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Abstract Vertical resin doct depsity in spruce iree-rings
was used as a dendrochmatological variable and compared
with radial growth, Resin duct density data were siatisti-
cally stable and distributed with higher mean sensitivity and
standard deviatiom but lower signal-to-noisc rate than the
corresponding growth raze. Radial growth and resin duct
density relationships with climate were investigated using
correlation and response function analysis, It way found that
resin duct density has a significant positive response o
ahove-normal temperamre. especially from June to Avgust
and a less sigmficant negative response for above-normal
itation from May--Jaly during the current growing
‘¢ Ring width showed a significant negative response
o above-normal precipitaion from fune o August bul no
response with temperasire. Ring width and resin duct
density were not related to each other, Sufficient daia
indicate that vertical resin duct density is a useful varable
for dendrociimatology.

Key words Resin duct » Tree ring « Dendroclimatology -
Soruce - Picea abies

Introduction

Many lree- ﬁnu vuriai fec; a*;‘:n be mrra:haml with ciim:}tic:

sariations.
earlywood a_z]_d !Alcwom! »\Jadths, !)10 )o;lion of lau,woud

(Olcksyn and Frites 1991), tracheid size (Vaganov 19903,
vessel size (Sass and Fckstein 1995), wood  density
(Cleaveland 19867 Schweingruber 1988), and chemical

isotope ratiog (Leavitt and Long 1991).
the present work is 10 investigate climatic control of resin
duct density and widths of tree rings ol a conifer specics.
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The purpose of

Resin ducts are a constant fealure of the wood of only a
few members of the Pinaceae family, in particalar with
Larix, Picea, Pinus, Pseudotsuga and Cathava (LaPasha
and Wheeler 1990}, Duct diameters are largest in Pinus
species (60300 wm) and smaller m Larie (4080 jim),
Picea (4070 wm), and Pseudorsuge (4045 pm) (Larson
1994y, Roth vertical and radial resin ducts are found in
these genera, and both types oceur in trawmatic as well as
normal duct systems. Species of Abies, Cedrus, Pseudo-
larix, and Teuga do nol aovmnaily possess resin ducts.
liuwcvc . traumatic vertical resin dncts have been reported
in Abies (i,!m et al. 1979 Torelli et al. 1992), Pseudolarix
{ E_%;sm.n.zm 1036), and Thuga (Lensy and Moore 1977},

The %‘("%‘%Ulél! f"m ir: f fc);‘n‘\'—liiorr ‘,g-‘ \«'crﬁical I“(_"\‘Eﬂ c‘iuc%‘ ;

lms been c;m-smmm fm some time. Reid and Wd 80N ( 96(})

clanmed that vertical ducts form L!ux ing the tatter half of the
seasonal growth pum_}d. In most vears resip ducts are
concentrated in the outer portions of the annual ring. For
lodgepole pine 88% of the resin duets ase in the last 40% of
the lree-ring. Vm;;,_:, resin ducr formation might be infiu-
enced by external conditions {(Wodzicki 18961 Larson
19943 In a laboratory cxpcmncnl using 2-year o!d Pinus
halepensis Mill. Zamski (1972) showed that temperature
and photoperiod changes influence resin duct formation
with a time lag of several months, The study also proved
temperature to be of higher importance than photoperiod,
Ruden (1987) has measured ring width and resin duct
frequencies in Scots pine and correlated both variables
with climatic data. Generally, rather little work has been
done on mature ees 1o show a link between the ccourrence
of vertical ducts and external environmental factors such as
chmate,

Materials and methods

The study site consisted of two established plots in the forest districl
Sevde, Fastern T sirge, 50 km south of Dresden, Germany, close
the Czech border (Fiu. 1. The plots were even-aged, approximately 80-
vear-old stands of Norway spruce [Proea n.‘)m.x‘ (L) Kurst.f, both
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r, 1 Map of the site area Seyde, Germany, in the Bast Hrzgebirge
close 1o the Czech bovder

