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1. Introduction

A substantial body of research demonstrates the sensitivity of lakes
and ponds to climate and shows that physical, chemical, and biological
lake properties respond rapidly to climate-related changes (Carpenter
et al., 2007; Rosenzweig, 2007; Pham et al., 2008; Williamson et al.,
2008; Adrian et al., 2009; Lami et al., 2010). Some climate-related signals
are highly visible and easily measurable in lakes. For example, climate-
driven fluctuations in lake surface area have been observed in many
remote sites. In this context, Smol and Douglas (2007) reported the
gradual, decadal-scale drying of high Arctic ponds between 1983 and
2006 due to changes in the ratio of precipitation to evaporation, and
Yoshikawa and Hinzman (2003), Smith et al. (2005), and Morgenstern
te, National Research Council
taly. Tel.: +39 039 21694221;
et al. (2011) found that lakes in areas of discontinuous permafrost in
Alaska and Siberia were disappearing.

Previous research has examined the risks of glacier outburst floods
caused by the sudden drainage of bodies ofwater located at themargins
of glaciers. Glacier outburst floods (GLOFs) are well documented in the
Hindu Kush Karakorum Himalaya. For example, Gardelle et al. (2010)
provide a regional description, and Salerno et al. (2012) focus on the for-
mation conditions of the glacial lakes. This phenomenon is also present
in other parts of theworld, including the European Alps, as described by
Huggel et al. (2002) for the Swiss Alps and by Haeberli et al. (2002) for
the Italian Alps.

However, in the Alps, only some special cases considering the
potential risk of GLOFs were analyzed, while an extensive study of
climate-driven fluctuations in the surface areas of a wider population
of high elevation lakes and ponds is completely lacking. Catalan et al.
(2009) defined these lakes as water bodies located above the tree line
with a number of common features. They are relatively small, situated
in sparsely vegetated catchments and exposed to extreme climates.
Most of them are of glacial origin. These lakes are also unproductive
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due to their sparse soil development and small catchments (relative to
lake volume). They tend to be in headwaters, far from populated areas,
and experience minimal or no direct human activities in their catch-
ments. While the difference between large ponds and small lakes is
often debated, Hamerlík et al. (2014) report an interesting ecological
threshold separating alpine pond and lake systems, where, at a surface
area of 2 · 104 m2, the species–area pattern changes significantly. In gen-
eral, ponds are especially susceptible to the effects of climatic changes be-
cause of their relatively lowwater volumes andhigh surface area to depth
ratios (Buraschi et al., 2005; Beniston, 2006). Therefore, these ponds act
as early indicators of the impacts of climate change (Beniston, 2006;
Williamson et al., 2009).

In this context, we selected a high-elevation area of the Italian Alps
that (1) has a large number of ponds (Stelvio National Park, Lombardy
Alps), (2) is well studied in regard to the recent glacier shrinkage
processes (Diolaiuti and Smiraglia, 2010; D'Agata et al., 2013), (3) has
a relative abundance of high-quality aerial photos from the last
50 years (D'Agata et al., 2013) and (4) represents one of the largest
sectors of the glacierized areas in Lombardy. In this study, we inventory
all ponds in the area with a minimum surface area of 800 m2 (Supple-
mentary material 1), and we examine their recent (i.e., last 50 years)
surface area changes. In addition, we investigate climate variations
within this area and their effect upon pond surface area fluctuations.
We then discuss the possible links to the observed changes in glacial
surfaces in this area (D'Agata et al., 2013).
2. Study area

The case study area covers the Lombardy sector of Stelvio Na-
tional Park (SNP), one of the main protected areas of the Italian
Alps (600 km2) (Fig. 1). According to the Köppen–Geiger climate
classification (Peel et al., 2007), this area features a temperate/cool
continental-type climate with seasonal continuous snow cover above
1000 m a.s.l. Annual precipitation is approximately 750 mm y−1, with
the precipitation maximum during the end of the summer and onset
of the fall, and the precipitation minimum during the winter (Diolaiuti
et al., 2012).
a

Fig. 1. a) Study area and location of the park. Ponds, rivers, glacierized areas and main sub-ba
shows detailed maps of the ponds for each sub-basin. b) Hypsometric curve and pond distribu
The SNP is characterized by the Ortles–Cevedale mountain group,
one of the most important glacierized sectors of Italy. The elevation
ranges from 950 to 3905 m a.s.l., with an average value of 2425 m a.s.l.
The highest peaks are Ortles (3905 m a.s.l.) and Cevedale (3769 m
a.s.l.). The First Italian Glacier Inventory (CNR and CGI, 1961) classified
42 glaciers belonging to this group in the Lombardy Region. Among
these glaciers are the Forni Glacier, the largest Italian valley glacier
(approximately 11.4 km2 area). It has experienced a marked decrease
in length and area: from 17.8 km2 at the end of the Little Ice Age
(1860) to 11.4 km2 in 2007 (−36.2%). In the same time frame, its
tongue has retreated by approximately 2 km (Diolaiuti and Smiraglia,
2010).

