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ABSTRACT

Geographic literacy and spatial thinking are essential competencies for teaching Nature and 
Society (Priroda i društvo) in Serbian primary education, yet the level of these competencies 
among primary school teachers remains largely unexplored. This cross-sectional survey study 
investigated self-assessed geographic competencies, spatial thinking practices, and geographic 
knowledge among 206 primary school teachers across five regions of Serbia. Data were collect-
ed using a structured questionnaire comprising three sections: a self-assessment scale on geo-
graphic competencies (8 items, α = .645), a spatial thinking practices scale (10 items, α = .416), 
and a geographic knowledge test (8 items). Analyses included descriptive statistics, indepen-
dent samples t-tests, and one-way ANOVA. Teachers reported moderate levels of geographic 
competency (M = 3.66, SD = 0.54). Those who had completed geography courses during their 
university studies scored significantly higher on all three measures (p < .01). Spatial thinking 
practices differed significantly by teaching experience (F = 5.296, p = .002), with teachers having 
over 25 years of experience reporting the lowest levels. Only 25.0% of respondents reported 
regular use of geospatial tools such as Google Earth. The knowledge test revealed uneven per-
formance, with particularly low scores on altitude classification (17.0% correct) and map scale 
interpretation (56.5% correct). These results suggest that quantitative and classification-based 
geographic concepts may warrant greater attention in teacher preparation. However, the con-
venience sampling, overrepresentation of one region, and modest reliability of the spatial think-
ing scale limit the generalizability of the findings. Implications for teacher education and profes-
sional development are discussed.

Keywords: geographic literacy; spatial thinking, primary education; Nature and Society; Serbia; 
teacher competencies
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Introduction

Geographic literacy, broadly defined as the ability to 
use geographic understanding and reasoning to make 
informed decisions about daily life and global issues 
(Edelson, 2012), represents a fundamental component 
of primary education. In Serbia, geographic content 
constitutes a significant portion of the Nature and So-
ciety (Priroda i društvo) curriculum taught in grades 3 
and 4, as well as the World Around Us (Svet oko nas) 
curriculum in grades 1 and 2 (Ministarstvo prosve-
te, 2019). These subjects introduce young learners to 
key geographic concepts including spatial orientation, 
landscape features, climate, hydrography, and hu-
man-environment interactions.

Despite the importance of geographic content in 
primary education, research on the geographic literacy 
of primary school teachers in Serbia is notably scarce. 
International studies have shown that primary teachers 
often have limited geographic subject knowledge and 
low confidence in teaching geography (Catling, 2004; 
Catling & Morley, 2013; Preston, 2015), yet the existing 
body of literature in Serbia has primarily focused on 
secondary school geography teaching (Ivkov-Džigur-
ski et al., 2019; Stojšić et al., 2019) and active teaching 
methods in geography classes (Lukić et al., 2016). Pri-
mary school teachers’ geographic competencies remain 
an underexplored area in the Serbian context.

This gap is particularly significant because prima-
ry school teachers in Serbia are generalist educators 
responsible for teaching all subjects, including Na-
ture and Society. Unlike secondary school geography 
teachers who hold specialized degrees, primary school 
teachers are trained at faculties of education (učiteljski 
fakulteti), where geographic content represents only a 
fraction of the curriculum (Šaćirović & Bratić, 2021). 
This raises concerns about the depth of geographic 
knowledge these teachers possess and their capacity to 

convey geographic concepts effectively.
Spatial thinking, a core component of geographic 

literacy, is widely recognized as a cognitive skill that 
supports learning across disciplines (National Research 
Council, 2006; Newcombe, 2010; Uttal et al., 2013). 
Geospatial technologies such as GIS, Google Earth, 
and digital mapping platforms offer promising avenues 
for enhancing geographic literacy in educational set-
tings (Baker et al., 2015; Kerski, 2015; Patterson, 2007), 
yet the extent to which Serbian primary school teach-
ers use these tools remains unknown.

Recent studies from the broader region have 
highlighted concerns about geographic literacy lev-
els among both students and teachers. Lešćešen et 
al. (2024), in a study published in this journal, found 
significant gaps in climate change knowledge among 
primary school students in Serbia, suggesting poten-
tial shortcomings in how geographic content is taught. 
Similarly, Stojšić et al. (2019) examined the readiness 
of geography teachers to use mobile devices and im-
mersive technologies, highlighting the importance of 
technological competencies in geographic education.

The purpose of this study is to: (1) assess the self-re-
ported geographic competencies of primary school 
teachers in Serbia, (2) examine the extent to which 
spatial thinking practices are incorporated into Nature 
and Society teaching, (3) evaluate the use of geograph-
ic tools and geospatial technologies in primary edu-
cation, and (4) identify factors (teaching experience, 
school location, geographic education background) 
that influence teachers’ geographic literacy levels. The 
findings are expected to provide empirical evidence for 
improving teacher education curricula and profession-
al development programs at Serbian faculties of edu-
cation.

Geographica Pannonica • Volume 30, Issue 2, 88–100 (June 2026)Demir Šaćirović, Elvir Muslić, Fadil Novalić

Theoretical Framework

Geographic Literacy in Primary Education
Geographic literacy encompasses three interrelated 
dimensions: geographic knowledge, geographic skills, 
and geographic dispositions (Heffron & Downs, 2012). 
Geographic knowledge includes factual information 
about places, regions, and spatial patterns. Geograph-
ic skills involve the ability to ask geographic ques-
tions, acquire geographic information, organize and 
analyze data, and communicate findings. Geographic 
dispositions reflect attitudes toward geography and a 
commitment to applying geographic thinking in ev-
eryday life. In the present study, geographic literacy is 
understood as a composite of these three dimensions 
and is operationalized through teachers’ self-assessed 
competencies (Section A), their reported spatial think-
ing practices (Section B), and their performance on a 
curriculum-aligned knowledge test (Section C). This 
approach allows for a multi-faceted assessment that 

captures both perceived and demonstrated aspects of 
teachers’ geographic literacy.

In the Serbian educational context, the Nature and 
Society curriculum integrates geographic content with 
elements of biology, ecology, history, and civic edu-
cation (Ministarstvo prosvete, 2019). The geographic 
components include: orientation in space and time, 
natural characteristics of the homeland (relief, climate, 
hydrography), population and settlements, and hu-
man-environment relationships. Teachers are expected 
to facilitate students’ understanding of these concepts 
through both theoretical instruction and practical field 
activities.

