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A coniparison o f  rlccdlc surfacc qual i ty by scannilig clcctron i i i icroscopy (SEM), wax a~nount .  gravirnclr ic cllaractcristics and 
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Introduction (1 997- 1998) 0.02-0.03 mg/m2 (Environment'98, 1999). In 
1995 - 1996 year estimations of  NO, in Vilnius city 

The second most common acidic pollutant gas is ni- (Lithuania) showed the lowest concentrations at the 
trogen dioxide (NO,). NOx emissions have increased clra- suburban level in the range of 9 - 16 pg ~n- '  (Perkaus- 
matically over the last 50 years and have not decreased kas & Mikelinskiene, 1998). Within 1981-1996 period the 
over the last 10 years in the same way as SO, emissions mean daily concentration ranged between 1.5-45.0 pgl 
(Duyzer, Fowler, 1994; Lorenz et al., 1997). Few measure- m1 for NO, and 0.2-26.0 1cg/n13 for SO,. Since 1989 in 
nients of NO, concentrations have been made except in Lithuania the mean annual background concentration 
city centers. In the United Kingdom, rural NO, measure- of SO, tends to decrease and in very slight form since 
rnents have shown annual mean values in the range 3-12 199 1 this holds for NO, (Giedraitis et al., 1999). 
116 m-' (Ashenden & Edge, 1995). Concentrations in the Although visual forest tree observations can show 
range 4.8-9.7 nl 1.' are considered typical of rural regions the extent of current injury, they give little indication 
in the FRG (Simonis & Weidner, 1988). In a larger survey of potential future visible symptoms and there is need 
of about 20 sites covering 9 European countries the an- to establish objective methods of quantifying the ex- 
nual mean concentrations in the range 0.5-14.4 nl I - '  have tent of forest damage (Skuodiene & KairiukStis, 1996). 
been recorded for 1983-5 (Schaug et al., 1987). Plants may differ widely in the rate of production of their 

The average amount of NO, in the atmosphere of total dry weight as well as separate parts. Dry weight1 
the main cities and industrial centers of Lithuania (1984- fresh weight ratio difference between current and two- 
1988) was 0.01-0.09 mglm' (KairiukStis et al., 1992) and year-old needles was found to show a significant rela- 
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tionship between tree damage in the arcas affectcd by 
forest decline (Melilliorn et al., 1988). Gaseous pollut- 
ants have becn reported to increase the rate of water 
loss from excised leaves of trees in controlled condi- 
tions (Mansfield & Freer-Smith, 1984) and in the field 
(Huttunen et al., 1981). Cuticular waxes have been 
shown to be solely responsible for the barricr propcr- 
ties of plant cuticles since an extraction of leaf surf;~cc 
waxes with organic solvents i~lcrcases cuticular pernie- 
ability by a factor of about I00 up to 1000. Erosion of 
waxes of the needle surface was observctl as a conse- 
quence of gaseous pollutants, simulated acid rain, acid 
mist or acld fog and basic dust (Turunen & Iluttuncn, 
1990). The use of the cpicuticular wax structure as an 
indicator of air pollution has been 111a1nly based on di- 
rect observations of changes in physical form as seen 
with SEM or on indirect methods, such as tlctermining 
the wettabllity of needles by measuring the contact 
angles of water droplcts on nccdle surfaces (Cape, 1983; 
Haines et al., 1985). Air pollutants may retard the de- 
velopment of the cuticle and alter the wax synthesis, 
resulting in a reduccd concentration or altered compo- 
sition of the waxes (Riding & Percy. 1985). Thus, a va- 
riety of tests are proposed to evaluate latent injury of 
trees under air pollut~on, although, there are many un- 
certainties left in early diagnosis. 

The major objectivcs in setting up the survey WCI-c 
to determine the concentrations of NO, on sclectcti 
sites situated at different distances from Inaln local 
pollution sources in Lithuania, as well as to evaluate 
P ~ I I ~ I S  sj~llrestris trees undcr the influence of ambient 
pollution according to morpl~opliysiological tests pro- 
posed to detect latelit injury. 

