
Introduction

Many elements of an urban environment have a nega-
tive influence on the vigour and health of trees, leading in
many cases to their gradual dying off. Street-side trees are
considered especially endangered. The vigour and health of
trees in the cities of northern Europe and North America are
poor, resulting in massive die-offs. In the cities of Western
Europe, over 700,000 trees die annually [1]. In Warsaw,
during 1973-2000 over 50% of trees growing alongside the
four main thoroughfares in the center of the city were
removed [2]. 

The chemical technology used in the removal of snow
and ice from roads and sidewalks, relying primarily on the
application of sodium chloride (NaCl), is considered the
main cause for deaths of city trees [3-11]. 

Excess NaCl negatively affects almost all the processes
taking place in plants. It interacts toxically and electro-
chemically on the molecular, cellular, and tissue levels.
However, the disturbance of ionic balance is considered to
be the main reason for the worsening state of tree health,
and for their deaths [7, 12-21]. The goal of our study was to
determine the salt stress influence on the disturbance of
ionic balance as the fundamental cause of deterioration of
vigor and health of the trees.

Materials and Methods

The research site was John Paul II Avenue, a wide thor-
oughfare in the center of Warsaw, and one of its main
streets. Research on the state of health of trees growing at
this location was conducted from 1973 to 2007 by
Dmuchowski et al. [6]. Based on the conducted inventory
counts, it was determined that in the span of 34 years the
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number of trees growing at John Paul II Avenue decreased
by 46%. The greatest losses (94%) were observed in the
case of the European Rowan (Sorbus aucuparia L.).

The trees, planted on both sides of John Paul II Avenue,
were of poor vigour and health. The following 23 trees
growing immediately adjacent to the street were selected
for research: 5 Warsaw Linden (Tilia tomentosa
‘Varsoviensis’), 10 Crimean Linden (Tilia ‘Euchlora’) and
8 Silver Maple (Acer saccharinum L.). The state of health
of the trees was evaluated based on the degree of leaf dam-
age. The leaves were evaluated using a seven-degree scale:
from 0 for the undamaged leaves to 6 for trees in a leafless
state. The time chosen for observation was the middle of
September, because differences in the extent of leaf damage
are greatest at that time of year, making it easier to interpret
the results.

Analysis of the soils was done in two replicants accord-
ing to the accepted methods applied in soil science. The
chemical reaction indicators of exchangeable cations and
anions, as well as electrical conductivity, were measured at
two horisons: 0-25 cm and 25-50 cm, i.e. in the zone of the
greatest presence of roots of the studied trees (Table 1).

Leaves for analysis were collected from the selected trees
in the middle of July. They were collected from the outer
parts of the upper branches of the trees – along the full
perimeter at heights from 2 m to 4 m. The leaf samples were
not washed after collection. In determining the macro ele-
ments, no washing is applied because some of them, like
potassium, and to a lesser degree sodium and chlorine, could
be washed away, thus distorting the results. The leaves were
dried at 70ºC and then ground, and the elements were deter-
mined (Table 2) using the following methods: 
- phosphorus (P) as well as: magnesium (Mg), calcium

(Ca), potassium (K), and sodium (Na) were determined
after dry mineralization in a muffle oven [22], by the
method of atomic spectrophotometry using a Perkin
Elmer apparatus 1100B [23, 24];

- chlorine (Cl) by using the method of potentiometric
titration with the application of an ion-selective elec-
trode and an ions meter Orion type 701a [25];

- sulphur (S) was determined using a LECO 132 appara-
tus [26];

- the sum of organic acids (R-COO¯) was computed
using the method proposed by Van Tuil et al. [27] and
De Wit et al. [28] from the difference between the sum
of cations and the sum of anions expressed in equivalent
values, in meq/100g of dry leaf mass according to the
formula:

R-COO¯ = (∑K – ∑A)

sum of cations ∑K = Ca2+ + Mg2+ + K+ + Na+

sum of anions ∑A = H2PO4̄  + SO4
2- + Cl¯ + NO3̄

The content of nitrogen (N) was omitted in the calcu-
lations because of the presence of trace amounts of
nitrates (NO3̄) in the soil (<2 mg/100 g) and in the leaves
of trees. 

The contents of ingredients in the leaves were convert-
ed into equivalent values (meq/100 g) by dividing the
results obtained per unit mass by atomic weight and
valence. The values thus calculated allow one to compute
the state of balance in the plants, and therefore the compar-
ison of electrochemically equivalent data, as the plants get
their nutrients using the mechanism of equivalent
exchange. For example, for the received Ca2+ the plants
return to the soil environment 2H+, and for receiving, for
example H2PO4̄  they return HCO3̄, etc.

