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J.; Hlavčová, K.; Bolla, B.

Groundwater Recharge from Below

under Changing Hydro-Meteorological

Conditions in a Forested and

Grassland Site of the Great

Hungarian Plain. Forests 2023, 14,

2328. https://doi.org/10.3390/

f14122328

Academic Editor: Changliang Shao

Received: 30 October 2023

Revised: 21 November 2023

Accepted: 24 November 2023

Published: 28 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Groundwater Recharge from Below under Changing
Hydro-Meteorological Conditions in a Forested and Grassland
Site of the Great Hungarian Plain
András Szabó 1,* , Zoltán Gribovszki 2 , Ján Szolgay 3 , Péter Kalicz 2 , Kitti Balog 4, József Szalai 5,
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Abstract: The process of groundwater evapotranspiration and its subsequent recharge are fundamen-
tal aspects of the Earth’s natural water cycle and have significant implications for the preservation
and functionality of various forested ecosystems. This study presents a case analysis examining
the recent fluctuations in groundwater levels and their replenishment in two wells situated at a
designated forested experimental area and a control site. The magnitude and temporal fluctuations of
groundwater recharge were examined through the utilisation of a novel adaptation of the traditional
White method, which was specifically tailored to the local context. We also tested the sensitivity of the
White method as an indicator of the system’s behaviour because the signal has changed in relation to
the access of the forests to groundwater under the conditions of regionally declining groundwater
resources and a warming climate. The novelty of this approach is found in the examination of the
temporal fluctuations in groundwater recharge, which are influenced by both a decrease in ground-
water levels caused by forest evaporation in response to climate change and a regional reduction in
groundwater supplies. As a result, the ongoing decrease in groundwater levels may have significant
adverse effects on local forests.

Keywords: groundwater recharge; sustainable forest management; paired point study; water scarcity;
climate change

1. Introduction

Groundwater recharge refers to the complex processes by which precipitation, surface
water, or other sources infiltrate vegetated and bare ground and replenish aquifers. It is a
critical component of the Earth’s natural water cycle and plays a vital role in sustaining
and maintaining the health of many forested ecosystems. Alterations in the Earth’s climate
on a global scale have the potential to exert a substantial impact on groundwater resources,
affecting both their quality and quantity [1]. Hence, it is of utmost importance to investigate
the spatiotemporal dynamics of evapotranspiration and recharge rates in response to
alterations in land use and climate conditions [2]. These topics have received continual
attention in the literature around the globe [3–8].

Afforestation efforts in Hungary, undertaken as part of climate change adaptation
measures, extend to the Great Hungarian Plain. This region is seeing a decline in forest
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suitability due to unfavourable climate conditions and reduced soil moisture levels. The
probable loss of suitable forest habitats is a concerning consequence of the changing climate,
mostly due to the increased evaporation rates, particularly in regions characterised by
a high aridity index. The majority of forests located on the Great Hungarian Plain are
reliant on surplus subsurface water derived from the groundwater in order to sustain their
survival [9,10]. Nevertheless, the task of obtaining precise estimates of groundwater evapo-
transpiration still remains a challenge due to the presence of uncertainties associated with
climate factors, vegetation characteristics, hydrogeological conditions, and hydrological
parameters [11].

Climate change can alter not only precipitation patterns, temperature regimes, the
timing of snowmelt, and vegetation zones but also the length of the growing season [12].
These alterations have significant implications for evapotranspiration, which subsequently
affects the quantity and distribution of groundwater recharge. Therefore, understanding
how changing climate patterns affect groundwater recharge rates is paramount [13]. The
examination of these alterations in forested ecosystems contributes to the preservation of
forest and water resources management and the ability to adapt to a dynamic environment
in the long run.

Measuring on-site groundwater evapotranspiration poses significant challenges. The
conventional techniques commonly employed to assess evapotranspiration from the sur-
face, such as micrometeorological methods, lysimeter weighing, field water balance equa-
tions, vorticity covariance methods, and the Bowen ratio method, are not well-suited for
directly quantifying groundwater evapotranspiration and estimating associated recharge.
This limitation arises due to the disruption of connectivity between the surface and the
aquifer caused by the presence of the unsaturated zone. The acquisition of measurements
can frequently incur high costs, with the limitation that only point values are provided.
Numerous investigations have been carried out globally to estimate groundwater evapo-
transpiration using various models, such as empirical, statistical, energy balance, Penman,
and complementary correlation models [2,14,15], in order to mitigate or incorporate com-
plexities associated with the variability of moisture content in the unsaturated zone.

Long-term fluctuations due to the changing climate have led to the introduction of
further sources of uncertainty when quantifying groundwater evapotranspiration and
recharge. In the context of regional comparisons and land management studies, it may be
required to utilise many sites for measurements or modelling purposes, particularly when
dealing with spatially heterogeneous regions, such as mixed forests or wetlands. Hence,
it is imperative to prioritise the utilisation of cost-effective and robust methodologies in
such scenarios due to practical considerations. Various alternative and indirect methods,
including process-based and empirical models, as well as methods relying on diurnal
groundwater level changes, might be employed [16–19].

Phreatophytic plants frequently induce diurnal variations in groundwater levels by
their utilisation of subsurface water resources. Methods for estimating evapotranspiration
and recharge have been created by analysing the distinct daily fluctuations in the water
table caused by the reduction in groundwater levels during plant transpiration. Upon
decreased plant transpiration at night, the recharge increases the groundwater table [20].
The characteristic diurnal pattern typically consists of a steep decline during the day
and a recovery phase overnight. Different methodologies leverage the attributes of these
oscillations to estimate the daily rate of groundwater evaporation in a cost-effective manner.
The phenomenon in question has been consistently and systematically investigated and
documented since the 1930s, as evidenced by the studies conducted by Healy and Cook [21],
Gribovszki et al. [22], Fahle and Dietrich [23], and Hou et al. [2].

This study extends the established White method [24] at a specific study site. The
widespread utilisation of this method can be attributed to its relative simplicity and its
applicability in on-site evapotranspiration calculations. As a result, it has become the
prevailing approach for calculating rates of groundwater evapotranspiration and recharge
in arid and semi-arid regions [25]. The concept is based on three underlying assumptions:
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(1) changes in the groundwater table during the day are mostly caused by plant water
consumption; (2) vegetation exhibits minimal water demand during nighttime; and (3) the
average daily recharge rate can be approximated by the net inflow rate occurring between
midnight and four a.m. The inclusion of subjective aspects within these ideas may impose
limitations on the applicability of the strategy in diverse real-life scenarios involving
certain aquifers and ecosystems. Therefore, several corresponding improvements have
been introduced based on the shortcomings discovered in the assumptions of the original
method, which have been extensively discussed by Gribovszki et al. [22] and Hou et al. [2].