Material and methods 

Stud!) nr.ea. Forest sites near an 011 refinery, a ce- 
ment factory and a nitrogen fertilizer plant - the main 
local pollution sources in Lithuania - were investigat- 
ed. During the study period (1994-1996) total emissions 
from the oil refinery comprised 28.9-3 1.4 thousand t/year, 
froni the cement factory - 5.8-18.1 thousand tlyear and 
from the nitrogen fertilizer plant - 4.9-5.8 thousand t/ 
year (data provided by Ministry of the Environment of 
the Republic of Lithuania). Forest sites on podzols (in 
few cases on gleyic podzols) mainly in north-east di- 
rection from each pollution source were selected. Ad- 
jacent opened areas in front of woods were places for 
aerial NO, estimations. Near the oil refinery 4 sites (M 1- 
I ,  M2-2, M4-I,  M4-2) with 43-54 years old trees (fur- 

ther named as middle-aged stands of  Osalicio-Pirtctrinr 
type) in 5 .5  km transecta and 3 sites (M 1-2, M2-1, M3) 
with 15-20-year-old trees (further narned as young 
stands of Mvrtillo-o.ralido-Pi,iet2/n1 or Vacciriio-nijv-- 
tillo-Pirlctu~~i type) on a 10.5 km line were selected. 
Ilelated to the cement factory 4 sitcs (AI-A4) with 40- 
67-year-old trees (stands belonging to Carico-sl~ling- 
/lo-Pinetirnz or Vrrccrnio-~~iyr t i l I (>-Pi~~ef i~~~~ type) on a 10 
km transecta were examined. Beside the nitrogen ferti- 
lizer plant 10 sites (51-310) with 15-25-year-old trees 
(stands of Osolitfo-Pinetrirrz or Ifaccirrio-ri~~vr~tillo-l'irr- 
efr1111 type) on a 21 krn interval were chosen to evaluate 
pollutant effects on pine stands. 

Dctei.riiirrnfiori qfcoricer~tr.atioris of ~iitrogeri di0.u- 
rde. There werc 10 points on sites near the nitrogen 
fertilizer plant, 8 points in sites near the oil refinery and 
4 (AAI-AA9) points on these near the cement facto- 
ry; those arc listcd in Table 1 .  The exposure of tubes 
was performed during February-March 1994. The diffu- 
sion tubes were supplied by Gradko International Liru- 
ited of Winchester, UK.  Two steel mcsli d ~ s c s  were soak- 
ed in triethanolamine (TEA) and fitted inside one end 
of the tube. These discs actcd as collectors of NO, 
during exposure period. Nitrogen dioxide absorbed by 
the collectors was dctertnined calorimetrically as NO;. 
The absorbance of the sarnples was tneasured at 520 
liln (Ashenden & Bell, 1989; Ashenden & Edgc 1995). 

Sclrtipling oJ'tr.ecs. Scots pine (Pinirs sylvestris L.), 
tlic most colnlnorl forest tree species in Lithuania, was 
selected. On each site eight apparently healthy trees 
were chosen for investigations. The selected trees were 
assessed visualy according to defoliation, dechrorna- 
tion and necdle retention (Nemaniute et al., 1997). Sarn- 
pling was done in September 1994-1996. The material 
was collected fro111 the middle part of the crown of 
young trees or from the part of  the crown 6-8 m above 
ground. An extending "squirrel pruner" was used to cut 
branches. Needles mainly from one-year-old ( c + l )  
shoots were tested and for some tests current-year (c) 
shoots were used. At each tirne all type estirnatlons were 
taken from the same branch. A total of 168 trees on 21 
site were saruplecl each year. The sites were always 
sampled in the morning. 

