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ABSTRACT

The effects of climate change on glaciers, in terms of their scope and conditions, have become
increasingly apparent, with serious consequences for various ecosystems, affecting hydrological
and terrestrial factors. This paper reviews the existing literature on the complex interaction between
glacier retreat and vegetation distribution. In the short term, glacier retreat may promote vegetation
expansion by increasing water supply, while in the long term, drought may occur due to glacier
depletion, adversely affecting vegetation growth. In addition, glacial meltwater is usually cooler, so
the melting of glaciers will also affect the temperature of water resources, thus affecting the growth
of vegetation to a large extent. On the one hand, glacier ablation results in the transfer of glaciated
rocks and moraines from the glacier surface to the pericardial zone. The former is rich in organic
matter and minerals, while the latter can provide parent rock, promote soil development, increase
soil nutrients, and expand vegetation colonization. On the other hand, melting glaciers can cause
soil erosion and soil depletion, which is not conducive to the growth of vegetation. Melting glaciers
will lead to more surface runoff, which will affect soil erosion and even the formation of new terrain,
all of which are associated with vegetation growth. The increasing concentration of carbon dioxide
in the atmosphere has led to greening on a global scale, creating positive and negative feedback
loops in different regions. Therefore, the glacier ablation and its pathways and sub-pathways are
affected, so the glacier ablation seriously affects the vegetation distribution. Overall, the effects of
glacial retreat on vegetation distribution are very complex. As glaciers continue to retreat globally,
understanding these dynamics is critical to predicting future changes in vegetation distribution.
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1. INTRODUCTION

With the increasing frequency of human activities, our earth's climate is undergoing unprecedented
changes[1]. As temperatures get hotter, glaciers around the world are melting, and this has clear
implications for our ecosystems, one of which is its impact on plant distribution. This change is of
great significance to us human beings, because the change of vegetation distribution will not only
affect biodiversity and thus change the balance of the ecosystem, but also directly affect People's
Daily life. For example, fluctuations in weather patterns can lead to more natural disasters, the impact
of changing vegetation distribution on water resources can affect agricultural production, and it can
affect air quality[2]. Therefore, it is very important to understand the current trend of vegetation
distribution. Some scholars have been at the forefront of studying the changing trends of vegetation
distribution in the current climate. But this paper will focus on a more specific area - the impact of
glacial ablation on vegetation distribution.
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Fig 1: Simplified glacier dynamics schematic diagram
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2. METHODOLOGY (GAP: TO INTEGRATE GLOBAL DISCUSSION AND
CASES ON THIS TOPIC)

The change in vegetation distribution will have a profound impact on human society; therefore, it is
necessary to study its changing trend. This study analyzed the impact of glacier ablation on vegetation
distribution through a literature review.

Figure 2: Evaluative Framework
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The current literature has identified two major pathways through which glacier ablation affects
vegetation distribution: hydrological and soil. Figure 2 presents the prominent sub-pathways agreed
upon by current researchers. Based on the existing literature, this study qualitatively analyzes the
impact of glacier ablation on vegetation distribution by considering the impact of glacier ablation on
factors that can change vegetation distribution as the entry point. As a result, due to glacier ablation,
water resources will increase, vegetation types may change, and vegetation coverage will increase,
increasing net primary productivity. As increased water resources lead to increased surface runoff,
soil erosion will increase and have different effects on different plants[3]. Furthermore, Topographic
factors should also be taken into account, as retreating glaciers may shape new terrain and thus affect
the distribution of vegetation[4, 5].
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Chart 1: Pathways and Sub-pathways
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3. LITERATURE REVIEW

3.1. Hydrological factors

3.1.1. Water availability

In the context of global warming, the melting of glaciers greatly affect hydrological conditions[1].
Young et al[1] found a single peak in summer runoff on the western Juneau Ice Sheet, which is
consistent with Hill et al.[6], who used mathematical models to simulate freshwater discharge from
1980 to 2016 and predicted that the glacier melting rate would significantly increase by 2100, further
increasing runoff. Furthermore, although the total runoff increased only slightly, glacial runoff and
glacial ice loss showed strong increases, increasing by 3.0% and 9.6% per decade[7],
respectively, this suggests that accelerated melting leads to an increase in glacier runoff. As runoff
increases, more lakes and rivers begin to form, creating favorable conditions for this vegetation to
colonize[8]. However, in the long term, the accelerated melting of glaciers will eventually lead to the
depletion of water resources, because the accelerated melting of glaciers will lead to the gradual
reduction of ground ice (ice in frozen ground) and surface runoff, both of which are important sources
of water resources, and thus vegetation degradation and desertification downstream[9, 10]. According
to the model established by MYRNA et al.[10] it is predicted that all glaciers in the Blackfoot-Jackson
region will disappear by mid-century.