These improvements include a considerable amount of uncertainty in quantifying the
daily groundwater recovery rate; the quantification of the specific yield; the variability in
the amounts of water transpired by plants during the growing season; the choice of the
time of recharge; the high heterogeneity of surface vegetation; and the effect of rainfall
or irrigation on the water table, variable groundwater fluctuations, transient recharge
rate as typically a function of the head difference between the observation well and the
recharge source, stress factors, and the growth state of the forests and other vegetation.
Consequently, drawing inspiration from the White method, numerous scholars persist in
suggesting alterations or alternative approaches based on information about water-table
fluctuations [17,20,26–30].

Groundwater recharge rates are influenced by various factors, including the type of
vegetation, land use practices, soil qualities, and prevailing climate conditions. The present
study addresses the intricate and diverse task of evaluating the groundwater recharge
differences between a forested area and a grassland control site in the context of a dynamic
climate. This endeavour involves a range of ecological, hydrological, and climatic elements.
Understanding these factors is necessary for the effective management of land and water
resources in both types of ecosystems [12]. In reaction to the shortcomings listed above and
the specific local conditions of the study site, this paper intends to test the performance
of an adaptation of the White method, which is described in the methodological section,
under a nonstationary hydrological regime caused by the continuous declining trend of
groundwater levels in the pilot region.

Forest vegetation has the capacity to evaporate a greater amount of water compared
to herbaceous vegetation due to its larger leaf area and deeper root zone, as depicted
in Figure 1 [31–35]. Consequently, the water uptake by forest vegetation might surpass
that of herbaceous vegetation [25,36–39], leading to the formation of diverse groundwater
depressions beneath the forested areas.

The extent of groundwater depressions under forest stands shows seasonal patterns
with different time scales. Groundwater depressions typically exhibit their lowest levels
during the spring [9] and gradually increase to their peak by the end of the vegetation
period. The values span a range of a few decimetres to approximately 2–3 m [40–43]. The
majority of prior study has been primarily concerned with the phenomenon of seasonal
depletion in groundwater levels. Groundwater levels also exhibit diurnal variations charac-
terised by a sinusoidal pattern, wherein the most prominent depressions typically occur in
the late afternoon. These depressions generally have a magnitude that ranges on the order
of centimetres [22].

The groundwater depressions beneath forests in the Kiskunság Sand Ridge were
examined by Szilágyi and Vörösmarty [44] through the utilisation of a physically based
groundwater water balance model that incorporated spatially distributed parameters.
The researchers reached the conclusion that the average decline in groundwater levels
over an extended period of time in forests that have been formed ranges from 0.1 to
0.4 m, as indicated by the model results. In their study, Szilágyi et al. [45] conducted an
analysis of evapotranspiration within the Danube–Tisza interfluve region. This analysis
was carried out by utilising maps of actual evapotranspiration, which were simulated
using MODIS surface temperature data. They found that in forested areas, evaporation
was higher (by 70–80 mm) than the precipitation in several locations. In these locations, a
negative water balance can only occur if the forests are able to use groundwater resources
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(including additional inflow/recharge from the surrounding water bodies), which may
create a depression in the groundwater levels.
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Vágás [46] emphasised the significance of hydraulic factors associated with soil texture
in the formation of a groundwater depression. It has been observed that these factors can
exert a significantly greater influence on the ensuing groundwater depression compared to
the actual evapotranspiration of groundwater.

Such effects of forests in the creation of groundwater level depressions have been
reported by various researchers [47–49], with a primary focus on the water uptake by forests.
In relation to groundwater recharge in the pilot area, there are two distinct mechanisms
that can be identified. The first mechanism involves recharge from above, which occurs
through the infiltration of precipitation. The second mechanism involves recharge from the
sides or from below, which can occur due to the creation of groundwater depression and
the presence of preferred regional groundwater flow paths [44].

The decline of groundwater levels on the Great Hungarian Plain, where the pilot area
of the present study is located, has emerged as a prominent environmental and agricultural
issue for quite a few years. There are multiple potential causes for this phenomenon, includ-
ing a decrease in the natural replenishment of groundwater due to climate change [50–52],
as well as inadequate control and monitoring of groundwater extraction. The aforemen-
tioned factors may lead to excessive extraction of groundwater, insufficient assessment of
its sustainability, intensive irrigation methods, and the historical transformation of natural
landscapes for other uses [52].

The management of forests throughout Europe is currently facing significant concerns
due to recent climatic changes [53]. The heightened sensitivity of pedunculate oaks to water
balances in eastern Hungary [54] suggests that forests on the Great Hungarian Plain may
suffer a tendency towards increased risks and heightened vulnerability. This vulnerability
stems not only from drought conditions but also from the escalating challenges associated
with accessing groundwater.
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It can be concluded that in the wooded steppe vegetation zone of the temperate
climatic belt, there is limited knowledge about the interactions between forest plantations
and groundwater, particularly under the changing conditions of climate change.

This paper presents a case study of the recent dynamics of groundwater levels and
recharge at a selected pilot site. The analysis and conclusions are based on diurnal water
table fluctuations in two wells located in a forested area and a grassland control point of
the Great Hungarian Plain. The comparison of the magnitude, the seasonal and temporal
distribution, and the multiannual long-term trends of the groundwater recharge are based
on values estimated by the White method. The novelty of this approach is in the analysis of
temporal fluctuations in groundwater recharge, which are influenced by both the depletion
of groundwater caused by forest evapotranspiration and the overall regional decline
in groundwater levels. The present study aims to evaluate the efficacy of the White
method as a reliable indicator for detecting alterations in forest access to groundwater. The
objective of this study is to enhance our comprehension of the temporal fluctuations in the
accessibility of groundwater for evapotranspiration and growth in local forests, particularly
in the context of nonstationary meteorological circumstances and the diminishing supply
of groundwater.

