
Introduction

Temperature can be considered as one of the 
most fundamental water quality parameter critical in 
terms of such river biota as invertebrates and fi sh [1]. 
For example, there is widespread acceptance of the 
effect temperature has on the growth and survival of 
fi sh [2] and their migration [3], as well as the duration 

of spawning, egg development, and hatching [4]. In 
consequence, temperature was widely recognized as a 
crucial parameter in stream ecology [5]. Together with 
all environmental implications, the thermal variability of 
streams and rivers has generated considerable attention 
in recent years [6]. Studies have focused primarily on 
temperature heterogeneity from catchment to channel 
scales [7], on the relationships between landscape metrics 
and thermal regime parameters [8], and on forest cover 
impacts on temperature characteristics [9]. Most of the 
papers concentrated on streams in marine and oceanic 
types of climate (usually of mountains and foothills) 
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where populations of salmon or other salmonid fi sh 
are present [10-11]. In turn, the water temperature of 
rivers fl owing throughout lowland plains in Central and 
Eastern Europe has received relatively limited attention 
in scientifi c literature. However, due to the high degree 
of human alternations in catchment areas, the thermal 
regime of such rivers is often highly transformed, and 
their longitudinal temperature patterns could be complex.

Today, remote sensing techniques provide great 
possibilities for capturing the spatial heterogeneity of 
river water temperatures [12]. For example, airborne 
thermal imagery has revealed the need to reconsider 
the dominant paradigm of longitudinal stream water 
temperature profi les because the mean temperature does 
not always rise asymptotically with river length [13]. 
Despite the signifi cant benefi ts of remote sensing, it 
must be emphasized that such techniques are expensive 
and hard to apply in the case of small rivers covered 
by riparian shade [14]. On the other hand, temperature 
data from government networks are often spatially and 
temporally poor. For example, water temperature in Poland 
is measured only once a day at 06:00 UTC in selected 
gauging stations [15]. Thus, faced with the perspective of 
the lack of reliable, spatially extensive temperature data 
for most of the lowland rivers, measurement campaigns 
using temperature recorders are defi nitely still the 
simplest and the most cost-effective method of thermal 
variability research.

The objective of the current study is to explain 
longitudinal water temperature changes in two small 
lowland rivers subjected to several anthropogenic 
modifi cations. The specifi c aims of the study were to:
1. Characterize spatial variations of water temperature 

metrics in the reach scale of the rivers.
2. Investigate dominant anthropogenic and natural 

disturbances to the thermal regime.
3. Examine the performance of air-water linear models 

in the context of thermal regime alternations.

Materials and Methods

The Study Area 

The study was conducted in two lowland catchments 
located in central Poland in the proximity of the Warsaw 
urban agglomeration – both belonging to the Vistula 
River catchment (Fig. 1). The Świder River has a length 
of 99 km while the Utrata River is 78.2 km, with total 
catchment areas of 1,158 and 804 km2, respectively. 
Catchments span an altitudinal range of 137 m at the most 
upstream site investigated on the Świder to 83 m in the 
most downstream profi le of the Utrata. The climate of 
the catchments is considered temperate in the transition 
zone from marine to continental with long-term annual 
precipitation in the sum of 550 mm and a mean annual 
air temperature of 8-9ºC. The solid geology of the 
catchments is dominated by sandstone, mudstone, and 
claystone, while the streambed of the rivers is mainly 
built of medium and coarse sand with the local addition of 
boulders. In quasi-natural reaches banks are covered with 
riparian vegetation dominated by medium-height trees 
and shrubs, such as willows, aspens, and black alders. 
According to the Corine Land Cover 2012 database, land 
use varies in the catchments. In the Utrata catchment 
agricultural areas constitute 68% of the total catchment 
area, urbanized areas 22.1%, and forested areas only 9%. 
In the case of the Świder, the agricultural areas amount 
to a similar percentage (62.3%), while the urbanized and 
forested areas amount to 8.3% and 29%, respectively. 
Together with land use, the investigated rivers are 
characterized by different degrees of anthropogenic 
modifi cation. The Świder, which is partially under reserve 
protection, has maintained a quasi-natural character from 
site S4 to the mouth, with pool-riffl e channel sequences 
and dense riparian vegetation. However, the river was 
regulated from sites S1 to S3 in the middle of the 20th 
century when small weirs were built approximately 

Fig. 1. Study area with the locations of temperature recorders.
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every 1 km apart, which resulted in reduced fl ow velocity 
and depth locally of up to 2 m. In contrast, the Utrata 
is commonly considered heavily transformed, without 
sections from its springs to site U3. Upstream from site 
U4 a small shallow reservoir was built. From sites U5 
to U7 the river channel was completely regulated, while 
riparian trees and shrubs were removed. Today, more than 
40 municipal and industrial wastewater treatment plants 
(WWTP) are functioning in the river catchment [16]. The 
largest is located in Pruszków, and its maximum daily 
sewage capacity is up to 69,000 m3.