Epidei.ma1 water. loss arld gravimetric characteris- 
tic.~. Leaf drying rate measurements were made for excised 
needles. After transportation to the laboratory, twigs 
were cut from the branch and cut ends placed in water 
to allow saturation during night. Great care was taken 
when removing needles from the shoot that the leaves 
would not be damaged, as cut or  broken needles com- 
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pletely ruin the result. Needles were removed using a 
s~nal l  scalpel blade, cutting the bark at the needle base. 
Subsequently the bases of cut needles were coated in 
petroleum jelly to prevent water loss from the open 
wounds and then 20 needles from each shoot were placed 
into labelled open aliuminium plates on a laboratory 
bench. Each batch of needles was weighed immediately 
after being excised from shoot and then at intervals over 
that day and the following days. The temperature and 
11umidity could not be controlled during thc period of 
these measurements, but the needles from different sites 
were all exposed to the same conditions. In addition, 
several other measurements of foliar properties likely to 
have rcsponded to pollutants were made. 

The ratios of drylfresh weight for needles of dif- 
ferent age classes have been proposed as indicators of 
'decline' (Mehlhorn et al. 1988). Dry weightlfresh weight 
ratios (DIF) were obtained by weighing out 20 needles 
gathered from the field at the time of sampling and dry 
weights were estimated after drying for 3 hours at 105" 
C. Dry weightlfresh weight ratio difference (RI-RO) was 
calculated by subtracting the ratio obtained for current- 
year needles from that for one-year-old needles. 

Corrtact angles. A test of water-droplet contact 
angles with the leaf surface was carried out using a 
n~etliocl described by Cape (1983). Contact angle meas- 
urements were made at room temperature, by using clis- 
tilled water. A total of 15-20 needles of every age class 
from each of  8 trees per site (totally 120-1 80 measure- 
nients per site) were analysed. A 0.21111 droplet was 
placed on the center of the abaxial surface of needles 
by means of a syringe and viewed using a binocular 
~nicroscope (*50) with protractor graticule. Measure- 
ments were carried out using repeating cycle of ana- 
lysing one branch per each site to avoid artefacts due 
to surface quality changes per time. The needles were 
tested within 5 days of collection. 

Cl~lor~nJbr.r~~ - e+~ti.nctuhle jtmx. To determine extract- 
able wax, 10 needle pairs were shaken with 40 ml chloro- 
form (CHCI,) for 15 s as it is described by Cape et al. 
(1988). Chloroform extracts were decanted through a 
small Buchner funnel under gravity into a sealable bot- 
tle. The solution was transferred to a pre-weighed alu- 
minium foil dish, and the remaining solvent was allowed 
to evaporate in a fume cupboard. The samples were 
weighed until1 a stable weight was reached to ensure the 
complete evaporation of  solvent. The washed needles 
were placed on aluminium dishes for drying and later used 
for dry weight determination. Amounts of wax were ex- 
pressed in terms of percentage of dry weight - d.w.). 

Epicuticrrlrrr ltlas r~roi;ld~olog~~. The middle part of 
~~ndamaged needles was secured with the abaxial surface 
uppermost. The samplcs were coated with silver using 
sputter equipment (VUP-4K) and investigated with the 
JEOL-JSM-IC25S scanning clectron microscope (I 7 kV 
accelerating voltage). Representative areas of each nee- 
dle were viewed at magnifications of 100X-10,000X. Ar- 
eas investigated were the epistomatal chambcr, slopes of 
the epistomatal chamber and the surface round stomata, 
called 'interstornatal area'. Needle surfaces were rated 
according to the following classes (Turunen et al., 1991): 
class I - distribution of crystalloid waxes 10O1%,; class I1 
- distribution of crystalloid waxes 71-99%; class 111 - dis- 
tribution of crystalloid waxes 3 1-70%); class IV - distri- 
bution of crystalloid waxes 1-30%; class V - distribution 
of crystalloid waxes 0%. 

Sta/is/ical trrrulysi.~. The ANOVA analysis was 
used to evaluate the significance of differences be- 
tween data sets on sites. 