2. Materials and Methods

The geographical location of Püspökladány–Farkassziget research area is situated in
the eastern region of the Great Hungarian Plain (Figure 2). The region has a continental
climate, characterised by annual precipitation levels ranging from 340 to 913 mm, and had
an average yearly air temperature fluctuating between 9.8 and 12.7 ◦C between 1991 and
2020. Regarding the topography, the area is a lowland covered with loess and alluvial
deposits. Historically, this lowland comprised of marshes, swamps, and riparian woods.
Throughout history, the implementation of drainage systems has yielded vast expanses
of pastures and cultivable lands, hence contributing to the occurrence of salinisation in
specific regions. During the 1920s, Hungary initiated afforestation initiatives with the aim
of addressing the nation’s depleted wood supply, which had become a pressing concern
following the conclusion of the First World War. The forest stand in the study area was
established during research efforts to investigate the afforestation and tree planting in areas
with unfavourable ecological conditions, including saline regions. The Farkassziget forest
has expanded to encompass an area of 4.1 km2 as a consequence of the project’s initiation in
1924 and the continuous afforestation efforts. The habitat has a rich diversity, characterised
by the presence of multi-layered stands comprising closed oak woods, as well as other tree
species and grasslands that are fragmented into distinct patches.

The analysis focused on groundwater level data that were gathered from two distinct
sampling places, as seen in Figure 2. One of the sampling points was located within an oak
(Quercus robur) stand planted in 1929 with a wood volume of 777 m3/ha (estimated in
2015). The other point served as a control and was covered by herbaceous vegetation and
functioned as a meadow.

In August 2014, a groundwater monitoring well was installed at each of the sampling
stations. The boreholes are equipped with polyvinyl chloride (PVC) pipes, which have a
diametre of 5 cm. The groundwater levels were monitored at regular intervals of 15 min
using vented pressure transducer devices of DA-LUB 222-type, which had a precision of
1 mm (Table 1). Soil samples were collected at regular intervals of 20 cm in the upper 1 m
layer and subsequently at intervals of 50 cm below that layer during the drilling of the
boreholes. The determination of soil texture was based on hygroscopicity (hy1) values.
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About 280 m east of the study area is the Makkodi main drainage channel, which
ends in a nearby (6.5 km) pumping station east of the pilot region. The lowest point of the
channel bed in the study area is 83.2 m above sea level. According to the data obtained
from monitoring activities (Table 1), it can be observed that the bottom of the channel is
situated at an elevation several metres higher than the average groundwater level within
the surrounding region. It was concluded that it does not have a drainage effect on the
groundwater in its surroundings under average groundwater conditions and could serve as
one recharge source for groundwater resources in the immediate surroundings of the canal.
The magnitude of the recharge depends on the current state of the channel–groundwater
interaction, which was not observed during the course of this investigation.

Detailed primary meteorological data, including the air temperature, humidity, pre-
cipitation, wind speed and direction, and global radiation, were recorded at regular 10 min
intervals at the meteorological station (ECO logger 2, Boreas Ltd., Érd, Hungary) (Figure 2,
Table 1). The meteorological data used in this study are from the Püspökladány meteoro-
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logical station, which is part of the hydro-meteorological monitoring network managed by
the Forest Research Institute at the University of Sopron, Hungary.

Table 1. Main parameters of the sample points.

Sampling
Point Coordinates

Elevation
(Surface, m,

a.s.l.)

Well Bottom
(m, a.s.l.)

Screening
Depth of (m,

a.s.l.)

Average
Groundwater
Level (from
Surface, m)

Monitoring
Period

Oak 47◦20′29.48′′ N
21◦05′42.16′′ E 85.78 75.25 75.78–74.78 −7.92

(+/−0.52) 1 November
2018–9 October

2022Control 47◦20′26.29′′ N
21◦05′37.46′′ E 85.83 76.80 76.3–75.3 −6.78

(+/−0.33)
Meteorological

station
47◦20′04.53′′ N
21◦05′23.70′′ E 88.70 -

The measurement data from both monitoring stations have been collected since 2015;
however, they remained incomplete until 2018 due to asynchronous measurement dropouts.
Hence, the paper used data that were gathered during hydrological years starting with
November 2018 for the purpose of analysis.

In order to mitigate the influence of precipitation on forest evapotranspiration and
groundwater recharge, our analysis focused exclusively on days where the cumulative
rainfall throughout the preceding 30-day period did not surpass 20 mm. The threshold
was established by an examination of the impact of cumulative precipitation over varying
durations of 10, 20, 30, and 40 days on the recharge estimation derived from the White
technique. The groundwater levels, differences in the groundwater levels between the sam-
pling points, amplitude, and recharge were considered. We found the weakest correlations
for the 30-day precipitation below 20 mm. It was concluded that rainfall does not act as a
disruptive factor in the recharge processes studied in this case.

In order to differentiate the effect of vegetation on evapotranspiration and recharge
during the dormant and vegetation period, our analysis incorporated data from Novem-
ber to February, as well as data from May to August. The analysis did not include the
transitional months between the dormant and vegetation periods.

The main meteorological characteristics for 2018–2022 are summarised in Table 2. The
analysis was based on hydrological years. The average annual precipitation for 2018–2022
is 432 mm. The driest year was 2022, and the wettest was 2020. The highest potential
evaporation also occurred in 2022. The average annual potential evaporation was 943 mm.
The annual potential evapotranspiration (PET) was calculated using the Duna–Posza–Varga–
Haszonits method [55,56], which calculates PET based on temperature and humidity data.

Table 2. Main meteorological characteristics of the study period (hydrological years).

Year Temperature (◦C) Precipitation (mm) Potential Evapotranspiration (mm) Aridity Index

2018 11.8 504.9 951.4 1.9
2019 11.7 439.5 897.2 2.0
2020 11.8 627.3 877.4 1.4
2021 11.3 300.2 916.9 3.1
2022 11.7 288.2 1069.5 3.7

Based on the Budyko climate classification [57], utilising aridity indexes, the years
2018, 2019, and 2020 can be categorised as steppe climate, but the years 2021 and 2022
can be classified as desert climate. During the study period, the ratio between potential
evaporation and annual precipitation consistently exceeded 1, which is not typical of a forest
vegetation zone. The presented data suggests the presence of an extended period of drought
and the potential for the region to transition into a state of semi-aridity. Nevertheless, it is
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imperative to acknowledge that utilising a climate classification solely reliant on data from
specific years is inadequate for formulating long-term judgements.

Table 3 displays the soil texture classifications derived from the hy1 values.

Table 3. Soil texture types in the monitoring wells. SL, sandy loam (light blue); L, loam (dark blue);
CL, clay loam (yellow); C, clay (brown).

