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Abstract

The environmental restoration of the semi-arid steppe of Mongalia is‘currently being addressed by creating new
plantations able to protect the soil from the advancement,of desertification and to improve the economy of the population
living there. The success of these interventions relies on a high survival rate and good long-term growth performance of
the transplanted trees. In the present work we analyzed stem height and root collar diameter (RCD) over 10 years for two
native tree species (Populus sibirica and Ulmus pumila) grown with different water regimes and fertilizers. The
investigated duration is sufficiently long to provide a reliable indication of the adaptation of these tree species to the
steppe’s harsh environmental conditions. Results suggest that both species could be used for environmental restoration
projects, although Populus sibirica requires the support of additional irrigation to achieve the best growth performance.
Ulmus pumila, on the other hand, shows geod.growth performance even with rainfall as the only water source. However,
the higher water use by P. sibirica/trees seems to be compensated by a more rapid ground cover compared to U. pumila.
The addition of fertilizers to thessoil'before transplantation does not improve the growth performance of either species.

Keywords: Populus gibirica;"Ulmus pumila, afforestation, desertification, aridity, growth
performance.

Introduction

Advancement of desertification endangers the semi-arid and arid lands of Mongolia (Tsogtbaatar
2013), where they cover around 72% of the national territory (MNET 2010). Therefore, conservation
of these lands has become a major issue on the agenda of this country’s government (GCF 2019). To
date, only 8% of the total Mongolian territory is covered by forests, although a reduction of this
value to 6.7% must be considered due to recent forest degradation as a consequence of
mismanagement, illegal logging, forest fires and insect pests (Ykhanbai 2010; Ariunzul et al. 2017).
Furthermore, due to the inner-continental geo-localization of the country, Mongolia is highly
affected by adverse climatic conditions as a consequence of global climate change (Hessi et al.
2016).
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A carefully managed plantation is the most rapid way to implement forest landscape
restoration (FLR) (Stanturf et al. 2014, 2015) in areas with degraded environmental conditions where
natural succession is not an option. Moreover, using container seedlings is a cost-effective alternative
when the planting season is to be extended or adverse sites are to be planted (Montagnoli et al.
2018). For this reason, the Mongolian government has been making an effort to plant trees to fight
desertification with the result that already 15% of the total unforested area has undergone some
degree of afforestation (Tsogtbaatar 2004; Miyasaka et al. 2014). Therefore, at present, in the forest
inventory of this country, the decrease in forested land is counterbalanced by an increase in
afforested land (Tsogtbaatar 2004).

As part of the project to contrast desertification, the government of Mongolia, jointly with
that of South Korea, has launched a project named Green Belt (Lee and Ahn 2016). This project aims
to create a forest shelterbelt in the southern part of the national territory at the northern border of the
Gobi desert, where the steppe regions meet the desert area. Besides contrasting the advancement of
the desert, a further important aim of the forest shelterbelt is to limit the number and intensity of
sandstorms that originate in the Mongolia desert, but also affect several surrounding countries.

Regarding this project, it cannot be overlooked that the use of shelterbelts to contrast
desertification and sandstorms is still a matter of debate (Yu et al, 2010), given the ecological
implications (Lu et al. 2018) deriving from the transformation of grasslands. At'the'same time, it is
difficult to ignore that, in addition to soil protection, tree shelterbelts provide the opportunity to
develop agroforestry activities, which are beneficial to the poor economy.of'the populations that live
there (Jo et al. 2014; Lee and Ahn 2016).

In the particular case of the arid and semi-arid regions«0f Mengolia, it has been suggested
that the survival rate of the transplanted tree could be the limitingfactor of afforestation operations,
due to strong winds and the dry (and barren) nature of the soil (Jo'and Park 2019). Besides, it has
been observed that high survival rate and fast initial growth rate are often followed by a notable
reduction in growth performance related to the depletion of soil resources (Cao et al. 2011; Polzella
et al. 2019). It is clear, therefore, that the success of afforestation in these Mongolian lands requires
an initial high survival rate of transplanted trees, followed by an adequate growth rate in the long
term (Zhang et al. 2016). The analysis of these two aspects of plant growth is essential to establish all
the aspects of management measures required_to ensure the success of afforestation (Lu et al. 2018).