Measurement Data 

The water temperature data was provided from 
measurements conducted with the use of Hobo U22-001 
and UA-001-08 digital data loggers (Onset Computer 
Corporation). The accuracy of the devices, according 
to manufacturer information, was 0.2ºC and 0.4ºC, 
respectively. Loggers were additionally checked 
by the “ice bucket” method – differences between 
measurements in 0.0ºC were up to 0.07ºC and 0.12ºC in 
the case of U22-001 and UA-001-08, respectively. During 
the study period each logger was additionally controlled 
once a month with a NIST handheld thermometer. 
This allowed to confi rm whether water temperature 
recorded by the logger at a given point was uniform 
with temperature measured in the cross-section of the 
channel. The water temperature network was designed 
to identify temperature changes with the use of loggers 
that contribute to long-term monitoring and provide 

data from upper, middle, and downstream reaches of 
both the Świder and the Utrata [17]. Four additional 
loggers were installed in middle sections of the rivers to 
examine the infl uence of substantial changes in riparian 
use, channel regulation, and reservoir releases, as well 
as infl ows from WWTP and tributaries (Table 1). Apart 
from investigative purposes, sites were chosen in straight 
and relatively turbulent types of fl ow sections. To provide 
maximum reliability of the results, temperature recorders 
were installed inside perforated PVC pipes, which were 
attached to large pieces of wood or were bolted to small 
blocks of concrete. Water temperature was recorded from 
the 1 May to 31 October 2016. The temporal resolution of 
the measurements was 30 minutes.

Hydrometeorological context was provided by mean 
daily air temperature and precipitation data from Warsaw 
Okęcie meteorological station, as well as by streamfl ow 
data from gauging stations operated by the Institute of 
Meteorology and Water Management – National Research 
Institute, located near the most downstream measurement 
site in Krubice (the Utrata) and Wólka Mlądzka (the 
Świder). Site properties such as the distance from the 
source and catchment area were estimated on the basis of 
digital hydrographic maps in the GIS software. Riparian 
shade was simply quantifi ed with the use of aerial 
photographs available on a public geoportal of Poland. 
The percentage of banks covered with dense riparian 
trees was approximated for these purposes in sections 
2 km upstream from each site. Width:depth ratios were 
calculated on the basis of measurements in site cross-
sections during a low fl ow period in August. 

Site
Distance from 

the source
[km]

Catchment 
area

[km2]

Width:depth
ratio
[-]

Riparian 
shade 
[%]

Site description

S1 32.3 219.5 12.0 20 Quasi-natural reach

S2 46.7 496.9 8.8 5 Regulated reach

S3 48.8 542.4 9.4 10 Regulated reach, downstream from tributary infl ow

S4 51.0 550.0 13.3 30 Quasi-natural reach

S5 52.4 640.3 11.9 50 Natural reach, downstream from large tributary infl ow

S6 54.5 644.5 11.3 90 Natural forested reach

S7 79.3 853.3 13.8 85 Natural forested reach

U1 10.3 35.6 14.0 60 Quasi-natural reach

U2 19.3 57.2 8.5 35 Backwater of the small weir, regulated channel

U3 24.7 91.5 10.7 80 Natural, forested reach

U4 26.2 103.6 12.0 70 Quasi-natural channel, 200 meters below reservoir 
release

U5 32.3 198.4 10.6 55 Regulated reach downstream from tributary infl ow and 
reservoir releases

U6 35.8 241.2 9.9 10 Regulated reach downstream from Pruszków WWTP

U7 55.0 661.0 10.4 0 Regulated reach

Table 1. Characteristics of measurement sites.
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Statistical Analysis