Nangeroni (1983) compiled the first inventory of the Italian Alpine
lakes. From this milestone of Italian limnology, it was determined that
the selected study area has one of the largest numbers of high-elevation
lakes of the entire Italian Alpine chain. However, no other study has
defined the characteristics of these lakes in detail.

3. Data and methods

3.1. Data sources

Climate variations at the local level were investigated through the
analysis of the monthly temperature and precipitation series of the
Automatic Weather Station (AWS) located at Bormio (1225 m a.s.l.,
46°28′13″ N, 10°22′21″ E) (Fig. 1), for the periods 1924–2007 and
1926–2003, respectively. The meteorological data were provided by
ARPA Lombardia (Lombardy Agency for the Environment).

Three pond surface area records, from 1954, 1981, and 2007, are
available for the study area. The same data sources and techniques
used in this study were recently applied by D'Agata et al. (2013) in
tracking the evolution of the surface areas of glaciers in this area. The
2007 area records were produced by combining pond limits that were
manually digitized on registered color orthophotos (Volo Italia, 2007).
This data source was used as the base layer for delimiting the pond
boundaries. The orthophotos have a planimetric resolution of 0.5 m
(nominal scale 1:10,000) and were spatially referenced to the local
Transverse Mercator Coordinate System (Datum: D_Monte Mario).
b

sins are also reported with the reference weather station. Supplementary material S1a–e
tion.



Table 1
List and description of morphological features of ponds considered in this study.

Pond features Description

Δ area 54–81 Pond surface area difference in the 1954–1981 period
Δ area 81–07 Pond surface area difference in the 1981–2007 period
Slope Sub-basin slope
Sub-basin Sub-basin surface area
Basin Basin surface area
Aspect Sub-basin aspect
Glaciers 81 Surface area of glaciers in the sub-basin in 1981
Glaciers 07 Surface area of glaciers in the sub-basin in 2007
Δ glacier 54–81 Glacier surface area difference in the 1954–1981 period
Δ glacier 81–07 Glacier surface area difference in the 1981–2007 period
The 1954 and 1981 area records were obtained by analyzing aerial
photos (at a scale of approximately 1:20,000) with an optical stereo-
scopic system to obtain a 3D view. Then, the pond limits observed on
the photos were reported as polygons in a GIS (Geographical Informa-
tion System) environment. The 1:10,000 scale Technical Regional Map
(CTR) of Lombardy Region was used as a raster base. The topographic
data reported in the CTR were referenced to the beginning of the
1980s, thus allowing the evaluation of the accuracy of our findings
from the 1981 aerial photos (Salerno and Tartari, 2009). All imagery
was taken during the same months (between August and September),
permitting a homogeneous interannual comparison and avoiding sea-
sonal pond level fluctuations (Tartari et al., 2008). The use of aerial
photos for detecting changes in a lake population characterized by
small surface areas is suitable if we consider the uncertainty associated
with satellite sensors. Salerno et al. (2012) illustrates the relationship
between lake size and the respective uncertainties of measurement
from satellite sensors that differ by the degree of resolution. By using a
generic high-resolution sensor (1 m) for a lake with a median size of
0.25 · 104m2, as in this case, the sensor is able to determine the lake sur-
facewith anuncertainty of less than 10%. However, if a sensor resolution
one class higher (5 m) was used, then the error would exceed 30%. Be-
cause high-resolution sensor data are available only for the most recent
years (shown below), the aerial photos are themost suitable data source
for minimizing the uncertainty in this type of multi-temporal study.

The Digital Elevation Model (DEM) used in this study is part of the
new DEM available for entire Italian territory, named TINITALY/01,
with a spatial resolution of 10 m, as discussed in Tarquini et al. (2007)
and Tarquini et al. (2012). The vertical accuracy was evaluated through
numerous land control points and estimated to be less than 3.5 m.

3.2. Pond inventory and uncertainty of measurements

Supplementary material 1 describes the criteria for pond identifica-
tion and cataloging, while Figs. S1 to S5 show detailed maps of the
ponds for each sub-basin.

Before analyzing the uncertainty of themeasurements, wemust first
consider the interpretation problem of the pond boundaries in the
photos. We observed that ponds situated in shaded areas might not be
readily distinguished using both orthophotos and aerial photogram-
metric sources, leading to a possible source of error. This source of
error needs to be carefully considered to ensure that any differences ob-
served between different sources actually reflect real changes occurring
in nature. To ensure that the presence or absence of a pond is real for the
ponds digitalized on the orthophotos of 2007, we selected the doubtful
cases (possible shadows) from the real water bodies. Subsequently, we
clustered them in dimensional classes and calculated the percentage of
doubt (i.e., possibly misclassified ponds) for each. In this manner, we
were able to determine a threshold of 800m2, above which the percent-
age of doubtful cases is lower than 5%. Consequently, we considered and
inventoried only ponds with an area greater than this threshold in all of
the source data.