locmed on goartzporphyric bedrock. The natural forest copununity is 2
mixed beech-fir-spruce forest (“Fago-Pleemay™) up o an alide of
800 moasl Spruce trees covered 8% of the aren and the predominant
brows forest soils are patially podsolized. The two approximately
B0 80m plots had similar aspects; but they had different degrees of
human distorbance because of heavy sulphur dioxide pollation from
mcustrial facilities located 10 the south and east. Site located at
T3 woasl, i slightly influenced by pollution, and has a stocking
density of 0.7 Crowns show 0--30% needle loss, Site B locared at
B0 m oasl i is heavily affected by pollution due 1o i1
exposttion and has lower stocking density {04} with ave eolres
heights 209 less than on site A, Crowns of the tees on sife B show
needle loss of greater than 5

om o

Meteorological daia

aplic fo continenfas

The B
climat
i1l [Empers
precipitation for these sit
mean tempoeratare 1%

ebirge is located in a oansition fi
i Trzgehitge experiences esy 1¥ high fluctations
wnre with cold winiers and little precipitation. Annual total
349 of which 1s snow. Annual
>, with s the lowest temperalure
meastred, We ssed homogenized climatic data repr ive for the
Sevde area (Dentscher Wellerdienst, Wetterami Dresden) compiled
from several searions with a minimal distance of 3800 m away froms the
sites and at the same altituding! range (750 m as L) Monthly valoes
are presemied in Table 1 Clondiness and wind are more prevalent on
site B than on site A, Main wind directiong ae notth and north-west.

2 Nowmal single verticsl resin duct (al: ravmane vertical tesin
duets formation in a recent tree ring (1991} of Norway spruce on sie 13
{hy, Travmatic n duct formations were ot included in the analysis

Fig. 2

Sample preparation

v April 1993 ten dosmnant and codominant rees were felled on 2ach
site and F-em-thick stemn disks were removed at d-m i1 the, Disks
were immedistely ciken o the laboratory for the preparation of a
confinuous series of blocks from pith o bark, Transver fions 20
tn-thick were cut from the blocks psing a shide microtome and
seations were dehyvdraed, stained with methylene blue and momned
in Malinol on siides (Gerlach 1954}

in a prelimisary study we found in several sproce tree
rrissing vings and uanmatic resin duct bands almost exclost
years alter 1985, Thiy is pogsibly linked 1o high air pollution
the shiddied are ing Bemmann et al. (1995 thinning n :
years has opencd this wile and exposed the trees 10 an incieased
concentration of gaseons sulphur dioxide, and higher wind-sionm

g o sie B

g aly i the

Table ¥ Monthily tolal pre-

Temperalure
standard
deviation

Mean
temperanire
( By ~)

Precipitation
stancard
cleviation

iraiienrs ek s fer Total
cipitation and mean tenm- e
peramire ar Seyde, t Frzoe- ‘:’IL"L[?H“'lt}(“}
E.'*a.i..rgei Crermany, 19141993 L
January 77
February 67
Muarch sk
Aprit 75
My B2
June a5
Tuly 113
Angnist 96
Sepleinber 64
Cetober 73
Noveniber 76
December 76
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Table 2 Deseriptive statistics Tor ring width and resin doet density indices for

ehirge Norway spruce

Ring widih

Resin duct density

Site A Site B Site A Site I3
No. of ees 1% 15 0 10
No. of vadi 34 28 28 34
Mean sensitivity 01443 (. 1458 0.7631 (37730
Standard deviation 02175 1917 0. (ﬁ'i 4 {36853
Skewi ooz - 0.7 (1.6560)
Kurtosis ; 1O0I0
Frest order auipcorrelation .51
Mean interseiies conelanon 0.38
Menan correlaiion hetween frees (.37

Signal-icenoise ratio
Variance of first sigenvector

formations in the
not Investigate air pollurion
o z'}I}Z-l]}-Al:, the fime period between 194]
g i of 20 trees for the resin duct
e wich cheonolog

LSRPORVT could have caosed Udllill(li%( yesin duct

o111 5
effects, therefore we decic
and LOET, which nclides
depsity as well as the ring

Resin duet measorements

Two radii, one north the other souh oriented, were prepared from each
cale nned sections were observed using a Hght microscope with a CCD-
camera connected 1o a Macintosh computer that was loaded with the
NIH-Tmage analysis system (Wayne Rasband, Natonal Ingtitute of
Health, USA) Resin ducts w ountad i each individual g from
pith to hark for a angential window 3.4 mm wide. Numbos were
relaic IE 10 an area 1}mz was UE\M ined hg mu]la])ﬁvmu E!w ",i\-’cn tangential

