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Abstract. Riparian woodlands significantly affect the water quality of streams and rivers. Thus, we examined whether the presence
of woodlands in riparian buffer zones also impacts the thermal characteristics of lowland streams during the summer. Water
temperature data were recorded with digital temperature loggers located in eight quasi-natural sites across the Garwolin Plain in
central Poland. The mean, maximum, minimum, and mean daily range parameters were calculated for the whole study period
from July to September 2017 with a 30 min. resolution. The percentage of woodlands in the catchment area and buffer zone along
the streams was estimated based on satellite images from the Sentinel-1 and Sentinel-2 missions. The Random Forest method
was used in the classification process with an accuracy of 96%. The similarity of measurement sites in terms of water temperature
was determined using cluster analysis (Ward method), while a Spearman correlation coefficient was applied to compare thermal
parameters with the percentage of woodland areas.

The results indicate that water temperature patterns across the measurement sites varied, with mean temperatures ranging from
14.4°C in site T8 to 16.3°C in site T1. Furthermore, the correlation analysis confirmed our hypothesis that the presence of woodland
areas does not significantly alter the thermal parameters of lowland streams. Moreover, the cluster analysis showed that sites with
significantly different percentages of woodland areas were closely linked due to the similar distributions of water temperature values.
However, it must be emphasised that the lack of riparian woodlands in buffer zones does not exclude the presence of shade associated
with shrubs and grasses, as well as aquatic plants. In consequence, more advanced indicators of riparian shade, such as vegetation
mapping using unmanned aerial vehicle (UAV) or hemispherical photography, should be used for small lowland streams.
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1. Introduction

The issues concerning the impact of woodland areas on
the quantity and quality of water resources occupy an impor-
tant place in the hydrological literature and are characterised
by a large diversity of research topics (Pierzgalski 2008).
Most attention has been given to the retention function of
forests, which is important in shaping drainage outflow
(Brown et al. 2013) and mitigating the negative effects of
extreme events - floods and low water levels (Robinson et
al. 2003; Lin, Wei 2008). The presence of woodland areas
in a catchments has been shown to determine the intensity
of evapotranspiration (Peel et al. 2010), whilst deforestation
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and tree stand degradation (as a result of pest gradation)
have been found to influence the chemical composition of
water, including the concentration of nitrates (Kosmowska
et al. 2015; Zelazny et al. 2017). The presence of woodland
areas also strongly affects the local microclimate, which is
responsible for shaping the heat energy budget of river wa-
ters and, as a result, their temperature (Caissie 2006). Ho-
wever, water temperature is one of the most important water
quality parameters of fundamental ecological importance;
its maximum values determine the geographical ranges of
individual fish and invertebrate species, seasonal and daily
variations determine bioenergetics and the rate of physiolo-
gical processes, whilst the time when specific values occur
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during the year is important in the context of migration and
spawning (Benjamin et al. 2016).

Studies of the impact of woodland areas on the thermal sys-
tem of watercourses focused on comparing selected thermal
traits at measuring sites shaded by trees and those lacking shade
located along the longitudinal profile of a single watercourse
(Malcolm et al 2004; Imholt et al. 2013a), as well as within a
larger number of catchments (Kristensen et al. 2015). Issues
relating to the impact of deforestation (Stott, Marks 2000) and
forest fires (Mahlum et al. 2011) on changes in the thermal cha-
racteristics of river waters were also discussed. The percentage
of woodland areas was also included as an explanatory variable
in statistical models linking landscape metrics to thermal para-
meters (Hrachowitz et al. 2010; Imholt et al. 2013b). It should
be emphasised that the empirical data of most studies concer-
ned mountain or upland rivers, characterised by a steep slope
and lack of aquatic macrophytes.

The purpose of this article is to assess the impact of wo-
odland areas on the water temperature of lowland water-
courses. On the basis of our own measurements of water
temperature and the identification of woodland areas using
satellite image classification, we examined whether the per-
centage of woodland areas is reflected in the thermal charac-
teristics of watercourses during the summer. For the purpose
of the study, eight lowland catchments located in central Po-
land were compared, characterised by a diversified level of
afforestation of the catchment areas and riparian zones.

