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Abstract: Climate change is expected to lead to changes to the amount, frequency, intensity, and
timing of precipitation and subsequent water supply and its availability to plants in mountain regions
worldwide. This is likely to affect plant growth and physiological performance, with subsequent
effects to the functioning of many important high-elevation ecosystems. We conducted a quantitative
systematic review and meta-analysis of the effects of altered water supply on plants from high
elevation ecosystems. We found a clear negative response of plants to decreases in water supply
(mean Hedges’ g = —0.75, 95% confidence intervals: —1.09 to —0.41), and a neutral response to
increases in water supply (mean Hedges’ g = 0.10, 95% confidence intervals: 0.43 to 0.62). Responses
to decreases in water supply appear to be related to the magnitude of change in water supply, plant
growth form, and to the measured response attribute. Changes to precipitation and water supply are
likely to have important consequences for plant growth in high elevation ecosystems, with vegetation
change more likely be triggered by reductions than increases in growing season precipitation. High
elevation ecosystems that experience future reductions in growing-season precipitation are likely to
exhibit plant responses such as reduced growth and higher allocation of carbohydrates to roots.

Keywords: alpine; mountains; climate change; experimental manipulations; PRISMA; precipitation;
drought; vegetation

1. Introduction

Along with temperature, water availability is one of the most important abiotic factors
determining the fundamental niche of plant species. In high elevation ecosystems, steep
changes in aspect, slope, and soil depth greatly affect the soil water that is available to
plants [1,2]. Plants vary in their traits associated with water use strategies such as specific
leaf area (SLA), rooting depth, and the ability to endure very low water supply [3]. Over soil
moisture gradients, this gives rise to distinct communities from wet meadows to xeric slopes
across relatively short spatial scales [1,4]. Variation in plant water status can also affect plant
susceptibility to temperature extremes; a key factor limiting plant growth and productivity
in high mountain ecosystems [5]. Water-limited plants may be able to withstand lower
temperatures and avoid lethal ice formation within cells [6]. Conversely, well-watered
plants may have better capacity to mitigate heat stress via transpiration [7]. Variation
in response to altered precipitation patterns will likely have important consequences for
productivity [8] and susceptibility to other environmental stressors [9].

Ongoing climate change is having profound effects on precipitation and subsequent
water supply and availability in high elevation ecosystems. In many mountain ecosystems,
annual precipitation is expected to increase [10-13] which is likely to be brought about
by more frequent and more intense precipitation events, with associated changes in sea-
sonality [12,14]. In contrast, in other mountain areas, summer precipitation is projected to
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decline [12] with increases to the length and magnitude of drought events [14]. Simultane-
ously, earlier melting and evaporation of snow, driven by increasing spring temperatures,
may also contribute to severe drying over the summer months [15-17], even if precipitation
sums do not indicate changes in overall average precipitation. Changes to soil water
availability are likely to alter key physiological processes in plants and may exacerbate the
effects of other climate factors that are changing simultaneously, such as warmer [18] or
more extreme temperatures [7,19], increased CO, and nitrogen deposition [20]. Altered soil
water availability may also affect productivity and community stability in high mountain
ecosystems [21] which may have consequences for a range of ecosystem functions including
carbon storage, nutrient cycling, and water regulation [15]. In addition, altered soil water
availability may have important consequences for plant responses to disturbance events,
such as fire [22] and grazing [23].

Our current understanding of the responses of high elevation plants to changes in
water availability may be inferred from various approaches. These include direct observa-
tions of vegetation change correlated with historical changes in precipitation regimes [24],
occurrence of plant functional traits relating to water use among biomes [25], via trans-
plant experiments using individual plants or communities across environmental gradi-
ents [26,27], or by observing plant community responses to disturbance events such as
drought [28]. These kinds of approaches take advantage of interannual or site variation
in soil moisture but risk confounding changes with other factors that are likely to covary
across space and time such as temperature. Experimental manipulations carried out in
the field, glasshouse or laboratory can alter single or multiple environmental conditions to
causally link changes in water supply with plant responses, providing an important tool
for understanding the physiological mechanisms underpinning plant responses to altered
moisture regimes. Experiments that manipulate water supply typically aim to either induce
or ease water-limitation among target plants in relation to a control group, while in other
studies, the seasonality of precipitation is varied, without altering the cumulative total of
water inputs. While the aims and duration of experiments vary, basic measurements of
plant growth (e.g., biomass, leaf number, plant height), and physiological performance (rate
of photosynthesis, functioning of photosystem II) are often reported. Hence, combined
results from precipitation modification studies can lead to meaningful insights regarding
the responses of high-elevation plants to changing moisture regimes.

