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Introduction/research

AIR POLLUTION CONSEQUNCES

/g

GLOBAL WARMING HEALTH PROBLEMS
25% Forest

area in Europe 1 | Ei

FOREST PROBLEMS

Substances
emitted into the
atmosphere by
human activity

5.5 million
premature deaths
globally in 2015.
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e Introduction/research problem

Air pollution and climate change - two key factors comprising
C|imate cha nge the global change threat to forest health and sustainability

increase of global temperature,
increase of extreme weather
events: droughts, hurricane,

frost forest health,
structure,
functioning

and
sustainability
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2o Introduction /rescarch Ji58

Chronic stress

reductlon of
photosynthesis

l Water use
— efficiency

The integrative effects

Secondary action
G Secondary action

Extreme Temp

organism:
X Acute injury pests & insects
Stomatal

n Reduced growth

Leaves loss

closure

Change of
ekosystem

=l
J Soil acidifications SN SOI|'0rganlsm
population Root pathogen
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Introduction/research problem

A complex mechanism of the influence of sulphur dioxide & nitrogen oxide on trees

sl H,SO,

Oxidation

Emission of acid gases Transport &
into the atmosphere chemical reactions
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Deposition

Weather extreme
(heat waves
& droughts)

imissions

acid rain

needles fall of

destruction of i;;w:: di?::ﬂse

eedles and wax resistance to
frost A& pests

UEEREERF  [ock of water & nutrients nerease in
transpiration transpiration

damage of bark
v

& soil fauna hindered uptake of
water and nutriens

changes in microflora

washout of nutriens damage of rots

acidificatio

_ deposition of metal jons
of soil

Figure from Duszynski; 2014




IIECF Introduction/research problem Air pollution and forest health

[ Effects of air pollution on forests ]
The direct effects of The indirect effects of
pollution pollution
4 . )
LONG-TERM chronic ( reducing forests recictance to_|
. . Decreasing biomass educing forests resistance to
exposure to air pollution I-[ grofvth J biotic and abiotic stress
CHRONIC STRESS > <
( )
Possibility decline of certain
) tree species

\.

~\
J/

(
RAPIDLY high concentration \
‘[ Acute Damage ]

of air pollution DEATH of trees (1-2 yr)

Change in forest
DRASTIC STRESS

ecosystem

(

Global Change
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osg| Research problem Air pollution and forest health in Poland

Intensive development of industry ‘ Significant increase of the Toxic pollutants
in the second half of the 20th century level of pollutants emitted .
Seco! SO,; NO,, NH,

into the atmosphere

® A % %
c 2
IS
. = 0 : NH3
.Warsaw . 1960 1970 1980 1990 2000 2010 4
Sudety Mountains . . . O"er 40 years - serious
Iogical Catastrophe ‘)Ul’.AWY Emissions of air pollutants in Poland damage to forest stands.
/ Most forest areas that were exposed to pollution pressure:
) LONG-TERM weakening of the tree vitality

gradual general deterioration, sometimes ending in death of trees.

The location of industrial plants emitting toxic pollution
causing damage of forests.

Red circles — nitrogen plants,

Blue signs- other plants or industrial region

Putawy - RAPID DEATH (1-2 years) many hectares of forests
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IIECF Research goals

Evaluation of Scots pine stands degradation caused by the

pollutants emitted from the Nitrogen Fertilizer Factory in Putawy

1. What are the direct
and indirect effects of
air pollution on the
forest growing in the
vicinity of factory?

2. What is the
spatio & temporal
distribution of forest
damage caused by the
pollutants?

3. What factors,
besides air pollution,
contributed to such

a large forest damage?
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oz0| Research Goals

Why Scots pine stand
were investigated?

Scots pine grow all over Poland

SDIWN EG’W '!U;’W 0l° Iﬁr“E 2CIl‘E 3Dl°E 4UI°E SDI“E SOI‘E 7ﬂI°E &]I‘E

In Poland

58%

of forests are pine

Scots pine:
very sensitive
species to air
pollution

In Putawy Forest
District

71%

of forest are pine

Exposure of needles
on direct contact with
pollution may lead to
decline of trees

Distribution map of Scots pine [www.Euforgen 2009]
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Location of factory

* western part of a large
forest complex

the prevailing wind
direction — sector W

Lull — 21%,
The average wind speed -2,1m/s

The nitrogen fertilizer factory in Putawy - the one of biggest polluters
of the environment in Poland for over 25 years (1966-1990).

