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Abstract

To investigate the ecological characteristics of artificial Haloxylon ammodendron
forest communities (relying on natural precipitation) in the Mosuowan area on
the southern edge of the Gurbantunggut Desert over the past 33 years, this
study conducted surveys and monitoring on the growth performance of Haloxy-
lon ammodendron, herbaceous plants, and soil moisture in artificial Haloxylon
ammodendron forests established through two afforestation techniques (snow-
sand borrowing afforestation and autumn irrigation afforestation). The results
indicate: Haloxylon ammodendron established through both snow-sand bor-
rowing afforestation and autumn irrigation afforestation are growing well to
date, with current plant heights and crown widths exceeding 2 m and 2 m?,
respectively, and current-year new shoot lengths exceeding 20 cm; initial sur-
vival rates of the planted Haloxylon ammodendron were relatively high at 40%
and 63%, respectively; following natural regeneration, existing densities have in-
creased in both cases, with the plantations forming uneven-aged, multi-layered
mixed forests, and different dominant species of herbaceous plants growing in
the understory; soil water content exceeds 2.00% in both cases, which can sat-
isfy the growth requirements of Haloxylon ammodendron. Due to differences
in land preparation methods and initial water supply between the two afforesta-
tion techniques, substantial differences exist in Haloxylon ammodendron growth,
understory herbaceous plant coverage and diversity, and the number of natu-
rally regenerated Haloxylon ammodendron individuals between the two forest
types, with the overall condition of autumn irrigation afforestation sites being
superior to that of snow-sand borrowing afforestation sites. Both afforestation
techniques exhibit good adaptability to local ecological conditions; although
snow-sand borrowing afforestation has relatively lower density, it is superior
to natural vegetation conditions and has lower afforestation costs; autumn ir-
rigation afforestation has higher density and more naturally regenerated indi-
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viduals, but higher afforestation costs and slower later-stage growth, requiring
certain artificial measures to adjust density. In summary, Haloxylon ammoden-
dron established through both snow-sand borrowing afforestation and autumn
irrigation afforestation are currently growing relatively stably, with the latter
demonstrating stronger adaptability to the ecological conditions of this region.
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Abstract: To investigate the ecological characteristics of artificial Haloxylon
ammodendron communities (rainfed) over 33 years in the Mosuowan area of the
southern Gurbantunggut Desert, we monitored and surveyed the growth per-
formance, herbaceous vegetation, and soil moisture of H. ammodendron plan-
tations established using two afforestation techniques: snow-sand dressing and
autumn irrigation. The results showed that: (1) H. ammodendron grew well
under both techniques, with average plant height and canopy area exceeding
2 m and 2 m?, respectively, and current-year shoot length >20 cm. Initial
survival rates were relatively high at 40% and 63%, respectively. Natural regen-
eration increased stand density, forming uneven-aged, stratified mixed forests
with different dominant herbaceous species in the understory. Soil water content
exceeded 2.00% in both cases, sufficient for H. ammodendron growth. (2) Due
to differences in site preparation and initial water supply, the two plantations
differed significantly in H. ammodendron growth, understory vegetation cover
and diversity, and natural regeneration density, with overall better conditions
in autumn-irrigated plots. (3) Both techniques showed good adaptability to
local ecological conditions. Although snow-sand dressing had lower density, it
outperformed natural vegetation and had lower costs. Autumn irrigation pro-
duced higher density and more natural regeneration, but at higher cost and with
slower later growth, requiring density adjustment measures. In conclusion, H.
ammodendron growth was stable under both techniques, with autumn irrigation
showing stronger adaptability to local conditions.