Here, we undertake a quantitative systematic review and meta-analysis to synthesize
the current knowledge on plant responses to altered water availability in high-elevation
ecosystems, and to examine plant responses to increases and decreases in water supply.
For the purposes of this study, a high-elevation plant or community are those belonging to
high mountain, high elevation, alpine, sub-alpine, or montane environments. We focus on
high elevation plants as they are considered among the most vulnerable to climate change,
as high elevation species show high rates of endemism compared to lowland plants which
can occupy broader latitudinal belts [16].

In this systematic review and meta-analysis, we synthesize the literature regarding
high elevation plant response to modified water supply. Specifically, we ask

1. Do growth forms vary in their response to altered water supply?

2. Is the nature of the response consistent across experimental settings?

3. Do mature and immature life history stages respond differently to altered water
supply?

4. How do the responses of measured attributes vary in relation to altered water supply?

5. Are plant responses related to the magnitude change in water supply?

Overall, we expect varying responses among plant growth forms to both increases
and decreases in water supply. Forbs and graminoids, which tend to access water from
relatively shallow soils compared to woody taxa, are expected to show stronger responses
to decreased water supply, and stronger responses are expected in immature than mature
plants.
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2. Materials and Methods
2.1. Systematic Review

We focussed our literature search on published research that generated empirical data
on the responses of high elevation plants globally, to changes in water supply and water
availability. We searched three major electronic databases—ProQuest, Web of Science, and
Scopus on 27 May 2019, of peer-reviewed primary literature using combinations of search
terms relating to plants and precipitation. The literature search was conducted for English
language articles only. No constraints were put on year of publication.

Search String Used in Systematic Literature Review

(alpine OR “sub alpine” OR “high mountain*” OR “high elevation*” OR alps OR
montane) AND (plant* OR shrub* OR grass* OR herb* OR forb* OR graminoid* OR
vegetation) AND (drought* OR irrigation OR “water restrict*” OR “soil moisture” OR
moisture OR rainfall OR water supply OR water OR “water deficit*” OR drier OR dry*)
AND (experiment* OR manipulat* OR shelter OR “rain out” OR treatment).

We also used the reference lists of relevant articles to look for additional articles that
matched our search criteria. Our search returned 5570 articles. After screening titles and
abstracts, we found 270 articles to be appropriate for inclusion in the systematic review.
This was reduced to 129 articles after examining the full texts of each study (Supplementary
Materials, Figure S1). Consequently, a second search of the same electronic databases was
conducted on 25 March 2021 for primary literature published since the original search,
using the same search string. This search returned 390 studies, of which 22 were included
in the systematic review.

As our review was focussed on high-elevation mountains specifically, we did not
include “tundra”, “Arctic”, or “Antarctic” search terms. We did not originally intend to
include tree species in our review, hence the terms “forest” and “treeline” were not used.
However, the search string returned several articles which focussed on treeline, subalpine
and montane tree species and these were included, if they also satisfied our other criteria.

For the purposes of this study, we define the term “article” as a peer-reviewed scientific
journal article, and a “study” is nested within an article. For example, an article will
comprise multiple studies if it includes multiple precipitation treatment conditions or sites.
In situ studies commonly use precipitation differences to describe treatment conditions,
while laboratory or glasshouse experiments typically use differences in volumetric soil
moisture, or watering frequency. We use the term “water supply” to broadly encompass all
the terms relating to water available to plants.

To ensure that we only included articles in the review specifically related to the
responses of plants of high elevation ecosystems to changes in water supply, we used two
levels of screening. At the first level of screening, we read titles and abstracts, excluding
articles that did not satisfy at least two of the following criteria: (1) a focus on plants; (2)
a focus on high elevation, montane or alpine environments; and (3) a measure of plant
response to either an increase or decrease in water supply. Full text pdf format files were
obtained for all the articles that passed the first level of screening. At the second level of
screening, we read entire articles, excluding those that did not include any of the following:
original research focussed on responses of plants to changes in water supply or water
availability, or those that contained empirical data, provided statistical analyses of data,
or had been entirely published in English. We did not include review and meta-analysis
articles, book chapters, government reports or grey literature. At each level of screening, we
recorded the number of articles identified and the number of studies included and excluded
according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) Statement [29].

2.2. Meta-Analysis

The meta-analysis focussed on a subset of the studies included in the systematic review
that imposed an experimental change to water supply (increase or decrease) in relation to
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a control group. For in situ experiments, control groups were typically defined as plants
or plots receiving ambient water levels while in ex situ experiments, control groups were
defined as plants receiving unlimiting water. We excluded articles that altered the timing
of precipitation, amount of snow accumulation, as well as articles which utilised natural
environmental conditions including natural climatic events or soil moisture gradients due
to the lack of clear control groups.