1966 — Start of factory’s activity — [autumn 1966]
start of destructive imiact on natural environment

1967 [spring] - the death of Scots pine trees -70 ha

1967 — 1970 "biological death zone" (all the trees were died)- 500ha
Since 1970- the zones spread outwards from the fertilizer plant as
the devastation of the environment progressed

1975 - the zone of strong destruction - about 1200 ha

1975-2015

Medium
destruction
(31-75% trees)
5000 ha
Increase in the
area until 1990,
then stable

Lower
destruction
(5-30% trees)

7000 ha

Increase in the
area until 1998,
then stable

Severe

destruction
(>75% trees)
1200 ha

Since 1975
stable area
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1970 Changes in pollutant emissions

1| decrease
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1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

B Ammonia @ Nitrogen oxides  ® Sulfur dioxide
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~ 750ha
"biological death zone"

completely damaged of natural environment
,Kaltenbach Desert”




N\ N\
[ Long-term Decreasing
>

stress ) tree vitality;

Growth
reduction

It is noted
in the tree-
ring width

Trees that survived Trunk curvature and crown & needle deformation

\

The best method to determine the effect of pollutior
on tree growth - dendrochronological analysis

L

1 [ a retrospective analysis of the variation of tree-ring widths ]

[ the estimation of the direct and indirect effects of pollution ]

The period of

it has been The period before serious air pollution

used in our
research.

Relatively wide tree-rings

The period of gradually
improving air quality

immensely serious
air pollution

Reduced tree-rings Relatively wide tree-rings
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Research Materials

Scots pine trees (100-120 years old) growing

7 research plots located in different damage zones
at different distances of factory and in Reference plot (no. 8) - stand without damage

different geographical directions All plots: the same habitat, similar age (100-120 years old)

Core samples N [ 20 samples in each of plots ]

at breast height [
one core per tree

In total - 160 samples ]

October 2017

- /

Damage zone

_3 Tree Ring

Core /,‘ Severe Medium
: ) S damage damage
Tree-ring sampling 575% trees 31-75% trees
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Methods: Standard dendrochronological techni ues

Measurements of tree-ring widths TRW (0,01mm)
[software Coo-Recoder 7.8]

2. Crossdating tree-ring series: visual & statistical
[software: CDendro 7.8, COFECHA]

30 !ears

3. Chronology construction & basic statistic (chronologies for each plot)
[software DPL, ARSTAN]

4. Thereduction [R] of tree-ring widths (for each measuredTRW series,
into three ranges: low 30%R<50%, high 50%<R<70%, very high >70%)
[according Schweingruber 1985, software Tree-Ring]

30 years

5. Climate—growth relations: response function & pointer years #
[software DendroClim2002, Weiser]

emission

Analysis was carried out for three periods:
01936-1965 (period of 30 years before start of factory) | : %fcz:;r:eonia,
31966-1995 (the period of 30 years of extremely high air pollution) tree-ring
01996-2017 (1995 - decrease emission of ammonia, gradually decrease air pollution widths




RESULTS
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o8 Results

EMISSIONS of POLLUTIONS from the NITROGEN FERTILIZER PLANT in PULAWY

¥

LONG LASTING, STRONG GROWTH REDUCTION OF SCOTS PINE LIVING IN THE REGION

LONG-TERM CHRONIC DECLINE OF SCOTS PINE VITALITY

gl Pine growth Pine growthon | Growth reductions - the majority of the examined trees

reference plot
on study plots / '

Percentage of pine trees affected by reductions >30%

[y
<
= €]

TRW [index]

o
n

% 66,7 76,9 62,5 66,5 41,2 0

Reduction

1
:
1
| of ammonia
1
; emission
0 1 1 I 1

1930 1940 1950 1960 1970 1980 1990 2000 2010
——p1 ——P2 ——P3 ——P4 ——P5 —— PG ——P7 ——Reference plot Growth reductions - spatially and temporally different

Start of fertilizer plant
N
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Results