Concerning the accuracy of the measurements, we refer mainly to
the work of Salerno et al. (2008), Tartari et al. (2008), and Salerno
et al. (2012), which address in detail the problem of uncertainty in the
topographical measurements related to glaciers and ponds obtained
from remote sensing imagery, maps and photos. The uncertainty in
themeasurement of a shape's dimension (Aerial Error, AE) is dependent
both upon the Linear Error (LE) and its perimeter (l). In particular for
ponds (as discussed also by McMillan et al. (2007), Fujita et al. (2009),
and Gardelle et al. (2010) in the calculation of LE), only the Linear
Resolution Error (LRE) needs to be considered as the co-registration
error does not play a key role. For instance, the ponds considered here
are small, and comparisons are made at the entity level and not at the
pixel level. The LRE is limited by the resolution of the source data. In
the specific study of temporal variations of ponds, Fujita et al. (2009)
and Salerno et al. (2012) assumed an error of ±0.5 pixels. In this
study, the LRE is 0.25 m for the orthophotos of 2007 and 0.5 m for the
aerial photographs of 1954 and 1981.

3.3. Statistical analysis

3.3.1. Analysis of climatic trends
TheMann–Kendall test (MK) (Mann, 1945; Kendall, 1975) is widely

used to assess significant trends in hydro-meteorological time series
(e.g., Zhang et al., 2000; Yue and Wang, 2002; Carraro et al., 2012a,
2012b; Guyennon et al., 2013). This test is non-parametric and is there-
fore less sensitive to extreme sample values. Additionally, MK is indepen-
dent from the hypothesis about the nature of the trend (linear or not).
The MK verifies the assumption of stationarity of the investigated series
by ensuring that the associated normalized Kendall's tau coefficient,
μ(τ), is included within the confidence interval for a given significance
level (forα=5%, the μ(τ) is below−1.96 and over 1.96). In the sequen-
tial form (seqMK) (Gerstengarbe and Werner, 1999), μ(τ) is calculated
for each element of the sample. The procedure is applied forward starting
from the oldest values (progressive) and backward by starting from the
most recent values (retrograde). If no trend is present, then the patterns
of progressive and retrograde μ(τ) versus time (i.e., years) present several
crossing points, while a unique crossing period allows the approximate
location of the starting point of the trend (Tonkaz et al., 2007; Bocchiola
and Diolaiuti, 2010). In this study, the seqMK is applied to monthly
vectors. Monitoring the seasonal non-stationarity, the monthly progres-
sive μ(τ) is reported with a pseudo color code, where the warm colors
represent the positive slopes and cold colors the negative ones. Color
codes associatedwith values outside of the range (−1.96 to 1.96) possess
darker tones to highlight the trend significance.Moreover, tomonitor the
overall non-stationarity of the time series, both the progressive and retro-
grade μ(τ) at the annual scale are reported.We used the Sen's slope (Sen,
1986) as a robust linear regression allowing the quantification of the po-
tential trends revealed by the seqMK (i.e., Bocchiola and Diolaiuti, 2010).

3.3.2. Analysis of pond morphology changes
The significant differences between pond featureswere investigated

with the use of ANOVA (the analysis of variance) at p b 0.05 followed by
post hoc testing (Tukey's honestly significant difference, Tukey HSD) at
p b 0.05 to examine specific differences among more than two groups
(Hays, 1988). The normality of the residuals of the compared datasets
was tested through the Shapiro–Wilk test (Royston, 1982a, b).

Moreover, we conducted a Principal Component Analysis (PCA) of
pond features to obtain information on relationships among the data
and to look for reasons that could justify possible changes observed in
the surface areas of ponds. This projection method is obtained by linear
combinations of variables along orthogonal axes, called principal
components (Settle et al., 2007). We performed this multivariate data
analysis method using the “princomp” and the “biplot” function in the
R Project (Venables and Ripley, 2002). Table 1 shows the list and de-
scription of the morphological features of ponds considered in this
study.



4. Results

4.1. Pond features

Table 2 provides a general summary of the morphological features
and changes that occurred between 1954 and 2007, and all data
presented and discussed in this paper are reported in Supplementary
material 2. The total number of ponds detected in 2007 is 116, corre-
sponding to an overall surface of 59.0 (±2%) · 104 m2 and a median
size of 0.20 (±3%) · 104 m2. The median area of the direct drainage
sub-basins in 2007 is 15.7 · 104 m2, andwhen the surfaces of basins be-
longing to ponds of lower order are included, the median area becomes
23.4 · 104m2. Themean slope of the sub-basins is 24.3% and their mean
aspect is 167°; in otherwords, they are, on average, oriented toward the
south-southeast.