Results and Discussion 

Soils from the studied site, of an anthropogenic character,
demonstrated alkaline reaction due to amounts of salt (NaCl),
as well as great abundance of exchangeable Ca, K, and Na.
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Tree
species

Number
of tree

Download
sample

depth (cm)

mg/100g d.m.* cations/
anions

pH in
KCl

Electricical
conductivity

(ms/m)Ca Mg K Na Cl SO4 NO3

Warsaw
Linden

2
0-25 260 6.4 42.6 20.6 8.4 5.8 8.3 18.1 7.6 14.6

25-50 382 5.4 22.6 17.0 9.0 5.9 1.2 26.5 7.8 1.9

11
0-25 340 4.0 16.4 120.0 128.0 14.5 7.5 3.2 7.9 61.2

25-50 514 3.2 16.2 96.6 96.4 6.4 0.7 6.1 8.1 45.7

Crimean
Linden

38
0-25 320 2.5 10.2 7.9 1.4 3.4 0.8 61.5 8.1 8.4

25-50 102 2.4 5.2 7.5 2.6 1.3 1.4 22.1 7.4 6.7

40
0-25 480 3.2 10.4 94.0 77.9 5.0 1.4 7.0 8.0 39.3

25-50 518 2.4 14.8 83.0 87.7 7.8 1.1 6.4 8.1 45.6

Silver
Maple

84
0-25 384 4.2 18.6 28.4 24.0 3.5 5.7 13.1 7.9 19.8

25-50 520 4.6 18.2 33.8 31.3 3.8 3.7 14.5 8.0 21.0

Table 1. H2O-soluble cations and anions as well as pH indicator and electrical conductivity of the soils from John Paul II Avenue.

* Exchangeable cations extracted with 1 m ammonium acetate, pH=7.0.
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High Cl content was affirmed in a majority of the studied
points: on the other hand there were very small amounts of
exchangeable Mg and NO3̄ (Table 1). The poor state of
health of the studied trees could be the result of, among other
things, a deficit of Mg and N, and an excess of Cl. 

High pH of saline soils is a natural phenomenon and
occurs both in natural as well as in anthropogenic soils.
Alkalization of saline urban soils is described in many pub-
lications [5, 15, 29-32]. An additional factor present in
Warsaw is the pollution of air with alkaline dust, and the
fact that the city, having been completely destroyed during
World War II, was re-built literally on top of the rubble,
which contributed to additional alkalization of soils.

In all analyzed samples the level of chlorine present in
the leaves was higher than 0.6%, which is considered a
toxic level for linden and maples [33-35]. The content of
macro elements in the leaves of studied trees was differen-
tiated but in no case did it reach a value considered defi-
cient. And thus for nitrogen the deficit level was 1.7-2.1%
[36, 37], with the lowest result for maple leaves at 2.3%. A
similar situation occurred in the case of other macro ele-
ments studied: deficit level of calcium is 0.50% [37-39], in
the leaves of studied trees the minimum 0.89%, magnesium
deficit 600 mg/kg [37, 38, 40], in the leaves 860 mg/kg, the
deficit level of potassium 0.55% [39-42], and in the leaves
1.10%, the deficit level of phosphorous 0.10% [37, 38, 42],
and in the leaves the minimum 0.26%.

Ion state of leaves of the studied species of trees was
diversified. The linden with leaves in a poor state of health
contained less Ca than those relatively healthier. The
Warsaw Linden of damage index at 3 contained 20% less
Ca than the less damaged trees. However, the Crimean
Linden of leaf damage index at 5 contained about 25% less
Ca than the trees of damage index at 1-3. No relationship
was found between the content of Ca in the leaves of the
Silver Maple and their state of health.

Among the cations in the leaves of linden the dominant
one was clearly Ca, and the content of cations would be
arranged according to a decreasing series:

Ca > K > Mg > Na

However, in the leaves of the Silver Maple the content
of Ca ranked in second place according to the decreasing
series:

K > Ca > Mg > Na

The share of Ca in the sum of alkaline cations varied in
the range 30-43%. However, its share in the sum of all stud-
ied macro ingredients was contained in the range 11-14%.

The demand for Mg by the studied trees was strongly
differentiated. The leaves of the Warsaw Linden contained
on average 22.8 meq/100g, of the Crimean Linden by about
40% less, and of the Silver Maple even about 50% less. The
percentage share of Mg in the sum of all mineral ingredi-
ents of interest in the studied leaves ranged from 2.8 to
6.8%. The lowest was in the maple (on the average 4.1%),
slightly higher in the Crimean Linden (on the average
4.5%), and the highest in the Warsaw Linden (on the aver-
age 6.7%).