Spatial Thinking and the TPACK Framework
Spatial thinking refers to a set of cognitive skills that in-
volve understanding the meaning of space, using prop-
erties of space to frame problems, and reasoning with 
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spatial representations such as maps, diagrams, and 
models (National Research Council, 2006). In an edu-
cational context, spatial thinking practices encompass 
the range of teaching activities through which teachers 
promote students’ spatial reasoning — including the 
use of maps and atlases, orientation exercises, field-
work, digital geospatial tools, and tasks that require 
students to represent spatial relationships (Gersmehl, 
2014; Jo & Bednarz, 2009; Newcombe, 2010). In the 
present study, spatial thinking practices are operation-
ally defined as the self-reported frequency with which 
teachers employ such activities in the teaching of Na-
ture and Society content (see Section B of the instru-
ment and Table 3).

The Technological Pedagogical Content Knowl-
edge (TPACK) framework (Mishra & Koehler, 2006) 
provides a useful lens for examining how teachers in-
tegrate geographic content knowledge with pedagogi-
cal approaches and technological tools. TPACK posits 
that effective teaching requires the intersection of con-
tent, pedagogical, and technological knowledge — a 
perspective particularly relevant for primary school 
teachers who must make abstract geographic concepts 
accessible to young learners using age-appropriate 
methods and tools (Milson et al., 2012).

Teacher Competency and Professional                       
Development
Research consistently demonstrates that teacher con-
tent knowledge significantly impacts student achieve-
ment (Hill et al., 2005; Shulman, 1986). In the field of 
geography education, studies have shown that teachers 
with stronger geographic content knowledge are more 
likely to employ inquiry-based and student-centered 
pedagogical approaches (Lane & Bourke, 2019). Con-
versely, teachers with limited geographic knowledge 
tend to rely heavily on textbook-based instruction and 
lecture methods (Preston, 2015).

The professional development of primary school 
teachers in geographic content has received increas-
ing attention in the international literature. Gersme-
hl (2014) argued that effective geographic education 
requires teachers who can think spatially and model 
spatial reasoning for their students. This perspective 
aligns with the broader movement toward developing 
21st-century skills in education, where spatial litera-
cy is recognized as a core competency (Goodchild & 
Janelle, 2010).

Methodology

Research Design
This study employed a cross-sectional survey design to 
assess geographic literacy and spatial thinking practic-
es among primary school teachers in Serbia. The quan-
titative approach was selected to enable statistical com-
parison across demographic variables and to generate 
generalizable findings.

Participants
The target population comprised primary school 
teachers (grades 1–4) currently employed in public 
schools in Serbia. Participants were recruited through 
stratified convenience sampling, with the stratification 
criteria being school location (urban, rural, and ur-
ban with rural branch offices) and geographic region 
(Belgrade, Vojvodina, Šumadija and Western Serbia, 
Southern and Eastern Serbia, and the Novi Pazar–

Sjenica–Tutin–Prijepolje area). Within each stratum, 
teachers were reached through two channels: online 
distribution via school director networks and teacher 
professional associations, and paper-based distribution 
at professional development meetings in the Sandžak 
region and Belgrade. The inclusion criteria required re-
spondents to be currently employed as primary school 
teachers with at least one year of teaching experience. 
A total of 218 responses were received. Of these, 12 
were excluded: 8 due to substantial missing data (more 
than 20% of items left unanswered) and 4 due to failure 
to provide informed consent, resulting in a final ana-
lytical sample of 206 teachers. All participants provid-
ed written informed consent prior to completing the 
questionnaire.

Geographica Pannonica • Volume 30, Issue 2, 88–100 (June 2026)Demir Šaćirović, Elvir Muslić, Fadil Novalić
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Table 1. Demographic characteristics of the sample (N = 206)

Variable Category N %

Gender
Male 17 8.3

Female 189 91.7

Age

Up to 30 19 9.2
31–40 52 25.2
41–50 70 34.0

Over 50 65 31.6

Education

Higher school / 

Vocational studies

13 6.3

Faculty (basic academic 

studies)

84 40.8

Master / Magister 106 51.5
Doctor of Science 3 1.5

Teaching experience

Up to 5 years 21 10.2
6–15 years 44 21.4

16–25 years 59 28.6
Over 25 years 82 39.8

School location

Urban 98 47.6
Rural 55 26.7

Urban with rural branch 

offices

53 25.7

Region

Belgrade 39 18.9
Vojvodina 21 10.2

Šumadija and Western 

Serbia

50 24.3

Southern and Eastern 
Serbia

34 16.5

Novi Pazar, Sjenica, Tutin, 

Prijepolje

62 30.1

Geography courses 
during studies

Yes 118 57.3
No 60 29.1

Do not remember 28 13.6

The sample is predominantly female (91.7%), which 
reflects the general gender composition of primary 
school teaching in Serbia. The largest proportion of re-
spondents (39.8%) had over 25 years of teaching expe-
rience, while 10.2% were early-career teachers with up 
to 5 years of experience. The majority held a Master’s 

degree (51.5%) or a basic academic degree (40.8%). Re-
spondents were distributed across five geographic re-
gions (Figure 1), with the largest group from the Novi 
Pazar, Sjenica, Tutin, and Prijepolje region (30.1%).

Geographica Pannonica • Volume 30, Issue 2, 88–100 (June 2026)Demir Šaćirović, Elvir Muslić, Fadil Novalić
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Figure 1. Geographic distribution of the sample across five regions of Serbia (N = 206)

Source: Authors’ own elaboration based on Natural Earth data and survey results

Instrument

The research instrument consisted of three sections 
developed specifically for this study, based on the lit-
erature review and adapted to the Serbian educational 
context:

Section A: Self-Assessment of Geographic Com-
petencies (8 items). This section measured teachers’ 
perceived geographic knowledge and confidence in 
teaching Nature and Society content. Responses were 
recorded on a 5-point Likert scale (1 = strongly dis-
agree to 5 = strongly agree). The items (listed in full 
in Table 2) addressed the following dimensions: per-
ceived sufficiency of geographic knowledge for quali-
ty teaching, ability to use geographic maps effectively, 
confidence in explaining core concepts such as relief, 
climate, and hydrography, proficiency in spatial orien-
tation and map reading, overall confidence in teaching 
geographic content, perceived adequacy of undergrad-
uate geographic preparation, engagement in geogra-
phy-related professional development, and perceived 
difficulty of geographic content relative to other curric-
ulum areas. Items were developed drawing on the geo-

graphic literacy framework proposed by Heffron and 
Downs (2012) and adapted to reflect the competencies 
required by the Serbian Nature and Society curriculum 
(Ministarstvo prosvete, 2019). The scale demonstrated 
acceptable internal consistency (Cronbach’s α = .645).