Start of fertilizer plant
4

Time

/ AN ) P1
NE_3km BL;HI“\\lgz;l\\‘lllw\g‘a;\lu\\1\9|4‘|]|\\‘III:E‘S;\II|H\1\9|E‘IIIH‘III‘\II|HH||H‘IIII‘\IIH\2\0|OIH‘IIII‘\II|
WWWWW
E-Z’Skm AR RN AR H|I|I|HIHH|WM P2 )
910 1920 1930 1940 1950 1960 1970 1980 1990 ZUUU' i '
SE-3km R RN RN RN RN IIIIIII|I|I|IIWIIIIIIIII| P3
910 1920 1930 1940 1950 1960 1970 1980 1990 ZOUUI 2i10 .
—
P4
i S A\
E-7,1km """\M\'J/"' Po NW
WS
% AN ﬁwvﬁwMN/ X
SE_12’5krrI\\\IH\I\H|\HI\HI\\\IH\IH\|HIIUII\\II\|IHI|HI\\II\\I\|IHI|\II\\II\II\|IHI|\IIUII\IIH|I\
\ 1910 1920 1930 1940 1950 1960 1971 1980 990 2000 2010 PS/

Green line — chronology for pine on reference plot;
Vertical lines- yellow - start of reduction; green on the right- finish of reduction;

green on the left — beginning of comparing period;

duration of decline of growth/vitality

Reductions of pollutant emissions
NH;mmmNO

Scots pine growing in the vicinity of the factory
(zone to 3 km from factory):

~

Significant decline of tree vitality

a dramatic growth reduction after 1966, following
the start of factory and beginning pollution emission;
growth reductions was not directly connected with
prevailing wind directions;

growth reductions - long-term, over 30 years long,
Plots 1,2,3 — after 1995 increase of growth, but after
2003 — another growth reductions;

Plot 4 - reduction of growth occurs until the preseny
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Time - duration of decline of growth/vitality

AT

R RN R AR R R R RN RN RN R NN AN | RRNR RN RN NN R RRRRERRNRERN mlMumu

910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

2km S A N ATy

Jrrrrprrrrprrreprrrrprretg II\‘\II\‘IIH|IHI|\HI|HII‘m\II\U'I\ [ IH.
910 1920 1930 1940 1950 1960 2000

SE- 3km WWW;W ol

AR R RN RN R NN R R RN RN RN AR AR ERR T \mmmu

910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

- R
W-2,7km W\WM P4
K ‘W_,m\’\/\ﬂ/ /InthestandsgrowingaIittlefurtheraway(3—10km) A
growth reduction occurred a little later (in the early
/ Q.%_\W __1970s) and lasted about 20 years (1970-1990). )
E- 7,1km =Y *"%WW\A p g
P6 In the stands growing further (over 10km) decline of
oo e e e e e gy .
growth lasted even shorter and occurred twice:
%ﬁ’\”wﬁw o N in the 1980-1990 and 2003-2010 )
\vd
KSE'lz,Skrngu‘:||m|2‘|]||m|3‘|]||||194‘|]|||195‘|]||||m;;|||197||||1980 gg\l\\u;n\ngl SHHPS/ /Theduration andvalues Ofgr'OWth reduction in StandS A
growing further from the factory ( >3km) depended on
Start of fertilizer plant __the wind direction. )
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Results Degree of damage / decline of trees vitality

rowth reductions [R]

3 km to the NORTH 2,5km to the EAST \
100 100 . .
s P1 % P2 Forests in the zone up to 3 km from emitter:
? 60 @ 60 Almost all trees (80%) - considerable damage.
S £ 40 Most trees - long-term, strong & very strong growth reductions.
> 22 > 22 Pines growing in N part of this zone - lower reduction
1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
o . 2,7 km to the WEST 00 3 km to the SOUTH-EAST
o P4 e P3 Forests growing further away from the emitter:
D 40 8 40 Generally, the degree of damage to trees decreased with
R 20 L 20 increasing distance from the emitter.
\_ 1950 1960 1970 1980 1990 2000 2010 01950 1960 1970 1980 1990 2000 ZM H.owe'ver, trees growing in sites situated . in pre\{all.lng \{vmd
REDUCTION: _ Average Stron Verv stron direction suffered mgre then trees.grov.vmg at similar distance
ﬁ from the factory but in northerly direction.
R< 50% 50%<R<70% R>70% —
/m 7,1km to the ENE 6,7km to the NNE L, 125kmtothe EAST /g
100
80 P6 80 P7 80 P5
860 8 60 8 60
D40 g 40 g 40
;{:‘zo X 20 ‘ S 20
0 0 0
\ 1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
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2020 Results Spatial distribution of the damaged trees