Populus sibirica hort. ex Tausch.and Ulmus pumila L. (two native species) are most
frequently used to afforest Mongolian arid and semi-arid lands (Jo and Park 2017). The genus
Populus is generally much appreciated (Zsuffa et al. 1996) for its fast growth and re-sprouting
capability but also the ease*by which it can be bred and propagated through cuttings (Mao et al.
2008). Moreover, these trees have shown a strong adaptability to different environmental conditions,
including a certain degree.of drought (Kang et al. 1996; Yin et al. 2005a, 2005b; Mao et al. 2008).
The Siberian elm.(U. pumila) has also been successfully used to afforest Mongolian lands. However,
given the poor nature of the soils, it is necessary to evaluate for both species whether the amount of
nutrients present'is sufficient to support their demand of phosphorus necessary for nitrogen fixation
(Israel 1987). If this is not the case, it will be necessary to support the growth of these trees by
employing fertilization measures.

Poplar has been used to afforest steppes in China (Inner Mongolia) for almost 20 years,
which led to the positive conclusion that this tree gives a significant increase of above- and
belowground carbon stock (Hu et al. 2008) in lands where this result is much needed. At the same
time, these studies call attention to the high transpiration activity of this tree which considerably
affects water consumption, lowering the ground table and diminishing overall soil moisture (Su and
Shangguan 2018). In this respect, Yao et al. (2016) found that afforestation with Populus could lead
to a soil moisture content (SMC) decrease in semi-arid or arid lands, in particular in the upper 30 cm



of soil. Therefore, it is not surprising that several authors have called attention to the possible adverse
environmental impacts of afforestation (Bruijnzeel et al. 2005) and recommended the selection of
slow-growing tree species such as Ulmus (Lu et al. 2018). The Ulmus tree is known to survive and
grow better, even under water-deficient stress, compared to more mesic-adapted species
(Engelbrecht et al. 2005). Moreover, this tree was shown to be well-adapted to live also on poor soil
affected by severe cold (Moore 2003). The only problem of using Ulmus in afforestation programs is
an incomplete knowledge of all its morphological and physiological traits (Lee et al. 2017). Hence,
on the basis of the above, it emerges that any attempt to afforest arid lands in Mongolia must be
preceded by a careful analysis of a) the possible environmental impacts and b) the most important
traits of the plant species to be used (for example it could be important to measure the balance
between the levels of plant transpiration and precipitation) (Guo and Gifford 2002).

In a recent study, Sungsik et al. (2019) compared water use efficiency and biomass
production in 10-year-old P. sibirica and U. pumila trees, which had been used to afforest a semi-
arid land situated in Lun Soum (Tuv aimag of Mongolia). The obtained data showed that U. pumila
is characterized by a better water use efficiency than P. sibirica although both species had an equal
photosynthetic efficiency. On the other hand, the aboveground biomass accumulated in 10.years of
growth resulted to be much higher in P. sibirica compared to U. pumila. These contrasting
indications make it difficult to decide which tree species would be the best candidate for
afforestation of arid and semi-arid lands in Mongolia. To answer this question; the present work
extends the comparative analysis of growth performance of both trees by taking into consideration
the kinetics of aboveground biomass accumulation during the first 10 years-of growth. In particular,
we have analyzed growth performance by means of two morphologicaltraits:’stem height (H) and
stem diameter at the root collar (RCD). The growth performance was:analyzed for plants treated with
different watering regimes and in the presence of two differenttypesiof fertilizers: 1) COMPOST
(i.e., sheep manure used as natural manure fertilizer), and 2)-amixture of PNK chemical fertilizers.
Results indicated that both tree species examined couldibe used to afforestate semi-arid and arid
lands. In particular, P. sibirica is a faster-growing species but'more sensitive to restricted water
availability, whereas Ulmus trees grow more slowly.but.show better resistance to water shortage.
Therefore, decision-makers must choose between two'possible options: a) to prioritize the formation
of a ground cover at the cost of using more water; b) to save water at the cost of delaying ground
cover. For both tree species, the addition of fertilizers to the soil was less important for obtaining a
good growth performance.

MATERIAL AND METHQDS
The geographical position of‘the experimental site and soil properties.

