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Highlights 
• Headwater peatlands are crucial for lake’s ecotone as they providing ecological services. 
• The headwater peatland contributes to the lake’s low trophic status. 
• The lacustrine ecotone is hydrologically stable during the vegetation season. 
• Clay deposits restrict the exchange of water between groundwater and lake water.  

Abstract: The research determined the influence of natural groundwater outflows from the spring peat bog on the 
water supply and its quality in Lake Jaczno. Lake Jaczno is located in the Suwalski Landscape Park (SLP) in the 
Podlaskie Voivodeship, north-east Poland. The research was conducted from April 2009 to October 2010 and from 
September 2022 to September 2023. Water samples were collected from spring areas, shallow groundwater, and from 
Lake Jaczno. Fieldwork involved measuring flow, temperature, water electrolytic conductivity (EC), dissolved oxygen 
(DO) concentration, water oxygen saturation (WS), and water reaction (pH). Chemical analyses of water samples 
were carried out in the laboratory. Findings indicate that groundwater, spring water, and lake water in the SLP 
maintain high quality, with no significant changes in chemical composition over the past decades. Additionally, the 
physical water parameters display low temporal variability. The EC in the tested waters oscillates around 500 µS∙cm–1. 
Both spring and lake waters are well oxygenated (97–100%). Biogenic element concentrations exhibit higher 
variability, influenced by flora development in areas with natural groundwater outflows. High oxygenation of water 
contributes to increased concentrations of nitrates. The analysed waters exhibited similarity in the concentration and 
structure of phosphorus forms. Additionally, sediment chemical parameters at Lake Jaczno suggests a buffering 
capacity in the transitional zones between water and land. Despite similarities in chemical composition, sediment 
granulometry suggests low permeability, potentially restricting exchange between groundwater and surface waters. 
Monitoring springs in these environments is important due to their impact on quantity and quality of water in the 
analysed areas.  
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INTRODUCTION 

Lake aquatic-terrestrial ecotones are characterised by the coex-
istence of terrestrial and aquatic ecosystems, potentially introdu-
cing stress factors that influence plant growth. Due to high 
temperatures in summer, vegetation in the lakeside ecotone 
regenerates quickly, with its peak growth at the end of the 
summer season (Dai et al., 2003). During this period, vegetation 
absorbs and binds large amounts of nutrients from the soil and 
water. Lake ecotones act as natural filters, reducing pollution and 
supporting filtration processes. Biological and chemical processes 
within the ecotone impact the balance of the aquatic ecosystem 
and play a significant role in sustaining biodiversity (Ward and 
Tockner, 2001). Changes in water levels can alter redox 
conditions in lake ecotones. Inundation may increase nutrient 
levels in the reservoir, potentially becoming a source of pollution 
and deteriorating water quality. However, at high water levels, the 
denitrification rate increases with the intensity of the inundation 
(Arif et al., 2022). In regions characterised by zones with natural 
groundwater outflows rich in carbonate compounds, a distinctive 
type of peat-forming ecosystem known as headwater peatlands 
emerges (Hillbricht-Ilkowska and Węgleńska, 2001). In the 
ecotone of a lake, headwater peatlands form through the 
accumulation of organic material in spring areas. The process 
begins with the growth of peat-forming vegetation, contributing 
to the development of an organic layer (Mazurek, Kruszyk and 
Szpikowska, 2014). Continuous groundwater supply restricts the 
complete decomposition of organic matter, leading to the gradual 
accumulation of peat. Headwater peatlands are vital to the lake’s 
ecotone, providing numerous ecological services. The formation 
and significance of headwater peatlands in the lake’s ecotone 
highlight their crucial role in maintaining environmental balance, 
regulating water flow, supporting biodiversity, and contributing 
to global climate change mitigation efforts (Krepski, Kuczyńska 
and Czerniawski, 2023). 

Sites of headwater peatlands are known from many regions 
of Poland, including north-east Poland, although they are not 

subject to monitoring research in these areas. This article explores 
the significance of groundwater outflows in the ecotone zone of 
Lake Jaczno and their impact on the overall ecological balance. 
The primary objective was to assess the stability of the habitat 
within the ecotone (headwater zone) and describe hydrological 
and hydrochemical relationships between different aquatic 
environments. The article presents the following research 
hypotheses:  

1) concentrated water outflows from the headwater peatland play 
a significant role in Lake Jaczno’s water supply; 

2) concentrated water outflows from the headwater peatland are 
one of factors contributing to the low trophic status of Lake 
Jaczno; 

3) similarity in chemical composition implies the existence of 
hydraulic connectivity between groundwater and surface 
water in the headwater peatland.  