Section B: Spatial Thinking Practices (10 items). This 
section assessed how frequently teachers incorporate 
spatial thinking activities into their Nature and Soci-
ety teaching. Responses were recorded on a 5-point 
Likert scale (1 = never to 5 = always). The items (listed 
in full in Table 3) captured a range of classroom prac-
tices: use of geographic maps and atlases, integration 
of digital geospatial tools such as Google Maps and 
Google Earth, organization of field activities related to 
geographic content, use of physical teaching aids in-
cluding relief models and globes, student-led mapping 
exercises, development of spatial orientation skills, use 
of interactive digital tools, connecting geographic con-
tent to the students’ local environment, comparative 
geographic analysis, and incorporation of geographic 
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observations during outdoor activities. The items were 
informed by research on spatial thinking in education 
(National Research Council, 2006; Gersmehl, 2014) 
and the TPACK framework (Mishra & Koehler, 2006), 
reflecting both traditional and technology-enhanced 
teaching approaches. The scale yielded a Cronbach’s α 
of .416. This relatively low value likely reflects the con-
ceptual breadth of the construct measured, as the items 
intentionally span diverse practices — from traditional 
map use to digital tool integration and outdoor field-
work — rather than a single narrow behaviour. Similar 
challenges with internal consistency have been noted 
in scales measuring multidimensional teaching prac-
tices (Lane & Bourke, 2019).
Section C: Geographic Knowledge Test (8 items). 
This section comprised eight multiple-choice questions 
designed to assess factual geographic knowledge di-
rectly relevant to the Nature and Society curriculum in 
grades 3 and 4 (Ministarstvo prosvete, 2019). The ques-
tions (with correct response rates reported in Table 4) 
covered the following topics: dominant relief forms in 
Serbia, the outlet of the Danube River, climate classi-
fication of central Serbia, the function of a compass 
needle, map scale interpretation, the largest lake in the 
Balkans, the longest river in Serbia, and altitude classi-
fication of terrain. Each question offered four response 
options, with one correct answer. The items were se-
lected to represent a range of geographic knowledge 
domains — physical geography, cartographic skills, 
and hydrography — and to vary in cognitive demand 
from factual recall to applied interpretation. 

Prior to the main data collection, the instrument 
was piloted with a convenience sample of 15 primary 
school teachers who did not participate in the main 
study. The pilot aimed to evaluate item clarity, com-
prehensibility of instructions, and overall response 
burden. Based on teacher feedback, minor wording 
adjustments were made to several items in Section A 
to reduce ambiguity, and the ordering of response op-
tions in the knowledge test was reviewed to minimize 
potential response pattern effects. No items were added 
or removed following the pilot phase.

Data Collection
Data were collected during March 2026 through both 
online (Google Forms) and paper-based questionnaire 
distribution. Online questionnaires were distributed 
through school director networks and teacher profes-
sional associations. Paper questionnaires were admin-
istered at teacher professional development meetings 
in the Sandžak region and Belgrade.

Ethical Considerations
The study was conducted in accordance with the eth-
ical guidelines of the University of Belgrade. As the 
research involved anonymous survey data from adult 
professionals and posed no risk beyond that of every-
day experience, formal ethics committee approval was 
not required under the institutional regulations in ef-
fect at the time of data collection. All participants were 
informed of the purpose of the study, the voluntary na-
ture of their participation, and their right to withdraw 
at any time without consequence. Informed consent 
was obtained from all respondents prior to their par-
ticipation, either electronically (by confirming consent 
on the first page of the online questionnaire) or in writ-
ing (by signing the consent form attached to the paper 
questionnaire). No personally identifiable information 
was collected, and all data were stored and analysed in 
anonymized form.

Data Analysis
Statistical analyses were performed using IBM SPSS 
Statistics 26. Descriptive statistics (means, standard de-
viations, frequencies) were calculated for all variables. 
Independent samples t-tests were used to examine dif-
ferences between urban and rural teachers, as well as 
between teachers with and without prior geographic 
education. One-way ANOVA with Bonferroni post-
hoc correction was employed to examine differences 
across teaching experience groups and geographic re-
gions. Pearson correlation coefficients were calculated 
to examine relationships between self-assessed compe-
tencies, spatial thinking practices, and knowledge test 
scores. The significance level was set at p < .05 for all 
analyses.

Results

Self-Assessment of Geographic Competencies

Table 2 presents descriptive statistics for the self-as-
sessed geographic competencies scale. The overall scale 
mean was 3.66 (SD = 0.54), indicating a moderate level 
of self-assessed geographic competency among the re-
spondents. 

The highest-rated item was the ability to explain 
geographic concepts (M = 3.96), followed by confi-
dence in using geographic maps (M = 3.92). 

The lowest-rated item was the perception that geo-
graphic content is the most challenging part of PiD 
teaching (M = 2.63), suggesting that most teachers do 
not consider geography the most difficult component 
of the curriculum. Notably, teachers rated their under-
graduate geographic preparation relatively low (M = 
3.54), indicating a perceived gap in initial teacher ed-
ucation.

Geographica Pannonica • Volume 30, Issue 2, 88–100 (June 2026)Demir Šaćirović, Elvir Muslić, Fadil Novalić



| 94 |

Table 2. Descriptive statistics for self-assessed geographic competencies (N = 206)

Item M SD
P3.1 I have sufficient geographic knowledge for quality PiD 
teaching

3.81 1.03

P3.2 I can effectively use geographic maps in PiD teaching 3.92 1.02
P3.3 I easily explain concepts such as relief, climate, and water 
bodies

3.96 0.97

P3.4 I am proficient in spatial orientation and map reading 3.83 1.04
P3.5 I feel confident teaching geographic content in PiD 3.85 1.02
P3.6 My undergraduate studies provided sufficient geographic 
knowledge

3.54 1.10

P3.7 I regularly update my geographic knowledge through               
professional development

3.71 0.92

P3.8 Geographic content is the most challenging part of PiD 
teaching

2.63 0.97

**Overall scale mean** **3.66** **0.54**
Note: Scale: 1 = strongly disagree, 5 = strongly agree. Cronbach’s α = .645.

Spatial Thinking Practices

Table 3 presents the descriptive statistics for spatial 
thinking practices. The overall scale mean was 3.13 
(SD = 0.39), indicating moderate frequency of spatial 
thinking practices in teaching.

Table 3. Descriptive statistics for spatial thinking practices (N = 206)

Item M SD
P4.1 I use geographic maps and atlases in PiD teaching 3.93 0.89
P4.2 I use Google Maps/Google Earth in teaching 2.88 0.97
P4.3 I organize field activities for geographic content 2.67 1.00
P4.4 I use relief models, globes, and similar teaching                     
materials

2.93 1.04

P4.5 Students create maps/plans of their environment in my 
classes

3.12 0.99

P4.6 I develop students’ spatial orientation skills 3.17 1.03
P4.7 I use interactive digital tools for geographic teaching 2.88 0.92
P4.8 I connect geographic content to students’ local                        
environment

3.79 0.93

P4.9 I use comparative geographic analysis in teaching 3.10 0.97
P4.10 I incorporate geographic observations in outdoor                  
activities

2.85 0.94

**Overall scale mean** **3.13** **0.39**
Note: Scale: 1 = never, 5 = always. Cronbach’s α = .416.

The most frequently employed practice was the use 
of geographic maps and atlases (M = 3.93), followed 
by connecting geographic content to students’ local en-
vironment (M = 3.79). The least frequently employed 
practices were organizing field activities (M = 2.67) 
and incorporating geographic observations in outdoor 

activities (M = 2.85). The use of Google Maps/Goo-
gle Earth (M = 2.88) and interactive digital tools (M 
= 2.88) was relatively low. Only 25.0% of respondents 
reported regular use (often or always) of Google Maps/
Google Earth in their teaching.