[ The distribution of growth reductions in particular sites indicates a clear relationships between the amount of reductions J

yearly frequencies
of wind direction

7,1km
- 12,5k

L 5

o ROCPLLBLN ¢
L

N
summer frequencies 7 ° "o,

of wind direction

Distribution of growth reduction on the research plots

| | I .
R< 30% 30%<R50% 50%<R<70% R>70%
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what other factors could cause so large
forest damage and their spatiotemporal
distribution?
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Results

what other factors could cause so large

forest damage and their spatiotemporal

distribution?

Excessive emission of toxic pollutants

1970 1975 1980 1985 1590 1995 2000 2005 2010 2015

B Ammonia ¥ Nitrogen oxides  m Sulfur dioxide

+

Uncontrolled emmisions,
associated with equipment
failures

Relatively low
chimneys emitting

nitrogen compounds:
6 chimneys 47 m — NO,,
5 chimneys 30 m-NH,

1chimney 160m -SO,

High frequency i_
of lull [21%]

which causes large depossiwti'dhmof
pollution around the plant

Very high
concentration of
different pollution

near the factory
within radius 3km from the
emitter - exceeding the norm
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4

Tree stands situated in the closest proximity of factory, though not exposed to the action
of wind from the prevailing directions, suffered the most damage due to emission.




Results

Air Pollution

Very high Inm
. d.ep05|t|0n of f toxic pollutants
concentration of toxic on needles ¥ x % :
nitrogen v . — More sunlight penetrating
ying orneeales Thinning of to the bottom ofthe forest
compounds and shoots w the crown -
Poor habitats with microclimate change continuous Long-term
. e Decreasein increase difference deterioration chronic
periodic water Death of part trees stand density between Tmin & Tmax  HN) of tree growt STRESS
deficit change in air humidity conditions
extension of drought period
Soil desiccation t DECLINE
decrease ofthe amount of OF VITALITY
water available for plants
Sudden enrichment of Transitory Development Increasein the -
the soil and water with increase in ofthe amount of water Incr_ea:se water _deflmt from REDUCE OF
excess nitrogen soil fertility undergrowth uptake by plants periodic to continuous RESISTANCE
; to biotic & abiotic
An intensive transformation Change in soil fauna Reducing microbilogical factors
of the seil environment & microbes activity of the soil

whether damaged trees are more sensitive to pests?

whether damaged
trees are more
sensitive to climatic
conditions?

run, run;
we want

Secondary action organism:

Since 1967, no outbreaks of the
primary pine pests have been found

/j insect pests :P

impact could not be investigated

Threats to pine
stands from pests
- relatively low

Were damaged trees
not attractive to
pests???




Results

Climate-Growth Relationships

response function analysis: for the period spanning from June in the year preceding ring formation to September in the
year of current increment (16 months in total)

* . . . * . . - - . .
Plots|__Temperature Precipitation Main climatic determinants of the growth of studied pine stands:
(o o m vovovix v vl ix
P1_ R - N EL B « the thermal conditions in winter || * the frosty winter & summer drought -

* summer precipitation the strong negative impact on growth

n+ + + + - aERE
M+ + + + - e
g il - ——— The effect of climatic conditions on pine growth on all plots - was similar in direction,

+ + + = . . . . . . . .
N et but since 1966, it was different in strength of relationships. Pine trees exposed to toxic

) —— pollutions were more sensitive to cold winters and prolonged summer droughts.
ﬂ \_+ + +/ - \_+ +
* Only significant