We focussed on studies that reported changes in physiological performance, growth,
and abundance indices to changes in water supply and water availability. These response
variables included photosynthetic rate, quantum yield of PSII (Fv/Fm), above-ground
biomass, below-ground biomass, root:shoot ratio, heat resistance, freezing resistance,
species richness, and percent cover. For studies that included freezing resistance, the
sign of the effect sizes was reversed to aid interpretation, such that a decrease in freezing
resistance would return a negative result and an increase would return a positive result. For
simplicity, we categorised “growth rate”, “height”, “number of leaves” and “above-ground
dry weight” all as “above-ground biomass”.

For inclusion in our meta-analysis, studies had to have provided sufficient informa-
tion to derive means, standard deviations, and sample sizes. These summary statistics
were either taken directly from tables reported in Results or Supplementary Materials, or
extracted from figures using the metaDigitise package [30] in R. Studies that did not provide
sufficient data to calculate effect sizes (e.g., reported model co-efficients and standard
errors, not means and standard deviations or standard errors) were excluded from the
meta-analysis. To reduce complications from interacting abiotic factors, only the data
relating solely to changes in water supply were included in the meta-analysis. Studies that
investigated additional biotic factors including grazing, trampling, and plant competition
were included in the meta-analysis when it was clear that those biotic conditions were
likely to occur at the sites investigated in the study (e.g., grazing is likely to occur at a study
site in some seasons/years). We allocated studies to magnitude groups based on irrigation
inputs described in the methods. For the precipitation increase dataset, when it was not
possible to calculate percentage difference between treatment and control groups, studies
were described as applying a “supplemental” irrigation treatment magnitude.

In in situ studies, plants or plots receiving ambient precipitation were treated as
control groups and compared to plants or plots receiving either a reduction or increase in
ambient precipitation levels. In ex situ studies, plants receiving low-stress, well-watered
conditions were treated as control groups and compared to treatment groups that received
reduced water supply. Sample sizes typically corresponded to the number of individuals, or
number of plots used in the data analysis for each response variable reported. If repeated
measurements were provided for a given site or species (e.g., above-ground biomass
measured across multiple years), we averaged data to calculate pooled means and standard
deviations.

We used the “escalc” function in the metafor package [31] in R to calculate standardized
mean differences (Hedges’ g) [32] between treatment and control. This summary measure
controls for bias in studies with small sample sizes by adjusting for variation in study effort.
Negative values indicate a negative response to water supply modification (e.g., reduced
biomass in plots with decreased water supply), whereas positive values indicate a positive
response to modifications in water supply.

We split studies into those that increased and those that decreased precipitation
relative to controls and performed separate analyses on each dataset. We used multilevel
models to analyse variation in effect sizes, with the metafor package. We included random
effect terms for species, family, article identity and study identity (studies nested within
articles) to account for non-independence between effect sizes from the same species,
family, article and studies within articles. We fitted seven models containing different
combinations of article, species, taxonomic family and study identity and ranked these
models using Akaike’s Information Criterion (AIC) to identify the appropriate random
effect structure. We assessed whether broad taxonomic patterns were present in the data
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by fitting a model with family as the explanatory variable. For each model, we considered
predictor variables significant when the 95% confidence intervals did not overlap zero.

Study Heterogeneity and Publication Bias

To test for the level of variation between study effect sizes in each meta-analysis
(separate water supply increase and decrease datasets), and to interpret whether the
variance was due to heterogeneity between studies or due to sampling error, we calculated
a Q heterogeneity test (I2) using metafor. Higher 12 values indicate that a higher proportion
of the total variance between effect sizes can be attributed to heterogeneity between studies,
rather than to chance [33]. To test for publication bias in our datasets, we used two different
methods. Firstly, we constructed funnel plots and inspected them visually for asymmetry;
and secondly, we conducted Egger’s regression tests for funnel plot asymmetry. Funnel
plots display effect size estimates of individual studies and their corresponding precision.
In the absence of publication bias (that significant results are more likely to be published
than non-significant results), studies with high precision will be plotted near the average,
and studies with low precision will be scattered either side of the average to resemble an
inverted funnel shape [34]. Funnel plot asymmetry provides an indication that significant
results are more likely published than non-significant results [34].