Geographic Knowledge Test Results
Table 4 presents the correct response rates for the geo-
graphic knowledge test. The overall mean score was 
5.49 out of 8 (68.6% correct).

Geographica Pannonica • Volume 30, Issue 2, 88–100 (June 2026)Demir Šaćirović, Elvir Muslić, Fadil Novalić



| 95 |

Table 4. Correct response rates on the geographic knowledge test (N = 206)

Question Topic Correct (%)
P5.1 Dominant relief forms in Serbia 71.5
P5.2 Danube River outlet (Black Sea) 94.5
P5.3 Climate type of central Serbia 83.0
P5.4 Compass needle direction 99.0
P5.5 Map scale interpretation 56.5
P5.6 Largest lake in the Balkans 70.5
P5.7 Longest river in Serbia 57.0
P5.8 Altitude classification 17.0
**Overall mean correct** **68.6**

The compass question had the highest correct re-
sponse rate (99.0%), followed by the Danube River 
outlet question (94.5%). The most challenging item 
was altitude classification (17.0% correct), followed by 
map scale interpretation (56.5%) and the longest river 
in Serbia (57.0%). These results indicate specific geo-
graphic knowledge gaps among primary school teach-
ers, particularly in quantitative and classification-based 
geographic concepts.

Differences by School Location
Table 5 presents the results of independent samples                                                                                                                                          
t-tests comparing urban and rural school teachers.

Table 5. Differences in geographic competencies by school location (t-test)

Variable Urban M (SD) Rural M (SD) t p
Geographic                   
competencies

3.71 (0.51) 3.60 (0.57) 1.201 .232

Spatial thinking 
practices

3.12 (0.42) 3.18 (0.36) −0.933 .352

Knowledge test 
score

5.68 (1.16) 5.39 (1.11) 1.519 .131

Note: Urban N = 98, Rural N = 55. No significant differences were found at p < .05.

No statistically significant differences were found 
between urban and rural school teachers on any of 
the three measured variables. While urban teachers 
showed slightly higher self-assessed competencies 
and knowledge test scores, and rural teachers showed 
slightly higher spatial thinking practice scores, none of 
these differences reached statistical significance. 

Differences by Teaching Experience
Table 6 presents the results of one-way ANOVA com-
paring teachers across four teaching experience groups.

Table 6. Differences in geographic competencies by teaching experience (ANOVA)

Variable ≤5 yrs M 
(SD)

6–15 yrs M 
(SD)

16–25 yrs M 
(SD)

>25 yrs M 
(SD)

F p

Geographic 
competencies

3.68 (0.38) 3.49 (0.66) 3.72 (0.50) 3.69 (0.52) 1.708 .167

Spatial think-
ing practices

3.25 (0.34) 3.25 (0.44) 3.18 (0.37) 3.01 (0.35) 5.296 .002**

Knowledge 
test score

5.45 (1.10) 5.49 (1.32) 5.46 (1.27) 5.53 (1.17) 0.043 .988

Note: N (≤5 yrs) = 21, N (6–15 yrs) = 44, N (16–25 yrs) = 59, N (>25 yrs) = 82. \*p < .05, \*\*p < .01, \*\*\*p < .001.
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A statistically significant difference was found in 
spatial thinking practices across teaching experience 
groups (F = 5.296, p = .002). As illustrated in Figure 
2, teachers with over 25 years of experience reported 
the lowest mean spatial thinking scores. Bonferroni 
post-hoc tests confirmed that this group differed sig-

nificantly from all three other groups: compared to 
teachers with up to 5 years (p = .031), 6–15 years (p 
= .007), and 16–25 years of experience (p = .044). No 
significant differences were found for self-assessed geo-
graphic competencies or knowledge test scores across 
experience groups.

Figure 2. Mean scores on geographic competencies, spatial thinking practices, and knowledge test (scaled to 
5-point) by teaching experience group. Error bars represent standard deviations. **p < .01

Source: Authors’ research, based on survey data (N = 206)

Differences by Geographic Education                  
Background
Table 7 presents the results of independent samples 
t-tests comparing teachers who reported having had 
geography courses during their university studies ver-
sus those who did not.

Table 7. Differences by geographic education during university studies (t-test)

Variable Yes M (SD) No M (SD) t p
Geographic                  
competencies

3.77 (0.52) 3.52 (0.52) 3.093 .002**

Spatial thinking 
practices

3.22 (0.39) 3.01 (0.33) 3.468 <.001***

Knowledge test 
score

5.63 (1.21) 5.24 (1.11) 2.027 .044*

Note: Yes N = 118, No N = 60. *p < .05, **p < .01, ***p < .001. Teachers who selected “Do not remember” (N = 28) 
were excluded from this analysis.

Teachers who had geography courses during their 
university studies showed significantly higher scores 
on all three variables: self-assessed geographic compe-
tencies (t = 3.093, p = .002), spatial thinking practices 
(t = 3.468, p < .001), and geographic knowledge test 
scores (t = 2.027, p = .044).

Differences by Region
One-way ANOVA revealed no statistically significant 

differences across the five geographic regions for any of 
the three measured variables: geographic competencies 
(F = 0.620, p = .649), spatial thinking practices (F = 
0.462, p = .764), and knowledge test scores (F = 1.184, 
p = .319).

Correlation Analysis
Pearson correlation analysis revealed a moderate posi-
tive correlation between self-assessed geographic com-
petencies and spatial thinking practices (r = .315, p 
< .001; Figure 3), indicating that higher self-assessed 
competency tends to co-occur with more frequent use 
of spatial thinking practices in teaching. However, as 
this is a cross-sectional correlation, the direction of this 
relationship cannot be established — it is equally pos-
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sible that teachers who engage more in spatial thinking 
activities develop greater confidence, or that a third 
variable, such as interest in geography, influences both. 
A weak but significant positive correlation was ob-
served between spatial thinking practices and knowl-
edge test scores (r = .164, p = .020). The correlation 
between self-assessed competencies and knowledge 
test scores was not statistically significant (r = .127, p = 
.073), suggesting a possible disconnect between teach-
ers’ perceived and demonstrated geographic knowl-
edge, though the limited scope of the knowledge test 
(8 items) warrants caution in interpreting this finding.

Figure 3. Scatterplot of the relationship between 
self-assessed geographic competencies and spatial 
thinking practices (N = 206). The dashed line represents 
the linear trend.