Prepollution period Pollution period Postpollution period o - Temperature |-l Z: Precipitation VI-VIII
1931-1965 1966-1995 1996-2015 _os] o
0,6 Qs t .g 04 W
S o Se 8 u
’5 o B L Q t t + t + + t 1 + t
£ g g® P 3 & T L L . L ¥
U ’ I I | '\-"?’w&p-\"?ﬁn&\‘.’?ﬁ {;Ja- : -\"?’1; & -ﬁ-\_ "ﬁe?j\-‘{?&e'ﬁm&@ﬂﬂﬁﬁ? & Oﬁ\”"qﬁ & \“Fr \“’Ht @{i':“. -.“‘HT ‘ﬂé\ . fﬂlﬁ}\“""":‘ﬁ?\#ﬁﬁ
0 — Research plots — Reference plot
TN PVIVILE Tl PMIVIIE- | T R PV
Change of climate-growth relationships over time
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5050  Results Drought and Growth Reduction

2020

® Ammonia @ Nitrogen oxides

Reduction of emissions and improvement
of environmental conditions in the last
decade of the 20th century resulted in the
formation of wider rings.

However, these trees are still weakened,
have reduced resistance to climatic stress,

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

B Sulfur dioxide

are more sensitive to adverse weather
conditions, especially summer drought.

120

Pollution period

Reduction of emissions

111

100
20
%] 60
40
20
I I I I

0

1931 1940 1942 1956 1963 1971 1976 1984 1989 2003 2005 2007 2010 2013

NPY

TRW of pines growing on research plots in %TRW of pines growing on reference plot, in years with drought.
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Results

Air Pollution

—

impact could not be

Secondary action organism:
insect pests

Threats to pine investigated

! stands from

Since 1967, no outbreaks of the
primary pine pests have been found

pests -
relatively low
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Very high Inm
. deposition of f toxic pollutants =+
concentration of toxic on needlies ™. a = ¥
nitrogen v . — More sunlight penetrating
ying orneeales Thinning of to the bottom ofthe forest
compounds and shoots w the crown .
Poor habitats with microclimate change continuous Long-term
. e Decreasein increase difference deterioration chronic
periodic water Death of part trees stand density between Tmin & Tmax  HN) of tree growt STRESS
deficit change in air humidity conditions
extension of drought period
Soil desiccation t DECLINE Dam aged trees are
decrease ofthe amount of OF VITALITY more sensitive to
water available for plants ] ] o
_ . climatic conditions
Sudden enrichment of Transitory Development Increase in the . REDUCE OF
the soil and water with increasein of the amount of water Incrfea:-':'.e water _deflcnt from
excess nitrogen soil fertility undergrowth uptake by plants periodic to continuous RESISTANCE
; to biotic & abiotic The reduction of resistance to
An intensive transformation Change in soil fauna Reducing microbilogical factors stressful ‘Cllmatlc fath_)rs IS
of the soil environment & microbes activity of the soil long-lasting and despite the
reduction of emissions, it may

last for many years.

Trees weakened by air
pollution may be more
sensitive to decline due to
climate change




o Conclusion

Forest degradation in Putawy region was caused by the
synergistic effect of the following factors:

The level and spatial * Increase frequency, intensity, duration
extent of forest CLI MATE C HAN G E & timmimg DROUGHTS

damage in the
Putawy region was

caused by both the
amount and type of e Damage zones up to 40 km to the east,

pollutions, and local associated with the prevailing wind directions

factors, especially
anemometric and
habitat conditions
and height of
chimneys

Air pO”ution e Amount, Type, Concentration

Ammonia & nitrogen oxides . Very high concentration
Sulphur dioxide (SO,) > 50 t/km2 within radius 3km




IIECF Conclusion

The level and spatial extent of forest ecosystem degradation in Putawy region was caused by both the
amount and type of pollutions, and local factors, especially anemometric and habitat conditions and high
of chimneys. A high frequency of lull combined with low chimneys emitting toxic pollutants multiplied the
negative effects of pollutant emissions

The radical reduction of pollutant emissions improved the environmental conditions, and the trees began
to grow, however, long-term strong anthropopressure caused a long-lasting reduction in the resistance of
trees to abiotic factors.

Our research indicates that in areas where there has been a high concentration of pollution for a long
time, THE ADVERSE IMPACT OF POLLUTION ON FORESTS PERSISTS FOR A VERY LONG TIME, EVEN
TWENTY YEARS AFTER A RADICAL REDUCTION IN EMISSIONS. These forests have reduced resistance to
abiotic stress related to climate change, especially drought.

Therefore, a greater impact of climate change, especially extreme events, on the process of dying trees
growing in areas with strong anthropopressure can be expected.
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