Depth (from Surface, m) Control Oak
0–0.2 L L

0.2–0.4 CL CL
0.4–0.6 CL CL
0.6–0.8 L L
0.8–1.0 L L
1.0–1.5 L L
1.5–2.0 L CL
2.0–2.5 L SL
2.5–3.0 L L
3.0–3.5 L CL
3.5–4.0 SL CL
4.0–4.5 SL CL
4.5–5.0 SL CL
5.0–5.5 L C
5.5–6.0 L CL
6.0–6.5 SL L
6.5–7.0 SL L
7.0–7.5 L L
7.5–8.0 L L
8.0–8.5 L L
8.5–9.0 L CL

Concerning the estimated recharge, it is notable that the soil texture in the observed
fluctuation zone of the groundwater levels could be considered homogeneous in both
wells. It is noteworthy to add that roots were discovered inside the soil samples located
beneath the clay layer at 5.5–6.0 m under the forest. This exceeds the data mentioned in
the available literature, which indicates that the primary root mass of an oak tree typically
falls between the range of 40 and 100 cm [58], whereas the maximum depth of its roots
is generally seen to be between 1 and 2 m [59–61]. However, it should be noted that the
quantitative measured data regarding the region’s maximum root zone depth is missing.

The daily groundwater recharge was determined by the White method [24,62]. The
method is illustrated in Figure 3. It assumes that evapotranspiration is negligible during
the late night to early morning (between 0 and 4 h). Therefore, the rate of the increase in
the groundwater level during this period could be attributed to the groundwater recharge.

The slope of the line drawn to the curve showing the change in the depth of the water
table during this interval represents the groundwater recharge rate per time unit (e.g., 1 h).
By extending this rate for 24 h, we can obtain the daily recharge rate (24(r)).

Based on the above, the groundwater recharge can be calculated in millimetres using
the following formula:

Qnet = Sy(24r), (1)

where Qnet—daily groundwater recharge [LT-1]. Sy—specific yield (depends on soil
texture, dimensionless). r—theoretical increase in groundwater level per hour due to
recharge [LT-1].
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In a recent study conducted by Wang et al. [28], it is suggested that instead of the
initial fixed period of 0-4 a.m. proposed by White, a dynamically variable period based on
the timing of sunrise and sunset should be employed for nighttime recharge. The inclusion
of a dynamically changing period resulted in enhanced accuracy of the calculation of evap-
otranspiration, principally through the reduction of variability in the calculated ET values.
During our analysis of the data, it was observed that the daily recharge during the vegeta-
tion period often started at a later time (sometimes significantly delayed) than midnight.
Consequently, we made adjustments to the White method by implementing a 4 h interval,
beginning at the point of maximum growth rate, as the basis for the recharge calculations.

The White method was originally devised for utilisation during the growing season;
however, it can also be effectively employed during the dormant period. In this case, the
trend applied to the complete dataset is also appropriate. However, the White method
was employed during the period of dormancy in order to maintain consistency with the
analysis carried out during the period of active growth.

During the dormant period, the raw data collected within the forest exhibited inter-
mittent multi-day cyclical fluctuations that could not be accounted for by currently known
impacting factors. Hence, in this case, the recharge value was derived by applying the
aforementioned approach to a smoothed three-day dataset.

3. Results
3.1. General Characterisation of the Dynamics of the Groundwater Level

In order to illustrate and understand the changes in groundwater levels at a regional
scale within the wider vicinity of the study area, we used data obtained from several
groundwater level monitoring network stations. Due to the similarity in results, the
two nearest ones were selected to represent the ongoing processes. These are located
at distances of 2.7 km and 15 km from the study site, respectively. The data collection
and processing activities were carried out by the Central Tisza Valley Water Management
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Directorate (KÖTIVÍZIG) over the period spanning from 1980 to 2022. The groundwater
monitoring well No. 2625 is located at Püspökladány (47◦19′16.01′′ N and 21◦06′47.98′′ E).
Well No. 2626 is situated in the Nádudvar area (47◦27′51.07′′ N and 21◦10′38.42′′ E). The
graphical representation of the data series and subsequent trend analysis demonstrated
that, despite instances of groundwater level increases in years characterised by higher
precipitation (specifically, 1996, 1999, 2006, 2010, 2013, and 2018), an overall downward
trend in groundwater levels was observed at all monitoring stations. This trend suggests a
reduction in the volume of water stored within the aquifer (see Figure 4).

Forests 2023, 14, x 10 of 26 
 

 

The White method was originally devised for utilisation during the growing season; 
however, it can also be effectively employed during the dormant period. In this case, the 
trend applied to the complete dataset is also appropriate. However, the White method 
was employed during the period of dormancy in order to maintain consistency with the 
analysis carried out during the period of active growth. 

During the dormant period, the raw data collected within the forest exhibited inter-
mittent multi-day cyclical fluctuations that could not be accounted for by currently known 
impacting factors. Hence, in this case, the recharge value was derived by applying the 
aforementioned approach to a smoothed three-day dataset. 

3. Results 
3.1. General Characterisation of the Dynamics of the Groundwater Level 

In order to illustrate and understand the changes in groundwater levels at a regional 
scale within the wider vicinity of the study area, we used data obtained from several 
groundwater level monitoring network stations. Due to the similarity in results, the two 
nearest ones were selected to represent the ongoing processes. These are located at dis-
tances of 2.7 km and 15 km from the study site, respectively. The data collection and pro-
cessing activities were carried out by the Central Tisza Valley Water Management Direc-
torate (KÖTIVÍZIG) over the period spanning from 1980 to 2022. The groundwater moni-
toring well No. 2625 is located at Püspökladány (47°19′16.01″ N and 21°06′47.98″ E). Well 
No. 2626 is situated in the Nádudvar area (47°27′51.07″ N and 21°10′38.42″ E). The graph-
ical representation of the data series and subsequent trend analysis demonstrated that, 
despite instances of groundwater level increases in years characterised by higher precipi-
tation (specifically, 1996, 1999, 2006, 2010, 2013, and 2018), an overall downward trend in 
groundwater levels was observed at all monitoring stations. This trend suggests a reduc-
tion in the volume of water stored within the aquifer (see Figure 4). 

 
Figure 4. Long-term trends in groundwater level data series in the broader region. Source: Central 
Tisza Valley Water Management Directorate, Hungary. 

The observed long-term groundwater level data from both the Oak and Control wells 
support the general declining trend in the regional groundwater level (Figure 5). The dif-
ference in groundwater levels between the forested and grassland areas has been sup-
ported by previous studies [37,64]. During the designated study period spanning from 1 
November 2018 to 9 October 2022, it was observed that the average groundwater level 

Figure 4. Long-term trends in groundwater level data series in the broader region. Source: Central
Tisza Valley Water Management Directorate, Hungary.