Source: Authors’ research, based on survey data                 
(N = 206)

Discussion
The findings of this study provide empirical insight into 
the geographic literacy and spatial thinking capabilities 
of primary school teachers in Serbia. The results reveal 
several important patterns that carry implications for 
teacher education and curriculum development.

Geographic Competency Levels
The moderate levels of self-assessed geographic com-
petency (M = 3.66) are consistent with findings from 
comparable contexts. Preston (2015) reported similar 
patterns among primary school teachers in Australia, 
and Catling and Morley (2013) found that primary 
teachers in England often have limited and uneven 
geographic subject knowledge, noting that general-
ist educators frequently feel underprepared for geo-
graphic content delivery. In Serbia, this is particularly 
relevant because primary school teachers receive only 
limited geography-specific coursework during their 

undergraduate training at faculties of education — a 
concern reflected in the relatively low rating for un-
dergraduate preparation (M = 3.54), which was the 
lowest-rated item on the competency scale apart from 
perceived difficulty. 

What is perhaps more telling than the overall 
competency scores is the non-significant correla-
tion between self-assessed competencies and actual 
knowledge test performance (r = .127, p = .073). This 
gap between perceived and demonstrated knowledge 
echoes the broader literature on calibration accuracy 
in professional self-assessment (Kruger & Dunning, 
1999) and raises a practical concern: if teachers over-
estimate their geographic competency, they may be 
less likely to seek out additional training in areas where 
they would benefit from it. This suggests that profes-
sional development initiatives in this domain should 
incorporate objective diagnostic components rather 
than relying solely on teachers’ self-identified needs.

Spatial Thinking Practices and the Experience 
Paradox
A particularly noteworthy finding is the significant 
decline in spatial thinking practices among teachers 
with over 25 years of experience (F = 5.296, p = .002). 
This “experience paradox” — where more experi-
enced teachers employ fewer innovative pedagogical 
approaches — may be explained by several factors. 
First, veteran teachers may have been trained in an era 
when spatial thinking was not explicitly emphasized in 
teacher education curricula. Second, the rapid evolu-
tion of geospatial technologies may create a digital di-
vide, with older teachers less comfortable incorporat-
ing these tools into their practice. Third, routinization 
of teaching practices over decades may reduce willing-
ness to adopt new approaches (Day & Gu, 2010).

This finding carries implications for profession-
al development planning. Rather than assuming that 
experienced teachers need less support, it may be 
worthwhile to consider targeted interventions aimed at 
helping veteran educators update their spatial thinking 
pedagogies and become familiar with contemporary 
geospatial tools. That said, these results should be in-
terpreted in light of the modest internal consistency of 
the spatial thinking practices scale (α = .416). While 
the significant group differences are statistically robust, 
the heterogeneity of the scale means that the observed 
pattern may not apply equally to all types of spatial 
thinking practices captured by the instrument.

Low Adoption of Geospatial Technologies
The finding that only 25.0% of teachers regularly use 
Google Maps/Google Earth is concerning but consis-
tent with international trends. Despite the demonstrat-
ed educational potential of tools such as Google Earth 
(Patterson, 2007), Kerski (2015) noted that their inte-
gration into primary education remains limited global-
ly. In Serbia, potential barriers include limited ICT in-
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frastructure, insufficient training during initial teacher 
education, and lack of curriculum-aligned resources 
for these technologies. The low use of field activities (M 
= 2.67) and outdoor observations (M = 2.85) further 
suggests a heavy reliance on classroom-based, text-
book-oriented approaches.

Geographic Knowledge Gaps
The geographic knowledge test results (overall mean: 
68.6% correct) point to uneven performance across dif-
ferent types of geographic knowledge. While teachers 
performed well on items involving commonly encoun-
tered facts — such as the outlet of the Danube River 
(94.5%) and compass function (99.0%) — performance 
was notably lower on items requiring more specialized 
or quantitative knowledge, particularly altitude classi-
fication (17.0%) and map scale interpretation (56.5%). 
The low score on altitude classification should be inter-
preted with caution, as it represents a single item and 
may partly reflect ambiguity in the question wording 
or unfamiliarity with the specific classification system 
used. Nonetheless, taken together with the relatively 
low performance on map scale interpretation, these re-
sults suggest that quantitative and classification-based 
geographic concepts may represent an area where 
teachers would benefit from additional support.

These patterns are broadly consistent with the find-
ings of Lešćešen et al. (2024), who identified gaps in 
climate change knowledge among primary school stu-
dents in Serbia. While our test comprised only eight 
items and cannot provide a comprehensive assessment 
of teachers’ geographic knowledge, the results offer an 
initial indication that certain curriculum-relevant top-
ics may deserve greater attention in teacher prepara-
tion and professional development.

The Role of Geographic Education During Uni-
versity Studies
The significant differences found between teachers 
who had geography courses during university studies 
and those who did not — across all three measured 
variables — provide strong empirical support for the 
value of geographic content in teacher preparation 
programs. Teachers with geographic education back-
ground demonstrated higher self-assessed competen-
cies (p = .002), more frequent spatial thinking practices 
(p < .001), and better geographic knowledge (p = .044). 
This finding underscores the importance of maintain-
ing and strengthening geographic coursework within 
faculty of education curricula, even as programs face 
pressure to accommodate new content areas.

Absence of Urban-Rural and Regional                                    
Differences
Contrary to expectations, no statistically significant 
differences were found between urban and rural teach-
ers or across the five sampled regions on any of the 
three measured variables. While this absence of region-

al variation might suggest that the challenges identified 
in this study are not confined to a particular area, this 
interpretation should be treated with caution. The sam-
ple was not proportionally representative of the nation-
al teacher population, and the overrepresentation of 
respondents from the Novi Pazar–Sjenica–Tutin–Pri-
jepolje area (30.1%) limits the extent to which regional 
comparisons can be generalized. Future research with 
more balanced regional sampling would be needed to 
determine whether geographic literacy challenges are 
indeed uniform across Serbia or whether meaningful 
regional differences exist that the present sample was 
unable to detect.

Implications for Teacher Education
The findings carry several practical implications. First, 
faculties of education should strengthen geographic 
content in teacher preparation, emphasizing quanti-
tative concepts (scale, altitude) where gaps were most 
pronounced. Second, professional development should 
incorporate geospatial technology training. Third, spe-
cial attention should be given to veteran teachers, who 
demonstrated significantly lower engagement with 
spatial thinking practices. Fourth, curriculum-aligned 
resources connecting geospatial technologies to Nature 
and Society learning outcomes could support broader 
adoption.

Limitations
This study has several limitations that should be con-
sidered when interpreting the findings. First, the use of 
convenience sampling limits the generalizability of the 
results to the broader population of Serbian primary 
school teachers. The overrepresentation of the Sandžak 
region (30.1%) reflects the researcher’s professional 
networks in this area and may introduce regional bias, 
despite the absence of statistically significant regional 
differences in the data. 