MATERIALS AND METHODS 

The research focused on the Suwalski Landscape Park (SLP) 
(Fig. 1), located in the northern part of the Podlaskie Province. The 
study focused on the environmentally valuable headwater zone at 
Lake Jaczno within the protected area. The SLP safeguards a unique 
post-lacustrine landscape developed during the Vistula Glaciation 
(Ber, 2000). It is located in the catchments of the Czarna Hańcza 
and Szeszupa Rivers, both belonging to the Neman River 
catchment area. The lakes and rivers of the SLP have been 
relatively thoroughly described in terms of their hydrological, 
hydrochemical, and ecological characteristics (Grabowska, Ko-
necka and Górniak, 2006; Zieliński, Kłoczewska and Górniak, 2006; 
Jekatierynczuk-Rudczyk et al., 2012; Jeaktierynczuk-Rudczyk, 
2014). Natural groundwater outflows in the area have been studied 
sporadically, with particular focus on their impact on environ-
mental biodiversity (Buczyński et al., 2007). 
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Fig. 1. Location of lakes in the Suwalski Landscape Park (SLP) against: a) hydrographic division, b) the location of sampling points at Lake Jaczno; 
source: own elaboration 
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Lake Jaczno is located in a deep marginal valley in the 
northern part of the park (Fig. 1a). It is a flow-through lake in the 
Jacznica (Jaczniówka) River valley, flowing into the Szeszupa 
River. Jaczno is considered one of the largest lakes in the SLP, 
with its surface area of 41 ha, mean depth of 11.7 m, and a volume 
of 4,797 km3. The direct catchment of Lake Jaczno is mainly 
forested, with small sections used for agriculture. No sources of 
direct water pollution have been recorded in the area. 

High land denivelations near the lake contribute to the 
formation of suspended headwater peatlands (Łoszewski, 2008). 
Natural groundwater outflows sustain these peatlands at an 
elevation of 180 m a.s.l., creating a headwater zone. The Lake 
Jaczno groundwater outflows, classified as sub-slope outflows, 
drain Quaternary aquifers. Geomorphologically, these outflows 
exhibit variability, transitioning from rheocrenes to helocrenes 
within the suspended peatland development area, and then 
reverting back to rheocrenes at the outflow concentration point. 
This variation in outflow characteristics over a short distance 
supports diverse microhabitats, promoting increased regional 
biodiversity (Buczyński et al., 2007). 

The research was conducted from April 2009 to October 
2010 and from September 2022 to September 2023. Water 
samples were collected from spring areas (2009–2010, 2022– 
2023) – Figure 1b, points No. 1 and No. 2, shallow groundwater 
using a permanent piezometer (2009–2010) – Figure 1b, point 
No. 3), and from Lake Jaczno (2009–2010, 2022–2023) – Figure 
1b, point No. 4. Fieldwork included flow measurements using an 
electromagnetic OTT meter, as well as measuring temperature, 
water electrolytic conductivity (EC), dissolved oxygen (DO) 
concentration, water oxygen saturation (WS), water reaction 
(pH), and water redox potential (Eh) using a multiparameter 
probe from HACH. Chemical water analyses were carried out in 
the laboratory using ISO-standardised methods (Rice et al. (eds.), 
2012), and covered ammonium nitrogen (NH4-N), nitrate 
nitrogen (NO3-N), soluble reactive phosphorus (SRP), dissolved 
phosphorus (DP), and total phosphorus (TP). Kjeldhal nitrogen 
(KN) was determined using a Kjeldhal analyser, and total 
inorganic nitrogen (TIN) concentration was calculated as NH4- 
N plus NO3-N. Total organic nitrogen (TON) was derived from 
the difference between KN and -NH4-N . Total nitrogen (TN) was 
calculated as the sum of TON and TIN. Total organic carbon 
(TOC) and dissolved organic carbon (DOC) were measured with 
a Shimadzu TOC – 5050A analyser. Iron fractions were 
determined using 1.10-phenanthroline and manganese in for-
maldoxime, distinguishing five fractions of phosphorus, iron, and 
manganese (Cudowski and Górniak, 2008). Trophic state index 
(TSI) was calculated using the method of Carlson (1977), Kratzer 
and Brezonik (1981), and Dunalska (2009). 

Granulometric groups of analysed sediment formations 
were determined based on fractional composition. Sediment 
analyses in the ecotone zone included water content (W), 
granulometric composition by the aerometric Prószyński method, 
active and passive acidity, hydrolytic acidity, cation exchange 
capacity (CEC), potential sorption capacity (PSC), saturation of 
the sorptive complex with alkaline (SSC), organic carbon content 
(OCC) (Tűrin’s method), and concentrations of calcium, 
magnesium, iron, phosphorous, and nitrogen (Ostrowska, 
Gawliński and Szczubiałka, 1991). The accuracy of water analysis 
and calculations, including the saturation index (SI) of inorganic 
compounds, was assessed using the PHREEQC Interactive 2.15. 

RESULTS 

In April 2009, the total yield of all the natural groundwater 
outflows feeding Lake Jaczno in the north-western part amounted 
to 88.14 dm3∙s−1. Water flowing from the aquifer was distributed 
over a distance of 750 m, and eventually, in the place of 
concentrated outflow, its quantity was considerably lower. On the 
western slope, places were found with more efficient and 
concentrated outflow (outflow No. 1) – Figures 1b and 2a. The 
variability of discharge efficiency in subsequent years was small 
and did not exceed 10% (Fig. 2a), which indicates the stability of 
the ecotone zone habitat. The highest alimentation of the 
suspended peatland with groundwater occurs on this side (Fig. 2b). 
The effects of higher precipitation are indicated by the peak in the 
curve in Figure 2c. The average discharge of outlet No. 1 in 
October 2009 was 32.1 dm3∙s−1 (range: 14.3–58.2 dm3∙s−1), of 
outlet No. 2 – 3.5 dm3∙s−1 (range: 0.9–6.2 dm3∙s−1) – Figure 2a. 