On the basis of measurement data, temperature 
metrics were calculated for the whole study period 
and for monthly time scales. Mean, maximum, and 
minimum water temperatures were selected as magnitude 
parameters, and the mean daily range as the rate of 
temperature fl uctuations. To establish the existence of 
statistically signifi cant differences between the nearest 
sites, the Wilcoxon signed rank test (WSR) was used 
on pair loggers moving downstream. The WSR test was 
selected as a non-parametric test due to working with a 
non-normally distributed water temperature data set, 
and it was run for all temperature metrics (daily mean, 
maximum, minimum, and range). The large number 
of observations resulted in the selection of a more 
restrictive alpha (α = 0.01). Finally, linear air-water 
temperature relationships were developed to assess 
how explanatory power (R2) and model parameters 
(a: intercept, b: slope) are related to the varied types 
of thermal regime transformation. Regression models 
were produced using daily mean air temperature from 
the nearest meteorological station Warsaw Okęcie and 
daily mean water temperature from all investigated 
sites. Data analysis was conducted using Statistica 
12.0 software.

 

Results

Hydrometeorological Background

Air temperature and precipitation in the study 
period are presented in Fig. 2a). Overall, summer 2016 
was characterized by a typical seasonal air temperature 
pattern. Maximum daily mean temperature occurred 
in June, reaching as high as 27.7ºC, and the minimum 
occurred in October, measuring only 4.3ºC. Mean air 
temperature in the study period was 16.4ºC, while the 
sum of precipitation reached 340 mm. However, the 
latter was not distributed regularly throughout the 
season: relatively low sums of monthly precipitation 
were noted in August and September (59 and 11 mm, 
respectively), while October, with a monthly sum of 
110 mm, was extremely wet.  As a result, low streamfl ow 
was observed during the warmest period (Fig. 2b)  , 
which made the water temperature more sensitive 
to both anthropogenic and natural alternations and 
favored the appearance of clear longitudinal contrasts. 
Such a situation persisted until the end of September, 
when the wet and cold period began and streamfl ow rates 
became defi nitely higher. 

Spatial Patterns of Water Temperature

The water temperature of the Świder and the Utrata 
rivers varied between the sites (Fig. 3) and spatial 
temperature patterns were found in the case of all four 
temperature metrics (Figs 4-5). However, clear differences 
in the magnitude of thermal contrasts existed between the 

two investigated rivers, as the Utrata showed a defi nitely 
higher complexity of thermal behavior and indicated a 
strong contribution of anthropogenic impacts.

More detailed analysis of longitudinal water 
temperature changes showed that the mean summer 
temperature in the Świder was generally the lowest in 
the most upstream site S1 (16.1ºC), while sites S2 and S3 
were the warmest (both with temperatures of 16.5ºC), 
representing the end of the reach with a regulated, deep 
channel without riparian trees. Downstream from S3 
a general colling effect was observed in terms of mean 
temperatures. A slightly different longitudinal pattern 
was found in the Utrata, where the mean summer 
temperature was the lowest at site U3 (15.5ºC), but only 
a slightly higher mean temperature was noted in the 
most upstream sites U1 (15.7ºC) and U5 (15.8ºC). The 

Fig. 2. Mean daily air temperature and precipitation from a) 
the Warsaw Okęcie meteorological station and b) mean daily 
streamfl ow in the Krubice and Wólka Mlądzka gauging stations.

Fig. 3. Water temperature patterns from all investigated sites on 
a) the Świder River, and b) the Utrata River, based on daily mean 
values.



195Human Impact on Spatial Water...

highest mean summer temperature was observed in the 
most downstream regulated site, U7 (18.0ºC), although 
similar temperatures were also found in sites U4 and U6 
(both 17.7ºC), located downstream from the reservoir 

release and sewage infl ow, respectively. From a site-to-
site perspective, signifi cant differences in daily mean 
temperatures were found in nearly all of the paired sites, 
with the exception of pair S4/S5 on the Świder (p>0.01).

Fig. 4. Distribution of daily mean a), maximum b), minimum c), and range d) water temperature data across all sites on the Świder 
River. The plot shows mean (dots), the 25th and 75th percentile (boxes around the median line), and minimum and maximum temperature 
(whiskers).