3. Results
3.1. Systematic Review

Our systematic review produced 147 articles investigating changes to water supply
and/or water availability in high mountain plant species, with a sharp increasing trend
of publications per year since 2000 (Figure 1). Studies included in the systematic review
were carried out in 19 countries; however, the majority of these occurred in Europe, Asia
and North America (41%, 34% and 18%, respectively) with Oceania and South America
representing 4% each (Figure 1). The most represented plant families investigated amongst
these studies were Poaceae (19%), followed by studies investigating plant communities
(13%), Pinaceae (12%), Asteraceae (11%), and Fabaceae (9%), with 33 additional plant
families representing the remaining 36%.

% Continent

2

'g - Asia
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5 North America
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g Oceania

z - South America

p
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Year of publication

Figure 1. Number of studies in the systematic review dataset (n = 147) published per continent, per
year. Different coloured bands are cumulative within years and are stacked: thicker colour bands
represent more cumulative publications for that continent in a given year.

The majority of studies (81%) focussed on individual species rather than plant commu-
nities (12%). Overall, seeds, immature and mature plants from 262 species across 40 families
were assessed in studies that measured plant response to changes in water supply.
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Studies mainly concentrated on decreases in water supply (60%), as opposed to in-
creases in water supply (38%), while few compared natural conditions (e.g., wet versus
dry sites or years) (2%) (Figure 2). Mostly, articles focussed on experimentally manipu-
lating water supply in a single direction (either an increase or decrease), though a total
of 20 articles (out of 147 included in the systematic review) applied both increases and
decreases to water supply compared to controls. Water supply reduction studies were
equally carried out in situ or within controlled environments (e.g., growth chambers) (41%
each), while water supply increase studies were overwhelmingly carried out in situ (91%)
(Figure 2).

125

100
. |
2
g 75 Experimental setting
- i common garden
> controlled environment
2 50 in situ B
§ natural event/conditions
z

25

g L]
decrease increase NA

Precipitation direction

Figure 2. The direction of precipitation treatments included in the systematic review, grouped by
experimental setting.

Water supply reduction studies were typically carried out between 1-6 months (50%)
and 1-3 years (22%) (Figure 3), whereas the most common duration in studies that increased
water supply was 1-3 years (64%) followed by 1-6 months (24%) (Figure 4). Water supply
reduction studies focussed mostly on mature plants (63%), with immature and seed life
stages comprising 33% and 4%, respectively (Figure 3). In contrast, most water supply
increase studies were focussed on mature plants (91%), with immature life stages (9%) less
represented (Figure 4).
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Figure 3. Duration of water supply reduction studies, grouped by life stage.
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Figure 4. Duration of water supply increase studies, grouped by life stage.

3.2. Meta-Analysis

For the meta-analysis, we analysed 647 effect sizes, of which 491 involved water supply
decreases and 156 involved water supply increases. For the water supply decrease dataset,
the best global model had “species” and “study” nested within “article” as random effects
(Supplementary Materials, Table S1). The best global model for our water supply increase
dataset included “species” and “article” as random effects (Supplementary Materials,
Table S2).

Sites from articles included in the meta-analysis were located predominantly in the
northern hemisphere including Europe, North America, and Asia (Figure 5) across a range
of climate groups, though most were concentrated within temperate and arid climates.

1
(7o
ul«
312
T

AT Am  As  Aw BWK BWh BSk BSh Cla OB Cfe Csa Csb Cse Cwa

Cwb Cwe Dfa Db Dic Did Dsa Db Dsc Dsd Dwa Dwb Dwe Dwd FF KT

Figure 5. Koppen-Geiger climate map showing study site locations from articles included in the
meta-analysis. Numbers correspond to article numbers. Colour scale refers to Képpen-Geiger climate
classification criteria (Main climates: A: equatorial, B: arid, C: warm temperature, D: snow, E: polar;
Precipitation: W: desert, S: steppe, f: fully humid, s: summer dry, w: winter dry, m: monsoonal;
Temperature: h: hot arid, k: cold arid, a: hot summer, b: warm summer, c: cool summer, d: extremely

continental, F: polar frost, T: polar tundra).
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3.2.1. Modification of Water Supply In Situ

Typically, in situ studies employed rainout shelters to apply water supply reduction
treatments (n = 20). These structures consisted of a transparent roof situated above vegeta-
tion plots to exclude varying amounts of natural precipitation, with control plots receiving
ambient precipitation. Studies that increased water supply to plants in situ typically did
this by applying water manually (n = 16), through irrigation systems (1 = 4), or passively
using proportional collection funnels (n = 3). In addition, some studies that compared both
increases and decreases in precipitation to ambient controls collected the rain excluded by
rainout shelters and redistributed to plots to create a water surplus treatment (n = 9).