Fig. 2. Groundwater fluctuations over Jaczno in 2009/2010: a) spring 
discharge; b) groundwater table depth; c) meteorological conditions, 
including precipitation and snow cover; source: own study 
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The variability of discharge over time in both tested SPK outflows 
was similar (spring No. 1 – CV = 38%, spring No. 2 – CV = 36%). 
The changes in the position of the shallow groundwater table in 
the piezometer were also minor. The groundwater table was 
located at a depth of 5–8 cm (Fig. 2b). The coefficients of variation 
for the shallow groundwater table position were 13%. 

The deposits in the ecotone zone above Lake Jaczno consist of 
clayey sands and sandy loams (Tab. 1). In the headwater peatland, 
sediments exhibit high water content, exceeding 40%, which 
confirms the ongoing peat-forming process. At Lake Jaczno, 
sediments in the ecotone zone exhibit a neutral or slightly alkaline 
reaction and demonstrate uniform vulnerability to acidification. 
The saturation of total alkaline cations is high, exceeding 85% of 
the sorptive complex (Tab. 2). The chemical composition of 
sediments shows minimal spatial variation (Tab. 3). 

Water temperature fluctuations in the lake exceed those 
observed in the outflow and shallow groundwater. Shallow 
groundwater exhibits notably lower oxygen levels (4.5 mg∙dm−3 – 

Table 4), along with a threefold increase in water colour intensity 
(30 mg Pt∙dm−3). These findings imply periodic oxygen 
deficiencies and redox conditions influencing mineral dissolution 
and precipitation. The lake had the lowest concentration of 
calcium ions, bicarbonates, and silicates. Conversely, shallow 
groundwater exhibited the highest concentrations of calcium ions 
(averaging 125 mg∙dm−3), while springs demonstrated elevated 
magnesium ion concentrations (averaging 30.6 mg∙dm−3). 

The analysed waters showed similarities in the concentra-
tion and structure of phosphorus forms (Fig. 3a). In all of the 
water types, organic nitrogen was the dominant form of nitrogen 
(Fig. 3b). The concentration of NO3-N showed statistical 
variability, with its content in the headwaters approximately 
three times higher than in groundwater and lake waters (Fig. 3b). 
Maximum values of TOC and DOC were observed in shallow 
groundwater (TOC = 17.7 mg C∙dm−3; DOC = 11.4 mg C∙dm−3). 
The trophic state index in Lake Jaczno ranged from 46 to 53, 
indicating mesotrophy. 

Table 1. Grain size composition of sediments in the peat bogs of springs in Lake Jaczno 

Outflow 

Nominal grain size (mm) 
Grain 
size1) 

2.00–1.00 1.00–0.50 0.50–0.25 0.25–0.1 0.1–0.05 0.05–0.02 0.02–0.005 0.005– 
0.002 <0.002 

No. 1 3.0 17.8 11.4 33.0 12.0 13.0 4.0 2.0 5.0 clayey sand 

No. 2 0.3 8.4 12.1 28.3 11.0 12.0 8.0 1.0 10.0 sandy loam  

1) Fractions and granulometric groups were determined according to the division of the Polish Soil Science Society in force until 2008 (Mocek, 
Drzymała and Maszner, 1997; Zawadzki, 1999). 
Source: own study. 

Table 2. Attributes of chemical deposits in the ecotone zones 
within the Suwalski Landscape Park 

Outflow W  
(%) pHH2O pHKCl 

Ha CEC PSC SSC  
(%) me∙(100 g)–1 

No. 1 41.2 7.59 7.55 6.00 46.2 52.20 88.5 

No. 2 17.8 7.66 7.44 5.25 46.8 52.05 89.9  

Explanations: W = water content, Ha = hydrolytic acidity, CEC = cation 
exchange capacity, PSC = potential sorption capacity, and SSC = saturation 
of the sorption complex with alkaline. 
Source: own study. 

Table 3. The content of elements in the sediments of the Lake 
Jaczno ecotone in Suwalski Landscape Park 

Outflow 
OCC Fe P N Ca Mg 

% DM 

No. 1 3.90 1.14 0.021 0.33 0.42 0.20 

No. 2 3.18 0.85 0.017 0.20 0.77 0.27  

Explanations: OCC = organic carbon content, DM = dry matter. 
Source: own study. 