The experimental site (2'ha) is located at 47°52°15.43"N, 105°10'46.4"E, with an elevation of 1130
m within the forest nursery of the South Korea-Mongolia Joint Green Belt Plantation project in Lun
soum, Tuv aimag;.Mongolia, 135 km west of Ulaanbaatar, Mongolia (Figure 1a). In particular, the
nursery is located.on the right bank of the Tuul River, in a dry-steppe area densely populated and
greatly degraded by intense livestock grazing. Its typical steppe soil, classified as dark kastanozem,
is deep (more than 1 m) and immature, lacking horizontal development (Northeast Asian Forest
Forum, 2006). The hardness of the topsoil is 4.5 kg cm 2, while that of the subsoil is 1.7 kg cm 2, as
the topsoil is drier than the subsoil. The particle size distribution analysis showed that the soil
consists of 76.0% sand, 17.2% silt, and 6.8% clay, with an organic content of 2.8% (Kim et al.
2010). The cation exchange capacity (CEC) is 2.9 cmol* kg™, and the ionic composition is as
follows: SO4* (3.5 mg kg *); NOs (0.9 mg kg™); CI" (120.8 mg kg™*); Na* (83.0 mg kg *); K* (8.8
mg kg %); Ca?* (40.0 mg kg %); and Mg** (4.6 mg kg) (Kim et al., 2010).

Plant material.



Two-year-old seedlings of U. pumila (grown from seeds) and P. sibirica Tausch (obtained from 20
cm cuttings) grown in the greenhouse and acclimated in the open nursery were obtained from the
Greenbelt project nursery and transplanted in 60-70 cm-deep holes with a diameter of 50-60 cm.
Immediately after transplanting, a sufficient level of watering was supplied to individual trees by
compensating non-leakage (CNL) button drippers capable of delivering 1 gph (4 | h™). Emitters
were placed at a distance of 10 cm from the seedling axis. After seedling stabilization, four different
watering regimes were applied: 0 (control) I1h™, 2 1h™, 4 1h™ and 8 | h™*. The watering was done
twice a week for 5 hours for the entire duration of the vegetative season (from the beginning of May
to the end of August). In addition to the different watering regimes, two different types of fertilizers
(500 g per tree) were mixed with natural soil to fill the holes before the seedlings were transplanted:
NPK and COMPOST. NPK consisted of solid granules of the mixture of nitrogen, phosphorus, and
potassium whereas COMPOST consisted of natural sheep manure. Twelve plots per plant species
were prepared: 1 for control + 3 for watering regimes; 1 for control plus NPK + 3 for NPK with
different watering regimes: 1 for control COMPOST + 3 for COMPOST with different watering
regimes. Each plot measured 20 x 10 m; distance between trees in the plot was 2.5 m; trees were
planted following rows distant 2.5 mt from each other. The number of seedlings per plot was 32 for
control watering regime treatments or 16 for watering regime treatments with fertilizer'addition. In
the experimental field, the trees were planted with a north-south orientation to ensure maximum light
availability during the whole day (Johnson and Brandle, 2009) (Figure 1c). At transplanting time,
elm seedlings were 51+ 1.14 cm in height with a diameter at root collar (RCD) of 0.33 £0.01 cm
(n=64), whereas poplar seedlings were 68+ 2.94 cm in height with 0.51 £0.02.cm RCD (n=64). After
transplanting in the field, the survival rate of seedlings was very high in the.case of elm,
independently of the treatment used, whereas it was very low for poplarwhen trees received no
water except for the natural amount of rainfall. The presence of fertilizers in the soil did not
significantly change these results.

Climatic characteristics.

The area is located in a semi-arid steppe region, with an,annual average temperature of 0.6 + 0.45°C,
and a summer average temperature of 16.29 +0.41°C(May—September; Figure 2, inner panel).
Average annual precipitation during the whole-experiment (2000-2019) was 196 mm, according to
the Lun soum weather station, Mongolia (NAMEM, 2018). Summer precipitation usually occurs
between June and August and accounts for 80-90% of the total annual rainfall. The mean annual
potential evapotranspiration is 752.12'mm(£30.68SD). The mean air temperature of the warmest
month (July) is 16°C, while that of'the coldest month (January) is -22°C (Figure 2). The length of the
growing season varies between 110-130 days.

Growth measurement.

Plant survival rate (%) in 2019 was calculated as the number of living plants for each species divided
by the number©fplants.originally planted. Growth traits, such as stem height (H) and stem diameter
at root collar (RCD), were measured during the period 2011-2019. Measurements were taken at 30
days intervals during the entire vegetative season. RCD was measured by a digital Vernier calliper
(Thompson & Schultz, 1995) at the base of the stem, while plant height was measured with a ruler
(Basic aluminium Staff TS5-5MD, Korea).