3.2.2. Modification of Water Supply Ex Situ

Typically, ex situ studies conducted in controlled environments used plants that
were well-watered as control groups. This was achieved either by using high watering
frequencies, or by maintaining a predetermined high level of volumetric soil moisture or
field capacity. These were typically compared to plants which were watered less frequently
(n =3), with less water (1 = 2), were not watered at all (dry down) (n = 8) or were maintained
at a predetermined lower level of volumetric soil moisture (n = 1) or field capacity (n = 5).
Studies conducted in common gardens used rainout shelters (1 = 3) and the dry down
method (1) in water supply decrease treatments, and compared well-watered plants to
lower levels of volumetric soil moisture (n = 2) and field capacity (n = 2) in water supply
increase treatments.

3.2.3. Water Supply Decreases

For the reductions in water supply dataset, the mean effect size (Hedges’ g) was
—0.75 (95% CI: —1.09 to —0.41), thereby demonstrating an overall negative effect on plant
responses (Figure 6; Supplementary Materials Table S3). Under a decrease in water supply,
trees (Hedges’ g: —1.22, 95% CI: —1.91 to —0.53), graminoids (Hedges” g: —0.73, 95%
CI: —1.19 to —0.27), forbs (Hedges’ g: —0.51, 95% CI: —0.96 to —0.07) and communities
(Hedges” g: —0.71, 95% CI: —1.21 to —0.22) had similar negative effect sizes and ClIs that
overlapped each other (Figure 6), while shrubs (Hedges’ g: —0.66, 95% CI: —1.38 to 0.06)
and legumes (Hedges’ g: —0.20, 95% CI: —0.78 to 0.38) had weakly negative effect sizes.
There were similarly strong negative effects amongst immature (Hedges’ g: —0.80, 95%
CI: —1.28 to —0.33) and mature (Hedges” g: —0.70, 95% CI: —1.19 to —0.22) life stages,
with ClIs that overlapped each other. Experiments conducted in situ (Hedges” g: —0.72,
95% CI: —1.34, —0.11) and in controlled environments (Hedges” g: —0.85, 95% CI: —1.34,
—0.36) had significantly negative effect sizes with overlapping Cls, and those conducted in
common gardens were weakly negative (Hedges’ g: —0.56, 95% CI: —1.31 to 0.19).

All measured response attributes had negative mean effect sizes except for root:shoot
ratio which was positive (Hedges’ g: 0.66, 95% CI: 0.33 to 0.99), and heat resistance which
was weakly positive (Figure 6). Rate of photosynthesis had the strongest negative response
(Hedges’ g: —1.65, 95% CI: —1.99 to —1.31), followed by above-ground biomass, percent
covet, species richness, below-ground biomass and quantum yield PSII, all with CIs not
overlapping zero (Figure 6). The CIs overlapped for most response variables, although
the rate of photosynthesis and root:shoot ratio had the most negative and positive mean
responses, respectively (Figure 6).

Studies that reduced water supply by a magnitude of 0-20% showed a weakly negative
response with Cls that overlapped zero (Hedges’ g: —0.43, 95% CI: —0.91 to 0.06) (Figure 6).
In comparison, studies that reduced water supply by 21% or more all showed strong
negative responses, with Cls that overlapped each other. Studies with magnitudes of
61-80% had the strongest negative response (Hedges’ g: —0.109, 95% CI: —1.53 to —0.65),
followed by those that decreased by 81-100% magnitude, 41-60% magnitude, and 21-40%
magnitude (Figure 6).
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Figure 6. Mean effect sizes (Hedges’ g) and 95% confidence intervals for the effect of reductions to
water supply on high elevation plants according to growth form, life stage, experimental setting,
response variable measured, and treatment magnitude. Sample sizes for each predictor variable are
represented in parentheses.

3.2.4. Water Supply Increases

The mean effect size (Hedges’ g) for the increases in water supply dataset was 0.10 (95%
CIL: —0.43 to 0.62) indicating essentially neutral plant responses (Figure 7; Supplementary
Materials Table S4). Under an increase in water supply, only graminoid (Hedges’ g: 0.18,
95% CI: —0.45 to 0.81) and tree (Hedges’ g: 0.34, 95% CI: —1.13 to 1.82) growth forms
showed positive responses, though both ClIs overlapped zero (Figure 7). Studies that
investigated communities, forbs, or legumes all showed essentially neutral responses. In
contrast, shrubs showed weak negative response (Hedges” g: —0.53, 95% CI: —1.39 to
0.33), though this is likely driven by freezing resistance being the main response variable
measured in shrubs (60%) which showed a strong negative response (Hedges’ g: —1.45,
95% CI: —2.57 to —0.33). Other response variables including above-ground biomass, below-
ground biomass, percent cover, rate of photosynthesis, quantum yield PSII, and species
richness all showed weak positive responses, with CIs overlapping zero (Figure 7).