In 1954, 34% of the ponds were positioned in a basin that also
contained at least one glacier, for a total area of 11.6 km2. Fig. 2a comple-
ments the information provided by Table 2 by showing the frequency
distribution of ponds relative to their elevation. These ponds are located
at a mean altitude of 2676m a.s.l. in 2007, andwithin an elevation zone
ranging from 2200 to 3100 m a.s.l. The pond population has a normal
distribution versus the elevation (Fig. 2a). Therefore, ponds are more
abundant at intermediate altitudes (2600–2700 m a.s.l.) as a result of
lower slopes at these altitudes (Fig. 2c). In fact, the hypsographic
curve of the SNP (Fig. 1b) has a certain maturity of erosion, also called
an equilibrium phase (Scheidegger, 1987), which features steeper slopes
at the “head” and the “toe” of the curve (Willgoose and Hancock, 1998).
Ponds are more numerous and therefore more stable in basins with a
lower slope because amore structured surface hydrography can develop.
In this regard, we observed higher correlation at these elevations
(2600–2900 m a.s.l.) between pond and basin size (Fig. 2d). Therefore,
at the margins of the distribution of Fig. 2a (i.e., under 2500 m and
above 2900 m a.s.l.), the boundary conditions of ponds are less favorable
to ensure their stability, and less abundant. However, we can observe in
Fig. 2b that at these elevations they are larger. These sizes signify that at
these elevations, there are characteristics (i.e., large basins at low alti-
tudes (Fig. 2e) and numerous glaciers at high altitudes (Fig. 2f)) that
favor pond development, although their stability is not guaranteed, as
suggested by their reduced number. These considerations will be useful
in the Discussion section of this work.

4.2. Changes in pond population

Fig. 3 shows themain differences in the pond population since 1954
(see also Table 2).We observed that from 1954 to 1981, the total area of
the ponds is essentially unchanged (62.8 (±3%) · 104 m2 in 1954 and
63.1 (±3%) · 104 m2 in 1981, corresponding to a variation of +0.5%
Table 2
General summary of the morphometric features of ponds from 1954 to 2007.

Year 1954 1981 2007

Number of lakes (N) Total 116 130 116
Elevation (m) a.s.l. Mean 2618 2623 2676

Max 2995 3046 3177
Min 1860 1860 1860

Perimeter (104 m) Median 0.02 0.02 0.02
Lake surface (104 m2) Median 0.25 (±5%) 0.21 (±5%) 0.20 (±3%)

Total 62.8 (±3%) 63.1 (±3%) 59.0 (±2%)
Sub-basins surface (104 m2) Median 14.4 15.0 15.7
Basin surface (104 m2) Median 20.5 21.7 23.4
Glacier surface in lake basins
(104 km2)

Total 11.6 10.0 7.4

Sub-basins slope (%) Mean 23.2 23.7 24.3
Max 38.0 38.0 38.0
Min 6.9 6.9 8.6

Sub-basins aspect (°) Mean 156 162 167
Max 328 328 328
Min 51 51 51
(±4%)), while in 2007 there is a slight decrease that results in a differ-
ence of −5.9% (±3%) between 1954 and 2007 (Fig. 3a). In contrast,
Fig. 3b displays the variation in the total number of ponds. A peak is
noted in 1981 (131 ponds), but the total number of ponds in 1954
and 2007 is the same (116 ponds). This trend is similar to that observed
for the difference in surface areas. Therefore, in the recent fifty years, it
appears that there have been no significant changes in the size and
number of ponds. However, in contrast, we observe in Fig. 3c that
since 1981, there has been a substantial increase in the mean elevation
of the entire pondpopulation that reaches+55 (±3.5)m. In the previous
period, only a slight increase in elevation is observed.

What are the reasons that caused the increase in the elevation of
ponds?

4.3. Change in ponds surface area versus elevation

To understand the causes of this phenomenon, the plots in Fig. 4a
and b (for the periods 1954–1981 and 1981–2007, respectively) show
the frequency distribution versus elevation of disappearing ponds,
new ponds (appearing ponds), and those ponds present in both periods
(common ponds). Similarly, Fig. 4d and e show the sum of surface area
lost or gained by all ponds belonging to each elevation class over the
same time periods.

One of our primary observations is that during the 1981–2007 period,
new ponds appeared at higher elevations (2927 m a.s.l. on average)
than the previous period. We tested this statement with the Tukey
HSD test, which shows a high significance for the difference between
the median elevation of these ponds compared to that of all other
groups (p b 0.001). The same test shows no significant differences be-
tween the elevations of the other groups. Furthermore, we observe
that the lowest quartile (25th percentile) of the disappearing ponds in
the 1981–2007 period is much lower (2398 m a.s.l.) than the other
groups and, in particular, is much lower than the disappearing ponds
in the previous period (2571 m a.s.l.). The disappearance of ponds at
lower elevations and the appearance of new ponds closer to the moun-
tain ridges, compared to the 1954–1981 period, explain an upward shift
of 55 m by the pond population. A clear overall picture of the phenom-
enon is provided by Fig. 4c,which shows the net balance of appearances
and disappearances over the entire study period (1954–2007). Fig. 4f,
considering the differences in surface area, confirmswhatwas observed
whenwe analyzed the number of ponds: an overall decrease at the low-
est elevations (≤2600m a.s.l.) and an increase at the highest elevations
(≤2900 m a.s.l.).