2. Study area

Water temperature of watercourses in the hydrographic ne-
twork of the middle Swider River, a lowland tributary of the
Vistula River, with a length of 99 km and a catchment area of
1160.7 km?, were measured. The catchments at the end of the
measurement sites are located within the flat, fluvial Garwolin
Plain in which the soils are dominated by post-glacial sands,
gravels and boulder clay; their absolute height varies from 117
to 178 m. The area is located in a temperate climate zone having
transitional features, with an average annual air temperature of
approximately 8-9°C and an annual rainfall of approximately
500-550 mm. The river channels are characterised by a straight
or winding course, small depth (maximum 80-100 cm) and
a width of 1-2 m, on an average. In some sections, ash-alder
Fraxino-Alnetum and willow-poplar Salici-Populetum forests
mainly grow along the banks. In addition to the riverine fore-
sts, the forest assemblage of the catchment is formed by dense
complexes of mixed conifer forests Querco roboris-Pinetum,
consisting mainly of Scots pine (Pinus sylvestris L.), birch (Be-
tula L.) and oak (Quercus L.). The study area has a small degree
of urbanisation — the percentage of anthropogenic areas is from
0.1% in the catchment of T6 to 7.0% in T4.

3. Methods and materials
3.1. Field measurements

Water temperature was measured from July 1 to Septem-
ber 30, 2017. This range was aimed at excluding the tem-
poral variability of the degree of shading associated with
the presence of conifers and deciduous trees — it was assu-
med that as of July, tree leaves are fully developed, which
allowed us to distinguish one class, regardless of the type
of trees. The measurements were taken with HOBO UA-
001-08 Pendant digital water temperature recorders (Onset
Computer Corporation) with an accuracy of 0.4°C and a re-
solution of 0.01°C. The devices were placed in the current in
perforated shields attached to boulders or wooden logs and
stakes. The measurement sites were located in watercourses
that ensured a stable water flow during the summer period
as well as in those characterised by a varied level of affore-
station in the buffer zones (riparian zones) (Figure 1). Four
basins were selected to represent first-order watercourses,
whose area did not exceed 10 km?, and four catchments were
selected with a larger area (from 18.5 to 38.7 km?), represen-
ting second-order watercourses (Table 1).

3.2. Assessment of the percentage of tree cover

The identification of woodland areas was based on the
classification of satellite images obtained from the Sen-
tinel-1 and Sentinel-2 satellites. In the case of Sentinel-1,
radar data (type C wave) images recorded between 1-31
May 2017, 1-30 June and 1-31 October 2017 were used (a

Table 1. Characteristics of water temperature measurements sites

A L WD  WI w2 W3
[km’] — [km] — [] (%]  [%]  [%]
Tl 23.8 92 157 334 243 0.0

P

T2 7.5 5.1 11.3 29.1 44.4 67.8
T3 19.0 6.4 7.5 50.8 61.5 15.8
T4 9.3 5.4 10.3 12.7 9.7 0.0
TS5 38.7 11.9 32.8 293 30.9 96.5
T6 8.4 5.6 6.9 13.1 9.3 52.1
T7 18.5 6.1 10.2 57.1 432 0.0
T8 9.1 5.1 10.2 57.9 48.1 1.4

Explanations: P — measurement profile, A — catchment area, L — distance
from the source, W:D — width:depth ratio, W1 — percentage of woodland
area in the catchment area, W2 — percentage of woodland area in the buffer
zone upstream to the source, W3 — percentage of woodland area in the buf-
fer zone 1 km upstream



M. Laszewski, W. Kiryla / Le$ne Prace Badawcze, 2018, Vol. 79 (3): 237-243 239

separate median mosaic of images for VH and VV polarisa-
tion was made for each month). In the case of optical data
from Sentinel-2 (with a radiometric resolution of 12 bits),
the display from 17 October 2017 was used, which was cha-
racterised by a lack of cloud cover (0% cloud cover), faci-
litating the distinction of woodland from crop and meadow
vegetation. For the purpose of the classification, channels 2,
3, 4, 8 (with a resolution of 10 m) and 12 (with a resolution
of 20 m) were selected. The atmospheric correction of the
Sentinel-2 imaging was performed automatically in dedica-
ted Sen2Cor 2.4.0 software. Then, the SNAP 6.0.0 program
was used to resample the pixels from the data to a resolution
of 10 m and cut to the border of the analysed area. The final
stage preceding classification was the combination of Sen-
tinel-1 radar data with Sentinel-2 optical data; this process
leads to an overall increase in the accuracy of the classifica-
tion algorithm (Bagan et al. 2012).

The land cover classification distinguished two classes,
that is, areas with and without tree cover, in the EnMap Box
2.2.1 program. The Random Forest classifier (RF — algo-
rithm of random decision trees) was selected as the classi-
fication algorithm, which allows the relatively best results

to be obtained compared to other algorithms, for example,
SVM — Support Vector Machine (Dalponte et al. 2012; Wie-
techa et al. 2017). The total accuracy of the classification
was 94.9%, the accuracy of the producer was 91.4%, the
accuracy of the user 90.9% for the woodland and 96.4% for
non-woodland areas and the Kappa factor was 87.3%.