Studies that increased water supply by supplemental watering, or experimentally
increased water supply by magnitudes between 0-20%, 21-40% and 101-120% all showed
weakly positive responses, with overlapping CIs which also overlapped zero (Figure 7).
Studies that increased water supply by a magnitude of 41-60% showed an essentially
neutral response (Hedges” g: 0.00, 95% CI: —0.58 to 0.90).
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Figure 7. Mean effect sizes (Hedges’ g) and 95% confidence intervals for the effect of increases to
water supply on high elevation plants according to growth form, response variable measured, and
treatment magnitude. Sample sizes for each predictor variable are represented in parentheses. Only
predictor variables with sample sizes equal to or greater than 4 are shown.

3.3. Publication Bias and Heterogeneity

We detected evidence of publication bias amongst the studies reporting reductions in
water supply, but not those reporting increases in water supply (Supplementary Materials,
Figure S2). Egger’s tests confirmed funnel plot trends, for the water supply increase data set
(z=1.0111, p > 0.05), and for the water supply decrease dataset (z = —9.2470, p < 0.0001).
While we detected and removed outliers from the water supply decrease dataset, the
Egger’s test was still significant (z = —22.5508, p < 0.0001), suggesting a strong signal of
publication bias in the decrease in water supply dataset, which indicates a tendency for
more negative results to be published than positive ones.

The heterogeneity test returned an 12 value of 81% for the water supply decrease
dataset, and an 12 value of 72% for the water supply increase dataset. These values indicate
moderate to substantial heterogeneity, which justifies the inclusion of moderators to explain
the variation in our datasets.

4. Discussion

We aimed to determine how plants of high-elevation environments respond to varying
water supply. From our meta-analysis, it is evident that reductions in water supply are
largely met with negative plant responses, while increases to water supply stimulate
some positive, although weaker plant responses. We found the strength of responses
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to altered water supply among differing life forms/plant groups such as graminoids,
trees, legumes, shrubs, and forbs, to be highly variable. The number of studies that
measure plant responses to changing water supply in high elevation and high mountain
ecosystems is rapidly increasing, though a strong geographic bias towards the northern
hemisphere remains. In addition, there appears to be an over-representation of mature
plant responses compared to those from early life history stages which are considered
critical in the maintenance of plant populations, and especially vulnerable to the effects of
a changing climate [35,36].

4.1. Decreases in Water Supply

We predicted that, overall, negative responses of high elevation plants to decreases in
water supply were likely, given that all plants slow their growth in response to declining
water potentials in their leaves [37,38]. Negative responses among high-elevation plants
were evident when water supply was reduced by at least 21% and generally became
stronger with increasing magnitude. However, the strength of response to decreases in
water supply also appears to be associated in part with plant growth form. Woody and
herbaceous plants differ fundamentally in root architecture (rooting depth and lateral
spread) [39]. Herbaceous taxa concentrate a high proportion of their root biomass in the
upper parts of the soil [39] and are generally considered to be more prone to episodic soil
water shortages [4]. Our data support this effect, with graminoids and forbs showing strong
negative responses to decreasing water supply, while shrubs showed only weak negative
responses. During periods of drought, root biomass in herbaceous species has been shown
to quickly decrease as a result of mortality, and the inhibition of root production [40]. By
comparison, woody plants tend to be deeper rooting and are considered less susceptible to
fluctuations in near-surface water availability [39]. It should be noted, however, that the
grasses which comprise the majority of our graminoid dataset are typically soft-leaved,
C3 species and are not representative of Poaceae in all high elevation ecosystems. While
high elevation C4 grasses are rare, they will likely exhibit higher drought tolerance than
typical cool-season C3 grasses [41]. Indeed, alpine plants from mountains which experience
summer droughts are considered to have elevated desiccation tolerance [6]. Similarly, giant
rosettes from high tropical mountains may also withstand long periods of soil drought due
to their capacity to store water in well-developed pith [42].

