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Abstract—The effect of individual trees on soil and litter respiration in forests polluted with heavy metals from
copper smelter emissions was investigated for the first time. We tested the hypothesis that the portion of spa-
tial variability in soil respiration explained by the distance from the tree trunk decreases on polluted plots in
comparison with the background area. The study was performed in the southern taiga spruce—fir and birch
forests under long-term pollution from the Middle Ural Copper Smelter in the Revda City, Sverdlovsk region,
Russia. Measurement points were located near spruce and birch trees at different distances from tree trunks
(tree-base plot, the middle of the crown projection, and canopy gap). The total CO, emission, litter respira-
tion, litter contribution to soil respiration, specific respiratory activity of litter, and litter stock were measured
at each point. In the background area, soil respiration decreased from the tree trunk to the canopy gap. The
hypothesis was only partially confirmed: the portion of respiration variance explained by the distance from
tree trunks decreased in polluted areas in comparison with the background areas in spruce forests but did not
change in birch forests. The observed change in spruce forests was related to a drop in specific respiratory
activity of litter, though litter stock was considerably higher near the tree trunk than in the canopy gap. We
propose to locate measurement points in the middle of the crown projection, i.e., at a sufficient distance from

tree trunks and away from the canopy gaps, to reduce potential bias in soil respiration estimates.
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INTRODUCTION

Soil respiration (SR) is extremely variable in space
and time, because it depends on many environmental
factors. Therefore, the estimates of soil CO, efflux are
highly uncertain [12]. It is believed that when model-
ing carbon dioxide fluxes, it is important to consider
both spatial and temporal respiration variability [29].
Models usually explain time-dependent SR variability
well (R? reaches 0.75—0.97). However, the results of
modeling spatial SR variability are substantially
poorer [12, 20]. A considerable portion of SR spatial
variability in ecosystems with complicated horizontal
and vertical structures, particularly in forests, remains
unexplained [23]. Therefore, it is essential to analyze
the factors that determine SR variability not only over
time but also in space.

The analysis of time-dependent variability is rela-
tively less complicated compared to spatial variability.
The former is based on accounting for simple factors,
mainly soil temperature and moisture, whereas the lat-
ter involves the analysis of complex factors. One of the
main factors for forests is the distance from the tree
trunk, as trees create horizontal patterns of the fields of
temperature, humidity, and concentrations of chemical

elements in the soil, thereby influencing the function-
ing of the ground vegetation and soil biota.

It has been revealed that the carbon dioxide efflux
from the soil surface also depends on the distance
from the tree trunk [17, 23]. Usually, there is a
decrease in SR from the trunk to the canopy gap.
Possible factors considered in this regard include soil
moisture [23, 35], gap size [25], root stock [17], pH,
concentration of ash elements [18], and organic car-
bon and nitrogen content [17].

All known studies on the effect of individual trees
on SR have been performed in forests that have not
undergone industrial pollution, which may be a strong
environmental factor. The impact of pollution is usu-
ally analyzed within tens to hundreds of meters (using
several test plots within the site) or within the first tens
of kilometers (using several sites at different distances
from the emission source) [10, 21, 22]. However, fully
analyze the effect of trees on SR, studying the varia-
tion on a smaller spatial scale—within tens of centime-
ters or several meters—is necessary.

Long-term industrial pollution from emissions of
large metallurgical factories has been observed to
decrease the environmental role of trees, leading to
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increased micro-scale variability of soil parameters
[3—5, 14]. This observation applies to various aspects,
including the content of metals in the forest litter [5]
and cellulose decomposition rate [4]. Hence, a ques-
tion arises to whether soil respiration follows the same
regularity. The purpose of this work is to analyze the
effect of individual trees on the respiration of soil and
forest litter in areas that have undergone long-term
pollution from the emissions of a copper smelter. Two
hypotheses were tested: (1) the position relative to the
tree trunk significantly affects soil and litter respira-
tion in an uncontaminated area, and (2) the impact of
this factor decreases in a polluted area.

OBJECTS AND METHODS

The research area is located in the southern taiga,
within the ridge of residual mountains of the axial part
of the Middle Urals and its western slope. The area is
classified as part of the natural region of low moun-
tains of the Middle Urals, dominated by dark conifer-
ous forests, according to the physical-geographical
zoning of Sverdlovsk region [11]. It is also classified as
part of the Konovalovsk and Kirgishansk soil areas of
the Middle-Ural south-taiga soil province, according
to the soil-geographical zoning [7]. The soil cover is
primarily composed of soddy-podzolic variously
gleyed soils with varying amounts of stone fragments,
and podzolized burozems occur locally.