Keywords: Snow-sand dressing afforestation; Autumn-irrigated afforestation;
Haloxylon ammodendron forest; Natural regeneration; Species diversity; Soil
water content; Gurbantunggut Desert
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Introduction

Artificial afforestation is an effective measure for desertification control and has
played an important role in ecological restoration and reconstruction in north-
western China’s desert regions. However, since the 1950s, artificial forest decline
has been reported worldwide, and some plantations in China have also experi-
enced degradation or even mortality. For example, some “Three-North” shelter
forests have shown tree decline; poplar (Populus spp.) in the Hexi Corridor
grows slowly or stagnates, becoming “stunted old trees” ; and Pinus sylvestris
var. mongolica in the Horqin Sandy Land has experienced partial mortality.
The main cause is incomplete adaptation between tree species selection, plant-
ing techniques, and local ecological conditions.

The Gurbantunggut Desert is China’ s second-largest desert, dominated by fixed
and semi-fixed dunes. Since the 1980s, climate change and human disturbance
have caused severe degradation of natural vegetation, with coverage significantly
reduced to below 5% in some areas, leading to desert activation. The Mosuowan
area on the southwestern edge is a typical region of dune activation, where a
10-20 km wide and 80 km long belt of activated dunes has formed, mostly
evolving into mobile dunes that invade oases and bury farmland, seriously en-
dangering agricultural production, livelihoods, and the ecological environment.
In 1984, scientists from the Xinjiang Institute of Biology, Soil and Desert Sci-
ences (now Xinjiang Institute of Ecology and Geography, Chinese Academy of
Sciences) conducted trials of autumn-irrigated and snow-sand dressing afforesta-
tion techniques, successfully establishing artificial H. ammodendron forests that
stabilized activated dunes, improved regional ecological conditions, and ensured
oasis ecological security. These techniques were subsequently promoted region-
ally, contributing to ecological restoration.

Mosuowan has an arid desert ecosystem with scarce and highly variable precipi-
tation. Snow-sand dressing afforestation relies entirely on natural precipitation
since planting, while autumn-irrigated afforestation only received artificial irri-
gation during the first four years. Therefore, critical questions remain about
whether soil moisture can support normal H. ammodendron growth under long-
term rainfed conditions, the status of community ecological characteristics, and
the reliability and sustainability of these techniques for regional application.
These issues are key to evaluating the adaptability of afforestation techniques
to local conditions.

This study analyzed eight years of soil moisture monitoring data, 2016 stand
age-class distribution, and 2016 understory vegetation composition to clarify the
ecological characteristics of 33-year-old artificial H. ammodendron communities
and discuss the similarities, differences, and functional sustainability of the two
techniques, providing a scientific basis for evaluating afforestation technique
suitability in arid regions.
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1. Study Area Description

Mosuowan (45°03 N, 86°06 E, elevation 314 m) lies on the southwestern edge
of the Gurbantunggut Desert and has a typical continental arid desert climate.
Annual precipitation is 114.89 mm, annual evaporation 1,942.1 mm, aridity
index 16.9, mean annual temperature 4-6°C, 10°C accumulated temperature
3,000°C, and annual sunshine duration 3,100-3,200 h. Spring and summer are
windy seasons, with maximum wind speeds reaching 20 m +s!'. Winter snow
depth is about 13 cm, reaching up to 27 cm. When temperatures rise in spring,
snow melt and increased precipitation raise soil moisture. The zonal soil is
desert sierozem, with some alkalinization.

Snow-sand dressing afforestation utilizes moist sand layers for planting.
On natural drifting sand, surface snow is swept into piles in early spring. After
melting, planting pits (>60 cm diameter) are dug through the dry sand layer, H.
ammodendron is planted, and moist sand is backfilled. Initial planting density
was 667 plants + hm 2, with no irrigation for 33 years [Figure 1: see original

paper].

Autumn-irrigated afforestation involves mechanical site leveling in autumn,
followed by irrigation before spring planting. After leveling, plots (3-10 m wide)
with ditches (4-5 m spacing) were flood-irrigated (1,000-1,400 m?*-hm ?) or ditch-
irrigated (750-900 m? - hm 2) in October. Planting density was 2,500 plants -
hm 2 in March. The plantation received annual autumn irrigation ( 1,500 m? -
hm 2) for the first four years (1984-1987), then no irrigation for 29 years [14]
[Figure 1: see original paper].