Another interesting aspect of the 1981–2007 period is that both the
disappearance of ponds and the surface area reductions have bimodal
trends with relevant peaks at 2400 m and 2800 m a.s.l. (Fig. 4b and e).
This dual trend does not seem to be present in the previous period,
which features a single peak at the 2600 m intermediate elevation
(Fig. 4a and d). When considering the appearances of newwater bodies
and the consequent increase of surface area, in the second period the
phenomenon in both cases is concentrated at 2900 m a.s.l. (Fig. 4b
and c), while in the first period the situation is more chaotic. However,
the highest increases in area were at 2800 m a.s.l. (Fig. 4d), which
corresponds to a peak of new ponds between 2700 and 2800 m a.s.l.
(Fig. 4a).

To explore the reasons that could have determined this pattern of
change, we conducted the PCAs among the observed differences in
terms of surface area and certain pond morphological features. We
subdivided the analysis by separately considering the appearing and
disappearing ponds and the two periods. Moreover, we separated the
ponds into more elevation groups where the elevation frequency distri-
bution presented a bimodal or unclear unimodal behavior (Fig. 4), as
mentioned above. The six selected cases are presented from Figs. 5a to 7f.

First, the surface area increases are well correlated with the differ-
ences observed in the surface areas of the glaciers included in the basins
of the new ponds over 2650 m a.s.l. during the 1954–1981 period
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Fig. 2. Frequency distribution of pond features versus pond elevation: a) Number of ponds, b)Median pond surface area, c)Mean basin slope, d) Correlation coefficient between basin and
pond surface area, e) Basin area, and f) Glacier coverage in the basin.
(Fig. 5b) and for all appearing ponds during the 1981–2007 period
(Fig. 5c) (the variables are as follows: Δ area 54–81 vs. Δ glacier
54–81, r = 0.62, p b 0.001; Δ area 81–07 vs. Δ glacier 81–07, r = 0.63,
p b 0.001). In Fig. 5b, the increases in surface area are also highly corre-
latedwith thebasin slope, but this effect is due to the autocorrelation be-
tween the basin slope and the decreases in glacier area surfaces. On the
contrary, the new ponds below 2650m a.s.l. do not show any clear rela-
tionship with the other variables (Fig. 5a).

In the analysis of the disappearance of ponds, between 1981 and
2007, the ponds below 2500 m a.s.l. (Fig. 5e), whichmainly correspond
to the lowest peak of the disappearing ponds in the pond frequency
a

b

c

Fig. 3. Changes that have occurred since 1954 in the pondpopulation: a) Total surface area
of ponds — the vertical bars represent the uncertainty associated with the measurement,
b) Total number of ponds, and c) Mean elevation of the entire pond population.
distribution of Fig. 4b, decreased in correlation with the mean aspect
of their basin (r = 0.64, p b 0.001). In other words, the southward-
facing basins favored a reduction in the surface area of the ponds.
Similarly, steep slopes also favored surface area reductions (r = 0.55,
p b 0.001). However, above 2500 m a.s.l. (Fig. 5f), which mainly corre-
sponds to the upper peak of disappearing ponds in the pond frequency
distribution of Fig. 4b, those ponds which appeared or increased in size
during the previous period (1954–1981) disappeared during the same
time period. This result indicates that the ponds that increased or ap-
peared in the 1954–1981 period began to empty after a few decades
and finally disappeared (r = 0.93, p b 0.001). Unfortunately, testing
this relationship for the disappearing ponds in the 1954–1981 period
is not possible because we do not know the evolution of the ponds
before 1954. Thus, Fig. 5d shows a direct relationship between surface
loss and basin size, but this is mainly due to the strict relationship
between pond surface areas and basin areas, which does not provide
useful information regarding the reasons for the disappearances.
4.4. Change examples