] “resin duet

i Dul.!mﬁ‘cr WS *1\(?#*‘“ 130 i
ship was found cither between TINg
2 (104, n.8.) or between ring width and g._s!.-aiax nnmhms of resin du:_is
for a given tangential window (R7 = (.14, n.s) We also ditferentiated
hetween reoular and mraumatic resin doct formattons, although Fahn
1 (19T srated that distinction befwe normal and tra-
matie resin ducts is difficnlt. We did not include tngential bands of
axial resin ducts that peoured mostly marginally 3 wood, which
we clearly considersd as an anomalous (= tranmatl resin oot
Formarion (4 23, We did not include the first ton juvenile
rings in owr chronclogies becanse vertical resin ducts iend o be more
pumerons per il area in young growth rings near the pith
(Larson 1994),

1L,

Ring widih measiremenis

A second disk was taken from each felled tree and prepared for ring
witth messurements. We improved the ring width chronologies !\‘
rrking increment cores from an additional ug!ht tees on each
¢ height and from twoe opposiie directions.
den blocks and sapded until individual racheids were visih
o widths from cores were crossdated (Swetpam et al. 1935). Ring
widths were measwred to the nearest 0.01 mm with an incremental
measuring machine and all dag were checked for (fcmlm ;U}{E IEAS-
wrement srrors wsing COFECHA (Molmes 1983). Forallt
we used g wo-s ss of dewrending calenlated E)y ARST,
(Cook 19%5). First, a modified negative exponcntial carve or alterpa-
tively o linear regression was fitted to the vaw data and second z cnbic
spling of a relative stiffness of 128.years was fitied 1o the resulting
indlices.

Descriptive statistics

Des
Table
adiacent annnal rings (
vartability than nng

criptive stalistics for the measared disks and cores are presented in
2. Mean sensitivity s a measure of the varmbiliy between

1976). Resin ducts have higher ving to ring
ihths, which are less sensilive, Skewness

W

i

any  symmet
: i rive but siays close
the data show symmetric distrbulions.
e of
sis values e (o U, which indicate normally
First-order autocoirelation 15 a measure of ihe
inffuence of the previoos vear’s growth on growih in the current vear
(Fritts 1976}, Higher values mndicare greater influence. Ring widths
have positive and higher Brst-order awtocorrelations than resin duct
density which have ative coefficients, wnosual relative to many
pther tree-ring variables, Resin duct density atso shows higher ring-to-
ring variabilty that causes more signal notse in this variable. We pooled
data from both sites (0 ope becanse statistical results were not
differcnt for both sites and the tme period analyzed.

the

that
indicates the h:mwm‘\s of the ails relative to the mide

to 6, which indicates
Kouriey
thi

distribged LS,
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Dendroclimatological wehniques

Standlard <.!c:'.n<'!;‘m:!in‘;;‘x‘fw!nﬂ'cu} fechriues ware amployed usiag the
program RE {(Holmes 1994) 1o assess the climatic miluence on
resin duct formation and radial growth of Norway spruce free-rings.
First, we performed correlation analysis between monthly todal p
cipitation and mean temperatire and indexed ring variable chronols
5. The climate variables were also fagged o defernnne whethet
bnate (!m“ini‘* ihr: psevmr}b growing season affect rree-ring formation
is o first step for mvestigati
alz(mshlpa between environmental variahles and iree-ring
cond, we used response [unction analysis as a more
fects due to multicolinearity among

M

1]

possil _le. el
Formation.
robugt analysis that mininyzes e
variables representing the actual relationship hetween clirate and ¢
avowth (Fritls 1970), In this analysis, climatic data spanning previous
Augnsi o current September are fivst orthogonalized, then entered into
a stepwise multiple regression with the standard index chronology as
the dependent variable, Any principal component with an eigenvalue
oreater than 1 was added to the muoliple regression equation (Guiol

1990). The resulting regression equaiion containg the weights for each
of the original ¢ chm: iabies. The standard evvor for cach monthly
L.m.EfILICﬁI, was alse caleulated o determine the 95% confidence
interval for cach month in the response function. Any weight signif-
icantly different from zero indicated a month in which precipitation or
temperature affects ring widdh or resin duct formation,

Results

Ring width

The correlation analysis between monthly climate dafa and
ring width showed significant negative relationships be-
tween spruce growth and precipitation during July and