Fig. 5. Distribution of daily mean a), maximum b), minimum c) and range d) water temperature data across all sites in the Utrata River. 
The plot shows mean (dots), the 25th and 75th percentile (boxes around the median line), and minimum and maximum temperature 
(whiskers).
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Absolute summer maximum water temperature in 
the Świder was the highest in the most upstream site, 
S1 (27.2ºC), and decreased to reach a minimum value of 
24.8ºC in site S5; downstream to site S7 a small increase 
in maximum temperature was observed, but only of 
0.6ºC. A similar pattern was observed in terms of average 
maximum temperature for the whole period (Fig. 4). In 
the case of the Utrata, the lowest maximum summer 
water temperature was recorded in site U5, where this 
metric only reached 22.7ºC, while the highest was noted 
at U4, reaching 27.2ºC. On average, maximum water 
temperature was the highest at U6, downstream from the 
WWTP infl ow (Fig. 5). Signifi cant differences between 
daily maximum temperatures were found in nearly all of 

the paired sites, with the exception of pairs S4/S5 and S6/
S7 in the case of the Świder and U1/U2 in the case of the 
Utrata (p>0.01).

Absolute minimum water temperature was generally 
uniform in all of the investigated sites, with a difference 
of 0.5ºC in the case of the Świder. On average, the highest 
minimum temperatures were noted in site S2, while 
the lowest were at S1. A similar pattern was found in 
the case of the Utrata, where absolute minimum water 
temperature varied only by 1ºC; with the single exception 
of site U6, downstream from WWTP (7.9ºC). However, 
on average, site U1 was the coldest, while sites U4 and 
U7 were the warmest. Statistical tests showed that in 
all paired sites in both the Świder and the Utrata, daily 