Fig. 6 provides two examples of the changes that occurred in the
pond population during the 1981–2007 period. This is the period in
which we observed the greatest evidence of change that caused the in-
crease in the elevation of the ponds. In the first case, Fig. 6a shows five
ponds located in the Adda Superiore basin between 2600 and 3100 m
a.s.l. We note the recent appearance of two new water bodies (ADD-
S_26 and ADD-S_27) located over 2800 m a.s.l. In particular, the pond
ADD-S_26 is a proglacial pond. Furthermore, we observe at a lower alti-
tude, the concomitant disappearance of the pond ADD-S_25. This pond
was formed during the 1954–1981 period due to the retreat of the gla-
cier, as shown in the historical glacier outlines. Analogously, we observe
the disappearance of the pond ADD-S_24; however, in this case, it has
not been substituted with another at higher altitude, most likely due
to the stationarity of the glacial front. Finally, the ADD-S_26 pond be-
longs to the category of those few ponds that appeared in 1981 and
that have continued to exist until 2007. In this case, the local geomor-
phology must have favored the durability of the pond (you can notice
the presence of a flat topography) and the lack of pond development
at higher altitudes even though the glacier has retreated considerably
(e.g., due to steep slopes). The second case (Fig. 6b) refers instead to
the Oglio basin: we observe that seven ponds (mean elevation 2488 m
a.s.l.) that were mainly south–north oriented disappeared, but four
other ponds located at higher altitude (mean elevation 2695 m a.s.l.)
did not.
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Fig. 4. Frequency distribution versus elevation of appeared, disappeared, and common ponds for 1954–1981 (a) and 1981–2007 (b). Net balance of appearing and disappearing ponds in
the overall analyzed period (1954–2007) (c). Sum of surface area lost or gained by all ponds belonging to each elevation class for the 1954–1981, 1981–2007, and 1954–2007 periods as
(d), (e), and (f), respectively.
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Fig. 5. Principal Component Analyses (PCAs) among the observed differences in terms of surface area and morphological features of ponds. From a) to f) the selected cases are presented
(refer to the text). A list and description of morphological features of the ponds are reported in Table 1.



Fig. 6. Examples of some appeared, disappeared, and common ponds for the 1981–2007 period. The background image is the color orthophoto of 2007 (resolution 0.5 m). a) Changes
occurred at higher elevations. b) Disappearance of ponds at lower elevations. Refer to the text for further details.
4.5. Climate trend

Although the numbers and sizes of the ponds appear to be constant
(as previously reported), the appearance and disappearance of water
bodies suggest that there must be processes occurring that have
dramatically changed the distribution of the ponds. To discover these
processes, we first analyzed the climatic trend of the case study area.
Fig. 7 shows the temperature trend from 1924 to 2007. The top
graph (Fig. 7a) shows the trend of annual temperature means. The
central grid (Fig. 7b), through a gradation of colors from blue to red,
represents the temperature trend expressed for each month using the
seqMK. The colors in cool tones indicate those months that recorded a
decreasing trend in temperature. The transition between azure and
blue shows that this trend is significant. In contrast, warm tones indicate



Fig. 7. a) Annualmean temperature trend. b) Sequential Mann–Kendall test applied at themonthly level. On the left, the color bar represents the normalized Kendall's tau coefficient μ(τ).
The color tones below−1.96 and over 1.96 are significant (α= 5%). On the right, the Sen's slopes and the relevant significant levels are shown for each month (*p-value = 0.05
and **p-value = 0.01). c) Progressive (black line) and retrograde (dotted line) μ(τ) applied at annual scale. On the right, the annual Sen's slope.
a rising trend. Furthermore, the transition between yellow and orange
highlights that this trend is significant. From 1930 to 1990, we see
different azure/blue cells, which means in those years, and for many
months of the year, there was a negative trend that was sometimes
significant (especially in the winter months). On the contrary, in the
spring months of the 1950s, there was a slight increase in temperature.
However, the real increase in temperature was recorded in the early
1990s. During that time, the cells became more yellow and orange in
all months of the year, though the phenomenon was more pronounced
during the winter months (October, December and January are signifi-
cant when considering the whole period). Fig. 7c shows that the most
recent changing point occurred in the middle 1940s. After 40 years of
a significant decreasing trend (until the mid-1950s), a positive trend
began in the early 1990s and became significant after 2000.

Overall, between 1924 and 2007, the increase in temperature was
0.012 °C y−1 (Fig. 7c). From 1954 to 1981, the first period analyzed in
this study, the trend was always significantly negative, which means
that we experienced lower temperatures (on average) than in the
Fig. 8. a) Annual mean precipitation trend. b) Sequential Mann–Kendall test applied at monthl
applied at annual scale. On the right, the annual Sen's slope.
1930s. However because the inflection point was prior to 1954, the in-
creasing trend that is present today was already in place by this period,
with a slope equal to 0.014 °C y−1. In the following period (1981–2007),
the annual temperature increase tripled (0.038 °C y−1).

The analysis of the precipitation is conducted with the same repre-
sentation used for the temperature. Fig. 8a shows the annual precipita-
tion means for the period 1926–2007. Even in this case, the central grid
(Fig. 8b) represents, through a gradation of colors from blue to red, the
precipitation trend for eachmonth. The cells of the years from the 1930s
to the 1960s are mainly azure/blue, which means that in those years,
and for many months of the year, there was a significant negative
trend (Fig. 8c). However, for the last 40 years, the precipitation trend
has been constant for all months (+0.67 mm y−1), with the exception
of January (a significant increase during the 1980s). Currently, no
month presents a significant trend. Fig. 7c shows that the most recent
changing points are located in the middle 1970s, which definitely
ends the negative trendperiod and transitions into the constant positive
trend.
y level. See Fig. 7b for details. c) Progressive (black line) and retrograde (dotted line) μ(τ)
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5. Discussion

5.1. Climate-driven fluctuation of pond surface areas at high elevation

The mean temperature trends showed an increase of 0.012 °C y−1

(Fig. 7c) from 1924 to 2007 which was the same rate observed as a
century average for the Alpine region (1.2 °C) (Auer et al., 2007). As
shown by other authors (i.e., Brunetti et al., 2004; Ciccarelli et al.,
2008), the phenomenon ismore pronounced during thewintermonths,
while, as observed by Jones and Moberg (2003) for all of Europe, the
first peak in temperature recordedworldwide is in our case only slightly
notable.

