate well to the changes in their-envistress (Sellin 1997), lower winter and spring temperatures
ronment, in particular increased light levels in the canopyand photoinhibition effects (Strand and Oquist 1985; Tucker
gaps and higher water demand. Studied saplings showest |, 1987) as important factors leading to growth retardation.
greater growth in years with increased water availability. | iije correspondence between previous year SHC and
The study area was located close to the southern distributiogrent year growth indicated that growth variation, mea
limit of SphagnumMyrtillus stands (Tolmachov 1954), gyreq as a function of elongation rate of the terminal shoot,

where water losses due to evapotranspiration apparently limy,55 nrimarily determined by current-vear conditions
its spruce growth (Abrazhko 19831983). The positive P y y y '

correlation observed between water availability (represented

as SHC dynamics) and growth is supported by similafPattern of growth variation

conclusions from other studies (e.g., Devall et al. 1991; Le Growth variation originates froni)(differences in sapling

Goff and Ottorini 1993; Frolking et al. 1996). age and height distributions among locations) different
Besides the direct relationship between precipitation angdlegrees of environmental variability among locations, and

temperature, water availability for saplings should be alsdiii) differences in the sapling ability to respond to environ

controlled by the size of canopy opening and undergroundnental fluctuations.

interference between saplings and canopy trees (Karpov Despite differences in average age and, in one case,-in av

1969). Size of canopy opening can be positively related withrerage sapling height among locations (Table 2), these two fac

the amount of rainfall (Anderson et al. 1969; Rydgren 1996)tors appeared not to influence within-sapling growth variation

© 2000 NRC Canada
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Fig. 3. Sapling growth pattern in different locations and dynamics of Seljaninov hydrothermal coefficient (SHC) for the period 1992—
1996.

3.2 1
—@—— Undercanopy
] A ——&—— Small gaps
\ —F&— Medium gap
2.8 \\ —2A—— large gap
\ — — A — — SHC for the current year
7 \ — —A— — SHC for the previous year
\\ —— Long-term SHC mean
2.4 < \
\
— \
\ A A
O \ N N
T 2 . ~
(2] \ // \\ , \\
- \\ , /\\\ S
= =N
\ )/ J/ A-—- 3
1.6 — \ / /
\ / /
\ / /
e /
A_ AL /
12 T T~ /
7 T~ / ~ - /
~ & ~A
0.8
5
Py yas A
45 \——_A
£
(&
g B\ﬁ/\/g
L)
£
@ 4
o
k=
k=S
[=]
£z
w
= 35 A\—/\/
E
2
c
|
3 -
2.5 T T T I I
1992 1983 1994 1895 1996
Year

as indicated by low correlation coefficients between themseemed appropriate to rule out the impact of height differ
and CV of growth. It also suggested that differences in-averence between medium and small gaps on CV dynamics.
age age among locations were probably not responsible for It is likely that changes in environmental conditions and
differences in within-sapling and within-site CVs. Another the ability of saplings to respond to them were the factors
possible explanation relates CV dynamics with increasedesponsible for the observed trends. Because of higher air
variation in stem age (that is, SD of stem age distribution) humidity, less light, and lower growth rate, saplings probably
This alternative seemed not to be consistefth the ob  have a lower water demand under the canopy. Sapling
served changes in SD of age distributions (Table 3). In- conevapotranspiration is apparently also reduced under the canopy;
trast with a monotonous increase in the CV of the growthstudies of the physiological characteristics of spruce needles
rate (Fig. 4), the SD of age distribution dropped from thehave shown that their transpiration is strongly correlated
understory location to medium gaps, and only in the largawith the amount of available light (Abrazhko 1993As a re

gap did its value increase (Table 2). The same argumersult, saplings might be less susceptible to microsite-specific

© 2000 NRC Canada
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Fig. 4. Within-stem and within-location variation of terminal gradient of gap sizes (hypothesis 3); within-stem variation
shoot growth. had a tendency to decrease in greater gaps, whereas within-
100 location variation increased. Indirect evidence suggested that
o) within-stem CVs = SE dynamics of within-stem variation reflected a positive fela
- ° within-location CVs + SE tionship between the level of canopy disturbance and re
source availability for saplings. Instead, changes in within-
80 location variation was apparently caused by a positive-rela

tionship between the size of the disturbance and environ
mental heterogeneity within a disturbed patch. This effect
should contribute to the process of sapling stratification and

. 607 later widen the range of tree heights in the forest canopy. It
o _ seems to be of interest for future studies to include in the
3 analysis a wider range of height cohorts, and to extend the
40 4 {) time frame under consideration.
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