2. Methods

In April 2016, four 10 m x 10 m survey plots (A1-A4) were established around
long-term soil moisture observation points in the snow-sand dressing plantation,
selecting areas with similar growth and density, spaced >50 m apart. Similarly,
four 10 m x 10 m plots (B1-B4) were set up in the autumn-irrigated plantation.
All H. ammodendron individuals were numbered (except 2016 seedlings). Five 1
m X 1 m herbaceous subplots were established diagonally in each plot to survey
understory vegetation [Figure 2: see original paper].

2.1 Population Structure and Growth In May 2016, living individuals
were counted to calculate survival rates relative to initial planting densities.
From April to October, 17 standard trees per plot were selected (based on rows,
height, and basal diameter) and tagged. Height (cm) and canopy diameter (cm)
were measured periodically with steel tapes. Fifteen new shoots per tagged tree
were measured for growth. Values from four plots were averaged.

2.2 Age-Class Structure Previous studies show that among height, canopy,
and basal diameter, height has the lowest coefficient of variation and best re-
flects age [15-17]. Therefore, height was used for age-class classification. In
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July 2016, all H. ammodendron heights were measured. Using 40 cm intervals,
individuals were divided into six age classes (I-VI). The proportion of each age
class was calculated. From April to November 2016, new seedlings were recorded
periodically to calculate survival and mortality rates.

2.3 Understory Vegetation Survey From April to June 2016, understory
herbaceous species, individual counts, height, and canopy were recorded. Verti-
cal photographs of subplots were taken with digital cameras, and Image Pro Plus
software was used to calculate vertical projection area percentages to determine
vegetation cover (%), averaged across subplots.

2.4 Soil Water Content Measurement From 2009-2016, soil samples were
collected monthly (mid-month) from April to October using augers at 0-120
cm depth in 10 cm increments. Fresh weights were measured with a 1/1,000
electronic balance, then oven-dried at 105°C for 8 h to determine water content.

2.5 Data Analysis Origin 8.0 was used for plotting, and SPSS 20.0 for signifi-
cance testing (non-parametric tests) and Pearson correlation analysis. Diversity
indices included importance value, richness index R, and -diversity [Shannon-
Wiener index (H ), Simpson index (D), Pielou evenness index (Jsw and Jsi)],
calculated following Chen et al. [18].

3. Results

3.1.1 Survival Rate of Planted H. ammodendron Based on surveys of
the largest surviving individuals and initial planting densities, current survival
rates were only 40% for snow-sand dressing but higher at 63% for autumn
irrigation.

3.1.2 Growth and Current-Year Shoot Elongation Under both tech-
niques, H. ammodendron height increased gradually from April to October [Fig-
ure 3: see original paper]. Mean heights in 2016 were 2.43 m (snow-sand dress-
ing) and 2.35 m (autumn irrigation). The August height decrease in snow-sand
dressing resulted from wind breakage of two 3.2 m tall individuals. Mean canopy
areas were 2.46 m? and 2.70 m?, respectively, with fluctuating monthly growth
(due to measurement errors and rodent herbivory) but overall increasing trends
[Figure 3: see original paper].

Current-year shoot growth increased gradually [Figure 4: see original paper],
with snow-sand dressing significantly greater than autumn irrigation each month
(except April-May) (P<0.05). Maximum growth occurred at season’s end: 39.08
cm in September for snow-sand dressing and 28.49 cm in August for autumn
irrigation (declining to 24.31 cm in September due to powdery mildew).

3.1.3 Stand Age-Class Structure Population structure reflects size/age dis-
tribution [19]. Stand densities were 825 plants - hm 2 (snow-sand dressing) and
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3,600 plants - hm ? (autumn irrigation), both exceeding initial densities. Age-
class proportions are shown in [Figure 5: see original paper]. Young individuals
(classes I-IV) represent natural regeneration. The ratio of young to old individu-
als (classes V-VI) indicates regeneration capacity: 0.8:1 for snow-sand dressing
and 1.13:1 for autumn irrigation, showing good natural regeneration, stronger
in autumn-irrigated plots.