Anpnst (P <0.03) of the current growth year, the 2 months
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Fig 3, b Resulis from correlation and response function analysis of

wih in Seyde, Germany, from previous Avgust o
celated for the period 1941 - 1987, Lhars: Simple
1LO3Y months hatched, Line:
0.05) months indicated with an

Norway spruce
currem September o
correlation coe onificant rf’-:
stor conffi CagH (e

dasterisk, @ ;n’z-:(:'ipiia_tu)11. H) temperatun

a s‘ni‘mrmltia! part of the aopual growth occurs
aby, April precipitation was also significant at the
5% §e-vc¥. A Hgﬂfﬁuzi‘}i_ negative effect is also evident with
mean December temperature of the previons vear. Ring

i wlm!

width significantly correlates with seasonalized tofal pre-
cipiation (Table 3). The strongest corelation for fotal
seasonal pracipitation occurs for the period June-—Auvgust,

when most of the toial sproce growth oceurs for this region,
Temperature has relatively less effect on ring width. Using
a minimum eigenvaloe of | Jlar entry of variables info the
response funciion model, 20 of the 28 original componenis
gressors were retained and explained 48% of the total
variance (adjusted for loss of degree of freedom). The
nction for July orecipitation (Fig. 3a) showed
sative effect on tree growth, while trempoer-

response fu
a slgnificant ne
ature was not signiheant.

Resin duct densiry

Correlation analysis between monthly chmatic data and
resin duet density In mee-rings showed sigaificant positive
relationships with June and Jnly temperature of the current
vear. A weaker, imsignificant positive wemperature eflect 15
evident for the preceding September and  insignificant

; during the supmmer months for
4a.by. Seasonalized climate data clearty

args Leen

negative effec
ipitation (Fig.

Freciptatinn - Resin duct density

ALing Ri¥ ALIE BENM

pRUG pEER pODT pRGY pDEC Ak et

Tetpizrafurs - Resin duct dengHy

MAR O AFR WY AR G AE SRR

Fig, 4 2, b Resolts from correlation and response function analyss of
Morway spruce vestn duct density in Seyde, Germany, from previeus
August 1o current September o 13(':1] ted for Ihc perkod 194] - 1987
flfms Simple correlation o ] i = (L15) months
harched: Line' regression cootficie ¢ P 3.05) months
indicated wirh an asrerisk. a g‘n‘()up} 11(}11 b femperature]

show that temperature s the most influeninal factor for
resin duet density, The strongest comelation for average
seagonal wemperature occurs for the period Iune-- Augnst
(Table 4). Seasonal corrclations are higher than those
derived with monthly precipiiation and temperature data,
indicating that resin duct formation can perhaps be moedeled
using a combination of several monthly climatic variables,
sane eigenvalue criterion as with ring widdh
for the engry of variables mito the response function model,
20 of the original 28 principal components reg TS were
retained and explained 439 of the total variance (Fig. 4a.b).
Current year June temperature was posiiive and significant
along with Jaly which almost reached significancy as well
as with the positively loaded September of the previous
rly wvalues are plotted in

Using the

year, Actual and predicted ves

Fig. 5. along with their respective residuals as well
as mean June—Avngust emperature. The vears 1975276,
1979, 1982 and 1986 in particudar revesl high resin
duct densities  coinciding  with peaks of seasonalized
June - August temperatures.

Discussion

Ring widih and vertical resin doct density of Norway

sproce respond to chimatic vasation although with some
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and residual of spruce resin docts indices

e, 5 Acival, prodicied
compared with Jupe - Augnst meen lemperatiye

significant differences. Spring-summer precipiiation signif-
icantly affects sing width in the studied area whereas
summer temperature affects the formation of vertical resin
Additionall rain megalively affected den-
sitics of resin doets. This indicates that resin duct formation
iv closely related to the seasonal climate variaiion and
therefore could be used ag a dendroclimatological x-‘;‘:rmh}eu
Vew workers have investigaied the relationships between
vertical resin ducts and climatie factors. Reid and Watson
(19663 spreesied circomstantis! evidence for a direct rela-
tion between high summer temperatures and large number

ducts. ST

of vertical ducts, In our study the years 1975270, 1979,
E@SZ anel EE}‘%h wcfv \f‘cﬂu'n‘; v-i'!E hi_gh mean June - August
i ':1:::