Contrary to assumptions based on maximum rooting depth, the treeline and sub-
alpine trees amongst the studies in this dataset showed strong negative responses to
decreased water supply. Similarly, immature plants, considered more vulnerable to un-
favourable conditions [36], showed similar responses to mature plants. Generalisations
regarding “deep” and “shallow” rooting responses to drought, may be less applicable in
high elevation ecosystems. At high elevations, soils can be very shallow and plants typi-
cally have shallower roots with higher root densities in the upper, warmer soil layers [43].
Shallow roots, which are highly sensitive to water fluctuations, show almost equally fast
turnover rates among herbaceous and woody plants [44], and can show similarly negative
responses to reductions in precipitation [40].

4.2. Increases in Water Supply

Most growth forms showed neutral responses to increases in water supply, with
graminoids and trees showing weakly positive responses. A meta-analysis of field experi-
ments in the Arctic also found largely insignificant responses to increases in precipitation
among most plant functional groups [45]. In contrast, Wu et al. [46] found high sensitivities
among both woody and herbaceous plants to increased precipitation, and that cold-climate
ecosystems were more responsive than warm-climate ones. Additional precipitation dur-
ing the growing season can ease moisture limitations and stimulate plant growth [46].
We expected the strength of plant responses to reflect water supply magnitude; however,
there was no discernible pattern amongst magnitude groups. This may indicate that the
plants under ambient precipitation or soil moisture conditions were not experiencing water
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limitations. With increasing annual precipitation, plant productivity becomes less sensitive
to inter-annual variability in precipitation [47]; therefore, low sensitivity may simply reflect
a higher proportion of plants from mesic sites in our dataset. Indeed, while comprising
high levels of taxonomic diversity [48,49] there is a notable paucity of studies in the lit-
erature and within our dataset, from mountain regions with Mediterranean or tropical
climates. Extrapolation of plant responses from our meta-analysis to these regions must be
conducted with caution. Given summer drought is the main abiotic factor constraining
plant establishment in Mediterranean-type ecosystems [50], increases in water supply may
trigger responses that contrast significantly with mesic-climate mountains. Alternatively,
the outcomes of plant responses to water supply increase may reflect experimental design.
All studies focussing on precipitation increases were conducted in situ where increased
precipitation was typically applied to experimental plots using sprinklers [51,52] or by
diverting rainfall from passive rainout shelters [53]. Studies rarely reported soil moisture
at varying depths, yet these methods of water application potentially only recharge the
surface soil layers. Consequently, taxa with deep roots may not be able to exploit small
additions of supplemental watering typical of these types of field experiments, compared
to shallow-rooted taxa.

4.3. Plant Growth, Biomass Accumulation and Plastic Responses

Plant growth over the active growing season, measured as increases in above-ground
biomass, is clearly sensitive to water availability in high elevation plants, with signifi-
cant responses to decreases in water supply. The most effective allocation of biomass
to above-ground and below-ground tissue depends on resource availability [54], hence
plasticity in the partitioning of carbohydrates can facilitate adjustments to changing envi-
ronmental conditions [55-57]. For instance, the allocation to root growth was enhanced
when drought-tolerant Anisodus tanguticus was placed under water stress [56]. Higher
resource investments in root compared to shoot biomass reduces the detrimental effects
of water limitations as a large root network improves a plant’s ability to access to water
and nutrients [58], and reduced investment in above-ground biomass reduces the evapo-
rative demand to the plant [59]. By comparison, crown density significantly increased in
fast-growing Pinus sylvestris when water supply was increased [60]. It is considered more
likely, however, that fast-growing species can alter morphological traits such as biomass
allocation more rapidly than slow growing and stress-tolerant species [61]. By comparison,
plants prone to seasonal water-shortages can maintain robust physiological functioning
even though they show low plasticity in water-related morphological traits [62—-64]. In-
deed, while morphological plasticity is a strategy that may help plants cope with changing
soil water availability, plants may use alternative strategies to adjust to varying water
availability.

It is often assumed that slow-growing species should exhibit greater physiological
plasticity than morphological plasticity as it is considered a less expensive alternative to
plants [63,65,66]. Reversible physiological adjustments (acclimations) to varying water
supply are likely common among inherently slow growing high elevation plants [67].
Indeed, photosystem II performance and rate of photosynthesis were highly sensitive to
reductions in water supply. Some plants have the capacity to rapidly facilitate stomatal
closure and reduce photosynthesis rates in response to the declining water potential of
their leaves [38]. Conservative responses to water limitations can occur relatively quickly
in wild plants. These may depend upon several physiological factors such as hydraulic
conductivity, growth and photosynthetic rates, and water use efficiencies [68]. For example,
when watering ceased, net photosynthetic rate and gas exchange decreased significantly
within a matter of days in high elevation grass species [69]. Thermal tolerance also appears
to respond to varying water supply, with a reduction in plant tolerance to freezing observed
when water supply was increased. This reaction is possibly linked to a de-acclimation
response typically associated with increasing temperatures and photoperiod during the
onset of the growing season [70]. However, despite showing similarly fast gas exchange
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responses to water stress, populations of several grass species survived longer if they had
smaller leaves [69]. Indeed, traits such as smaller leaves and greater water use efficiency
are selected for in dry conditions as they reduce water loss during periods of low water
availability [71]. Physiological trait plasticity may provide an advantage to high elevation
plants during periodic fluctuations in soil moisture, though it may not confer a fitness
advantage where long, dry periods prevail.