3.1.2. Water temperature

Glacier ablation contribute to runoff and lower water temperatures in rivers and lakes in short term
by discharging large amount of low temperature runoff[9]. However, according to the research of
Fellman, J. B. et al.[11], in the long run, with the continuous melting of glaciers, the cooling effect
will gradually weaken, and the water temperature of the downstream will gradually rise. Studies have
shown that for every 10 percent increase in glacier cover, the average summer river water temperature
decreases by 1.1<C. This suggests that river water temperatures may increase in the future as glaciers
melt due to climate warming[11]. Moore, R. D. et al.[12], also came to a similar conclusion. Based
on multiple regression analysis, the scientists found that for every 10 percent reduction in glacier
cover, the 7-day mean maximum water temperature (MWAT) rose by about 1.6 C[12].

Low temperature will affect the physiological processes of plants such as water absorption and
photosynthesis, thus inhibiting the growth and development of plants. Low temperature will cause
the cell expansion rate to decrease, make the leaf cells smaller, reduce the single leaf area. Thus, it
has a negative effect on the growth of vegetation[13].

Low temperature will hinder the respiration of the roots and affect the uptake of oxygen by the
roots[14]. At the same time, low temperature will also affect the root's metabolism of ammonia ions,
resulting in the accumulation of ammonia toxicity, thus inhibiting plant growth. Suffice to explain
the effect of low temperature on nutrient absorption. Low temperature will also have a negative
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impact on the ability of plants to absorb water,[15] so the reduction of water temperature is not
conducive to vegetation growth. All these factors, Reduced Metabolic Rates and Impaired Root
Functions could lead to Delayed Germination and Growth too[14], consequently decrease vegetation
coverage.

On the contrary, in the long run, as the water temperature rises, the downstream conditions will
gradually become suitable for vegetation colonization. The growth of vegetation will be ensured and
the vegetation cover will increase.

3.2. Terrestrial Factors

3.2.1. Soil Nutrient

Glacial meltwater can carry nutrients and trace elements downstream, such as nitrogen, phosphorus,
iron, and organic carbon, that can be absorbed by plants, which can provide nutrients for riverside
and coastal ecosystems, promote vegetation colonization, and increase primary productivity[7, 16].
The source of these nutrients may be the physical and chemical weathering of the cryoconite hole
sediments, as well as microbial activities, such as nitrogen fixation and biological leaching[17]. At
the same time, meltwater from glaciers may also carry pollutants, such as mercury, which can affect
vegetation and ecosystems[16].

3.2.2. Soil Development

The global (excluding Antarctica ) cryocoite ecosystem is a significant source of organic carbon,
which yields 100000 t C/yr of dissolved organic carbon[18, 19]. Cryoconite is also rich in microbes
(such as cyanobacteria), which are important for primary succession[20].

In the context of global warming, glaciers are melting at an accelerated rate. According to Qin Ji et
al.[21], Himalayan glaciers lost 11% of their total surface area between 1990 and 2015. As glaciers
melt, cryoconite is washed into the pre-glacial zone by water flow. The microorganisms contained in
cryoconites act as pioneer species, promoting the initial colonization of vegetation (such as mosses
and lichens) and soil formation. The organic matter in cryoconite provides essential nutrients for soil
development and accelerating this process[20]. During glacier melting, the irregular terrain of the
glacier surface (such as crevasses and ice caves) gradually becomes exposed, forming an undulating
landscape. Water is collected from low-lying areas, creating temporary lakes[22].

According to research by Navas et al.[23], in the presence of cryoconite, well-developed soil profiles
can form within decades after glacier retreat, whereas this process would otherwise take hundreds of
years. All of these factors create favorable conditions for vegetation colonization and increase
vegetation coverage.

During the movement of the glacier, the surrounding rock debris was transported and accumulated to
form a moraine[24]. The melting of glaciers exposes more moraines and accelerates the rate at which
they are deposited. The discovery of a chronological sequence of recession in the Hailuogou Glacier
in China’'s Sichuan Province makes it an excellent site to study soil development and vegetation
succession, He et al.[25]studied a series of moraine deposits exposed at different times during the
melting process of glaciers. They found that moraine could provide rich parent rocks for soil
development, which created favorable conditions for the rapid occupation of vegetation. In the
context of accelerated glacier melting, moraines will be transported and accumulated faster, which
means that soil development will be promoted, which will further promote the growth and succession
of vegetation.

3.2.3. The relationship between glacier debris and supraglacial tree vegetation

There are two forms of glacier ablation: downwasting and backwasting, which will can influence the
debris covered on the surface of the glacier and consequently influence the vegetation colonized[26].
When the downwasting of the glacier appears, like what happened southern ice cliff area of the Miage
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Glacier[27], the debris will get thicker because of the collapse of the hillside. Some trees die when
they are buried by debris, but the main cause of death from degrading is that trees slide down with
the glacier and eventually die[26]. According to research, high temperatures will cause the thickness
of debris cover on the surface of the glacier to increase exponentially, so the problem of increasing
debris will become more and more serious, threatening the growth of vegetation[28]. On the other
hand, backwasting process is more harmful to vegetation, and when backwasting process occurs,
the lower part of the ice cliff melts at a greater rate than the upper part, which exposes the roots of
the trees and leads to the death of the trees[26].