Statistical analysis.

Statistical analysis was computed by using the SAS software package, version 9.4 (SAS Institute
Inc., Cary, North Carolina, USA). Two-way analysis of variance (ANOVA) with Duncan’s multiple
range test (DMRT) was used for multiple comparisons among the 2019 data. Permanent plots were
considered as independent replicates. At each sampling date and within each plot, trees were
measured and data were treated as mean. Stem height and RCD data were normally distributed.



Analysis of variance (two-way ANOVA) for the effect of time and treatment on stem traits (H, RCD)
was carried out with time and treatment as a fixed effect and plot as a random effect. We compared
the linear regression lines for the relation between height and RCD for the two species using the
analysis of covariance (ANCOVA), after analyzing the regression to elucidate significant differences
between the two species.

Results
1. Plant traits measured during growth

Time and treatments significantly affected tree height (p < 0.001; Table 1) in both species.
In elm, the 2 | h"* watering regime initially (2011-2014) seemed to induce a difference in height
compared to control samples (Figure 3 a), however, at a later stage of plant development (2015-
2019) this difference was no longer evident (p<0.05). Five years after transplanting, the growth rate
(i.e., height increase over time) decreased (in poplar) or remained constant (in elm) (Figure 3 a and b,
respectively). The final height values for control and 2 | h™ treated trees were very close.‘In. the case
of poplar (Figure 3b), the 2 | h™* watering regime seemed to considerably increase seedling:height
compared to the control for the entire duration of the treatment. Besides a difference,in‘growth
pattern between the two plant species, the final height achieved under the 2 | h™* watering regime by
poplar was double that of elm (Figure 3a, b). When the watering regime was ificteased to 4 | h™*, a
significant difference compared to the control (no watering) was observed.forboth elm and poplar
trees (Figure 3a, b), although in poplar the height under both 2 | h™*and 4.Lh™regimes were similar
for the entire duration of the experiment. In both species, the highest increase’in height compared to
control trees was observed when the 8 | h™* treatment was applied.(Figure 3a, b).

The initial addition of NPK fertilizer to the soil redueced the growth rate compared to control
samples (no fertilizers) in both plant species, although this effect'was more evident in poplar
(compared to only watering reference in Figure 3 a-c, b=d)yThis inhibitory effect of NPK on stem
height could be reversed by watering, with the highest«ecovery observed in both plant species when
8 1 h™* was used. In the case of COMPOST addition tothe soil, no significant change in growth
pattern was observed in both elm and poplar gontrol plants (compared to only watering reference in
Figure 3 a-e, b-f). Moreover, the addition of this fertilizer did not significantly modify the growth
patterns obtained when different watering regimes were applied (compare panels a, b, e, and f in
Figure 3).

Time and treatments significantly affected RCD (p < 0.001; Table 1) for both species.
Figure 4 shows that the RCD of.elm plants treated with different watering regimes increased for the
entire duration of the experiment(Figure 4a), although during the initial growth phase (2011- 2014)
this increase was higher than in the last growth phase (2015-2019). The difference in RCD growth
rate between controlsamples (no watering) and those undergoing different watering regimes was
limited. In the Case of poplar plants, all three different watering regimes applied were able to increase
the RCD compared tocontrols (no watering), following a similar pattern for the entire duration of the
experiment (Figure 4b). The addition of NPK fertilizer to the soil induced considerable differences in
RCD both in elm and poplar plants (Figure 4c, d). In particular, the highest RCD increase in elm
plants was obtained when the 2 | h™* watering regime was applied, whereas in poplar the higher
increase was observed when the 8 | h™ watering regime was applied. The addition of COMPOST
fertilizer did not affect the RCD of elm plants (Figure 4 €), independently of the watering regime
applied, whereas a slight increase in RCD values was observed in poplar plants, which was not
affected by different watering regimes (Figure 4f).

The effect of fertilizer addition was also analysed in plants which received no additional
watering (Figure 5). Results show that the addition of NPK to the soil resulted in lower height and
RCD values for both poplar and elm species. This inhibitory effect seems to be stronger in the case



of elm (Figure 53, c) than in the case of poplar (Figure 5b, d). Plants grown with COMPOST
addition showed similar value for both traits compared to plants grown without fertilizers.