4.4. Effects of Altered Water Supply on Community Composition

While short-term experiments are useful in providing a snap-shot of plant species re-
sponses to either increases or decreases in soil moisture, longer-term experiments (5+ years)
conducted in situ can provide insight into responses at the community-level. Shifts in
community composition, particularly long-term fluctuations in abundance, are likely to
arise with ongoing changes to precipitation and water supply. Abundance of rarer or
infrequent species may increase due to the relaxation of water limitations [72], or decrease
through intensified interspecies competition and susceptibility to water limitations [26].
Plant responses to altered climate factors can be largely idiosyncratic [73], and may vary
depending on the combinations of climate factors that are changing. While we did not
include studies in our meta-analysis that combined additional abiotic factors with changes
to precipitation, it is important to note that complex interactions between abiotic and biotic
factors exist that are well known to affect overall plant responses. Altered precipitation
had a stronger effect on community biomass in the Tibetan Plateau when warming was
simultaneously applied [18]. Indeed, plant responses to altered water availability may be
amplified by other climatic and abiotic factors that are changing, such as increased CO; [74]
and increased nitrogen through atmospheric deposition [75]. In some instances, nitrogen
availability may ameliorate the effects of drought [76], which could partly explain the
weak response amongst N-fixing legumes to decreased water supply in our dataset. Plant
growth enhanced by increased precipitation may also be counterbalanced by subsequent
increases in herbivory [77], or through increases in concurrent environmental stressors
such as UV-B radiation [78]. Alternatively, multiple resource limitations can co-limit the
growth or survival of seedlings, or amplify the susceptibility of plants to environmental
stressors such as drought [79]. Interactive effects must be more routinely included into
studies to account for this complexity.

5. Conclusions

Overall, results from our meta-analysis suggest that high elevation plants show vari-
able responses to water supply, which is projected to change with ongoing climate change.
High elevation plants included in our study tended to show stronger responses to water
reductions than to water increases, contrasting with previous meta-analyses across ter-
restrial ecosystems [46]. This likely indicates that water is not a strong limiting factor for
high elevation plants and communities included in our dataset, though it is important to
note that our dataset is strongly mesic and northern hemisphere biased. Plant responses
are likely to differ in plants from mountainous regions with a Mediterranean-type climate
(characterised by hot and dry summers) which were underrepresented in our study. Dif-
ferent responses to varying water availability among plant functional groups may lead
to changes in the cover and abundance of certain plant groups or species, with flow-on
effects for the structure and functioning of high mountain plant communities. Plant re-
sponses may also be compounded or offset by simultaneous rising temperatures, and the
increasing intensity and frequency of extreme events such as heatwaves, droughts, and
fires. Physiological and morphological plant responses to varying water supply inform us
about the mechanisms behind plant responses to the climate drivers that are changing. It
is increasingly important, however, that experiments are applied under realistic settings
which represent forecasted precipitation scenarios including changes to the frequency,
magnitude, and timing of precipitation, combined with interactions with other drivers
of global change. Current understanding of the effects of altered water supply on plants
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from high elevation ecosystems is limited to predominantly northern-hemisphere mesic
mountains. Despite being exceptionally biodiverse, mountains with Mediterranean and
tropical climates are severely underrepresented within the literature, and future research
should aim to balance this bias.
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.3390/1and10111150/s1, Figure S1: PRISMA diagram showing the literature search and exclusion
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of the water supply decrease (a) and increase (b) datasets. The x-axis shows observed outcome
of effect size (Hedges’ g) and the y-axis shows the standard error. Note, outliers with observed
outcomes <—54 have been removed from the decrease dataset funnel plot. Table S1. Model selection
table of Multivariate Meta-analysis models explaining variation in Hedges’ g in the water supply
decrease dataset, their A Akaike Information Criterion. Table S2. Model selection table of Multivariate
Meta-analysis models explaining variation in Hedges’ g in the water supply increase dataset, their A
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within the water supply increase dataset.
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