The observed long-term groundwater level data from both the Oak and Control
wells support the general declining trend in the regional groundwater level (Figure 5).
The difference in groundwater levels between the forested and grassland areas has been
supported by previous studies [37,64]. During the designated study period spanning from
1 November 2018 to 9 October 2022, it was observed that the average groundwater level
beneath the forest area was 1.14 m lower in comparison to the control area, which was
characterised by herbaceous vegetation.

The differences in the groundwater levels in the Oak and Control wells varied in the an-
nual cycles. The peak values were observed throughout the late summer and early autumn
periods, as the difference in water uptake between the forest and the control vegetation
reached its peak near the end of the vegetative period. Following this, it can be noticed that
recharge during the dormant season is significantly higher under the forest compared to
the control area. As a result, the difference declined until it subsequently resumed growing
due to the water uptake by the plants throughout the seasonal vegetation period. The
aforementioned fluctuations described became less pronounced in the consecutive years.
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3.2. General Description of the Recharge

This study focused on analysing the individual effects of various influencing factors,
namely groundwater level, difference in groundwater levels, and amplitude, throughout
both the dormant and vegetation periods. This approach was adopted to accurately assess
the influence of vegetation on these components. The characteristics of the recharge for
each period and sampling point are in Figure 6.

Forests 2023, 14, x 12 of 26 
 

 

the groundwater level. This suggests that a positive recharge may occur when the ground-
water levels are sufficiently low, as seen in Figure 8. 

 
Figure 6. Characteristic daily recharge rates at the forested and control sampling points during the 
dormant (n = 120) and vegetative (n = 47) periods. 

Figure 6. Characteristic daily recharge rates at the forested and control sampling points during the
dormant (n = 120) and vegetative (n = 47) periods.



Forests 2023, 14, 2328 12 of 24

During the dormant period (Nov-Feb), in the precipitation-free periods, the ground-
water recharge is generally positive under the forest (rechargeable groundwater zone).
During these periods, there is a positive correlation between recharge and groundwater
level differences, independent of the groundwater depth, as represented in Figure 7. Con-
versely, in the control area, the groundwater recharge remained close to zero during times
without precipitation.

Groundwater recharge during the dormant period under the forest is primarily
sourced from the surrounding areas, where the vegetation roots do not reach the ground-
water during the summer. It is possible that recharging may also occur from deeper layers
through regional groundwater flow originating from below. The recharge observed at
the control region exhibited a notable decrease and showed a weak positive correlation
with the groundwater level. This suggests that a positive recharge may occur when the
groundwater levels are sufficiently low, as seen in Figure 8.

The data obtained from the forest well during the precipitation-free days of the vege-
tative period (from May to August) from the entire observation period can be divided into
two distinct segments. During the period spanning from 2019 to the first half of 2021, the sit-
uation indicated stationary behaviour, with no discernible correlation between the recharge
and the groundwater level (Figure 9a), as well as the difference in groundwater levels
(magnitude of the depression) (Figure 9c). However, starting from the latter half of 2021 and
continuing into 2022, there was a notable decline in the recharging rate, which coincided
with a decline in the groundwater level and an increase in the groundwater depression
(Figure 9a,c). No discernible correlation was found between the depth of groundwater and
the depression of groundwater at the control point (Figure 9b,d).
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the control point (R2 = 0.332).

The behaviour observed during the vegetative period can be attributed to the detach-
ment of the root system from the lowering groundwater level. As a consequence, there is
a notable reduction in the cyclical daily water uptake from the aquifer. Minimising this
daily groundwater uptake has led to the dominance of the long-term recharge into the
aquifer under the forest instead of the cyclical daily recharge. During the dormant period,
however, this process was characterised by a different orientation, i.e., deeper groundwater
levels or more minor spatial differences in the groundwater levels generate less recharge
because there is a lower available supply of groundwater in the system around both wells.
Furthermore, a correlation exists in the vegetation period between the recharge and the
daily amplitude of groundwater level fluctuations generated by vegetation in the forested
area (Figure 10). During the vegetation period, no daily fluctuations in the groundwater
levels were detected in the control area.

Figure 11 illustrates the differences in the daily groundwater level fluctuations under
the forest on three consecutive precipitation-free days, specifically in the years (a) 2020,
(b) 2021, and (c) 2022. The vertical lines serve as markers indicating midnight each day.
There are significant changes in the daily fluctuations in groundwater levels reported
across successive years. Apparent daily fluctuations and recharge periods were observed
in the first two years of the study period (2019, 2020). The start of these periods varied
between 22:45 and 3:00 (Figure 11a). Following this, in the year 2021, the daily fluctuations
were still observable. Nevertheless, the start of the recharge periods was significantly
delayed, occurring from 6:15 to 11:15. The magnitude of the daily fluctuations significantly
decreased in the data series after 21 August 2021 (Figure 11b).
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In the daily data for 2022, no recharge periods are visible; therefore, their start could
not be determined (Figure 11c).

It can be concluded that in contrast to the time interval spanning from 12:00 a.m. to
4:00 a.m. presumed by the White method, it is possible for the daily recharge periods to
occasionally start with significant delays. Upon comparing the temporal delay with the
influencing factors that were investigated, a distinct correlation was observed between the
extent of the delay and the groundwater level (Figure 12). Data from 2022 were eliminated
from the analysis due to the inability to identify observable recharge periods caused by the
decline in the groundwater level.
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4. Discussion

In addition to their globally significant function as carbon sinks, forests in a given
region are fed by groundwater, which can induce numerous locally significant positive
effects. During the summer season, they cool their environment [65], reduce the extended
drying of the upper soil, mitigate the effects of erosion, and lower the salt content of the
topsoil [66]. The latter is particularly significant in regions affected by salinisation, such as
the Great Hungarian Plain.

The results of this case study need to be viewed in the context of the local importance of
the ecological and socio-economic roles of groundwater. The vegetation in the area depends
on groundwater as a means of survival during extended periods of drought caused by
limited water availability due to climate factors [9]. In the aforementioned situations,
the significance of groundwater resources at a regional level is paramount. However,
a comprehensive understanding of the dynamics between vegetation and groundwater-
level systems remains limited, both on a regional scale and in a global context [67]. The
forest stand that we analysed represents a little contribution towards addressing this
shortage. However, it also serves as an indicator of growing hazards that necessitate more
comprehensive investigations.