Resrllts and tliscussions 

Enrissions of rritrwgerr dio.~ic(e. NO, as a common 
pollutant for all 3 regions near the factories was select- 
ed despite the fact that it is not of greatest importance 
according to em~nision amounts. The results are shown 
in the Table. NO, values estimated were 2.1-4.1 ppb in 
the area affected by the nitrogen fertilizer plant, 2.7-4.1 
ppb in points near the oil refinery and 1.9-2.9 ppb in 
the region of  the cement factory. The data of the 
present survey have shown that NO, is a pollutant in 
all points investigated. In our study the concentrations 
of NO, were found to vary across transectas and to 
some extent were greater at the points near the pollu- 
tion sources. The levels found in 1994 are comparable 
with those documented in the carried out in 1993 sur- 
vey (KupCinskiene et al. 1996). Our results have shown 
similarities with the data collected by other researchers 
in Lithuania (KairiukStis et al. 1992). The concentrations 
determined in our study were low in colnparison with 
the rural parts of other countries: the lowest concen- 
trations of NO, throughout Wales had a background 
level below 4 nl I-', annr~al mean concentrations of 12.2 
and 11.6 nl 1.' were registered on 2 sites in England and 
1.7 nl I - '  NO, on a site in Northern Ireland, while con- 
centrations in the range 4.8-9.7 111 1.' are considered 
typical of rural regions in Germany (Simonis & Weidn- 
er  1988; Ashenden & Bell 1989). Lower NO, concentra- 
tions of background values and ones near the facto- 
ries found in our study could be due to the nearly two- 
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Table. Mean monthly NOZ concctitration (it1 pph) ncar the niaitl 
local pollution sources of Litliuatiia (Fcbntary-March, 1994). 

Characteristic of Tree Distalice NO, 
point site* (km)** (pplj) 

North direction MI- l  2.0 4. I 
North-East dircction 
North-East direction 
North-East dircction 
East dircction 
East direction 
East dircctio~~ 
Soutll-East direction 
West tlircctio~l 
North-West dircction 
North-East dircctioli 
North direction 
East tlirectio~l 
East tlircctio~i 
North-East dircction 
North-East dircction 
Nortll-East dirccticln 
East-South direction 
East-Soutl~ dircction 
East dircction 
Nortli direction 

M5 2.8 
M4-I 5.4 
M4-2 5.4 
h.1 1-2 2.4 
M2-1 3.6 
M2-2 3.6 
M 3 10.4 
J I 0.5 
J2 0.5 
53 0.5 
54 2.5 
J6 5.0 
J5 6.0 
19 15.0 
J 8 19 

J I O  22 
A 1  0.5 
A 2  0.5 
A3 1.5 
A4 11.5 

* Pi~rrts , ~ j ~ l ~ ~ e s t r ~ i . v  sitc locatcd in thc im~ncdiatc vicinity of poi~its 
for cxposurc of NO, tttbcs 
**  Point tlislat~cc fro111 tlic pollutio~i sourcc 

September. 1996 
100 Figure 1. Altcrliation 

in onc-year-old necdlcs 
fresh weight over time 
after excision from 
trees growing at  dif- 
fcrcrit distance from 

85 tlic nitrogen fertilizer 
ol plant (September, 

1995). 

m 
C .- 

65 

60 

55 

50 

0 100 200 300 400 500 600 
time (h) 

m p c 0.05- Site J1 - Sile J2 

---r-- Site J3 - -x- - Site J4 - --t-- - Sile J5 

- - - Sile J6 - -x - - Sile J7 - . . 0 . .  . Sile J8 

A comparison of middle-aged stands (Fig. 2) locat- 
fold decrease in productivity of industrial units o f  cd at different distances showed only a few transition- 
Lithuania as compared to the previous decade and the al effects in the 3-year study period. A different pic- 
overall lower density of traffic in Lithuania as cotnpared tiire was obtained analysing young stands (Fig. 3). In 
to the countries in West Europe. accordance with the data obtained in 1994 in the 511 to 