Table 4. Physical parameters of shallow groundwater, outflows, and Lake Jaczno for 2009/2010 and 2022/2023 (average, standard 
deviation, and range for pH values) 

Specification N Temperature 
(°C) 

EC 
(µS∙cm–1) pH DO  

(mg∙dm–3) 
WS 
(%) 

Eh 
(mV) 

Shallow groundwater (2009/2010) 7 12.6 ±3.8  641 ±50 7.4–8.3 4.46 ±2.25 46 ±29 174 ±120 

Outflows (2009/2010) 7 10.6 ±2.3 536 ±32 7.4–8.4 10.7 ±0.8 102 ±9 162 ±70 

Outflows (2022/2023) 6 17.6 ±5.8 438 ±49 6.1–6.8 8.89 ±1.40 97 ±12 212 ±17 

Lake (2009/2010) 7 17 ±5.5 416 ±19 7.7–8.5 9.93 ±0.44 105 ±11 147 ±79 

Lake (2022/2023) 6 11.6 ±1.7 489 ±25 6.0–6.9 10.45 ±0.21 98 ±3 210 ±20  

Explanations: N = number of samples, EC = electrolytic conductivity, DO = dissolved oxygen, WS = water oxygen saturation, Eh = water redox 
potential. 
Source: own study.  
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DISCUSSION 

Headwater areas fed by groundwaters constitute the transitional 
zone between spatially dispersed processes of the slope system 
and linear fluvial processes (Richardson and Danehy, 2007). Their 
role in the development of the environment is considerable. These 
areas are zones of modern morphological surface degradation 
(Mazurek, 2008), leading to the diversification of the Young 
Glacial relief. 

The discharge of headwaters and its temporal variability in 
Polish lakelands is diverse (Jokiel and Michalczyk, 2019). The 
total discharge of groundwater outflows from the exposed aquifer 
at Lake Jaczno is estimated to be more than 100 dm3∙s−1 

(Łoszewski, 2008). In our studies, we obtained similar results 
(88.14 dm3∙s−1). When compared to the capacity of Lake Jaczno 
basin (4,797 km3), this discharge shows that headwater zones 
supply 0.16% of the total volume of water accumulated in the lake 
in one day. Although the daily water supply from the headwater 
zones seems low, on an annual scale, their contribution increases 
to almost 58%. This suggests that headwater zones play a very 
important role in the alimentation of Lake Jaczno, determining 
stable hydrological and hydrochemical conditions in the lake 
(Jekatierynczuk-Rudczyk, 2014; Szczucińska, Marciniak and 
Płocienniczak, 2019). The hydrologically analysed habitat of the 
SPK is stable, as indicated by the small variability in discharge 
efficiency during the growing season. 

Snow melting in spring contributes to intensive water 
infiltration into the saturation zone and increases spring water 

runoff. The minimal changes in shallow groundwater tables 
suggest high stability of the water relations in the Suwałki Region 
(Jekatierynczuk-Rudczyk, 2014). The relative strength of shallow 
groundwater table and yield of outflows suggest the relationship 
between shallow aquifers and confined waters in the Quaternary 
aquifer, which occurs on the plateau at a depth of several tens of 
meters below ground level (PIG, 2004). Hydrological measure-
ments and observations confirm minor changes in water 
circulation patterns in the Suwałki Region (Puczko, 2024). 

An important characteristic of the chemical composition in 
natural groundwater outflows, groundwater, and surface waters 
within the SLP is the dominance of bicarbonate ions among 
anions and calcium and magnesium ions among cations. This ion 
composition facilitates the formation of carbonate sediments in 
areas where groundwater drains into Lake Jaczno, establishing the 
foundation for a valuable and rare natural habitat hosting 
Cratoneurion commutati assemblages (Wołejko, 2000). 

The higher concentration of nitrates can be attributed to 
improved water oxygenation in the aquatic environment. The 
analysed waters exhibited similarity in the concentration and 
structure of phosphorus forms (Fig. 3a). 

Despite the unfavourable ratio of shoreline length to the 
accumulated water volume in Lake Jaczno, its trophic status is 
satisfactory and stable (Zieliński, Kłoczewska and Górniak, 2006; 
Jekatierynczuk-Rudczyk, 2013; Górniak, Więcko and Karpowicz, 
2016; own research 2009 – unpublished). An important reason for 
the lake’s low trophic level is the significant supply from spring 

Fig. 3. Concentration of: a) total phosphorus (TP), dissolved phosphorus (DP), and soluble reactive phosphorus (SRP), b) nitrogen forms: ammonium 
(NH4-N) and nitrate (NO3-N) ions, c) seasonal dynamics of NO3-N, d) seasonal dynamics of NH4-N; source: own study 
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waters, which is further evidenced by the ongoing peat-forming 
processes. 

The variability in the concentration of biogenic elements in 
water was considerably higher, primarily due to the development 
of vegetation within natural groundwater outflows. The vegeta-
tion led to a substantially higher use of nutrients (Fig. 3c, d), 
especially in the growing season (Jekatierynczuk-Rudczyk, 2010; 
Jekatierynczuk-Rudczyk et al., 2021). 