We observed a noticeable influence of Cl on the content
of Mg in the leaves. In all the trees in which the content of
Cl in the leaves exceeded 40 meq/100g, the content of Mg
was clearly lower. If the percentage share of Cl in the sum
of all mineral ingredients exceeded 15%, the content of Mg
was lowered by about one third, and in some cases by half.
One should suppose that the interaction between these two
elements could cause yellowing and drying off of leaves in
the studied trees as early as in early summer. Maybe it was
the deficit of Mg in the leaf tissue that had made the syn-
thesis of chlorophyll more difficult.

The share of K among the alkaline cations in the leaves
of the studied trees was significant. Its content was slightly
lower than the content of Ca in both species of linden.
However, in the Silver Maple it was the dominant element
among the alkaline cations (Table 2, Fig. 1). Its percentage
share among the alkaline cations in the leaves of linden
ranged from 32.5 to 40.0%, and in the Silver Maple its
share was significantly higher and ranged from 44 to 53%.
The state of health of the trees (leaf damage index) had no
relationship to the content of K.

Sodium in the leaves of the studied trees was present in
much lesser amounts than the remaining alkaline cations
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Fig. 1. The content of cations and nitrogen in the leaves of trees from John Paul II Avenue (equivalent values – meq/100g).
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(Table 2, Fig. 1). The linden with significantly damaged
leaves contained greater amounts of this element. This
dependency was not observed in the case of the Silver
Maple. The percentage share of Na among the alkaline
cations did not exceed one percent, with the exception of
trees with significantly damaged leaves.

In all studied trees the leaves contained more bivalent
than monovalent cations: the Warsaw Linden averaged
about 40% more and the Crimean Linden about 30%, but in
the Silver Maple the content of these two groups of cations
was almost balanced. It should be noted that each kind and
group of plants possesses a defined ratio of bivalent and
monovalent cations. Monocotyledonous plants show dom-
ination of monovalent cations over the bivalent.
Dicotyledonous plants and trees mostly have a domination
of bivalent cations over the monovalent ones. If such a bal-
ance is disturbed, plant growth is reduced or stunted [27,
28].

According to Mattson [43] the differences in the intake
of monovalent and bivalent cations lie in the sorption
capacity of roots. Plants with low sorption capacity of roots
(monocotyledonous) absorb monovalent cations, but
dicotyledonous with a higher sorption capacity of roots
absorb mostly predominantly bivalent cations. Maybe the
maple belongs to a group of plants with a lower sorption
capacity of the root system in comparison to the linden and
therefore both groups of cations were absorbed from the
soil in similar quantities.

The content of Cl in the leaves was the highest among
mineral anions. In the leaves of the Warsaw Linden it com-
prised on the average about 80% of the sum of anions, of
the Crimean Linden on average 86%, and of the Silver
Maple on average about 68%. It was affirmed that the trees
with the leaf damage index at 4-5 contained about 40%
more chlorine than those with the value of the index at 1-2.
Chlorine as an anion neutralizes positive charge in plants,
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Table 3. The content of mineral anions and organic acids in the leaves of trees at John Paul II Avenue in Warsaw.

Tree species
Number
of tree

meq/100g d.m.

Cl¯ SO4
2- H2PO4̄ ∑Anions R-COO¯ Anions

COOR

Warsaw 
linden

1 23.5 3.4 3.7 30.6 95.9 3.1

2 53.4 3.8 3.0 60.2 35.8 0.6

5 42.5 3.5 3.3 49.3 68.6 1.4

11 30.3 3.9 3.5 37.7 80.8 2.1

13 49.7 4.0 3.1 56.8 45.5 0.8

Crimean
Linden

16 41.3 4.2 3.1 48.6 48.3 1.0

18 39.2 4.7 3.2 47.1 51.6 1.1

21 78.4 4.3 2.9 85.6 7.0 0.1

22 67.1 4.7 3.2 75.0 13.0 0.2

23 35.3 4.5 3.8 43.6 44.4 1.0

24 38.3 4.3 3.7 46.3 50.6 1.1

26 37.9 4.0 3.4 45.3 57.1 1.3

31 33.6 4.1 3.8 41.5 59.1 1.4

38 45.1 4.0 3.7 52.8 63.9 1.2

40 56.1 4.1 2.8 63.0 17.9 0.3

Silver Maple

52 18.7 4.2 3.5 26.4 58.5 2.2

53 33.0 4.1 3.4 40.5 47.3 1.2

55 28.8 3.6 3.8 36.2 37.8 1.0

57 29.4 4.3 3.2 36.9 39.8 1.1

61 32.4 4.1 3.6 40.1 40.1 1.0

65 26.1 4.5 3.4 34.0 48.4 1.4

80 46.6 4.6 2.9 54.1 19.0 0.3

84 50.6 4.3 3.0 57.9 12.6 0.2



and plants are forced to reduce production of  organic acids
in order to maintain electrochemical balance within the
plant tissues. The low content of organic acids in turn lim-
its the plant’s ability to produce carbohydrates, amino acids,
proteins, and other compounds. This further results in slow-
ing down the plant growth rate, and lowers biomass pro-
duction. Its visible result is the reduction of annual tree
rings [4, 5, 13, 27, 28].