The local data and regional data indicate a noticeable decrease in groundwater levels
in the research area (Figure 4). According to Major [68], the decline in question is caused by
various factors, including both climatic and anthropogenic influences such as groundwater
extraction and afforestation. Szilágyi and Vorosmarty [44] quantified the influence of the
Danube–Tisza interfluve as 70 percent due to deep groundwater outtake and 15 percent
due to forest and climatic influence, respectively. The current study aimed to examine
spatially and temporally limited processes and assess the suitability of the White method
as an indicator of change in the forest–aquifer interaction within a specific local context.
However, we were unable to analyse and quantify the effects of potential anthropogenic



Forests 2023, 14, 2328 18 of 24

influences or long-term meteorological factors. Nevertheless, it is important to note that
the meteorological conditions observed during the analysed years demonstrate a consistent
inclination towards aridity (Table 2). Additionally, the evident decline in groundwater
levels further emphasises the significance of these aspects as crucial contextual elements in
our interpretation and subsequent findings.

It is important to acknowledge an additional source of uncertainty related to the
generalisations of our findings, namely, the fact that the local groundwater level is deeper
at both the control and forest sample points in comparison to the monitoring wells located
further away in the region. The observed depression in the groundwater level at the control
and forest sample points (Figure 5) may result in extra recharging towards the forest, mostly
due to a regional lateral groundwater flow. This fact, when considered in conjunction with
the aforementioned observation, supports the notion of increased recharge towards the
forested area. It is worth mentioning that the rate of lateral groundwater flow is significantly
influenced by the soil texture as the distance increases. The presence of a substantial clay
component in the soil, which is a defining characteristic of the region, results in a reduction
in the rate of flow in both the saturated and unsaturated zones.

The inclusion of upward-flowing groundwater from deeper layers, which had not
been excluded by hydrogeologists in a different area of the Great Hungarian Plain [69], was
not taken into account. Therefore, we have yet to attempt to put the results into a broader
water balance/areal evapotranspiration context, which is a drawback.

Based on our calculations, the average precipitation-independent recharge during
the vegetative periods spanning from May to August in the years 2019 to 2022 was deter-
mined to be 3.78 mm/day in the forested areas and 0.25 mm/day in the control stands.
Nevertheless, it is crucial to highlight that these values are not appropriate for establishing
a water balance or conducting spatial interpolation. This limitation arises from the use
of single-point sampling, which disregards the potential influence of regional ground-
water flow systems, including lateral and upward movements. Additionally, accurately
determining the crucial Sy value in the White method [70] poses significant challenges.
However, considering the aforementioned information, the predicted recharge values are
appropriate for demonstrating the differences between the forest and control points in each
respective year.

A positive correlation between recharge and groundwater depression was solely found
during the dormant period (Figure 7). This suggests that recharge tends to reach a state
of equilibrium during the dormant period under the forested area. Simultaneously, the
recharge within the control point was found to be influenced by the groundwater level. It
was observed that a shallower groundwater level corresponded to a lower rate of recharge
(Figure 8).

Among the factors examined, the amplitude of the daily water uptake during the
vegetation period showed the highest degree of correlation (Figure 10). It follows that the
renewal is typically dependent on the magnitude of the local and short-term depression
generated by the daily fluctuation of the groundwater level (the amplitude of the daily
groundwater level). The explanation for this relationship is that days characterised by high
potential evaporation result in a notable depression in the groundwater level on a short
time scale. This depression occurs due to the water uptake of the forest from the nearby
groundwater reservoir, which is situated in close proximity (within a few metres) [62].
During the vegetation periods, there are two discernible patterns in the correlation between
the recharge under the forest and the groundwater level or depression (Figure 9a,c). Ini-
tially, over the observation period spanning from 2019 to 2021, no distinct patterns were
observed in the relationship between recharge and the analysed parameters, and stationary
conditions were implicated in the system’s behaviour. Below a certain threshold of drying
conditions in the last two years, both the increase in the groundwater water depression
and the decrease in the groundwater level resulted in a decreasing recharge, suggesting
that nonstationary system behaviour and the subsurface water flow were becoming less
capable of replenishing the necessary daily water uptake by the vegetation.
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Significant variations were observed in the diurnal dynamics of the groundwater level
throughout each year of the vegetation period (Figure 11). The temporal delay in the starting
of recharge exhibited a robust correlation with the depth of the groundwater, suggesting
that the occurrence of drying may be linked to a delayed daily recharge (Figure 12). In the
data for 2022, the recharge periods could not even be separately identified (Figure 11c).
In the case when we could not expect a significant increase in recharge resulting from
precipitation in the region in the foreseeable future, the ongoing decline in groundwater
levels might have severe adverse effects on the forest ecosystem. The initial indications
of drought-induced stress, including top-drying, early leaf yellowing, and leaf loss, are
presently observable on the forest vegetation located at the designated monitoring site
(Figure 13).
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It may be assumed that, with regard to the control point, the replenishment of water
during rainless periods may be sourced from an established upward movement of ground-
water, which is an integral component of larger-scale flow systems [69,71]. In the case of
the forest site, this hydrological process is supplemented by the additional water from the
lateral inflow, which is formed due to the pressure difference resulting from the groundwa-
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ter depression induced by the daily water absorption by trees. The data for the year 2022
provide support for the theory positing an upward flow of groundwater. Specifically, when
the daily fluctuation is absent (presumably due to the gap between the root zone and the
aquifer), this additional lateral water source does not occur. Consequently, there is a similar
level of recharge under both the control and the forest (Figure 14).
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The signs of this process are also visible in the curves describing the daily dynamics of
the groundwater level (Figure 11a–c).

5. Conclusions

The sustenance and preservation of diverse forest ecosystems in the Great Hungarian
Plain heavily rely on the crucial functions of groundwater evapotranspiration and recharge.
This paper is a case study examining the recent dynamics of groundwater levels and
recharge in two wells situated at a forest pilot site and a meadow control site. The analysis
and conclusions are based on recharge driven by the difference in pressure from a ground-
water depression due to forest evaporation. In this study, we conducted an analysis of the
amplitude and temporal fluctuations of groundwater recharge using a novel adaptation
of the traditional White method. The sensitivity of the White method was also tested in
order to assess its effectiveness in detecting changes in the system’s behaviour with regard
to forest access to groundwater. This analysis was conducted under the circumstances
of declining regional groundwater resources and a warming environment. During the
vegetation period, the recharge under the forest was comprised of two main components.
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Firstly, there was an upward flow of groundwater from deep horizons, which was also
observed in the control area. Secondly, there was lateral water movement caused by the
daily water uptake of the forest vegetation, resulting in small-scale spatiotemporal ground-
water depressions. In the past two years, it has been observed that when drying conditions
fall below a certain threshold, there is a simultaneous increase in groundwater depression
and a decrease in groundwater level. This leads to a decline in recharge, indicating a
nonstationary system behaviour. Furthermore, it suggests that the subsurface water flow is
becoming less effective in replenishing the daily water uptake required by vegetation.