The classification results allowed calculations to be
made of the percentage of woodland areas within the total
catchment area (Ptak 2017), a 50-m wide buffer zone deli-
neated on both banks upstream to the sources, as well as on
a 1-km section upstream from the measurement site, similar
to Hrachowitz et al. (2010). Spatial analyses were performed
in the ESRI ArcMap 10.2.2 program.

3.3. Statistical methods

In order to characterise the thermal conditions during the
analysed period, basic statistical parameters were determined
for all measurement sites: average temperature, maximum
temperature, minimum temperature and average daily range.
Verifying the statistical significance of differences in the tem-
perature distribution between the measurement sites required

52°5'

Figure 1. Locations of measurement
sites on the background of forested
and woodland areas

Explanations: 1 — measurement sites, 2 —
catchment area, 3 — forest and woodland

areas
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Figure 2. Mean daily water temperature
patterns in the measurement sites (a)
and dendrogram showing the results of

T8 T5 T4 T6 T3 T7

the use of the Kruskal-Wallis nonparametric test and Dunn’s
multiple vertical rank test (post-hoc); the statistically signifi-
cant threshold was assumed at p = 0.05. To isolate the sites
with the greatest similarity in terms of water temperature va-
riability, the Ward agglomeration method was used — the Eu-
clidean distance was assumed as the measure of the similarity
of the sites. Relationships between the percentage of wood-
land area (W1, W2 and W3) and the thermal parameters were
determined using the Spearman rank correlation coefficient.

4. Results

In the analysed period, the water temperature of lowland
watercourses was characterised by a marked spatial differentia-
tion (Figure 2a). Average water temperature values from July to
September reached from 14.4°C at T8 to 16.3°C at T1 (Table
2). Even greater spatial variability was noted for the absolute
maximum water temperature, which ranged from 18.8°C at T8
to even 25.9°C at T1. All sites had similar values for minimum

T2 T grouping by Ward method (b)

water temperature, from 9.0°C in T7 to 10.5°C in T6. The daily
temperature range of the water in the study period reached, on
an average, from 1.0°C in T6 to 4.2°C in T1. The result of the
Kruskal-Wallis test indicates that the differences between the
medians of water temperature distribution within the study sites
were statistically significant (p < 0.05); the post-hoc test, howe-
ver, proves the lack of statistical significance between the me-
dians of the temperature distribution within sites T1, T2 and T7,
as well as between sites T4 and T5 (p > 0.05). The correlation
analysis showed that none of the metrics showing the extent
of afforestation of the catchment area and buffer zones (W1,
W2 and W3) was related in a statistically significant way to the
thermal parameters (Table 3).

The Ward agglomeration method allowed two-point clu-
sters to be distinguished (Fig. 2b). The first includes sites T4,
T5 and T8, representing watercourses characterised by the
lowest average values and relatively low maximum water
temperature values, not exceeding 20.5°C (Fig. 2b). The
second cluster included the remaining sites T1, T2, T3, T6
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Table 2. Thermal parameters of water in the investigated sites

P T avg T max T min T range
[°C] [°C] [°C] [°C]
T1 16.3 259 9.6 42
T2 16.0 224 9.4 24
T3 15.4 20.9 9.7 2.3
T4 14.6 20.5 10.0 2.7
T5 14.6 20.4 9.6 2.5
T6 15.6 19.6 10.5 1.0
T7 16.1 21.5 9.0 29
T8 14.4 18.8 10.0 22

Explanations: P — measurement profile, T_avg — mean temperature, T_max
— maximum temperature, T_min — minimum temperature, T range — mean
daily range

Table 3. Spearman correlation coefficients between water tempera-
ture parameters and contribution of woodland area (metrics W1,
W2, and W3). Statistically significant correlation values are bolded
(p<0,05)