The Middle Ural Copper Smelter is located on the
outskirts of Revda City, Sverdlovsk region, 50 km west
of Yekaterinburg. The factory has been operating since
1940 and emits gaseous compounds of sulfur, fluo-
rine, and nitrogen, as well as metals (Cu, Pb, Zn, Cd,
Fe, and Hg) and metalloids (As) as its main pollutants.
In the 1980s, the total emissions of the factory reached
150000—225000 tons of pollutants per year, which
made it one of the largest sources of industrial con-
tamination in Russia. However, since the early 1990s,
emissions have been gradually decreasing, reaching
65000 tons/year in 1999, 27000 tons/year in 2005, and
3000—5000 tons/year after a significant factory recon-
struction in 2010 [1, 2]. Despite the reduction in emis-
sions, no vegetation recovery or natural attenuation of
metals in the soil occurred near the factory at the time
of the research (2013) [6]. In heavily polluted areas,
metal concentrations exceeded the background levels
by 1—2 orders of magnitude [2].

Field measurements were conducted in two habitat
variants widely distributed in the southern taiga of the
Middle Urals: spruce-fir forest (SF) and secondary
birch forest (BF). Based on the status of vegetation,
three pollution zones were identified: background or
unpolluted (UP) (20 km to the west of the factory for
BF and 30 km for SF), buffer or moderately polluted
(MP) (5 km for BF and 4 km for SF), and impact or
heavily polluted (HP) (1 km for BF and 2 km for SF)
(Fig. S1).
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Five model trees were chosen in each pollution
zone and habitat variant: spruce (Picea obovata
Ledeb.) in SF and birch (Betula pubescens Ehrh. or
B. pendula Roth.) in BF. The main criterion for their
selection was proximity to a gap in the forest canopy
(but not to large clearings or forest edges). Model trees
were chosen to be as similar in habitus as possible, with
atrunk height of at least 15 m and a diameter of at least
15 cm for birch and 30 cm for spruce. Additionally, the
trees had to have a well-developed crown and no visi-
ble mechanical damage. The distance between model
trees within one habitat variant was 15—80 m in the
background and buffer zones and 10—150 m in the
impact zone.

Three lines were laid near each tree at an angle of
20°—45°, without strict orientation by the main direc-
tions. Measurements were conducted at three points
within each line: the first point (Trunk) was located
10—20 cm from the trunk, the second point (Crown)
was in the middle of the crown projection, and the
third point (Gap) was in the gap in the tree canopy.
This scheme was used to assess the effect of trees on
the metal content and the rate of cellulose decompo-
sition in the litter [3—5]. At each point (i.e., within a
circle with a diameter of 10 cm), the total carbon
dioxide emission (SR) and litter respiration (LR)
were measured, and the litter stock (LSt) was deter-
mined. In total, 540 measurements were performed
near 30 model trees.

Respiration was measured on August 23—24, 2013.
The rate of CO, emission from the soil surface was
measured using the closed dynamic chambers method
with a Li-8100A gas analyzer (Li-Cor Biosciences,
United States). LR was measured using the following
original method [19]. After measuring SR, the litter
was removed from under the chamber, placed in a
plastic bag, returned to its initial place, and its respira-
tion was measured directly in the bag after 30—40 min-
utes. This period allowed for respiration to stabilize
after a mechanical disturbance while avoiding the
strong effects of temperature fluctuations and changes
in the flow of carbon dioxide due to the death of roots
cut off during sampling. The specific respiratory activ-
ity of litter (LSpR) was calculated as the ratio of its res-
piration to the dry litter mass at the measurement
point.

Data analysis was performed using R v. 4.1.2 soft-
ware. In all cases, unless otherwise specified, the value
at the measurement point was considered a statistical
unit. The effect of the pollution zone, habitat variant, and
position relative to the tree trunk was evaluated using the
permutation variance analysis (PERMANOVA) imple-
mented in the vegan package [30]. The Benjamini—
Yekutieli procedure was used to control the false dis-
covery rate (FDR) in multiple statistical hypothesis
testing. Post-hoc comparisons were performed by the
Tukey test. The VCA package was used to decompose
the variance [31].
EURASIAN SOIL SCIENCE  Vol. 56
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The response ratio (In Response Ratio, RR) [26]
was used to visualize the tree effect on a particular
parameter:

RR =1In (—xtmnkj, or RR = In (_ij ()

xgap xgap

where X, iS the value of the parameter near the
trunk, xg,, is the parameter in the canopy gap, and
Xerown 1S the parameter in the middle of the crown pro-
jection. The response ratio has the property of additiv-
ity, which is useful for interpreting the results. If a
parameter can be expressed as a product of several val-
ues, then the response ratio of the resulting parameter is
the sum of the response ratios of its components. Let us
represent litter respiration (LR) (mg C—CO,/(m?h)) as

follows:
LR = SR LContr, 2
LR = LSpR LSt, (3)

where SR (mg C—CO,/(m? h)) is soil respiration (i.e.,
total CO, emission), LContr (in fractions of one) is
the contribution of litter respiration to total emission
(i.e., LR/SR), LSpR (mg C—CO,/(gh)) is the specific
respiratory activity of litter, and LSt (kg/m?) is the
stock of organic matter of the litter. By combining
equations (2) and (3), total CO, emission from the soil
surface can be expressed as:

SR = LSpR LSt — 1. (&)
LContr
Respectively, the response ratios are:
RRgr = RRgr + RRgi = RR oy Q)

Equation (5) enables us to determine which com-
ponents are responsible for a change in the total soil
respiration near the trunk (or in the crown projection)
compared to the gap. When data are averaged for sev-
eral trees, the additivity is realized only when the geo-
metric mean is used, so it has been used in the calcu-
lations.

RESULTS

Habitat differences. In this study, differences
between biotopes were identified. The litter stock
increased towards the factory, while the other param-
eters decreased (Fig. 1, Table 1). The most consider-
able difference—almost an order of magnitude—was
observed for the specific respiratory activity of litter
between the background and impact zones. Soil respi-
ration and specific respiratory activity of litter were
higher in birch forests than in spruce forests, while lit-
ter respiration, litter stock, and litter contribution to
soil respiration were greater in spruce forests. Differ-
ences in all parameters between pollution zones and
habitat variants were statistically significant (Table 2).
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The variability of SR (the variation coefficient and
absolute and relative ranges) decreased towards the
factory in spruce forests and increased in birch forests
(Table 3). In both habitat variants, the variation coef-
ficient of LR increased in polluted areas compared to
the background zone, while the absolute and relative
ranges decreased. Pronounced regularities were absent
for the other parameters, but in most cases, the vari-
ability within the pollution zone was high: accounting
for more than half of the total variability across the
pollution gradient. Pollution was the main factor
explaining the variance of the specific respiratory
activity of litter (75%) and litter stock (14%), and the
habitat variant was responsible for the contribution of
litter to total soil respiration (34%) (Fig. 2).

Microbiotopic differences. The differences between
individual trees were not statistically significant for all
parameters, and the interaction of the factor “tree”
with other factors was also insignificant. However, the
position relative to the tree trunk had statistically sig-
nificant effect on all parameters. The interaction of
the factor “position relative to the tree trunk” with
other factors was insignificant only for soil respiration.
For other parameters, the position relative to the tree
trunk exerted different effects, depending on the hab-
itat variant and the pollution zone.

In all cases, soil and litter respiration were higher
near the tree trunk than in the gap. Sometimes this
regularity was not observed for other parameters.
There was no decrease in litter stock from the tree
trunk to the gap in the birch forest of the buffer zone,
and there was no decrease in the litter contribution to
soil respiration in the buffer and impact zones. The
change in the specific respiratory activity of litter with
the distance from the tree trunk was the most irregular:
it did not change in both habitat variants of the back-
ground area, increased in spruce forests of the buffer
and impact zones, decreased in birch forests of the
buffer zone but did not change in the impact zone.

On the scale of the whole pollution gradient, the
position relative to the tree trunk explains the variance
of soil and litter respiration to the greatest extent and
least explains the variance of specific respiratory activ-
ity of litter. The role of this factor in the explanation of
variance of soil respiration decreased towards the fac-
tory in the spruce forest and did not change in the
birch forest (Fig. 3). For other parameters, pro-
nounced regularities of changes of this indicator at the
transition from the background to the impact zone
were absent. Differences between individual trees had
the lowest importance in the variance explanation for
all parameters in all cases.

The analysis of the response ratio revealed that soil
respiration near the trunk could increase due to differ-
ent processes (Fig. 4). In both habitat variants of the
background zone, the higher emission near the trunk
was attributed to an increased contribution of litter
respiration resulting from its accumulation whereas
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the specific respiratory activity of litter remained con-  stock was leveled by a decrease in its specific respira-
stant. In spruce forests of the buffer and impact zones, tory activity. In the birch forests of the buffer zone, soil
soil respiration near the trunk increased to a lesser respiration was higher near the trunk due to an
extent compared to the background, as the rise in litter  increase in the specific respiratory activity of litter,
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Fig. 2. Components of the variance of the studied parameters related to differences between: (/) positions relative to the tree
trunk, (2) trees, (3) pollution zones, (4) habitats, (5) residual variance. SR—soil respiration, LR—litter respiration, LSpR—spe-
cific respiratory activity of litter, LContr—litter contribution to soil respiration, LSt—litter stock.

with no changes in its contribution to total respiration
and stock. In birch forests of the impact zone, soil res-
piration was higher near the trunk due to an increase
in the litter stock with the unchanged specific respira-
tory activity of litter and its contribution to respiration.