Due to the decline in groundwater described above that occurred on multiple time
scales, the capillary zone has likely moved away from the root system of the trees. The initial
indications of this phenomenon became apparent during the vegetative period of 2021,
characterised by diminished diurnal oscillations in groundwater levels and a delayed onset
of the daily recharge phase. During the vegetative period of 2022, the processes beneath
the forest showed patterns similar to those observed beneath the control monitoring point
in terms of daily groundwater dynamics and daily recharge levels. This indicates that the
regular replenishment of groundwater generated by the depression beneath the forest is
no longer occurring on a daily basis. This is due to the drying out of the system, which
hinders the ability of tree roots to access the relatively deep groundwater reservoir.

Based on the analysis of the multi-year data series and the observed correlations,
it is apparent that the local depression within the research area has moved towards an
equilibrium during the dormant period. The observed phenomenon can be seen as a
replenishment of groundwater on a seasonal basis, facilitated by the water uptake by
vegetation during the growing season of the forest. This replenishment is determined
by the difference in groundwater levels between the control area and the forested area.
Nevertheless, it is essential to note that a state of full balance has not been achieved,
even by the end of one dormant period. It suggests that the observed decline in regional
groundwater levels can be attributed, in part, to the warming climate and the subsequent
increase in potential evapotranspiration of the forest. It is important to note, however, that
other factors also contribute to this decline.

The contribution of precipitation-independent recharge is a notable aspect of the
annual water balance, playing a crucial role in ensuring the long-term viability of forests
that offer a multitude of beneficial ecosystem services within the given region. The findings
of our study suggest that the depletion of groundwater at the research site has reached a
critical threshold, posing a significant threat to the long-term viability of the investigated
forest ecosystem. Hence, there is a need to reassess the existing water management policies
in order to enhance the preservation and restoration of groundwater resources with greater
efficiency [72,73]. Furthermore, it is imperative to prioritise important objectives in forestry
research, such as the exploration of novel and sustainable approaches to forest management
and the identification of suitable tree species for places grappling with this issue.

Nevertheless, the current measurement methods only allow for a limited examination of
parallel processes operating at different spatial and temporal scales. Consequently, it is not
feasible to establish a water balance particular to the area using the provided values. Hence,
the assessment of the hydrological function of lowland forests necessitates reliance on data
obtained from regionally implemented and long-term intensive monitoring systems.

Furthermore, considering the vast extent of the wooded steppe vegetation zone and
the possibility that global climate change can induce similar processes in other areas, it
would be crucial to monitor these processes through the mentioned monitoring systems.
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13. Wojkowski, J.; Wałęga, A.; Młyński, D.; Radecki-Pawlik, A.; Lepeška, T.; Piniewski, M.; Kundzewicz, Z.W. Are We Losing

Water Storage Capacity Mostly Due to Climate Change—Analysis of the Landscape Hydric Potential in Selected Catchments in
East-Central Europe. Ecol. Indic. 2023, 154, 110913. [CrossRef]

14. Sajil Kumar, P.J.; Schneider, M.; Elango, L. The State-of-the-Art Estimation of Groundwater Recharge and Water Balance with a
Special Emphasis on India: A Critical Review. Sustainability 2022, 14, 340. [CrossRef]

15. West, C.; Rosolem, R.; MacDonald, A.M.; Cuthbert, M.O.; Wagener, T. Understanding Process Controls on Groundwater Recharge
Variability across Africa through Recharge Landscapes. J. Hydrol. 2022, 612, 127967. [CrossRef]

16. Collenteur, R.; Bakker, M.; Klammler, G.; Birk, S. Estimating groundwater recharge from groundwater levels using non-linear
transfer function noise models and comparison to lysimeter data. Hydrol. Earth Syst. Sci. 2020, 25, 2931–2949. [CrossRef]

17. Jia, W.; Yin, L.; Zhang, M.; Zhang, X.; Zhang, J.; Tang, X.; Dong, J. Quantification of Groundwater Recharge and Evapotranspiration
along a Semi-Arid Wetland Transect Using Diurnal Water Table Fluctuations. J. Arid Land 2021, 13, 455–469. [CrossRef]

18. Yonghong, S.; Qi, F.; Gaofeng, Z.; Qi, Z. Evaluating the Different Methods for Estimating Groundwater Evapotranspiration Using
Diurnal Water Table Fluctuations. J. Hydrol. 2022, 607, 127508. [CrossRef]

19. Zhang, W.; Zhao, L.; Yu, X.; Zhang, L.; Wang, N. Estimation of Groundwater Evapotranspiration Using Diurnal Groundwater
Level Fluctuations under Three Vegetation Covers at the Hinterland of the Badain Jaran Desert. Adv. Meteorol. 2020, 2020, 8478140.
[CrossRef]

https://doi.org/10.1016/j.jhydrol.2021.126602
https://doi.org/10.3390/w15050969
https://doi.org/10.1016/j.ejrh.2021.100917
https://doi.org/10.1007/s00254-006-0305-2
https://doi.org/10.1016/j.jhydrol.2016.07.039
https://doi.org/10.1016/j.jafrearsci.2012.06.005
https://doi.org/10.2478/johh-2022-0019
https://doi.org/10.1371/journal.pwat.0000061
https://doi.org/10.1002/eco.1427
https://doi.org/10.3390/f12121656
https://doi.org/10.1016/j.ecolind.2023.110913
https://doi.org/10.3390/su14010340
https://doi.org/10.1016/j.jhydrol.2022.127967
https://doi.org/10.5194/hess-25-2931-2021
https://doi.org/10.1007/s40333-021-0100-7
https://doi.org/10.1016/j.jhydrol.2022.127508
https://doi.org/10.1155/2020/8478140


Forests 2023, 14, 2328 23 of 24

20. Gribovszki, Z. Comparison of Specific-Yield Estimates for Calculating Evapotranspiration from Diurnal Groundwater-Level
Fluctuations. Hydrogeol. J. 2018, 26, 869–880. [CrossRef]