Second, the self-report nature of the geographic 
competency and spatial thinking practice scales intro-
duces the possibility of social desirability bias, whereby 
teachers may overstate their competencies or the fre-
quency of their spatial thinking practices. The non-sig-
nificant correlation between self-assessed competen-
cies and knowledge test scores (r = .127) lends some 
support to this concern.

Third, the modest internal consistency of the spatial 
thinking practices scale (α = .416) represents a meth-
odological limitation. While we have argued that this 
reflects the intentional breadth of the construct, it also 
means that findings based on this scale — including 
the significant differences across experience groups — 
should be interpreted with appropriate caution. Future 
research should consider developing subscales for dis-
tinct categories of spatial thinking practices (e.g., tradi-
tional map-based activities vs. digital tool use) to im-
prove reliability while preserving construct coverage.
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Fourth, the geographic knowledge test comprised 
only eight items and assessed a limited range of curric-
ulum-relevant topics. It should therefore be regarded 
as a screening measure rather than a comprehensive 
assessment of teachers’ geographic knowledge. The 
very low performance on the altitude classification 
item (17.0%) may reflect item-specific factors as much 
as genuine knowledge gaps.

Finally, the cross-sectional design precludes causal 
inferences about the relationships between variables. 
Future studies should employ larger and more repre-
sentative samples, consider longitudinal or quasi-ex-
perimental designs, incorporate classroom observa-
tion alongside self-report measures, and examine the 
relationship between teacher geographic literacy and 
student learning outcomes.

Conclusion

This study examined geographic literacy and spatial-
thinking practices among 206 primary school teach-
ers across five regions of Serbia. The results indicate 
moderate levels of self-assessed geographic competen-
cy, limited use of geospatial technologies, and uneven 
performance on a curriculum-aligned knowledge test. 
Among the key findings, teachers with over 25 years of 
experience reported significantly lower spatial think-
ing practices than their less experienced colleagues, 
and teachers who had completed geography courses 
during their university studies scored higher across 
all three measured dimensions. These patterns, while 

subject to the limitations of the instruments and sam-
pling approach discussed above, point to areas that 
may warrant attention in teacher education and profes-
sional development — particularly the integration of 
quantitative geographic concepts and geospatial tools 
into both pre-service and in-service training. Future 
research with larger and more representative samples, 
refined measurement instruments, and classroom ob-
servation methods would help to establish a more ro-
bust evidence base for policy recommendations in this 
domain.
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ABSTRACT

The integration of ecosystem services into landscape planning has emerged as a central par-
adigm for reconciling ecological integrity with socio-economic development, yet the co-evo-
lutionary pathways through which these domains have become increasingly interdisciplinary 
remain poorly understood. This study employs a comprehensive bibliometric and science-map-
ping approach to analyze 1,930 peer-reviewed articles published between 2006 and 2025 from 
the Web of Science Core Collection, following a PRISMA-guided screening and selection pro-
cess, utilizing timeline-based co-citation analysis, keyword co-occurrence mapping, temporal 
overlay analysis, and a novel Keyword–Discipline Tagging Protocol to trace the evolution of 
ecosystem services and landscape planning research. The study further quantifies interdisciplin-
ary integration through a Cohesion Index (CI = 0.944) and identifies a statistically significant 
changepoint around 2018 marking accelerated conceptual convergence. Findings reveal three 
distinct phases of evolution: an early phase (2006–2015) characterized by siloed ecological and 
valuation-focused research; a transition phase (2016–2019) marked by the incorporation of 
planning and governance perspectives in response to global policy milestones such as the EU 
Green Infrastructure Strategy and the Sustainable Development Goals; and a post-2020 phase 
demonstrating hybrid convergence where boundary-spanning concepts including nature-based 
solutions, urban resilience, and citizen science bind ecology, planning, climate science, and gov-
ernance into a shared intellectual framework. Cluster analysis identifies land use, ecology, and 
management as the central interdisciplinary hub with highest connectivity, while policy, equity, 
and public engagement emerge as the least integrated cluster, representing a critical gap despite 
strong overall cohesion. Persistent barriers including terminological ambiguities, data interop-
erability challenges, and institutional constraints continue to limit full integration, particularly 
regarding social and environmental justice dimensions. The study concludes that ecosystem 
services and landscape planning research has undergone fundamental transformation from a 
collection of loosely connected disciplinary inquiries to a coherent, policy-responsive, transdis-
ciplinary knowledge system, yet the incorporation of equity and participatory dimensions re-
mains an unfinished project requiring deliberate terminological harmonization, enhanced data 
infrastructures, and institutional mechanisms supporting transdisciplinary collaboration. These 
findings offer a replicable framework for integration science applicable to other complex so-
cio-ecological systems.

Keywords: Ecosystem services; landscape planning; bibliometric analysis; interdisciplinary inte-
gration; nature-based solutions; policy alignment
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Introduction

Landscapes are dynamic systems where soil, water, veg-
etation, and wildlife interact, and planning determines 
whether these interactions are sustained or disrupted. 
Thus, landscape planning (LP) is fundamentally tied to 
ecological processes, making it essential to study how 
land use decisions affect biodiversity, ecosystem ser-
vices (ES), and environmental resilience. Moreover, a 
systematic study helps identify ecological thresholds, 
highlight risks of degradation, and propose strategies 
for conservation and restoration. Without such under-
standing, planning risks undermining ecological integ-
rity and long-term sustainability (Opdam, 2018; Albert 
et al., 2014). In addition to above landscapes are also 
socio-economic spaces where agriculture, forestry, ur-
ban development, and tourism coexist. Hence, study-
ing evolution of LP can provide meaningful insights 
into how these activities can be harmonized to reduce 
conflicts and maximize synergies. It highlights trade-
offs between competing land uses and helps design 
multifunctional landscapes that support livelihoods, 
employment, and food security while maintaining eco-
logical balance (Balzan et al., 2018). The evolution of 
LP over the years reflects humanity’s shifting relation-
ship with the land (Etzkowitz & Leydesdorff, 2000). It 
has moved from a focus on aesthetics and utility to a 
complex, interdisciplinary field concerned with eco-
logical resilience, social equity, and long-term sustain-
ability (Turnhout et al., 2020; Hansen & Pauleit, 2014). 
This evolution can be understood through the studies 
that have been carried out in this context.

During the last few decades, the LP process has ex-
perienced incorporation of different approaches into it 
but that did not occur as a simple linear succession of 
methods but rather as a cumulative, often contested, 
layering of diverse intellectual traditions, professional 
practices, and societal imperatives that gradually ex-
panded the scope, methods, and ambitions of the field. 
The introduction of each new approach emerged in 
response to perceived limitations of its predecessors, 
and today they coexist, interact, and are selectively ap-
plied depending on the scale, context, and objectives 
of a given planning effort (Kabisch, 2016; Artmann et 
al., 2017). Hence, understanding how these approaches 
entered the process reveals LP as a fundamentally hy-
brid discipline—one that continuously absorbs insights 
from ecology, design, engineering, sociology, econom-
ics, and critical theory while striving to reconcile them 
in practice.