I4'ater. loss ji.onl excised rteedles. The experiments 36011 period significant differences were found among 
reported here were designed to investigate the ability of sites, with the quickest water removal from the needles 
detached one-year-old needles to conserve water after belonging to site M1-2 (closest to the oil refinery 
prior exposilre to pollution of different level. Generally, stand). Similar results have been obtained in the assess- 
quicker water loss was documented during the first 30 h ment made in 1995 where at all time points (6h-598h) 
and later drying occured much slower (Fig. 1-4). It could needles from site M 1-2 dried at the highest speed 
be explained by intensive stofi-iatal closure at the begin- (p<0.05) conlpared to sites M 3  or  M2-1. In the last year 
ing of the observation period. In accordance with the data of observation, no significant differences among young 
obtained in 1994 significantly quicker water loss was stands were documented, although site 1-2 showed re- 
characteristic of 52 (0.5 km from the plant) site needles sults in the same direction as in previous years. 
compared to J4,J7 or J 10 sites (after 6, 22 and 30 h peri- In most cases the differences a11iong sites near the 
od of being excised). In the study conducted in 1995 at cement factory were not significant, although showed 
the beginning of exposure of  needles the most rapid the same tendency: the highest speed of drying was 
evaporation was common for site 38 (p<0.05 for 1211,24h) common for site A1 (1994), sites A 1 ,  A2 compared to 
and later for site J1, which was close to the factory A3, A4 (1995) and sites A l ,  A3 cotnpared to A2, A4 
(p<O.O5 for 334h, 43011 and 598h). In accordance with the (1996; Fig. 4). Significantly quickest drying was docu- 
data obtained in 1996 during the 43 h-598 h interval site mented for A1 needles after 6h and 192h intervals (1994), 
33 (closely related to the factory) needles dried up at 6h and 30h intervals (1995). A tendency for quicker 
significantly higher speed colnpared to J10 (Fig. I). A water loss from A1 needles in autumn period in 1994- 
comparison of the data obtained over 3 year for the sites 1996 coincides with the results obtained in July-August 
near the nitrogen fertilizer plant did not reveal any site 1994 by our laboratory (ilnpublished data). 
with a permanent tendency for significantly increased or D I ~  weightlfiesk weight r.ntios. Dry weight-fresh 
decreased water loss frotn excised needles. weight ratios (DIF) are good indicators for needle water 
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balance. Under equal water supply from the soil the dif- 
ferences in this parameter could be related to drying or 
wetting through the needles and subsequently higher 
defoliation. In accordance with the literature both effects 
can be induced by air pollutants (Mehihorn et al., 1988). 
On the sites near the nitrogen fertilizer plant DIF ranged 
between 0.42-0.45 (1994), 0.36-0.39 (1 995),0.39-0.45 (1 996) 
with significant differences (p<0.05) among J 1-3 10 sites 

a) September, 1994 

. P 

Figure 3. Altcrna- 
tion in onc-year-old 
needles fresh weight 
over time aftcr cx- 
cision from young 
tress growing at dif-  
ferent distance from 
the oil refinery (Sep- 
tember, 1994-1 996). 

0 100 200 300 400 500 600 
t ime (h)  
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--c Site MI-2 - + - Site MZ-1 . - - 0 . .  . Site tvt3 

during all 3 years. Among middle-aged tree sites (Ml- I ,  
M2-2, M4- 1,  M4-2) near the oil refinery D/F values were 
the following: 0.46 (1994), 0.37-0.39 (1995), 0.34-0.42 
(1996). DIF estimated for older trees were similar to those 
registered for young (Ml-2, M2-1, M3) stands: 0.45-0.47 
(1994), 0.37-0.38 (1995) and 0.33-0.40 (1996). Detected dif- 
ferences in water loss among young trees near the oil 
refinery can not be explained by negligible D/F devia- 
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tions and suggest the possibility of surface damage rath- 
er than disturbancies in needle supply of water. The 
scope of D/F (0.46-0.47 in 1994,0.38-0.40 in 1995,0.42- 
0.44 in 1996) for A 1 -A4 sites resembled the other regions. 
In all cases gravimetric parameters did not differ signif- 
icantly arnong the oil refinery sites as well as between 

the cement factory sites. D/F obtained from various re- 
gions showed similarities in each year, while annual var- 
iations were greater: higher values were common in 1994 
and 1996 and lower ones in 1995. Generally, dry weight- 
fresh weight ratios were not related to the speed of wa- 
ter loss from excised needles. 