S1 S2 S3 S4 S5 S6 S7 U1 U2 U3 U4 U5 U6 U7

May 2016

Mean 15.8 16.3 16.4 16.1 16.1 16.1 16.1 15.6 16.0 15.4 17.3 15.0 16.6 17.9

Maximum 24.9 22.2 23.1 22.9 22.8 22.4 22.6 23.6 24.0 23.5 23.5 18.7 21.8 23.9

Minimum 9.8 10.2 10.1 10.2 10.3 10.3 10.7 8.6 9.3 9.2 11.2 10.4 11.4 11.7

Mean daily range 5.0 2.6 3.1 3.3 3.4 3.2 2.2 6.0 5.4 5.0 2.4 3.0 3.4 2.5

June 2016

Mean 19.5 20.1 20.1 19.8 19.5 19.5 19.7 18.4 19.0 17.7 21.0 17.8 19.7 21.6

Maximum 27.2 25.8 25.2 25.2 24.8 24.9 25.3 26.0 25.7 24.7 27.1 22.7 24.3 27.2

Minimum 13.0 15.1 16.2 14.8 13.9 13.8 14.5 11.3 13.8 11.3 16.7 13.7 16.7 17.7

Mean daily range 5.3 2.1 2.2 2.7 3.2 3.1 2.6 5.0 2.4 3.9 2.1 2.5 2.5 2.0

July 2016

Mean 19.4 19.7 19.6 19.4 19.3 19.4 19.9 18.9 19.4 18.9 21.3 18.4 20.0 21.3

Maximum 26.2 25.3 24.4 24.8 24.4 24.2 25.4 24.5 24.0 23.9 27.2 22.0 23.4 25.5

Minimum 15.1 16.1 15.8 15.5 15.4 15.6 16.1 14.0 15.5 14.0 17.3 14.4 17.1 17.2

Mean daily range 3.6 2.0 2.4 2.3 2.2 2.0 2.0 3.0 2.0 2.6 1.9 2.1 2.1 1.6

August 2016

Mean 18.2 18.7 18.8 18.4 18.4 18.5 18.8 17.9 18.6 17.8 20.4 18.3 20.0 20.4

Maximum 23.0 22.3 22.9 22.4 22.5 22.3 22.4 22.8 22.5 22.9 25.5 22.3 23.4 24.2

Minimum 14.6 16.0 15.9 15.4 15.1 15.0 15.1 13.7 14.0 13.3 16.4 15.2 16.8 17.1

Mean daily range 2.7 1.6 2.2 1.9 2.0 2.0 1.9 2.7 1.8 2.3 2.0 1.8 2.1 1.3

September 2016

Mean 14.5 15.1 15.2 14.9 14.9 15.0 15.1 14.5 15.2 14.2 17.2 15.4 18.5 17.3

Maximum 18.5 19.5 19.1 19.3 19.1 19.2 19.8 20.0 19.9 19.2 22.0 18.8 22.0 21.0

Minimum 9.4 10.5 9.8 9.4 9.8 9.9 9.4 7.6 9.1 7.8 10.5 11.7 13.5 12.9

Mean daily range 2.0 1.5 1.8 1.9 1.9 1.8 1.9 3.0 1.6 2.4 1.6 1.8 2.3 0.9

October 2016

Mean 9.2 9.1 9.2 8.9 9.1 9.1 9.0 8.9 9.3 9.1 9.1 9.6 11.6 9.9

Maximum 14.7 14.9 14.6 14.6 14.6 14.5 14.4 15.2 15.1 15.7 15.9 15.7 19.0 16.0

Minimum 6.4 5.7 5.8 5.5 5.9 6.0 5.9 5.6 6.2 5.8 5.8 6.1 7.9 6.6

Mean daily range 0.8 1.0 0.9 0.9 0.8 0.8 0.7 1.1 1.0 1.1 0.8 1.0 1.8 0.7

Summer 2016

Mean 16.1 16.5 16.5 16.2 16.2 16.3 16.4 15.7 16.2 15.5 17.7 15.8 17.7 18.0

Maximum 27.2 25.8 25.2 25.2 24.8 24.9 25.4 26.0 25.7 24.7 27.2 22.7 24.3 27.1

Minimum 6.0 5.7 5.8 5.5 5.9 6.0 5.9 5.6 6.2 5.8 5.8 6.1 7.9 6.6

Mean daily range 3.2 1.8 2.1 2.2 2.3 2.1 1.9 3.4 2.4 2.9 1.8 2.0 2.4 1.5

Table 2. Descriptive water temperature parameters calculated from 30 min of data for all investigated sites.
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minimum water temperature was signifi cantly different; 
the only exception was pair S4/S5 (p>0.01).

Generally, in both investigated rivers mean daily 
temperature fl uctuations were the highest in the most 
upstream sites and decreased downstream. In the Świder 
the highest mean daily range was noted in site S1 (3.2ºC), 
while the lowest was in site S2 (1.8ºC). For sites S4 to S6 
temperature variations were slightly higher, but in the most 
downstream site, S7 temperature dynamics decreased 
(1.9ºC). In the Utrata mean daily temperature fl uctuations 
also generally decreased downstream, from 3.4ºC at U1 to 
1.5ºC at U7, although small daily temperature variations 
were also found below the reservoir release at U4 
(1.8ºC). All paired sites were characterized by signifi cant 
differences in this metric on the Utrata; the situation was 
slightly different in the case of the Świder, where between 
S3 and S4, and S4 and S5, there was no signifi cant change 
between mean daily temperature range (p>0.01).

Spatial patterns of water temperature varied 
temporally, as indicated by different temperature metrics 
in the monthly time scale (Table 2). Generally, in the case 
of both rivers the most pronounced temperature contrasts 
occurred during the warmest, low-fl ow period, mainly 
from June to August. Temperature was defi nitely less 
varied in the case of the Świder, where differences in 
mean temperature only amounted to 0.7ºC in September. 
The maximum temperature parameter in this river was 
the most varied in May (2.7ºC), while minimum and mean 
daily temperatures were the most varied in June (3.3ºC 
and 3.2ºC, respectively). Differences in water temperature 
across sites in the Utrata were clearly higher in monthly 
scales. Mean temperature was most varied in September, 
even by 4.3ºC. The same is true of minimum water 
temperature (5.9ºC). This was mainly due to elevated 

water temperatures observed at U6. Maximum and mean 
daily range metrics differed the most throughout May, 
reaching 5.3ºC and 3.6ºC, respectively. Temperature 
patterns were uniform in nearly all investigated sites in 
October.

Linear Regression Models

Linear regression models produced for daily mean air 
and water temperatures explained at least 84% of water 
temperature variations in the case of both investigated 
rivers (all regression models were statistically signifi cant 
at p<0.01) (Table 3). The explanatory power for all sites on 
the Świder was similar (0.84-0.85), while slightly higher 
differences were found in the case of the Utrata (0.84-
0.90). Generally, the explanatory power of the regression 
models was the highest and most similar in the upstream 
reach of the Utrata and decreased downstream in sites U5 
and U6, while in the case of the Świder the explanatory 
power was quite uniform from upstream to downstream. 
The slopes of the regression models varied from 0.72 to 
0.75 and 0.58 to 0.86 in the case of the Świder and Utrata, 
respectively. Together with slope, intercept also showed a 
similar tendency; in the Świder intercept varied from 4.00 
to only 4.27, while in the Utrata from 3.35 to even up to 
8.02 (Fig. 6). 