The similarity in the chemical composition of groundwater, 
spring water, and lake water suggests hydraulic connectivity. 
However, the connectivity is limited in the study area due to the 
sediment granulometric parameters in the transitional zone. The 
granulometric composition influences hydrogeological para-
meters and water circulation rates. In Lake Jaczno, clayey sands 
and sandy clays exhibit low permeability, restricting free water 
exchange between groundwater and surface waters. Accumulated 
organic matter enhances sediment sorptive capacity, intensifying 
the process of purification. Mineral components in sediments 
significantly impact water quality, either enriching surface or 
groundwater, or eliminating specific components. During the 
growing season, suspended peatlands exhibit a significant lateral 
gradient in groundwater potential towards the lake. The presence 
of organic sediments facilitates the rapid migration of ground-
water and surface waters in the coastal zone (Zieliński and 
Jekatierynczuk-Rudczyk, 2010). 

The elevated organic carbon content (OCC) of more than 
3% in headwater peatland and the ecotone zone of Lake Jaczno 
likely results from the surrounding forested areas and continuous 
peat-forming processes. Similar organic carbon levels were found 
in Lake Jaczno’s bottom sediments, with CaCO3 content ranging 
from 25 to 83%, averaging 65% (Więckowski, 2009). Headwater 

peatland sediments contain high nitrogen levels (Tab. 3) due to 
significant organic matter accumulation, serving as a potential 
nitrogen source for groundwater and outflows. 

Despite minor variations in sediment chemical composition, 
distinct possibilities for the circulation of chemical compounds 
were observed in the ecotone at Lake Jaczno. The saturation index 
(SI) is often used to interpret processes occurring in spring bogs 
(Ziułkiewicz et al., 2012). Analysis of saturation indices against 
minerals revealed oversaturation with iron oxides and hydro-
xides, iron and calcium carbonates, and calcium and iron 
phosphates, while being undersaturated with manganese oxides 
and hydroxides (Fig. 4). This suggests the potential deposition of 
these compounds, which is visible in streams flowing through the 
headwater peatland as precipitation on vegetation. A distinguish-
ing feature of the studied aquatic habitats is the solubility of 
magnesium and manganese compounds, potentially leading to 
higher concentrations of these elements in the water. 

Recent studies suggest that ecotones, known for their active 
biogeochemical processes, serve as pivotal monitoring points for 
assessing changing environmental conditions and the availability 
of crucial limiting factors (Eberhard, Kane and Marcarelli, 2023). 
Despite their significance in north-east Poland for evaluating 
groundwater quantity and quality, natural groundwater outflows 
require continuous monitoring. These outflows undergo physical 
and chemical changes due to weathering and denudation 
processes, with dissolved substances originating from various 
sources, including atmospheric deposition, biological activity, and 
human influences (Lewandowski et al., 2015). The inventory and 
analysis of crenological features enable assessing potential natural 
or human-induced changes in aquifers. Natural groundwater 
outflows capture environmental changes from diverse human 

Fig. 4. Saturation index (SI) values concerning different mineral types in the shallow groundwater, springs and Lake Jaczno; 
source: own study 
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activities (Jekatierynczuk-Rudczyk et al., 2023). While uncondi-
tional protection is mandated in national parks and reserves, the 
effectiveness of conditional protection in landscape parks may 
vary depending on local factors. The peatlands surrounding Lake 
Jaczno, which are located on private land, face challenges related 
to the establishing of nature reserves. 

CONCLUSIONS  

1. The hydrological stability of the analysed habitat is evident 
from low variability in yield during the growing season. Eval-
uating the hydrochemistry of headwater peatlands is challen-
ging, as physical water parameters display low temporal 
variability. However, the concentration of biogenic elements 
exhibit higher variability, influenced by flora development in 
areas with natural groundwater outflows. Chemical parameters 
of sediments at Lake Jaczno indicate the buffering capacity of 
transitional zones between water and land. 

2. Groundwater, spring water, and lake water in the Suwalski 
Landscape Park maintain high quality, with no significant 
changes in chemical composition over the past decades. How-
ever, despite similarities in chemical composition, sediment 
granulometry suggests low permeability, which may poten-
tially restrict the exchange between groundwater and surface 
waters. 

3. Monitoring of natural groundwater outflows, including yields 
and physico-chemical composition, is vital for the accurate 
assessment of groundwater resources and their quality.  

FUNDING 

The project was supported by state budget funds granted by the 
Minister of Education and Science in Poland within the 
framework of the “Excellent Science II” Program. The paper 
prepared for the “5th Crenology Conference. Springs – an 
underestimated phenomenon of nature”. 

CONFLICT OF INTERESTS 

All authors declare that they have no conflict of interests. 

REFERENCES 

Arif, M. et al. (2022) “Environmental literacy affects riparian clean 
production near major waterways and tributaries,” Science of The 
Total Environment, 834, 155476. Available at: https://doi.org/ 
10.1016/j.scitotenv.2022.155476. 

Ber, A. (2000) „Plejstocen Polski północno-wschodniej w nawiązaniu do 
głębszego podłoża i obszarów sąsiednich [Pleistocene of north-
eastern Poland in relation to the deeper substratum and neighbor-
ing areas],” Prace Państwowego Instytutu Geologicznego, 170. 