21. Healy, R.W.; Cook, P.G. Using Groundwater Levels to Estimate Recharge. Hydrogeol. J. 2002, 10, 91–109. [CrossRef]
22. Gribovszki, Z.; Szilágyi, J.; Kalicz, P. Diurnal Fluctuations in Shallow Groundwater Levels and Streamflow Rates and Their

Interpretation—A Review. J. Hydrol. 2010, 385, 371–383. [CrossRef]
23. Fahle, M.; Dietrich, O. Estimation of Evapotranspiration Using Diurnal Groundwater Level Fluctuations: Comparison of Different

Approaches with Groundwater Lysimeter Data. Water Resour. Res. 2014, 50, 273–286. [CrossRef]
24. White, W.N. A Method of Estimating Ground-Water Supplies Based on Discharge by Plants and Evaporation from Soil: Results of

Investigations in Escalante Valley, Utah; US Government Printing Office: Washington, DC, USA, 1932; Volume 659.
25. Fan, J.; Oestergaard, K.T.; Guyot, A.; Lockington, D.A. Estimating Groundwater Recharge and Evapotranspiration from Water

Table Fluctuations under Three Vegetation Covers in a Coastal Sandy Aquifer of Subtropical Australia. J. Hydrol. 2014, 519,
1120–1129. [CrossRef]

26. Jiang, X.-W.; Sun, Z.-C.; Zhao, K.-Y.; Shi, F.-S.; Wan, L.; Wang, X.-S.; Shi, Z.-M. A Method for Simultaneous Estimation of
Groundwater Evapotranspiration and Inflow Rates in the Discharge Area Using Seasonal Water Table Fluctuations. J. Hydrol.
2017, 548, 498–507. [CrossRef]

27. Soylu, M.E.; Lenters, J.D.; Istanbulluoglu, E.; Loheide II, S.P. On Evapotranspiration and Shallow Groundwater Fluctuations:
A Fourier-Based Improvement to the White Method. Water Resour. Res. 2012, 48, W06506. [CrossRef]

28. Wang, T.-Y.; Wang, P.; Yu, J.-J.; Pozdniakov, S.P.; Du, C.-Y.; Zhang, Y.-C. Revisiting the White Method for Estimating Groundwater
Evapotranspiration: A Consideration of Sunset and Sunrise Timings. Environ. Earth Sci. 2019, 78, 412. [CrossRef]

29. Runyan, C.; Welty, C. Use of the White Method to Estimate Evapotranspiration along an Urban Riparian Corridor; CUERE Technical
Memo 2010/001; UMBC, Center for Urban Environmental: Baltimore, MD, USA, 2010.

30. Zhang, P.; Yuan, G.; Shao, M.; Yi, X.; Du, T. Performance of the White Method for Estimating Groundwater Evapotranspiration
under Conditions of Deep and Fluctuating Groundwater: Performance of White Method with Deep Groundwater. Hydrol. Process.
2016, 30, 106–118. [CrossRef]

31. Calder, I.R. Water Use by Forests, Limits and Controls. Tree Physiol. 1998, 18, 625–631. [CrossRef]
32. Jackson, R.B.; Pockman, W.T.; Hoffmann, W.A. The Importance of Root Distributions for Hydrology, Biogeochemistry, and

Ecosystem Functioning. In Integrating Hydrology, Ecosystem Dynamics, and Biogeochemistry in Complex Landscapes, 1st ed.; Tenhunen,
J.D., Kabat, P., Eds.; John Wiley & Sons, Inc.: New York City, NY, USA, 1999; pp. 217–238.

33. Nosetto, M.D.; Jobbágy, E.G.; Paruelo, J.M. Land-Use Change and Water Losses: The Case of Grassland Afforestation across a Soil
Textural Gradient in Central Argentina. Glob. Chang. Biol. 2005, 11, 1101–1117. [CrossRef]

34. Schenk, H.J.; Jackson, R.B. Rooting Depths, Lateral Root Spreads and below-Ground/above-Ground Allometries of Plants in
Water-Limited Ecosystems. J. Ecol. 2002, 90, 480–494. [CrossRef]

35. Kelliher, F.M.; Leuning, R.; Schulze, E.D. Evaporation and Canopy Characteristics of Coniferous Forests and Grasslands. Oecologia
1993, 95, 153–163. [CrossRef] [PubMed]

36. Móricz, N.; Mátyás, C.; Berki, I.; Rasztovits, E.; Vekerdy, Z.; Gribovszki, Z. Comparative Water Balance Study of Forest and Fallow
Plots. IForest—Biogeosci. For. 2012, 5, 188. [CrossRef]

37. Csáfordi, P.; Szabó, A.; Balog, K.; Gribovszki, Z.; Bidló, A.; Tóth, T. Factors Controlling the Daily Change in Groundwater Level
during the Growing Season on the Great Hungarian Plain: A Statistical Approach. Environ. Earth Sci. 2017, 76, 675. [CrossRef]

38. Nachabe, M.; Shah, N.; Ross, M.; Vomacka, J. Evapotranspiration of Two Vegetation Covers in a Shallow Water Table Environment.
Soil Sci. Soc. Am. J. 2005, 69, 492–499. [CrossRef]

39. Schilling, K. Water Table Fluctuations under Three Riparian Land Covers, Iowa (USA). Hydrol. Process. 2007, 21, 2415–2424.
[CrossRef]
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59. Hruska, J.; Čermák, J.; Šustek, S. Mapping Tree Root Systems with Ground-Penetrating Radar. Tree Physiol. 1999, 19, 125–130.

[CrossRef]
60. Thomas, F.M.; Hartmann, G. Tree Rooting Patterns and Soil Water Relations of Healthy and Damaged Stands of Mature Oak

(Quercus Robur L. and Quercus Petraea [Matt.] Liebl.). Plant Soil 1998, 203, 145–158. [CrossRef]
61. Mauer, O.; Houšková, K.; Mikita, T. The Root System of Pedunculate Oak (Quercus Robur L.) at the Margins of Regenerated

Stands. J. For. Sci. 2017, 63, 22–33. [CrossRef]
62. Loheide, S.P.; Butler, J.J., Jr.; Gorelick, S.M. Estimation of Groundwater Consumption by Phreatophytes Using Diurnal Water

Table Fluctuations: A Saturated-Unsaturated Flow Assessment. Water Resour. Res. 2005, 41, W07030. [CrossRef]
63. Gribovszki, Z. Evapotranszspiráció Számítása a Talajvíz Napi Periódusú Változása Alapján. Ph.D. Thesis, Budapesti Műszaki és
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