2. Plant traits measured at the end of the experiment

The plant survival rate, expressed as the percentage of living trees over the total number of
planted trees (Figure 6), was lowest (60%) for NPK-fertilized elm trees grown without irrigation.
Survival remained low when 2 and 4 | h™* water regimes were implemented (around 80%; Figure 6).
In the case of COMPOST addition, the survival rate was comparable to that of plants that received
only watering treatment. The survival rate of poplar trees was nearly 100% when plants received any
of the watering regimes, independently of fertilizer addition. However, when no water regime was
applied, poplar survival rate dropped to 40%, reaching the lowest value (10% circa) when plants had
been fertilized with NPK.

The height and RCD achieved by plants at the end of the experiment (2019) varied
significantly among the different treatments (Figure 7). Analysis of height showed that in‘elm the
increase under the watering regimes is not significantly different from that of control plants which
received watering only from rainfall (Figure 7a). Moreover, the addition of fertilisers (NPK and
COMPOST) to the soil during transplanting had a negative effect on stem height«if no'watering
regime was applied to the plants (Figure 7a). These findings are in accordance'with'the data obtained
for the entire duration of the experiment (Figure 3 and 4). On the other hand, in case of poplar, a
significant increase in height was found in plants treated with 2 | h™*, 4 | h-*yand 8 | h™* watering
regimes compared to the control (no watering), indicating that the additienal-water was necessary to
ensure a better growth performance. The addition of NPK fertilizer also produced a significant
increase in height (Figure 7b) despite the inhibition observed during'the initial growth phase. A
further increase in height could be observed in NPK-treated plants,under additional watering
regimes, although this increase was not statistically significant (Figure 7b). Similarly to NPK
fertilizer, the addition of COMPOST resulted in a significant height increase of non-watered plants,
which became of a higher magnitude when plants received water (Figure 7b).

Regarding RCD, the analysis of the data,collected at the end of the 2019 vegetative season
indicated that in elm plants only the treatmentiwith'the 8 | h™* watering regime induced a significant
increase compared to the control (Figure'7c). Poplar plants also showed a significant RCD increase
when treated with the 8 | h™* watering regime{ independently of the addition of NPK fertilizer (Figure
7d).

Discussion

The advancement of desertification in the Mongolian territory requires the adoption of
urgent measures aimed at protecting the soil (Tsogtbaatar 2004; Miyasaka et al. 2014). One of the
actions deployedtis thesGreen Belt project (Lee and Ahn 2016), which during the period from 2008
to 2017 has produeed new plantations in the arid and semi-arid lands of Mongolia. This
environmental restoration project, besides fighting desertification and sandstorms, also aims to
promote the development of agroforestry activities as trees are planted following a scheme that
establishes shelterbelts. These shelterbelts delimit internally to the plantation a number of farmlands
where crops can be grown safely by taking advantage of the wind sheltering and water availability
(Joetal. 2014).

The efficiency and sustainability of shelterbelt plantations in controlling desertification and
sandstorms of arid lands is still a matter of debate (Wu et al 2019), despite it is evident that this type
of environmental restoration also concerns the wellbeing of the local population which receives
economic advantages and becomes directly involved in the management of these projects. However,
more studies investigating the long-term growth performance of the trees used in these plantation



attempts are needed to correctly (and definitively) assess the economic and social validity of this
type of forest landscape restoration interventions (FLR, as defined by Stanturf et al. (2014, 2015)).

The data presented here represent the first attempt to evaluate the growth performance of
two trees species, P. sibirica and U. pumila, used in the plantations of the Green Belt project (Lee
and Ahn 2016). In particular, plantations were either left without attendance or subjected to
management practices, i.e. different watering regimes and/or the addition of fertilizers to the soil.
The growth performance of the trees was investigated through the analysis of two morphological
traits: height and RCD. The evaluation period (10 years) was sufficiently long to enable a good
prediction of the long-term sustainability of this type of FLR.

In the case of P. sibirica, earlier work by Lee et al. (2016) has shown that water shortage
induces in these trees a significant decrease of growth, probably due to its negative effect on leaf
water potential, transpiration rate, and photosynthetic yield. Nevertheless, the authors suggested that
this plant species is characterized by a good adaptation of photosynthesis during drought, probably
achieved through a mechanism of energy dissipation. Our data contrast with the latter statement, as
the poplar trees in our experiment, were characterized by a very low survival rate if watering was not
provided in addition to rainfall. Although there are only a few studies regarding the«esponse of U.
pumila to water shortage (Lee et al. 2016; 2017), it has been suggested that this plant species can be
used to afforestate desert lands (Jo and Park, 2017) given its high degree of adaptability to dry
conditions (Engelbrecht et al. 2005; Jo and Park 2017). U. pumila is considered to be particularly
adapted to live in harsh conditions, as it survives well also in the presence of'very low temperatures
(Moore 2003). The data presented here confirm the high resistance of Uy pumila trees to water
shortage as demonstrated by the fact that we find a very high survivalirate even when plants received
water only from natural rainfall.