Among young individuals, class II dominated, comprising 47% and 59% of pop-
ulations, respectively, indicating variable annual recruitment with successful
seedling establishment in wet years, forming competitive cohorts and healthy
population structures.

3.1.4 Seedling Survival Seedling survival curves [Figure 6: see original pa-
per| showed low summer survival, with few reaching season’ s end. By mid-
November, survival was 41.0% for snow-sand dressing and 53.4% for autumn
irrigation.

3.2 Understory Herbaceous Diversity Understory vegetation is crucial
for desert stabilization and sand fixation [20], driving stand structure adjust-
ment and site productivity recovery [21]. Both plantations were dominated
by Chenopodiaceae with many ephemerals. Species richness was higher in
snow-sand dressing plots. Spring dominants were Tetracme quadricornis, Sal-
sola ruthenica, and Lappula semiglabra with similar importance values; autumn
dominant was Agriophyllum squarrosum. In autumn-irrigated plots, spring dom-
inants were Corispermum orientale, Atriplex patens, and Malcolmia scorpioides
(with C. orientale absolutely dominant); autumn dominant was Ceratocarpus
arenarius.

Understory cover was 25.12% (snow-sand dressing) and 32.23% (autumn irri-
gation), exceeding the 14% threshold for sand surface stability [22]. -diversity
differed: Simpson and Pielou indices were similar, but Shannon-Wiener index
was lower in autumn-irrigated plots .

3.3.1 Soil Water Vertical Distribution Eight-year average soil moisture
profiles [Figure 7: see original paper| differed markedly. Snow-sand dressing
moisture increased with depth then stabilized, while autumn irrigation showed
fluctuations with clear inflections at 30 ¢cm, 50 cm, and 70 cm. Autumn irriga-
tion had higher moisture in 0-30 cm and 70-100 cm layers (2.00% and 2.99%)
compared to snow-sand dressing (1.57% and 2.63%). Moisture ranges were
1.05%-2.82% (snow-sand dressing) and 1.66%-3.24% (autumn irrigation), with
similar means (2.29% vs. 2.30%). Variability was greater for snow-sand dressing
(CV=0.49) than autumn irrigation (CV=0.22), indicating more stable moisture
in the latter.

3.3.2 Soil Water Temporal Variation Annual average moisture (2009-
2016) [Figure 8a: see original paper| showed snow-sand dressing was strongly
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influenced by precipitation, with both plantations showing significant positive
correlations between precipitation and 0-70 ¢cm (autumn irrigation) or 0-120
cm (snow-sand dressing) soil moisture. Annual moisture ranges were 1.04%-
3.92% (snow-sand dressing) and 1.68%-3.00% (autumn irrigation), with greater
interannual fluctuation in the former. Mean moisture was slightly higher in
autumn irrigation (2.30% vs. 2.18%).

Monthly moisture and precipitation were not significantly correlated [Figure 8b:
see original paper]. Both plantations showed decreasing moisture from April to
September, with slight recovery in October. In the dry year 2015 (precipita-
tion 81.65 mm vs. multi-year mean 114.89 mm), minimum moisture was 0.45%
(CV=0.58) for snow-sand dressing and 1.41% (CV=0.14) for autumn irrigation.
Thus, during low rainfall periods (2013-2015; July-October), autumn irrigation
maintained higher moisture, demonstrating stronger drought resistance.

4. Discussion

4.1 Causes of Ecological Differences Between Plantations Differences
in ecological characteristics clearly relate to afforestation techniques. Initial four-
year irrigation in autumn-irrigated plots added fine particles, increasing soil clay
content to 3.95% and improving water retention. Level terrain distributed pre-
cipitation evenly, and well-developed biological soil crusts (60% cover) reduced
evaporation. High planting density also shaded soil, significantly increasing 0-30
cm moisture and favoring herbaceous recovery and seedling establishment, with
lower seedling mortality. During drought, moisture decline was smaller, show-
ing stronger resistance. However, high H. ammodendron density and understory
cover reduced light, limiting species and lowering diversity indices [24].