The earliest foundational approach to enter LP was 
the aesthetic and design-based approach (Shackleton, 
2022). However, a markedly different approach entered 
with the rise of scientific and survey-based methods 
in the early to mid-twentieth century, driven by the 
progressive era’s faith in expertise and data-driven de-
cision-making. This followed by the ecological suitabil-
ity approach, which represented a transformative syn-

thesis and methodological leap that brought ecology 
directly into the procedural core of LP. This approach 
entered the process as a direct challenge to develop-
ment-driven planning that ignored environmental 
consequences, and it became codified in environmen-
tal legislation and review processes. The ecological 
suitability approach firmly established that landscape 
planning must be a science-based, rational, and pre-
cautionary process (Pauna et al., 2018; Cortinovis & 
Geneletti, 2019). The landscape ecology approach en-
tered the process in the 1980s and 1990s as ecological 
theory itself evolved beyond site-specific analysis to-
ward understanding spatial patterns, flows, and pro-
cesses across entire landscapes. 

The literature shows that the focus of integration 
of ES in LP emerged as a pathway for advancing sus-
tainable development, especially as planners attempt 
to reconcile ecological integrity with socio-economic 
demands. In the earlier years of this century, ES be-
came  a formalized concept under the Millennium 
Ecosystem Assessment (Millennium Ecosystem As-
sessment, 2005), and received institutional support in 
projects like The Economics of Ecosystems and Biodi-
versity (TEEB, 2010) as well as the Intergovernmen-
tal Science-Policy Platform on Biodiversity and ES 
(IPBES, 2019). These conceptual models categorize ES 
into provisioning, regulatory, cultural, and  support-
ing services and present a structured framework for 
the integration of ecological knowledge into land-use 
decision making across disciplines (Andersson et al., 
2015).

However, despite robust theoretical grounding, the 
translation into LP practice remains limited (Díaz et 
al., 2015). It has been reported that around 60% of the 
global ES are still being eroded  on account of unsus-
tainable land-use practices and governance failures as 
the studies show methodological divisions: ecological 
studies favour biophysical measures (de Groot et al., 
2010), economists take valuation approaches (Costan-
za et al., 1997) and planners work within regulatory or 
design spatial limits. Empirically, only 20% of LP proj-
ects quantitatively assess ES trade-offs (Albert et al., 
2021), and fewer than 15% conduct participatory ES 
assessments  (Baker-Médard et al., 2024), suggesting 
scarce application in planning practice. These limita-
tions make it necessary to consider whether emerging 
transdisciplinary approaches can help bridge these 
divides. Participatory ES mapping and co-production 
methods have demonstrated advances in planning ac-
curacy and context relevance when local knowledge 
is incorporated (Karrasch et al., 2014; García-Díez 
et al., 2020). Yet systemic constraints—such as disci-
pline-specific funding sources, asynchronous research 
– policy cycles and uneven governance capacities— 
continue to restrict wider adoption  (Brink & Wamsler, 
2018; Shackleton, 2022).
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In order to assess the evolutionary patterns in the 
context of ES and LP, previous research efforts made by 
Danese & Gioia (2021), and Seddon et al. (2020) who 
employed bibliometric approach to assess the interac-
tion or integration of various approaches (that include 
but are not limited to ES, green infrastructure, land-
scape change, and nature-based solutions) in the LP 
process. However, most of the studies are topical-ori-
ented, temporally dependent or discipline-dependent. 

Although these studies present trends in publication 
within their respective domains, they fail to show the 
co-evolution of the ecological and planning/gover-
nance over time. This co-evolution of ES and LP can be 
understood with the help of subject specific vocabulary 
as it appears in the various publications. In the back-
drop of above information, it was imperative to review 
existing body of literature vis-à-vis LP and ES associa-
tion or integration. 

Figure 1. PRISMA flow diagram illustrating the litera-
ture search and dataset selection process.

Materials and Methods  

Data Collection and Search Strategy 
A bibliometric analysis was performed using the Web 
of Science Core Collection (SCIE, SSCI, ESCI). On 29 
July 2025, English peer-reviewed articles and reviews 
from 2006–2025 were retrieved using the Boolean 
query: TS = ((“Ecosystem services” OR “Integration of 
ecosystem services” OR “Ecosystem-based planning” 
OR “Urban ecosystem services” OR “Nature-based solu-
tions”) AND (“Landscape planning” OR “Landscape sus-
tainability” OR “Rural landscape planning” OR “Green 
infrastructure” OR “Sustainable land-use planning”)). 
After duplicate removal in R (bibliometrix v4.2), 1,930 
unique records remained. A PRISMA workflow (Fig-
ure 1) ensured transparency. 

Co-Citation Analysis
Using VOSviewer (v1.6.20), a timeline-based co-cita-
tion network traced the intellectual structure’s evolu-
tion. A separate co-citation analysis identified founda-
tional literature and thematic clusters. 

International Collaboration Analysis
A country-level co-authorship network in VOSview-
er mapped geographic productivity and collaboration 
patterns. 

Keyword Co-Occurrence Analysis
Author keywords and Keywords Plus were cleaned and 
analyzed via VOSviewer to generate co-occurrence 
networks. Temporal overlay analysis color-coded key-
words by average publication year to capture thematic 
evolution. 

Temporal Overlay Analysis
Temporal overlay analysis was conducted as an exten-
sion of keyword co-occurrence mapping to capture 
the chronological evolution of research themes. Using 
the same keyword co-occurrence network, a tempo-
ral overlay was applied by color-coding each keyword 
node according to the average publication year of the 
articles in which it appeared. 

Interdisciplinary Convergence
A multi-method approach combined: (1) a Keyword–
Discipline Tagging Protocol to map keywords to fields; 
(2) a Cohesion Index measuring cross-cluster vs. with-
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in-cluster connectivity; (3) temporal convergence anal-
ysis using annual networks (2006–2025) with metrics 
including Shannon entropy; and (4) a policy-keyword 
alignment methodology assessing keyword usage rela-
tive to three policy milestones (EU Green Infrastruc-
ture Strategy 2013, UN SDGs 2015, IPBES, 2019), in-
cluding surge magnitude and lag time calculations.

Keyword–Discipline Tagging Protocol
The Keyword–Discipline Tagging Protocol was devel-
oped to systematically map high-frequency keywords 
to disciplinary fields, thereby revealing the cross-do-
main character of the research vocabulary. 