- N = - Wil w2 W3
avg max min range

T avg 1.00

T max 0.83 1.00

T min -057 -0.72 1.00

T range 051 0.71 -0.64 1.00

w1l -0.01 -0.02 -0.31 0.02 1.00

w2 -0.19 0.07 -034 -0.19 0.71 1.00

w3 -027 -029 0.02 -056 -022 0.15 1.00

and T7, which were characterised by higher average valu-
es — from 15.4°C to 16.3°C — and maximum values — from
19.6°C to 25.9°C. Within the second cluster, attention is
drawn to site T1, which has the highest water temperature
average and maximum value, as well as the highest daily
variation, with an average range of 4.2°C. Within the T4, T5
and T8 cluster, the percentage of woodland area in the buf-
fer zones was varied and reached from 0.0% to 96.5% over
the 1-km distance and from 9.7% to 48.1% in the section
upstream to the sources. A similar situation exists in the case
of warmer watercourses (T1, T2, T3, T6 and T7), where the
percentage of woodland area was between 0.0% and 67.8%
along the 1-km section and from 9.3% to 61.5% in the seg-

ments upstream to the sources. As a result, sites having a
similar degree of riparian zone afforestation, as in the case
of T7 and T8, were characterised by different thermal con-
ditions and were included in separate clusters (Figure 2b).

5. Summary and conclusions

As documented in the literature, the heat energy budget of
flowing waters is shaped mainly by radiation energy flows,
primarily short-wave solar radiation and long-wave radi-
ation (Caissie 2006). Covering the water surface with trees
and shrubs has a significant impact on its modification — it
has been proven that as a result of absorbing and reflect-
ing solar radiation, vegetation significantly reduces max-
imum temperature values (Imholt et al. 2013a). Dense tree
crowns also limit the night radiation of heat from water and
emit their own long-wave radiation, causing an increase in
the minimum temperature and, consequently, a reduction in
daily fluctuations (Brown et al., 2010). However, in the case
of small lowland watercourses, the percentage of tree-lined
areas designated within their catchments and riparian zones
based on satellite imaging did not exhibit a clear link to the
values of individual thermal parameters, which was indicated
by the obtained values of the rank correlation coefficients. Both
the measurement sites characterised by a significant percentage
of trees in the riparian zone as well as those completely devoid
of shading were found to have similar thermal conditions in the
study period. For example, despite the considerably different
degree of riparian zone afforestation at sites T4 and TS, very
similar thermal parameter values were found. The case of sites
T2 and T7 was analogous, they were characterised by a simi-
lar mean, maximum and minimum water temperature values.
It should be emphasised that the lack of woodland area did not
preclude the water surface from being shaded against solar ra-
diation; the greater availability of light (because of the lack of
shade from tree crowns) resulted in an intensive development
of shrubs, grasses and perennials along the banks, which almost
completely covered the water surface. Additional shading, es-
pecially in the case of site T4 and T8, was also provided by
aquatic macrophytes — locally, the channel of these watercours-
es was heavily overgrown by plant communities of European
bur-reed (Sparganium emersum L.), arrowhead (Sagittaria sag-
ittifolia L.), reed canary grass (Phalaris arundinacea L.) and
phragmites (Phragmites australis (Cav.) Trin. ex Steud.). It is
worth noting that the presence of compact macrophyte com-
munities, as Willis et al. have shown (2017) with the example
of Big Springs Creek in the United States, causes a reduction
in maximum water temperature.

With reference to the above findings, it should be noted
that the actual degree of shading of small lowland water-
courses is impossible to quantify numerically using satellite
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data, even using images of woodland areas from the Sentinel
mission, characterised by high temporal (affecting the cur-
rentness of the photos) and spatial (pixel 10 m) resolutions.
Such an assessment requires the use of more accurate meth-
ods, taking into account the said channel cover by shrubs and
grasses along the banks, as well as aquatic vegetation. The use
of unmanned aerial vehicles (UAVs), which are playing an
increasingly important role in researching forest and wooded
areas (Zmarz 2014), seems to be the optimal solution for map-
ping the cover of a watercourse channel. An auxiliary method
may also be used for the field verification of shading, for ex-
ample, using hemispherical photographs taken from the level
of the water surface (Bartnik, Moniewski 2011).

The conclusions presented do not contradict the research re-
sults of other authors who demonstrated a moderating influence
of afforestation in catchment areas and riparian zones on the
water temperature of watercourses in the summer period (in-
cluding Hrachowitz et al. 2010; Imholt et al. 2013a; Ptak 2017).
The research mentioned usually concerned larger watercourses
(with catchment areas ranging from several dozen to several
hundred square kilometre), whose temperature, mainly due to
the longer exposure of water to meteorological conditions as
well as to wider riverbeds, is more dependent on the extent of
tree cover over the water surface. In the case of small, narrow
watercourses, besides the shading associated with the presence
of shrubs and grasses (Beschta 1997), the groundwater inflow
(Poole, Berman 2001) is also important in shaping water tem-
perature. This fact indicates the need to be careful in applying
the metrics used in statistical models previously identified for
watercourses having different abiotic parameters.
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