During the 10 years of observation, the heightdf poplarcontrol plants increased
exponentially for the first 6 years of growth. After that time, only the highest watering regime
treatment was able to ensure a further increase in height.(although at a much lower rate than the
initial one). Thus, in the absence of additionakirrigation, the growth in height of this tree forms a
biphasic pattern. At present, we cannot establish‘for how long this lower growth rate can continue
before the trees reach a developmental limit when their own survival is put at risk. Unlike height,
RCD increased at almost the same rate for all the 10 years of observation, even when plants received
no water in addition to rainfall. These data.suggest that when poplar trees are underwater shortage
conditions they invest more biomass‘in diametral growth than in height thus changing the biomass
allocation pattern. This type of growth response is probably obtained through a reduction of shoot-
internode elongation (i.e., a reduction,of the distance between two consecutive branching point). The
continuation of RCD growth, even when plants are experiencing long-term water shortage, can be
explained by the need ofthe tree to continue the production of new vascular tissue necessary to
transport water to the new. leaves. In fact, the reduction of stem height does not limit the annual
production of leaf.flushes. To test the validity of this hypothesis, future experiments are programmed
that will focus on the analysis of vascular cambium activity in plants undergoing different
treatments.

A growth pattern similar to that described for poplar was also observed in elm trees grown
without additional watering, i.e. a biphasic growth rate for height and a continuous growth rate for
RCD, suggesting that these two species employ the same mechanism of water use under drought
conditions. The only interesting difference in growth pattern between these two plant species is that
the absolute height and RCD values in poplar are twice as high than those of elm. However, to
understand whether the higher height value achieved by poplar trees indeed corresponds to a higher
value of biomass accumulated (i.e., carbon stored), it will be necessary to measure the wood density
or dry weight of the stem. Evaluating this factor is important to establish which of the two tree



species is the best candidate to be used in plantations, in particular, if the objective is not only to
cover the land but also to obtain an increase in carbon storage.

Our data clearly suggest that, unlike in the case of poplar, the maximum rate of height and
RCD increase in elm trees can be achieved with the lower irrigation regimes. This is an important
result as it indicates that if the management of Green Belt plantations is to be programmed for a long
period of time, then the use of elm becomes more sustainable (in term of water consumption) than
that of poplar.

Our data further suggest that the addition of fertilizers to the soil before transplanting trees
does not alter the biphasic growth pattern of plants grown without irrigation. Moreover, a slight
decrease in height compared to controls was observed, in particular in the case of NPK. Cao et al.
(2011) have suggested that, when establishing a new plantation in arid lands, a decrease in seedling
growth rate could be related to a reduction in nutrient availability in the soil. That does not seem to
be the case for our plantations, as we observed that tree growth rates decreased even when fertilizers
but no additional water were given to the soil. Furthermore, the fact that watering reversedthe
negative effect of NPK means that the biphasic growth pattern is not caused by nutritionalproblems.
At the same time, we cannot exclude that an alteration of the chemical, physical, and bielogical
properties of the soil induced by this fertilizer affected the trees. To test this hypethesis, we have
programmed the future analysis of soil properties in the presence or absence of fertilization.

In fact, it is known that when trees are planted in grassland, the nitrogen content of the soil
increases, due to atmospheric nitrogen deposition and biological nitrogen fixation (Yang et al. 2011).
Moreover, it has been shown that there is also an increase in carbon stock, as net primary production
(NPP) increases due to higher nutrient availability (Li et al. 2022). Further improvement of soil
properties following afforestation of grassland seems to derive.from the fact that soil respiration
increases, probably because of changes in soil temperature (shade’effect) and water content (Perez-
Quezada et al. 2012). Other works found that afforestatiominduces a considerable transformation of
the microbial (Lauber et al. 2013), macrofaunal (Liu et.al. 2013), and fungal communities (Helgason
et al., 2007). Furthermore, an increase in soil erganic carbon (SOC), total nitrogen (TN), total
phosphorus (TP) has been observed (Yang et.al. 2018). This increase is achieved not only by the
accumulation of plant litter with the consequent leaching of dissolved organic matter but also by
root-soil interactions that take place in the rhizosphere and lead to acidification (Menyailo et al.
2002).