3.2.4. Slope steepness and soil erosion

Glacier retreat has varied effects on the slope steepness. As the glacier shrinks, the rocks at the bottom
are exposed, and these exposed parts are usually steeper[4]. Moreover, melting glaciers also carry
moraine, which flattens the terrain of the preglacial zone and makes room for vegetation growth;
however, the areas upstream of the glacier become steeper, which increases the risk of soil erosion[5].
This makes it more difficult to colonize vegetation.

3.3. Other Factors

3.3.1. The dynamics in greening due to glacier ablation

Vegetation coverage on our planet has been increasing since 1981[29]. One of the main reasons is
that the increasing concentration of Co2 will thrive the growth of vegetation owing to the Co2
fertilization-effect[30]. It is well known that changing the surface from ice to vegetation would reduce
reflectivity and potentially warm the planet further, but this is not the case, and increased vegetation
would act as a carbon sequester and thus slow down warming. However, this phenomenon varies
depending on the vegetation type. At low and middle latitudes, the increase in vegetation slows the
increase in temperature[31, 32] because both carbon sequestration and evapotranspiration are stronger
in those regions, which means that the cooling they bring is more likely to offset the warming caused
by the decrease in albedo. The picture becomes even more complicated when considering the
vegetation that will colonize when the glaciers retreat. For high-latitude glaciers, such as those in
Greenland or the Arctic, the greening caused by the retreat actually exacerbates the temperature
increase because higher temperatures promote plant growth, and more plants mean lower albedo. This
increases the absorption of solar radiation, which in turn creates a feedback loop that exacerbates the
greening. For plants growing at higher elevations, such as the Tibetan Plateau, they can play a
warming mitigation role, as well as plants at low and middle latitudes, because these are exposed to
more radiation at the plateau, which promotes their evapotranspiration and offsets the warming effect
of the lower albedo[33]. As a result, although the temperature is increasing, increased vegetation
activity can restrain the temperature rise, and a negative feedback loop is formed[33]. In this case,
both the rate of greening and glacier ablation are slowed down, thus affecting other channels through
which the glaciers can impact vegetation distribution. In general, by using the land-atmosphere global
climate model, it was found that the impact of global vegetation greening on temperature is cooling,
which can offset approximately 12% of global warming[34], which means that the rate of greening
and the rate of glacier ablation is slowing. However, the overall trend was unlikely to be altered.

4. CONCLUSION

In summary, there is a link between glacier ablation and changes in vegetation distribution in glacier-
affected ecosystems. The interaction between them is very complex.

As glaciers continue to melt due to climate change, downstream hydrological conditions will be
affected. Young, J. C. et al.[7] found that glacier ablation would significantly increase the runoff in
the downstream area and accelerate the formation of lakes and rivers, and this process is gradually
accelerating, thus providing a humid environment suitable for vegetation growth in the short term|[7],
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which is consistent with the results of Hill et al.[6], who found a significant increase in runoff using
mathematical modeling[6]. The research of MYRNA H. P. et al.[10] shows that the above situation
IS not permanent, the glacier will disappear in a short period of time, and then the shortage of water
resources will become a problem, which will have a devastating blow to the vegetation downstream.
In addition, the melting of glaciers also has an impact on the temperature of downstream water
resources, Fellman, J. B et al.[11] And Moore, R. D. et al.[12], found that although the decrease of
water temperature in the short term is unfavorable to vegetation growth, with the continuous melting
of glaciers, water temperature will gradually rise, creating favorable conditions for vegetation.

In addition to hydrology, Terrestrial Factors must also be considered. Melting glaciers carry organic
matter and nutrients downstream[16], mainly from sediments in cryoconite holes[20]. These nutrients
promote vegetation growth. Cryocoite also creates favorable conditions for soil development, as the
organic matter and microorganisms it contains can promote soil development after it is carried
downstream by glacial meltwater[21]. There is well-developed soil, the vegetation growth
environment is guaranteed, and succession can be carried out smoothly[20]. According to Navas et
al.[23], the rate of soil development in the presence of cryocoite is much faster than that in the absence
of cryocoite, proving that cryocoite plays a key role in this process. Moraines can provide parent
rocks for soil development during glacier melting, which also accelerates soil development, which
promotes vegetation growth and succession[24, 25].

In the process of glacier melting, the impact of downwasting and backwasting on vegetation is also
significant[28], and they both affect the growth of this cup. When downwasting occurs, the debris on
the glacier surface buries vegetation and causes it to die, and this phenomenon becomes increasingly
serious[30]. When backwasting occurs, the roots of the vegetation are exposed, causing it to die[28].
Retreating glaciers have exposed steeper terrain, such as valleys and ridges, where the slope is too
steep for vegetation to occupy[4]. In addition, by changing the distribution and characteristics of
sediment at the bottom and affecting hydrological processes at the glacier front, melting ice creates
new geomorphic features, such as flatter areas, which provide space for vegetation growth[5].
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