DISCUSSION

The absolute values of soil respiration in the back-
ground (214.3—604.8 mg C—CO,/m? h) and polluted
(159.8—561.2 mg C—CO,/m? h) areas are consistent
with the ranges typically observed in temperate zone for-

ests (mg C—CO,/(m? h)): to 185.8 [16], 82.1—380.2 [8],
121.0—-289.4 [9], 272.2—410.4 [15], 6.0—1095.8 |21,
22], 190.1-492.5 [27], 151.2—192.1 [36], and 56.2—
462.4 [20]. Similarly, the values for respiration, contri-
bution to soil respiration, and specific respiratory
activity of litter are comparable to our previous find-
ings for spruce and birch forests [22].

The spatial variation of soil respiration in the back-
ground area closely resembles that in natural condi-
tions [28]. The variation coefficients of soil respiration
(23—43%) in both the background and contaminated
areas are consistent with values typically found in

Table 2. PERMANOVA results for differences in parameters between pollution zones, habitat variants, positions relative

to the tree trunk, and individual trees

Variability source df SR LR LSpR LContr LSt
Habitat 1 8.5% 50.6%* 17.2%* 105.1%* 53.7**
Pollution zone 2 16.8** 27.5%* 257.2%* 32.6%* 104.7**
Tree 4 0.8 0.6™ 0.9m 0.4 1.2m
Position 2 35.7%* 24.2%* 6.5%* 6.8%* 21.8%*
Habitat x zone 2 4.5" 7.1%* 15.0%* 11.3%* 28.1%*
Habitat X tree 4 0.3 0.3™ 0.4 0.7m 0.6™
Habitat x position 2 2.5m8 4208 12.5%* 3.1ms 10.1%*
Zone X tree 8 1.3m 0.8 0.7m 1.2m 1.0
Zone X position 4 0.8"s 4.8% 4 .2%* 4.5%* 12.2%*
Tree X position 8 0.3 0.9 0.6™ 1.2m8 1.40s

Values of Fisher F-test are given, FDR-corrected values at the significance level of: (*) p < 0.05, (**) p <0.01; ns—p > 0.05; df—degrees
of freedom of the factor; SR—soil respiration, LR—litter respiration, LSpR—specific respiratory activity of litter, LContr—litter contri-

bution to soil respiration, LSt—Ilitter stock.

EURASIAN SOIL SCIENCE  Vol. 56 No.9 2023
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Table 3. Parameters of variation in soil respiration (SR), litter respiration (LR), specific respiratory activity of litter (LSpR),
litter contribution to soil respiration (LContr), and litter stock (LSt)

Spruce-fir forest Birch forest
Parameter WG
UP | MP | HP UP | MP HP
Variation coefficient, %
SR 38.6 22.7 32.3 30.6 32.6 43.2 37.8
LR 65.2 33.1 43.1 67.6 51.0 57.8 66.7
LSpR 26.1 38.3 49.3 17.4 40.5 39.1 77.4
LContr 52.1 26.6 42.5 46.0 36.9 54.9 58.8
LSt 70.0 48.9 59.3 70.5 38.2 61.2 90.9
Absolute range
SR, mg C—CO,/(m? h) 612 334 266 488 492 734 734
LR, mg C—CO,/(m?h) 435 261 207 177 340 156 449
LSpR, mg C—CO,/(g h) 0.085 0.038 0.027 0.076 0.079 0.016 0.139
LContr, % 79.8 66.3 80.7 32.8 53.0 46.3 92.1
LSt, kg/m? 8.5 14.5 18.4 2.0 5.1 14.8 19.5
Relative range, %

SR 83.4 45.6 36.3 66.6 67.1 100.0 —
LR 96.9 58.2 46.1 39.4 75.8 34.5 —
LSpR 60.8 27.5 19.6 54.9 56.9 11.8 —
LContr 86.6 72.0 87.6 35.6 57.6 50.3 —
LSt 43.8 74.7 94.5 10.5 26.3 75.8 -

Pollution zones: UP—background, MP—buffer, HP—impact, and WG—the whole gradient.