Snow-sand dressing plots were planted directly on drifting sand with undulating
terrain and weak water retention, relying solely on limited precipitation. Low
planting density prevented water-plant imbalance. High evaporation reduced
moisture content, survival, and seedling establishment, with lower understory
cover but higher species richness.

Current H. ammodendron growth was better in snow-sand dressing, possibly due
to intense water competition at high density in autumn-irrigated plots. Powdery
mildew in some autumn-irrigated individuals may also relate to density, requir-
ing further study. Management should consider density adjustment through
selective thinning to improve growth quality and diversity.

4.2 Growth Adaptability of Rainfed H. ammodendron on Drifting
Sand Tree survival is only a basic criterion for afforestation success; sustained
growth and ecological function are essential. Natural regeneration is a key factor
affecting species composition, structure, and dynamics, crucial for population
development, community stability, and succession [29], and an important indi-
cator of plantation sustainability. Some artificial H. ammodendron forests in
Gansu and Inner Mongolia have experienced severe soil moisture decline, growth
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inhibition, and mortality, compromising function and sustainability [26-28].

In 1983, local shrub H. ammodendron was used to restore degraded vegetation
and prevent wind damage in Mosuowan. After 33 years, plantations maintain
high survival, large canopies, good current-year shoot growth, and increasing
height. Natural regeneration of various ages increased stand density, forming
uneven-aged mixed forests [31-32] with well-developed understory vegetation
and biological crusts, providing effective windbreak and sand fixation.

Soil moisture is decisive for sand-fixing vegetation in arid/semi-arid regions.
Although H. ammodendron is extremely drought-tolerant, growth is affected by
aridity. Ma et al. [30] found normal growth requires >1.30% water content,
mortality occurs at <0.82%, and minimal growth occurs at 0.82%-1.30%. In
these rainfed plantations, profile-average moisture remained >2%, supporting
normal growth, reproduction, and seedling establishment. Natural regeneration
indicates environmental adaptation, with moisture as a prerequisite. Better
moisture conditions in autumn-irrigated plots enhanced regeneration capacity.

Natural precipitation shows high interannual and intra-annual variation
(CV=0.35 and 0.32). Soil moisture variability was greater in snow-sand
dressing (CV=0.48 and 0.29) than autumn irrigation (CV=0.17 and 0.12).
Thus, afforestation technique affects climate adaptation: low vegetation cover
in snow-sand dressing caused greater moisture fluctuation than precipitation,
while high cover in autumn irrigation reduced evaporation and enhanced
drought adaptation. From the perspective of extreme drought adaptation,
autumn irrigation demonstrates stronger adaptability.

Conclusion

In 1983, H. ammodendron was successfully established on drifting sand at Mo-
suowan. After 33 years, plantations show good natural regeneration, increased
density, high initial survival, and understory cover >20%, providing effective
sand fixation. Autumn irrigation maintains better moisture during droughts,
with stronger resistance and higher vegetation carrying capacity than snow-sand
dressing, though height and shoot growth are lower. Both techniques support
functional sustainability in terms of survival, regeneration, growth, understory
recovery, and soil moisture.

Good performance resulted from scientific selection of species, site conditions,
and density. The Gurbantunggut Desert is typical H. ammodendron habitat,
where this species is strongly adapted with high regeneration capacity. Stable
winter snow increases spring soil moisture during the germination season, and
frequent March-May precipitation provides good conditions for establishment.

Both techniques have advantages and disadvantages. Autumn irrigation effec-
tively improves moisture and soil texture, increasing survival and carrying ca-
pacity, but is costly and labor-intensive, requiring later density management.
Snow-sand dressing is a cost-effective, locally adapted method but has lower
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survival and weaker natural regeneration.
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Note: Figure translations are in progress. See original paper for figures.
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