Buczyński, P. et al. (2007) “Walory przyrodnicze projektowanego 
rezerwatu ‘Torfowiska źródliskowe nad jeziorem Jaczno’ [Natural 
values of the proposed nature reserve ‘Torfowiska źródliskowe 

nad jeziorem Jaczno’]” in Z. Fałtynowicz, M. Rant-Tanajewska 
and T. Świerubska (eds.) XXX lat Suwalskiego Parku Krajobra-
zowego. Materiały konferencyjne Parki krajobrazowe w krajowym 
systemie ochrony obszarowej [XXX years of the Suwałki Landscape 
Park. Conference materials. Landscape parks in the national area 
protection system]. Szelment 28–29 września 2006. Malesowizna– 
Tutrul: Stowarzyszenie Miłośników Suwalskiego Parku Krajo-
brazowego „Kraina Hańczy”, pp. 41–48. Available at: https://spk. 
org.pl/wp-content/uploads/2023/01/30_lat_SPK-strona.pdf (Ac-
cessed: February 16, 2024). 

Carlson, R.E. (1977) “A trophic state index for lakes,” Limnology and 
Oceanography, 22, pp. 361–369. Available at: https://doi.org/ 
10.4319/lo.1977.22.2.0361. 

Cudowski, A. and Górniak, A. (2008) „Manganese fractions in waters 
of the polyhumic Siemianówka dam reservoir,” Polish Journal of 
Environmental Studies, 17(5). Available at: https://www.pjoes. 
com/Manganese-Fractions-in-Waters-of-the-Polyhumic-r-nSie-
mianowka-Dam-Reservoir,88158,0,2.html (Accessed: January 15, 
2024). 

Dai, T. et al. (2023) “Role of lake aquatic-terrestrial ecotones in the 
ecological restoration of eutrophic water bodies,” Toxics, 11(7), 
560. Available at: https://doi.org/10.3390/toxics11070560. 

Dunalska, J. (2009) “Zmienność form węgla organicznego w zróżnico-
wanych troficznie ekosystemach jeziorowych [Variability of 
organic carbon forms in lake ecosystems of varying trophic 
state],” Rozprawy i Monografie – Uniwersytet Warmińsko- 
Mazurski w Olsztynie, 145. 

Eberhard, E.K., Kane, E.S. and Marcarelli, A.M. (2023) “Heterogeneity 
in habitat and nutrient availability facilitate the co-occurrence of 
N2 fixation and denitrification across wetland–stream–lake 
ecotones of Lakes Superior and Huron,” Biogeochemistry, 166, 
pp. 169–189. Available at: https://doi.org/10.1007/s10533-023- 
01090-3. 

Grabowska, M., Górniak, A. and Konecka, U. (2006) “Summer 
phytoplankton of lakes in Suwałki Landscape Park,” Polish 
Journal of Environmental Studies, 15(5d), pp. 553–556. 

Górniak, A., Więcko, A. and Karpowicz, M. (2016) “Changes in the 
trophic status of lakes in the Suwałki Landscape Park (NE 
Poland),” Limnological Review, 16(4), pp. 221–227. Available at:  
https://doi.org/10.1515/limre-2016-0024. 

Hillbricht-Ilkowska, A. and Węgleńska, T. (2001) “River-lake system as 
mosaic pattern of landscape patches and their transition zones 
(ecotones),” Polish Journal of Ecology, 51(2), pp. 163–174. 

Jekatierynczuk-Rudczyk, E. (2010) Przekształcenia składu fizyczno- 
chemicznego płytkich wód podziemnych w strefach drenażu na 
obszarach nizinnych [Transformations in the physical and 
chemical composition of shallow groundwater in drainage zones 
in lowland areas]. Białystok: Wydaw. UwB. 

Jekatierynczuk-Rudczyk, E. (2013) “Transport of biogenes in the 
Szeszupa fluvial-limnic system in the Suwalski Landscape Park,” 
Limnological Review, 13(1), pp. 31–42. Available at: https://doi. 
org/10.2478/limre-2013-0004. 

Jekatierynczuk-Rudczyk, E. (2014) “Rola strefy hyporeicznej w kształ-
towaniu jakości wody, rzek i jezior [The role of the hyporheic 
zone in shaping the water quality of rivers and lakes],” in R. 
Cieśliński and K. Jareczek-Korzeniewska (eds.) Aspekty badań 
wody w XX i XXI wieku [Aspects of water research in the 20th and 
21st centuries]. Gdańsk: Wydaw. UG, pp. 177–193. 

Jekatierynczuk-Rudczyk, E. et al. (2012) “Assessment of trophic state of 
four lakes in the Suwałki Landscape Park (NE Poland) based on 
the summer phyto- and zooplankton in comparison with some 
physicochemical parameters,” in K. Wołowski et al. (eds.) 
Current advances in algal taxonomy and its applications. 