The real increase in temperature is distinct from the early 1990s. In the
1981–2007 period, the temperature rises considerably, with an accelera-
tion trend three times higher than in the previous period (1954–1981).
With regard to the precipitation trend, studies on the greater Alpine re-
gion highlighted differences in Total Precipitation (TP) trends in different
zones of the Alps. Whereas stations located north of the ridge present
some increases in TP, decreases prevail in the south (Brunetti et al.,
2006a, 2009; Auer et al., 2007). However, low-resolution analysis re-
vealed no significant trends for TP in the northeastern-most area of Italy
during the last century (Brunetti et al., 2001, 2004, 2006b). Furthermore,
Brugnara et al. (2012) performed a high-resolution analysis of precipita-
tion trends in the central Alps over the last century (1922–2009) and
found a weak (non-significant) decrease in TP. This study notes that the
TP does not seem to substantially change in our case study. Therefore,
the observed impacts on pond surfaces can only be due to the average
air temperature increase.

We found that in both periods (from 1954 to the present), ponds
increased in size and new ponds appeared at higher elevations due to
glacial shrinkage and retreat. Since 1981, the phenomenon is concentrat-
ed above 2900m a.s.l. (Fig. 6a), and this is supposedly due to the acceler-
ation of retreat of glacier termini, which was described for the SNP area
by D'Agata et al. (2013). In support of this thesis, it was also noted that
until 1981, none of these ponds were directly connected with glaciers,
while in 2007, we observed 5 new ice-contact ponds (i.e., moraine-
dammed ponds that are in contact with the glacier terminus). These 5
ponds are as follows: ADD-S_26, at the terminus of the Crapinellin
Glacier; FROD_38, at the terminus of the Dosegù Glacier; FROD_41, at
the terminus of the Vallombrina Glacier; FROD_44, at the terminus of
the Sforzellina Glacier; and FROD_34, at the terminus of the Forni Glacier.
Supplementarymaterial S1a–e shows the relevant detailedmaps. D'Agata
et al. (2013) observed that in the last fewdecades (1981–2007) the glacial
shrinkage (−0.50 ± 0.3% y−1) was double than that of the previous
period (−0.24 ± 0.1% y−1). These results are consistent with glacial re-
treat observed in the Alps in the last decades (Paul et al., 2007; Knoll
andKerschner, 2009; Bocchiola andDiolaiuti, 2010). The same authors af-
firm that the recent retreat of glacier termini produced favorable settings
for small ice-contact ponds behindmoraine ridges. Due to the passing of a
few years, or the accelerating retreat of the glacier snouts, a rapid evolu-
tion from ice-contact to distal proglacial ponds occurred.

5.2. Transition toward a paraglacial system

From a geodynamic point of view, the transition from a glacial
system to a paraglacial system is now occurring (Ballantyne and Benn,
1996). For example, the areaswhere themain shaping anddriving factors
were recent glaciers are now subject to the action ofmeltingwater, slope
evolution and dynamics. The subsequent step is the transition from a
paraglacial environment to a periglacial environment, where cold and
snow are dominant without glacial ice or melt water (D'Agata et al.,
2013). We examined this evolution over time and across an elevation
gradient. In fact, the emergence of new ponds in 1981 was accompanied
by their substantial disappearance in 2007, and a concomitant appear-
ance of new, intrinsically ephemeral environments at higher elevations
(Fig. 6a). The existence of these ponds allowswater to be stored at higher
elevations, even if for only short and temporary periods, creating local
ecosystemswhere yeasts and bacteria adapted to extreme environments
are able to survive (Buzzini et al., 2005). To date, there is limited knowl-
edge on how these extreme ecosystems respond to climate change;
however, the research is rapidly growing and the understanding of
the microbial diversity and biogeochemical processes is developing
(Yde et al., 2011). These landforms host different forms of life that
either originate from the subglacial communities or from later settle-
ment by pioneering species (Buzzini et al., 2005). Hence, the periglacial
landscape permits the study of how the microbial community changes
from being dominated by subglacial structures to gradually adapt to
periglacial environmental conditions.