On the basis of the above considerations, we cannot exclude that several positive chemical and
biological effects on soil properties have taken place as a consequence of our afforestation
experiment. Furthermorega'modification of the physical structure of the soil might also have
occured. In fact, physical.changes of the soil as a consequence of the presence of roots with their
exudates (Cullings et al., 2003; Scheibe et al. 2015) or the release of ions and organic matter
following fine foet turnever (Prescott et al., 2013) have previously been described. Moreover, an
experiment condueted“in the desert has shown that afforestation has a cooling effect on the soil
during the day, independently of the season considered. At night, on the other hand, afforestation has
a warming effect during winter, spring, and autumn but a cooling effect during summer. This
phenomenon was attributed by the authors to the higher albedo of forested land compared to
shrubland. However, other authors reported the occurrence of heat flux changes with a warming
effect at daytime and a cooling effect at night (Wang et al. 2019). To assess any possible (positive or
negative) effect of the physical, chemical, and biological properties of the soil on the growth pattern
of poplar and elm used in our experiments, it will be necessary to explore the behaviour of the root
system of these trees during growth. In this respect, one hypothesis that may well explain the
biphasic growth pattern observed in the absence of additional watering could be that the physical
nature of the soil makes it difficult for these plants to develop a root system able to sustain regular
growth without additional irrigation (Cohavi et al 2019). This type of knowledge could reveal



potential soil improvement strategies necessary to enable a long-term continuation of the growth
performance of these two trees in the absence of any additional watering treatments.

Beside nutrient depletion of the soil, direct competition (for some unknown environmental
factor) between neighbouring plants could also have caused a decrease in growth rate observed in the
absence of additional watering regimes. In regard to this, it must be considered that the distance
between plants used in our plantations is certainly smaller (2.5 m) than the one normally designed for
a typical forest plantation. Unfortunately, it cannot be excluded that this high tree density may
negatively affect plant growth at a later stage of development when plants will have achieved larger
dimensions. The present experiment suggests that, if no additional watering regime treatment is
selected as a management measure, a greater distance between plants should probably be adopted in
this type of plantations.

Conclusions

To achieve long-term success in FLR, constraints related to local ecological (Bantis et al.,
2019) and social conditions must be considered and investigated (Stanturf et al. 2014; Lu et al:
2016). The work presented here shows that the sustainability of new plantations established in the
context of the Green Belt project requires a preliminary (and careful) evaluation of theigrowth
performance of the tree species selected. Moreover, it is important to understand the,nature of the
relation existing between the selected tree and the soil of the area where afforestation is established.
This approach is necessary to avoid that an erroneous selection of the plant.species or wrong
management procedures could lead to the failure of the intervention, With regard to the two species
investigated here, P. sibirica and U. pumila, present results suggest that they have different
requirements to achieve their best growth performance. EIm trees shows better adaptability to water
shortage and, therefore, could be used when water is the limiting factor. Poplar trees, on the other
hand, shows a stronger dependence of growth performance uponwater availability but produces a
more rapid ground cover. More investigations regarding belowground root development are needed
before being able to make a well-considered choice of'the best candidate tree to be used for these
environmental restoration projects.
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Figure 7. Plant height (cm) and root collar diamet , em) of Ulmus pumila (a, ¢) and Populus

sibirica (b, d) measured at the last growing season n trees grown at four different water
regimes with two different fertilizing treatments, (COMPOST and NPK). Each data is represented as
mean (n = 32 for the watering regimes; n = 1 OMP and NPK) + 1 SE.



Table 1. General linear model values (two-way ANOVA) obtained testing effects of time and treatment on
tree height and root collar diameter (RCD).

Ulmus pumila Populus sibirica
Source of variation Source of variation
Time Treatment Time Treatment
Parameter
F p value F p value F p value F p value
Height (cm) 1240.17 <.0001 61.83 <.0001 2995.42 <.0001 31.66 <.0001
RCD (cm) 1480.80 <.0001 80.50 <.0001 2088.40 <.0001 14.07 <.0001