Ecohydrological role of groundwater outflows in the functioning of the ecotone zone in Lake Jaczno, Poland 191 

© 2024. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences – National Research Institute (ITP – PIB). 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/) 

https://doi.org/10.1016/j.scitotenv.2022.155476
https://doi.org/10.1016/j.scitotenv.2022.155476
https://spk.org.pl/wp-content/uploads/2023/01/30_lat_SPK-strona.pdf
https://spk.org.pl/wp-content/uploads/2023/01/30_lat_SPK-strona.pdf
https://doi.org/10.4319/lo.1977.22.2.0361
https://doi.org/10.4319/lo.1977.22.2.0361
https://www.pjoes.com/Manganese-Fractions-in-Waters-of-the-Polyhumic-r-nSiemianowka-Dam-Reservoir,88158,0,2.html
https://www.pjoes.com/Manganese-Fractions-in-Waters-of-the-Polyhumic-r-nSiemianowka-Dam-Reservoir,88158,0,2.html
https://www.pjoes.com/Manganese-Fractions-in-Waters-of-the-Polyhumic-r-nSiemianowka-Dam-Reservoir,88158,0,2.html
https://doi.org/10.3390/toxics11070560
https://doi.org/10.1007/s10533-023-01090-3
https://doi.org/10.1007/s10533-023-01090-3
https://www.mdpi.com/2300-7575/16/4/221
https://www.mdpi.com/2300-7575/13/1/31
https://www.mdpi.com/2300-7575/13/1/31


Phylogenetic, ecological and applied perspective. Kraków: Instytut 
Botaniki im. W. Szafera, pp. 205–225. 

Jekatierynczuk-Rudczyk, E. et al. (2021) “Biota communities influence 
on nutrients circulation in hyporheic zone-a case study in urban 
spring niches in Bialystok (NE Poland),” Aquatic Sciences, 83, 75. 
Available at: https://doi.org/10.1007/s00027-021-00831-6. 

Jekatierynczuk-Rudczyk, E. et al. (2023) “Natural groundwater out-
flows in the Biebrza Valley: Temporal stability, geochemical 
composition and role in ecohydrological processes of valley 
wetlands,” Ecohydrology & Hydrobiology. Available at: https://doi. 
org/10.1016/j.ecohyd.2023.09.001. 

Jokiel, P. and Michalczyk, Z. (2019) “Źródła Polski – zachować dla 
przyszłości [Sources of Poland – preserve for the future],” Prace 
Geograficzne, 157, pp. 7–31. 

Kratzer, C.R. and Brezonik, P.L. (1981) “A Carlson-type trophic state 
index for nitrogen in Florida lakes,” Journal of the American 
Water Resources Association, 17, pp. 713–715. Available at:  
https://doi.org/10.1111/j.1752-1688.1981.tb01282.x. 

Krepski, T., Kuczyńska, K. and Czerniawski, R. (2023) “Outflows from 
lakes as ecotones-stable conditions maintain macroinvertebrates 
biodiversity,” Science of The Total Environment, 881, 163264. 
Available at: https://doi.org/10.1016/j.scitotenv.2023.163264. 

Lewandowski, J. et al. (2015) “Groundwater – the disregarded 
component in lake water and nutrient budgets. Part 2: Effects 
of groundwater on nutrients,” Hydrological Processes, 29(13), 
pp. 2922–2955. Available at: https://doi.org/10.1002/hyp.10384. 

Łoszewski, H. (2008) “Źródliskowe torfowisko wiszące nad jeziorem 
Jaczno [Hanging spring mire above Lake Jaczno],” in E. Jekatie-
rynczuk-Rudczyk and M. Stepaniuk (eds.) Rozwój obszarów 
przyrodniczo cennych: 57 Zjazd Polskiego Towarzystwa Geogra-
ficznego: przewodnik sesji terenowych [Development of environ-
mentally valuable areas]. Białystok: PTG, O. Białostocki, Puchły: 
Stowarzyszenie Dziedzictwo Podlasia. 

Mazurek, M. (2008) “Obszary źródliskowe ogniwem łączącym system 
stokowy z systemem korytowym, dorzecze Parsęty [Spring areas as 
a link between the hillslope system and the channel system, Parsęta 
River Basin],” Landform Analysis, 9, pp. 63–67. Available at: https:// 
bibliotekanauki.pl/articles/294563 (Accessed: January 16, 2024). 

Mazurek, M., Kruszyk, R. and Szpikowska, G. (2014) “Transformacja 
składu chemicznego wód podziemnych w niszach źródliskowych 
na obszarach młodoglacjalnych (Dorzecze Parsęty) [Transforma-
tion of the chemical composition of groundwater in spring niches 
in young glacial areas (Parsęta River Basin)],” Monografie 
Komitetu Gospodarki Wodnej PAN, 20(2). 

Mocek, A., Drzymała, S. and Maszner, P. (1997) Geneza, analiza 
i klasyfikacja gleb [Soil origin, analysis and classification]. Poznań: 
Wydaw. AR w Poznaniu. 

Ostrowska, A., Gawliński, S. and Szczubiałka, Z. (1991) Metody analizy 
i oceny właściwości gleb i roślin [Methods of analysis and 
assessment of soil and plant properties]. Warszawa: Wydaw. IOŚ. 