EURASIAN SOIL SCIENCE ~ Vol. 56 No.9 2023
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coniferous (20.2—48.0%) and deciduous (21.8—61.0%)
forests [13, 23].

Among all the parameters studied, the variation
coefficient increases towards the emission source only
for the specific respiratory activity of litter. This
increase corresponds to the pronounced heterogeneity
in the spatial distribution of cellulolytic activity of soil
microorganisms under pollution [4]. The range within
the contamination areas is comparable to the variabil-
ity observed across the whole gradient for all parame-
ters except for LSpR. The difference between the pol-
lution zones is related to a greater portion of low values
in the impact zone compared to the background.

Soil respiration is usually higher near the tree trunk
than in the canopy gap [32, 34, 37]; however, respira-
tion may not differ between these variants if the gap is
small [25]. The obtained results confirm this regularity
and thus testify to the validity of the first hypothesis.

It is hypothesized that soil temperature does not
play a leading role in the micro-scale variation of soil
respiration [23, 35]. Factors that consistently change
from the tree trunk are usually considered to be the
most important ones, such as soil moisture [23, 32, 35],
fine root mass [25, 29, 34, 37], carbon and nitrogen
content, microbial biomass [25, 29, 37], and litter
stock [29, 37]. While we have not examined changes in
these putative predictors of respiration, the pollution-

driven transformation of ecosystems complicates the
regularities of the effect of trees on soil respiration.
This complexity may be the reason for only partial
confirmation of the second hypothesis, as the effect of
trees on SR decreases in one habitat variant and
remains unchanged in the other.

In spruce forests, the role of the position relative to
the tree trunk in the variability of soil respiration
decreases from the background area to the impact
zone due to a drop in the specific respiratory activity of
litter, even though there is a substantial difference in
litter stock between the trunk areas and the canopy
gap. In other words, although the litter amount in the
impact zone near tree trunks becomes significantly
greater than in gaps, its specific activity decreases,
leading to the leveling of differences in soil respiration.
The specific respiratory activity of litter also decreases
greatly towards the emission source.

Litter respiration is primarily related to micro-
flora activity, as roots in this horizon comprise only
2—10% of the total root stock in the upper (0—20 cm)
soil layer [33]. The change in the specific respiratory
activity of litter at both scales (approaching the factory
and approaching the tree trunk) is likely caused by the
same mechanism: the suppression of soil microorgan-
isms. Studies have shown that concentrations and
stocks of potentially toxic metals increase in contami-
Vol. 56 2023
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nated areas towards the tree trunk, and acidity also
rises [3, 5]. In birch forests, the role of the position rel-
ative to the tree trunk in the variation of soil respira-
tion is almost unchanged under the effect of pollution
because the specific respiratory activity of litter is not
decreased.

The need to consider the position of the measure-
ment point relative to the tree trunk is a well-dis-
cussed phenomenon in studies on the micro-scale
variation of soil respiration. However, detailed meth-
odological recommendations are often lacking in the
literature [25, 35]. Only one previous study provides
such a recommendation suggesting that measurements
should be taken 1.8 m to the east of the tree trunk to
obtain unbiased estimates of soil respiration [24]. How-
ever, this recommendation is region-specific and overly
detailed. A simpler approach to account for the micro-
scale variability of soil respiration related to the effect of
individual trees is to evaluate respiration within the pro-
jection of tree crowns, excluding both areas near tree
trunks and gaps in the tree canopy. For the conditions
of the southern taiga and relatively large trees (with a
trunk diameter of more than 20 cm), the measurement
points should be no closer than 1 m from the trunk. In
this case, measurements likely average all positions rel-
ative to the tree trunk.

CONCLUSIONS

The change in soil respiration at the transition from
the area near the tree trunk to the gap in the tree can-
opy is the result of a complex interaction of many
dynamic and often multidirectional processes. This
balance of processes may vary depending on the habi-
tat variant (spruce or birch forest) and the pollution
level (background, moderate, and heavy pollution).
The study confirmed the considerable impact of trees
in uncontaminated forests, supporting the first
hypothesis tested: the position relative to the tree
trunk explains a substantial portion of the variance in
soil respiration. However, the hypothesis of a decrease
in this component of variance in polluted areas was
only partially confirmed, and the situation was habi-
tat-specific: the role of the position relative to the tree
trunk became smaller in the spruce forest but not in
the birch forest.

In methodological terms, the results highlight the
importance of considering the micro-scale variability
of soil respiration. To avoid a possible estimation bias,
it is recommended to locate measurement points
within areas under the tree crowns, i.e., at a sufficient
distance from the tree trunks and away from gaps in
the tree canopy.
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