The content of S and P in the leaves was relatively lit-
tle differentiated. There was no dependency found
between the state of health of the trees and their content in
the leaves. The content of particular anions SO4 and
H2PO4 did not exceed 5 meq/100g of the dry leaf mass.
Both of these ingredients comprised only from 2 to 3% in
the balance of all mineral ingredients being determined
(cations+anions).

Among mineral anions the decreasing series of their
content in the leaves of the studied trees was as follows:

Cl (40.6) > SO4 (4.1) > H2PO4 (3.3)

The content of Cl was higher than the contents of sul-
phates and phosphates by about tenfold. Chlorine, and like-
wise sodium and potassium, do not form connections with
organic compounds in plants.

The level of organic acids in the leaves was diversified.
A higher value of the leaf damage index was accompanied
by lower content of organic acids. It seems that the ratio of
the sum of organic anions to the sum of mineral anions may
be a good indicator of the state of health of the street-side
trees in the cities. All the trees with damage index at 3 and
higher were characterized by a ratio much lower than one.
The relatively healthy trees had this ratio significantly high-
er than one. A high damage index of the studied trees fully
corresponded with the minimal content of organic acids.
Also, the measured increment of the tree circumference dur-
ing the period of the last four years pointed to evident depen-
dency on the level of organic acids in the leaves (Fig. 2). 

The trees showing damage index at 5 (the Crimean
Linden) demonstrated minimal increase in tree stump thick-
ness, which points to their dying off. However, the Silver

Maple in a similarly poor state of health demonstrated a
small increase (Fig. 2). Probably this species is capable of
self regeneration even though the content of mineral anions
manifold outnumbered the content of organic acids (Table
3 and Fig. 2). In all studied cases, independent of the
species, the trees with the highest content of organic acids
were relatively healthy (leaf damage index 1, Fig. 2). At the
same time, in these cases the lowest total content of miner-
al anions was observed.

Nitrogen in this study was not included in any of the
discussed groups of element cations – anions for the reason
that it is absorbed by the plants from the soil both in the
anion form NO3̄ and in the cation form NH4

+. Free ions of
this element are quickly built into the plant amino acids and
proteins.

Nitrogen comprised the dominant element among all
biogens utilized by the plants. Its quantities exceeded the
sum of cations and anions (Table 3). The ratio of the con-
tent of nitrogen to the sum of mineral ions (N/∑K + ∑An.
min) only in a few cases was lower than one. This con-
cerned the trees with significantly damaged leaves. 
One should underline that the percentage share of N in the
studied leaves compared to all mineral elements ranged on
average from 51.8 to 56.0%. The remaining seven mineral
elements comprised less than half of the biogens absorbed
from the soil by the studied trees.

Research showed a dependency between the state of
health of the trees and the ion composition of their leaves.
The leaves of Warsaw Linden in a poor state of health (leaf
damage index 4-5) demonstrated the following series with
decreasing content of elements being determined:

N > Cl > Ca > K > Mg > S > > P > Na

For trees with lesser damages (leaf damage index 1-2)
the series was as follows: 

N > Ca > K > Mg > Cl > S > P > Na

By analogy the quantitative arrangement of ingredients
in the leaves of the highly damaged Crimean Linden
decreased according to the following series:
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Fig. 2. Comparison of the state of health of trees with the content of the elements in the leaves (equivalent values – meq/100g) as well
as the increment of tree stump thickness (during the last four years).
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N > Cl > Ca > K > Na > Mg > S > P

However, the series for the slightly damaged trees was
as follows:

N > Ca > Cl > K > Mg > S > P > Na

The Silver Maple demonstrated identical series of the
content of elements as the Crimean Linden. 

Conclusions

1. It was affirmed that the state of health of trees is a
reflection of the ion state of leaves. Disturbing the state
of ionic balance leads to greater or smaller damage to
the trees.

2. The content of chlorine in the leaves with a greater than
15% share in the sum of all the studied elements causes
definite disturbances in growth, as well as in the vigour
and health of the studied trees.

3. The increased content of chlorine in the leaves was
accompanied by a significant lowering of the content of
magnesium and, to a lesser degree, calcium. It did not,
however, influence the contents of nitrogen, potassium,
sulphur, and phosphorus. 

4. A good indicator of the state of health of street-side
trees seems to be the ratio of the sum of organic acids
(R-COO¯) to the sum of mineral anions (H2PO4̄ +SO4

2-

+Cl¯) expressed in chemically equivalent values. A
value of this ratio below one clearly indicates poor
health and vigour of trees, with the state being more
severe when this ratio is clearly lower than one.
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