Discussion and Conclusions

Detailed stream temperature monitoring in two 
lowland catchments provided a contribution to better 
understand thermal variability and demonstrated 
the fundamental effect of human impact as a key 
factor infl uencing spatial temperature changes. Such 
anthropogenic alternations of thermal regimes, sometimes 
overlapping each other, are common in the case of 
many lowland rivers fl owing throughout urbanized and 
agricultural areas. This in turn has proven to be crucial 
from the point of view of aquatic ecology, as population 
structure, growth conditions, and the feeding strategies 
of certain fi sh species could vary among the stream 
reaches [11, 18]. Thus, such investigations, which help 
environmental managers take into account a magnitude of 
varied human impacts, could have a practical signifi cance 
in the context of fi sheries, ecosystem protection, and other 
conservation issues [19].

Factors Affecting Thermal Variability

Many different factors affecting longitudinal 
temperature changes, both anthropogenic and natural, 
have been investigated in previous research [6]. The most 
common human impacts on the river thermal continuum 
are defi nitely dam and weir operations [20], infl ows from 
wastewater treatment [21] and power plants [22], and 
land use changes [23]. The thermal continuum may also 
be disrupted by natural factors, such as tributary infl ows 
and groundwater inputs [24], as well as different degrees 

Site R2 Slope (a) Intercept (b)

S1 0.84 0.72 4.06

S2 0.85 0.75 4.02

S3 0.84 0.74 4.26

S4 0.85 0.73 4.00

S5 0.85 0.72 4.27

S6 0.85 0.72 4.27

S7 0.84 0.74 4.01

U1 0.89 0.71 3.79

U2 0.90 0.74 3.94

U3 0.87 0.70 4.04

U4 0.89 0.86 3.35

U5 0.85 0.61 5.50

U6 0.84 0.58 8.02

U7 0.86 0.80 4.77

Table 3. Summary of linear models between daily mean air and 
water temperatures for all investigated sites.
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of shading [25]. As detailed below, a complex set of 
human alternations was identifi ed to create a longitudinal 
heterogeneity of water temperature in the current study.

First of all, the most rapid increase of mean, maximum, 
and minimum water temperature parameters and a 
reduction of daily temperature fl uctuations was observed 
below the shallow reservoir without thermal stratifi cation 
(site U4), where water is released from a warm surface 
layer. Such an effect is consistent with the fi ndings of 
[26], who found an average increase of mean summer 
temperature of 2.7ºC below selected small surface release 
dams in the United States; congenial infl uence were 
observed by [19] in the case of headwater streams in 
the U.S. state of South Carolina. It must be emphasized 
that a few kilometers downstream from U4 there was 
also a colling effect of the deeper reservoir in site U5, 
but its magnitude is diffi cult to evaluate due to the 
simultaneous impact of a considerable tributary (detailed 
below). 

Sewage infl ows from a wastewater treatment plant 
were also found to greatly affect the river thermal 
regime (site U6); however, this impact was especially 
clear during September and October, when a signifi cant 
increase of water temperature by even 5ºC was noted. 
During the warm periods the heating effect of WWTP 
could be considered to be relatively small; for example, 
in the hottest day of 2016 sewage infl ows from WWTP 
increased the daily mean temperature by 1.5ºC, in 
comparison to 4.0ºC and 3.8ºC increases due to shallow 
reservoir releases and channel regulation, respectively. 
This confi rmed the conclusions of [27] that river water 
temperatures are not very sensitive to sewage infl ows 
in warmer periods, mainly due to the fact that infl ow 
temperatures are similar to those of natural fl ow. A 
clear increase of mean, maximum, and minimum water 
temperature metrics, although generally smaller in their 
magnitudes than those from sewage infl ow, were observed 
also due to the lack of riparian trees and shrubs resulting 
from channel regulation (between U6 and U7), which was 
responsible for short-wave radiation heating of the water 

surface [18, 28]. In turn, there was a noted cooling effect 
in terms of mean and maximum temperature metrics 
between sites S3 and S5-S6 due to the appearance of 
riparian shade in the nature reserve section.