Calculations of dry weight/fresh weight ratio dif- 
ferences between one-year-old and current-year nee- 
dles (RI-RO) revealed significant variations (0.029-0.055; 
p<0.05) among the 51-510 sites only in the autunln of 
1994 after severe drought, while in subsequent years 
the deviations were negligible (0.022-0.039 in 1995; 
0.029-0.059 in 1996). R1-RO varied insignificantly among 
sites of young trees (0.04-0.05 in 1994; 0.02-0.03 in 1995; 
0.03-0.04 in 1996) as well as among middle-aged stands 
(0.04-0.05 in 1994-96) near the oil refinery. Sites near the 
cement factory (A 1-A4) differed according to R I-RO 
only in 1994 (0.032-0.047; p<0.05), insignificant varia- 
tion was recorded in subsequent years (0.038-0.044 in 
1995; 0.027-0.050 in 1996). Annual and regional varia- 
tions of RI-It0 were less pronounced as con~pared to 
D/F values. Small differences among sites in D/F and 
RI-RO indicated at least equal needle supply with wa- 
ter hereby differences obtained examining water loss 
could be attributed to some type of surface da~nage  
including disturbancies in stornatal closure. 

Polluted plants may have reduced tolerance to 
water stress. Various gaseous and aqueous pollutants 
have been reported to increase the rate of water loss 
from trees in controlled conditions and in the field 
(Huttunen et al., 1981; Mansfield & Freer-Smith, 1984; 
Mengel et al., 1989; Barnes et al., 1990). Several other 
papers indicate either a reverse effect or no effect of 
pollution on stomata (Neiglibour, Cottam & Mansfield, 
1988). There was evidence that the threshold concen- 
tration for damage after the period of exposure was at 
or below 40 111 I - '  SO, + NO,, while the lowest pollution 
treatment of 20 nl 1 ' of both gases hardly affected the 
transpiration rate of the plants (Neighbour, Cottam & 
Mansfiel, 1988). Therefore, lack of clearly expressed 
permanent effects of higher pollutant concentrations on 
water loss from excised needles in our experiment could 
be due to quite a low level of pollution. 

Needle ~r~et tahi l i t j~  The data on the nitrogen ferti- 
lizer plant sites are shown in Figure 5. Contact angles 
on one-year-old needle surfaces significantly varied 
(p<O.OOl) from 44.7 to 57.4 degrees (1994), from 62.3 to 
80.1 degrees (1995) and from 55.5 to 70.7 degrees (1996). 
In 2 of 3 years the 52 site showed the lowest value and 
in all 3 years the 56 site had the highest estimate. There 
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was no close relation between the values of contact an- 
gles on the necdles and NO2 concentration on the sites 
or site distance from the nitrogen fertilizer plant. 

In 1994 contact angles ranged from 55.6 to 63.4 de- 
grees (p<0.001) for young stands and from 45.1 to 61.5 
(p<O.OOI) for middle-aged stands from sites near the oil 
refinery (Fig. 6). The next year wettability was lower for 
all sites and varied froni 66.0 to 70.5 (p<0.001) for young 

M I - 2  M2-l M 3  h l l - 1  bl2-2 
Silc 

I)) September, 1995 F i g u r e  6. Contact 
angles (degrees) of 
water droplcts plac- 
ed on one-year-old 

needles fron1 trees 
growing at different - 
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Silc 

distance from the oil 
rcfinery. * MI-2 - 
significant di fcrence 
( p  < 0.05) among 
young stands. * M I - 
1 - significant dif- 
ference (p < 0.05) 

site stands. 