The transition from subglacial to periglacial ecosystems in the Alps is
of particular interest because it may involve significant changes in net
greenhouse gas (GHG) sinks and sources (Bárcena et al., 2010). Further-
more,microorganisms play amajor role in the cycling ofmacronutrients,
such as carbon and nitrogen, through a variety of aerobic and anaerobic
processes. These processes include respiration, methane oxidation and
production, nitrification and denitrification, sulfur oxidation and reduc-
tion and are relevant in climatic terms because they directly affect GHG
budgets on a global scale (refer to Yde et al., 2011).
5.3. Climate-driven fluctuation of pond surface areas at lower elevation

In contrast, we observed that the disappearance and the general
reduction of pond surface areas at lower altitudes from 1981 are related
to the basins' aspects (Fig. 6b). In general, the basins of these ponds are
characterized by low glacier cover (absent inmost cases) (Fig. 2f) and a
weak correlation in basin/pond size (Fig. 2d). Both factors suggest the
hypothesis that evaporation processes play a more important role in
the water balance of ponds located at lower altitudes. In this regard,
we observed that a more southward oriented aspect accompanied by
steeper slopes favors reduction in pond surface areas (Fig. 5e). Coops
et al. (2000) show that both of these conditions are subject to higher
values of incident solar radiation, thus driving higher temperatures.
Therefore, the observed increase in the mean air temperature that
occurred in the last few decades could have increased the evaporative
processes for those ponds located at lower altitudes, which are more
southward oriented and have steeper basin slopes. In addition, Smol
and Douglas (2007) report gradual, decadal-scale drying of high Arctic
ponds between 1983 and 2006 due to changes in the ratio of precip-
itation and evaporation. This is confirmed in our case study. Indeed,
when the Thornthwaite's formula is applied (Thornthwaite, 1948),
this ratio (total annual evaporation divided by annual cumulate pre-
cipitation) changes from 0.41 in 1954, to 0.42 in 1981 and to 0.55 in
2007.
5.4. Ecological perspective

From an ecological perspective, the surface area reduction of these
ponds, and in particular the disappearance of most of them, signifies
the loss of unique mountain ecosystems and, consequently, negatively
affects the local biodiversity. These shallow surface waters are hotspots
both in terms of species composition and biological traits, and they
provide significant ecosystem services (EPCN, 2008; Manfredi et al.,
2010; Céréghino et al., 2014). While pond biologists have focused on
the aquatic biota, it is noteworthy that the interactions at the aquatic–
terrestrial interface are numerous, and the high productivity of ponds
is profitable to the terrestrial biocenoses (e.g., emerging adult insects
and amphibians are preyed on by many animals) (Céréghino et al.,
2014). Furthermore, mountain ecosystems often host local endemic
species because species isolation is enhanced at high elevations compared
to lowland vegetated ecosystems, where climatic niches are spread over
wider surface areas (Beniston, 2003).



6. Conclusions

The selected study area (the Ortles–Cevedale mountain group, 
Southern Alps, Italy) is one of the areas most characterized by high-
altitude ponds of the entire Italian alpine chain (Nangeroni, 1983). 
This area is also well studied in terms of recent glacier shrinkages 
(D'Agata et al., 2013). In this study, we inventory all ponds in the 
area with a minimum threshold of 800 m2 and study their surface 
area changes over the last 50 years. While investigating the climate 
variations, we found an increase in the mean annual temperature 
equal to the increase observed on average for the alpine region 
(Auer et al., 2007) and constant total annual precipitation conditions 
that differ minimally from the weak (non-significant) decrease ob-
served by Brugnara et al. (2012) in the Central Alps over the last century 
(1922–2009).

Under the pressure of the increasing temperatures of the last few 
decades (1981–2007), a rate threefold stronger than the rate of the pre-
vious period (1954–1981), we described two distinct impacts on pond 
surface areas: i) since 1981, at lower altitudes, we found the disappear-
ance and a general reduction in pond surface areas, which we have at-
tributed to the increase in evaporative processes; and ii) at higher 
altitudes, we observed that in both periods (from 1954 to present), 
ponds increased their size and new ponds appeared as a consequence 
of glacial shrinkage and retreat. However, the new ponds are ephemeral. 
The appearance of new environments is accompanied by their disappear-
ance and a concomitant appearance of new ones at higher altitudes, 
which is a clear sign of the transition from a glacial system to a paraglacial 
one. Under this pressure, the next transition could be to a periglacial 
scenario, where cold and snowwill be dominant in the absence of glaciers 
and glacial melt water.

Surface area changes have been shown to be a highly visible and 
easily measurable signal of the impact of climate change on alpine 
environments, as already demonstrated in other remote areas of 
the world (Smith et al., 2005; Smol and Douglas, 2007; Tartari 
et al., 2008; Gardelle et al., 2010). There is a clear need to extend 
this analysis to other sites in the Alps to gain a regional understand-
ing of the phenomenon. As a first step, these findings have made it 
possible to preliminarily interpret the variations that climate change 
has created in these environments, and effects on the environments' 
ecological roles and their value as ecosystem services (Céréghino et al., 
2014).

Supplementary data to this article can be found online .
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