seven f)i(.!-*jft.)\\ n %L()t\ THIES L uusih!luu LEi;n e for 4

certain periodd. He also found resin duct frequency highly
corretated with summer drovght. Fahn and Zamski (1970
experimented with young saplings and aduit trees of Pinss
halepensiz and showed that wounding, mechanical pres-
sure, wind and auxins induced the formation of vertical
ducts and caused an increase in the radial growth of the
wood, Daring a later leboratory experiment Zamski (1972}
reporied that resin duct formatton in P halepensis seedlings
was not synchronons with the external conditions in which
the duct was formed The docts were always Tound to
differentiate 8 nuimber of months after cambial activity
was resumed following a rest period. This probably ex-
plaing why resin ducts appear more frequently in the lafe-
wood and only Lt‘((‘Cp{'iml‘-lU\’ in the earlywood. Werker and
Fahn (1969) and Fabn {1979) found the resin ducts con-
centrated in the region of czufywnnd--iatcwmml ransition
whereas Stephan (1967), Alfier] and Bvert (1968), Zamski
{1972} concluded 'i};‘}r resin ducts are concentrated in the
latewood. A review of pertinent Hiteralure gives the impres-
sion that vertical resin ducts are more likely to be confined
to the latewood in Pinus than in Pleea and Larix,

Our data do not show a sigmficant 1'e:lzitliur;%}'1ip hetween
ring width and number of resin ducts. Attempts have been
made to correlate these two parameters but the results are
eguivocal. Investigators conducting  quanatitative $ '!ldit“
arrived at either positive (Bannan i‘}%() Mergen and HEchols
1955; Fahn and Zamski 19703, IV {Ehc.)nmm. and

[

Tabde 3 Correlation coefficients between \'nl way spruce ihdexed ring

width and intervals of the vrowin season (% F <0.0H)
Season Inlerval Precipitation Temperature
AprH - June (.21} 0.134
April-hdy - (372 0,136
April - Angesi - (A4 (1548
April-September <. 34T 142
May - fane (0.045
July 0074
- ABgHS 0.093
v September 0063
June - Juby 0.043
Jane - August 0.066
June- September 0.029

eed vesin ducts
(L0

SPrUCE i
SR IRIAH

Table 4 Corrslation cosfficienty between
and inrervals of the growing ssason (+ F

Season Inerval Procipitation [ermneratore
[ I

. "d) 02884

Aprit-Se
May - Tune

Feduly
Angust
May - Seplembor
June - July

o Augst
une - September
Sifton 1925 Reid and Wason 1966, Wimmer and Hall

wachs Et}f}ﬂ or indifferent (Jaccard [939% results. Accord-
ing fo Stephan (19673, the number of vertical resin ducts
mereased with increasing ring width in Pinuy sylvestriy, bt
the density of the ducts per em? of tree-ring area was
greater in ees with narrow  growth rings. Wimmer
(1091 alse found in Scois pie a peganve correfation
hetween ring width and resin duct density.

Resin duct formation is linked lo growth hormones as
demonstrated by 2 tmmh( - of laboratory experiments. Fahn
and Zamski (1970) have shown indole-Z-acetic acid and 1-
naphty] acelic acic f 10 be highly involved in gene raling more
resin ducts and increasing the thickness of the radial
merement. Fihylene secms 1o play a key role for linking
CXOZERCOUS [1\(‘501‘% and resin duct Tormation. There are
many examples of increased cthylene production fellowing
varions distrbances or stress. Examples of abiotic stress
inchide chemicals, temperature extremes, drought, hypmm
mechanical wounding, bending, and the impedance of soil
to growth (Abeles et al. 1992). Yamamoto and Kozlowski
{1987y reported thae ethrel — an ethvlene releasing com-
pound - stimulated an increase in the anmber of resin ducts
in the xylem of seedlings, Many effects previously consid-
ered to be induced by mean are possibly & result of anxin
induced ethylene Tormation (hmaseki et al. 1982 Abeles
et al. 19923, but the basic phenomenon ol increased
ethylene production was measured after exposure to single
evenls of supraoptimal environmental conditions (Field
1981 Apelbaum and Yang 1981 Eldund et al. 1992}
Thase fndings do not fully explaim why normal year-o-

Eiid
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year climatic variations are linked o the formation of
vertical resin ducts. Further investigations are needed o
shec Hght on the mechanisms hehind the effects of chimatic
variations and the vertieal vesin duct formation.
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