stands and from 65.9 to 68.2 dcgrees (non-significant dif- 
ferences) for middle-aged stands. In 1996 contact angles 
on all sites were highest as compared to the results in 
other year. Estimated degrees ranged from 72.2 to 78.2 
(p<0.001) for young stands and froni 64.8 to 73.7 
(pi0.001) for middle-aged stands. For young stands 
wettability varied with each year and did not have a re- 
lation to site distance from the pollution source, while 
anlong middle-aged stands the lowest values were always 
documented for M 1 - I ,  the site closest to the oil refinery 
where the highest concentration of NO, (table) and the 
highest defoliation were detected. 

Similar evaluations of contact angles on the needles 
from the cement factory sites (Fig. 7) revealed significant 
differences (p<0.001) arnong statids in all 3 years, with 
variations in the interval of 27.3-42.0 degrees in 1994, 
45.6-56.7 degrees in 1995 and 47.3-58.5 degrees in 1996. 
During the whole observation period site A1 had the 
lowest values of contact anglcs of water droplets on the 
one-vear-old needles as comoared to the other sites. 

'Ill 

, 811 -] a )  Septca~tur, I YYJ 

A l A3 A4 
Sl tc  

Site angles (degrees) of 
water droplets placed 

c) Scpfen~ ta r ,  I Y Y ~  011 onc-ycar-old 
2 70  needles from trees 

growing at different 
distance from the 
cement factory. * - 

A I A2 A 3  A 4  significant difference 
S I ~ C  (pc0.05) among sites. 

In different years the data obtained froni the nitro- 
gen fertilizer, oil refinery, or the cement factory sites show- 
ed the lowest values of contact angles on the needle sur- 
face in 1994. The variation in needle wettability may be 
caused by the interaction between 3 variables: climate fluc- 
tuations, pollutants and surface microorganisn~s (Cape et 
al., 1995). Variations in wettability may reflect the way in 
which individual needles and the whole canopy intercept 
and retain precipitation in a tree (Barnes et al., 1990). 
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A coniparison of data collected in 3 different re- from 3.6 to 4.2 (p<0.005) while for middle-aged stands 
gions near the pollution sources (see Fig. 5, 6, 7) re- from 3.6 to 4.6 (p<O.OOl). Surfaces of one-year-old nee- 
vealed the lowest values of contact angles for site A1 dles in the immediate vicinity of the oil refinery were more 
located near the cement factory. Needle wettability had degraded than needles surfaces from adjacent sites. 
relationships to the site distance, aerial concentrations Mean surface class values significantly varied from 3.5 
of NO, and defoliation only for middle-aged stands near to 3.9 with the biggest area of eroded wax among nee- 
the cement factory and oil refinery. In these cases the dles from site A l  (p<0.005). Thus, in all regions with the 
analysis of variance showed a significant effect of in- local pollution sources needle surface observations re- 
dustrial emissions, with smaller contact angles fro111 the vealed significantly the worst coverage on sites ( A l ,  52, 
trees exposed to the higher pollutants' concentrations. M I - ] ,  MI-2) closest to the factories. The results about 

Micr-oscopical evalztatiorl of the needle sur;face. In structural degradation of wax on sites near the factories 
September 1995 the quality of the surface of one-year- in most cases agreed with the lowest values of contact 
old needles was evaluated under scanning electron mi- angles as well as with the greatest defoliation of sani- 
croscope (SEM; Fig. 8). The mean surface class in sto- pled trees and elevated to a small extent concentrations 
matal areas of needles from sites near the nitrogen ferti- of aerial NO,. Among the worst condition sites from 
lizer plant ranged from 3.5 to 3.9 with the significantly various regions the highest structural degradation ofwax 
(p<0.001) highest value (i.e. the highest structural deg- was detected on site MI-1 adjacent to the oil refinery 
radation of wax) for site 52 closely related to the factory. which is the biggest local polluter in Lithuania. It should 
In our previous SEM observations where more precise be mentioned that site A l ,  located near the cement fac- 
classification of wax structures was used, 52 showed tory had the lowest values of needle surface damage ac- 
significantly worst surface conditions compared to the cording to SEM and the highest values of surface injury 
58 site or relatively 'clean' KaEergine region (KupEinsk- according to very low contact angles of water droplets. 
ienk 1991; 1992; KupEinskiene et al. 1996). For young tree Such discrepancy could be explained by factors influenc- 
sites near the oil refinery average surface class varied ing wettability of A1 needles. Presumably both dust par- 
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ticles as well as erosion of wax contributed to the in- 
creased moisture on the surfaces. 