Channel geometry was identifi ed in some studies 
as an important driver of heat exchange processes with 
the atmosphere [29]; reaches with higher width:depth 
ratios are characterized in general by a greater daily 
temperature range, lower maximum, and higher 
minimum temperature. The current study confi rms these 
fi ndings; such an effect on longitudinal water temperature 
patterns was observed between sites S1 and S2, where a 
decrease of the maximum temperature and an increase 
of the minimum temperature were noted despite the lack 
of riparian vegetation shade on this reach. This can be 
associated with a deeper channel in site S2, in contrast to 
a more shallow channel in site S1, which prevented rapid 
daytime heating by solar radiation and fast nighttime 
cooling. Moreover, this was the main reason behind the 
substantial reduction of daily temperature fl uctuations, 
which in site S2 were even smaller than in downstream 
sites (e.g., S7). A similar trend in terms of minimum and 
mean daily range was also found in the case of site U2 on 
the Utrata, located in the weir backwater, in comparison 
to the nearest sites: U1 or U3.

The effects of tributaries cannot be defi ned clearly. In 
the case of natural tributary infl ow there was no impact 
on water temperature in the section below confl uences 
because, as indicated by summer handheld measurements 
(not presented in this paper), the water temperature of 
tributaries varied by only 1-1.5ºC from the studied rivers. 
This was visible in the case of sites S4 and S5, where 
no signifi cant statistical differences were found for any 
temperature metrics downstream from the confl uence. On 
the other hand, the thermal and fl ow regimes of several 
tributaries can be transformed themselves, for example 
due to signifi cant wastewater infl ow, and thus they could 
affect the thermal regime of the river below the mouth. 
One such example could be the Raszynka River – the 
confl uence with the relatively high, thermally modifi ed 

Fig. 6. Linear relationships between mean daily water and air temperatures for all investigated sites in a) the Świder River, and b) the 
Utrata River.
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infl ow of this river caused a cooling effect in site U5 on 
the Utrata.

Air-Water Temperature Relationships

Human impacts were visibly refl ected in the 
explanatory power and parameters of linear regression 
models. In the case of the Utrata, slopes and intercepts 
of linear models were differentiated throughout all 
sites, which indicates that the potential response of 
the stream temperature to climate warming could 
be spatially varied in such transformed rivers. In 
consequence, the prediction of temperature must be 
careful and should be based on site-specifi c models. 
In turn, the small variability between parameters 
of regression models found in the less transformed 
Świder indicates that there is a possibility to perform 
simple statistical modelling for whole river sections. 
Furthermore, the current study is generally inconsistent 
with the suggestions of [30] that small catchments 
have lower correlations with air temperature. This was 
not found in the case of the upstream sites, e.g., S1 
( R2 = 0.84) and U1 (R2 = 0.89), similar to [31], who 
studied U.S. streams in southeastern Minnesota. It can 
be explained that such a tendency in model performance 
suggested by [30] is limited to very short stream reaches 
close to the source, especially in foothill and mountain 
streams supplied by cold, thermally stable springs 
(exsurgences), making temperature not very sensitive to 
atmospheric heat fl ux.

Air-water temperature relationships were widely 
used for stream temperature prediction in the face of 
climate warming [32], as well as for the identifi cation of 
groundwater-fed sites, as linear models of such reaches 
have lower slopes and higher intercepts than their 
meteorological control counterparts [33]. In the present 
study, similar to groundwater effect, lower slopes and 
higher intercepts refl ected sewage infl ows (a = 0.58, 
b = 8.02) and the net result of tributary infl ow and 
releases from reservoir (a = 0.61, b = 5.50); however, 
according  to previous studies, typical groundwater-fed 
streams have generally lower regression slopes [31, 33]. 
In turn, the highest degree of meteorological control on 
stream temperature (e.g., the highest slope and the lowest 
intercept) was found directly in the site below the reservoir 
(U4), where the unshaded water surface was the most 
vulnerable to radiation heating (a = 0.86, b = 3.35).   It must 
be emphasized that despite the similar effect of sewage 
and groundwater infl ows on the regression coeffi cients, 
the infl uence of these factors on the river thermal regime 
is defi nitely different. This suggests a great caution in 
such interpretations. 
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