PIG (2004) Hydrogeologiczna mapa Polski 1:50 000, arkusz Jeleniewo 
(0072) [Hydrogeological Map of Poland, sheet Jeleniewo (0072). 
Warszawa: Państwowy Instytut Geologiczny. 

Puczko, K. (2024) “Estimation of summer CO2 emission from the 
littoral of lakes of different trophic levels in North-Eastern 
Poland,” Environmental Science: Water Research & Technology, 
10(2), pp. 540–550. Available at: https://doi.org/10.1039/ 
d3ew00530e. 

Rice, E.W. et al. (eds.) (2012) Standard methods for the examination of 
water and wastewater. 22nd edn. Washington, DC: APHA. 

Richardson, J.S. and Danehy, R.J. (2007) “A synthesis of the ecology of 
headwater streams and their riparian zones in temperate forests,” 
Forest Science, 53(2), pp. 131–147. Available at: https://doi.org/ 
10.1093/forestscience/53.2.131. 

Szczucińska, A., Marciniak, M. and Płocienniczak, J. (2019) “Crenology 
of young post-glacial areas on the example of Lubuskie 
Lakeland – overview of research,” Badania Fizjograficzne nad 
Polską Zachodnią, 10(Ser. A, 70), Geografia Fizyczna, pp. 119– 
132. Available at: https://doi.org/10.14746/bfg.2019.10.8. 

Ward, J.W. and Tockner, K. (2001) “Biodiversity: Towards a unifying 
theme for river ecology,” Freshwater Biology, 46(6), pp. 807–819. 
Available at: https://doi.org/10.1046/j.1365-2427.2001.00713.x. 

Więckowski, K. (2009) “Zagadnienia genezy, wieku i ewolucji jezior 
poszczególnych regionów Polski w świetle badań ich osadów 
dennych [Issues of the genesis, age, and evolution of lakes in 
various regions of Poland in the light of research on their bottom 
sediments],” Studia Limnologica et Telmatologica, Supp., 1, 
pp. 29–72. 

Wołejko, L. (2000) “Źródliska wapienne ze zbiorowiskami Cratoneur-
ion commutati [Limestone springs with Cratoneurion commutati 
communities],” in Wody słodkie i torfowiska. Poradniki ochrony 
siedlisk i gatunków Natura – podręcznik metodyczny [Freshwater 
and peat bogs. Habitat and species conservation guides Natura – 
methodical manual]. Vol. 2. Warszawa: Ministerstwo Środowiska, 
pp. 172–177. 

Zawadzki, S. (ed.) (1999) Gleboznawstwo [Soil science]. Warszawa: 
PWRiL. 

Zieliński, P. and Jekatierynczuk-Rudczyk, E. (2010) “Dissolved organic 
matter transformation in the hyporheic zone of a small lowland 
river,” Oceanological and Hydrobiological Studies, 39(2), pp. 97– 
103. Available at: https://doi.org/10.2478/v10009-010-0021-9. 

Zieliński, P., Kłoczewska, A. and Górniak, A. (2006) “Summer 
bacterioplankton abundance and biomass in lakes of Suwałki 
Landscape Park,” Polish Journal of Environmental Studies, 15(5d), 
pp. 543–547. 

Ziułkiewicz, M. et al. (2012) “Warunki funkcjonowania kopuł źródli-
skowych w południowej części Wzniesień Łódzkich [Conditions of 
functioning of spring-fed bogs in the southern part of the Łódź 
Hills],” Czasopismo Geograficzne, 83 pp. 175–196. Available at:  
https://ptgeo.org.pl/wp-content/uploads/2021/07/CG_2012_3_4. 
pdf (Accessed: March 8, 2024). 

192 Elżbieta Jekatierynczuk-Rudczyk, Katarzyna Puczko 

© 2024. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences – National Research Institute (ITP – PIB). 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/) 

https://doi.org/10.1007/s00027-021-00831-6
https://doi.org/10.1016/j.ecohyd.2023.09.001
https://doi.org/10.1016/j.ecohyd.2023.09.001
https://doi.org/10.1111/j.1752-1688.1981.tb01282.x
https://doi.org/10.1016/j.scitotenv.2023.163264
https://doi.org/10.1002/hyp.10384
https://bibliotekanauki.pl/articles/294563
https://bibliotekanauki.pl/articles/294563
https://doi.org/10.1039/d3ew00530e
https://doi.org/10.1039/d3ew00530e
https://doi.org/10.1093/forestscience/53.2.131
https://doi.org/10.1093/forestscience/53.2.131
https://doi.org/10.14746/bfg.2019.10.8
https://doi.org/10.1046/j.1365-2427.2001.00713.x
https://doi.org/10.2478/v10009-010-0021-9
https://ptgeo.org.pl/wp-content/uploads/2021/07/CG_2012_3_4.pdf
https://ptgeo.org.pl/wp-content/uploads/2021/07/CG_2012_3_4.pdf

	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	FUNDING
	CONFLICT OF INTERESTS
	REFERENCES