Cl~lorofornz-solltD[e 1va.r arrtount. There were signif- 
icant differences among nitrogen fertilizer sites, although 
no effects were recorded of site location from the factory 
on the amount of wax relative to the needle dry weight 
(Fig. 9). No oil refinery effect could be detected on the 
total amounts of surface wax. For sites near the cclnent 
factory the amount of wax and dust were considerable 
decreasing (correspondingly ~ -4 .00  1 ; p=0.001, respective- 
ly) with increasing site distance from the pollution source. 
The quantity of wax extracted from the needle surface 
ranged between 1.7-3.1% dry weight (d.w.) for sites in the 
nitrogen fertilizer plant region, between 1.5- 1.7% d.w. for 
sites in the oil refinery region and between 1 5 2 . 7 %  d.w. 
for cement factory sites. These results agree witli data from 
literature, where quantity of waxes on pine needles varies 
from 0.5% to over 2% dry weight. The data concerning 
changes in wax amount under conditions of si~nulated or 
field pollution are very contradicting (Cape et al., 1988; Hut- 
tunen, 1994) and our results obtained are in support of it. 
Pollutant or pH treatment showed a tendency to reduce 
the concentration of waxes: acid rain-treated Scots pine 
needles had 50% less epicuticular waxes than in the water 
controls; the wax quantity of needles of Picea ahies was 
considerably reduced by fumigation witli 300 11ig rii-' ozone 
while UV radiation has been observed to increase epicu- 
ticular wax production in plants (Huttunen, 1994). In  ac- 
cordance with our results wax synthesis of the needles 
may have been changed so that the pines growing in the 
vicinity of the cement factory protect the needles by pro- 
ducing bigger amount of waxes. 

Conclusions 

Some gradients of aerial NO, concentrations (4.1 - 
2.7; 4.1-2.2 or 2.9-1.9 ppb) were found between the sites 
located in the immediate vicinity of pollution sources 
and those situated further from the factories. 

In accordance with watcr loss from excised needles 
or according to dry weightlfresh weight ratio differenc- 
es  between one-year-old and current-year needles in 
most cases no relationships were found between the site 
distance from the factory and water state of examined 
needles. 

Wax amount on the needle surface was significantly 
increased in trees growing in the neighborhood of the 
cement factory. 

In some cases needle wettability had relationships 
to the site distance, aerial concentrations of NO, and 

CS /.../ -1 E. KUPCINSKIENE ETAL. 

defoliation: indicative differences were detected for 
middle-aged pine stands near the oil refinery and ce- 
ment factory. 

Needle surface structure investigated by scanning 
electron microscopy was the most sensitive parameter 
among all characteristics tested. 

In accordance with needle surface paraliieters in- 
vestigated, the worst tree condition among sites near 
the oil refinery was distinguished on site MI-1 ,  while 
site A1 was poorest among the cement factory stands 
selected for study. 

The ir!vesfigatioil was strj~ported f y  grartts fro111 
Cer~trnl Elrropearl Urtiversity, Nlrrigary), BRSS Cot!- 
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Liflruat~ia, Project No 4/96-074 MT/448F (1996); 
LZUU, Litlzuania, Project No 5M/96 (1996). Tlie au- 
thors thorilc prof: Nuttllrien S., proJ Ashenden, 7: K ,  dr: 
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