Cohesion Index
The Cohesion Index was employed as a quantitative 
measure of interdisciplinary integration within the 
field. This index compares the strength of cross-clus-
ter keyword connections with within-cluster density, 
providing a single metric that captures the degree to 
which thematic clusters are integrated into a cohesive 
intellectual structure. 

Temporal Convergence Analysis
Temporal convergence analysis was conducted to 
quantify the rate and timing of interdisciplinary inte-
gration over the study period. This analysis utilized an-
nual keyword networks constructed for each year from 
2006 to 2025. For each annual network, measures of 
interdisciplinary connectivity were calculated, includ-
ing the proportion of cross-cluster keyword pairs, the 
Shannon entropy of disciplinary distribution, and the 
edge-share ratio representing connections between 
keywords from traditionally distinct domains. 

Policy-Keyword Alignment Methodology
The policy-keyword alignment methodology was de-
veloped to assess the relationship between global en-
vironmental policy milestones and the adoption of 
policy-relevant terminology in scholarly literature. 
This method involved three components. First, three 
major international policy landmarks were selected 
based on their recognized influence on environmental 
governance and sustainability science: the European 
Union Green Infrastructure Strategy (2013), the adop-
tion of the United Nations Sustainable Development 
Goals (2015), and the Intergovernmental Science-Pol-
icy Platform on Biodiversity and Ecosystem Services 
Global Assessment (2019). Second, a lexicon of poli-
cy-relevant keywords was constructed for each land-
mark, including terms such as nature-based solutions 
for the 2013 strategy, SDGs and sustainable develop-
ment goals for the 2015 adoption, and urban resil-
ience and climate adaptation for the 2019 assessment. 
Third, annual counts of articles containing these key-
words were extracted from the dataset and normalized 
against total annual publication volume to account for 
overall growth in the field. Temporal trends in keyword 

usage were then plotted alongside the timing of the 
policy landmarks, with vertical markers indicating the 
years of policy adoption. The analysis examined both 
the magnitude of increase in keyword usage following 
each landmark and the lag time between policy adop-
tion and peak scholarly uptake, which was calculated 
as the interval between the policy year and the year of 
maximum annual keyword frequency.

Phases of Knowledge Production: Temporal 
and Geographical Trends
The analysis of knowledge production phases com-
bined temporal publication trends with geographic 
distribution patterns to characterize the evolution 
of research activity. Temporal analysis involved con-
structing a time-series of annual publication counts 
from 2006 to 2025, using data from the Web of Science 
Core Collection.

Thematic Clusters and Boundary-Spanning 
Keywords
The identification of thematic clusters and bound-
ary-spanning keywords was accomplished through an 
integrative analysis combining the results of keyword 
co-occurrence mapping, temporal overlay analysis, 
and the Keyword–Discipline Tagging Protocol. The-
matic clusters were derived from the VOSviewer clus-
ter analysis of the keyword co-occurrence network, 
with each cluster interpreted based on the representa-
tive keywords with the highest occurrence frequency 
and centrality within the cluster. The functional role 
of each cluster—whether serving as a central hub, a 
bridging domain, a conceptual anchor, or a technical 
support layer—was determined by examining its con-
nectivity level, calculated as the average co-occurrence 
strength between keywords within the cluster and key-
words belonging to other clusters. Boundary-spanning 
keywords were identified through the Keyword–Disci-
pline Tagging Protocol as those keywords assigned to 
three distinct disciplinary fields across primary, sec-
ondary, and tertiary categories. 

Policy as a Catalyst: Milestones and Keyword 
Surges
For each policy landmark, keyword usage surges 
were quantified (percentage increase from baseline to 
post-policy peak), lag times calculated, and surge-peri-
od articles sampled for explicit policy references. 

Persistent Divides and Untapped Synergies
A four-stage synthetic analysis diagnosed barriers: 
terminological ambiguities (from tagging protocol 
and co-citation gaps), data interoperability challenges 
(isolated technical vs. governance clusters), institu-
tional constraints (policy lag, funding patterns), and 
untapped synergies (weak links like remote sensing–
environmental justice). A framework of barriers and 
mitigation strategies was presented.
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Results

Timeline-based co-citation analysis
Timeline-based co-citation analysis (Figure 2) shows a 
gradual shift in the disciplinary structure of ES–LP re-
search. It is evident that the early studies (2006–2015) 
were largely rooted in ecological and environmental 
science, while post-2016 publications increasingly en-
gaged with urban sustainability, climate resilience, and 
socio-political dimensions showing increasing concep-
tual convergence across ecological, planning, and gov-
ernance perspectives, while some divergence remains 
in participatory governance and economic valuation. 
The present study supplements existing reviews by an-
alyzing 50 reference ES–LP publications identified for 
citation importance and thematic influence to provide 
a conceptual foundation with which to interpret bib-
liometric trends. From this basis the research takes a 
Science-of-Science approach and uses Triple Helix as 
theoretical platform to consider knowledge co-evolu-
tion in academia, policy and practice contexts. In this 

regard, the use of keywords as markers of  disciplinary 
stretch enabled co-occurrence and temporal trends to 
stand as proxies for cross-disciplinary convergence. It 
is on this theoretical basis that the analytical frame-
work is developed in  this section.

International collaboration analysis
The international collaboration analysis examines the 
geographic concentration of research productivity 
and co-authorship in ES–LP studies. The VOSview-
er network (Figure 3) indicates that the United States 
and England function as dominant collaboration 
hubs—evidenced by their large node sizes and dense 
interconnections across clusters. Italy also emerges as 
a key European hub, facilitating strong intra-Europe-
an linkages. While China represents an important and 
growing contributor, its network centrality remains 
comparatively lower than that of the USA and England. 

Figure 2. VOSviewer Timeline Visualization of Disciplinary Co-Citations (2006–2025), highlighting temporal and 
thematic evolution of interdisciplinary engagement in ES and landscape planning research.

Source: Author’s analysis based on Web of Science data, visualized using VOSviewer (v1.6.20).
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The keyword co-occurrence analysis
The keyword co-occurrence analysis (Figure 4; Table 
1) showed the thematic system of  ES–LP research, 
comprising 695 keywords grouped into seven clusters. 
The network is anchored by highly central terms such 
as ecosystem services, nature-based solutions, urban 
planning, and cities, which form the conceptual core 
of the field. These central nodes are strongly intercon-
nected with clusters focusing on urban climate regu-

lation, green infrastructure, biodiversity, and gover-
nance. While terms such as green infrastructure and 
landscape planning are important, they appear as em-
bedded components within specific thematic clusters 
rather than dominant central nodes. Overall, the net-
work pattern reflects an evolution towards integrative 
ecological–planning–governance  platforms,2rather 
than isolated disciplinary domains.

Figure 3. VOSviewer international co-authorship network by country, where circle size represents publication 
volume and line thickness indicates collaboration strength.

Source: Author’s analysis based on Web of Science data, visualized using VOSviewer (v1.6.20).
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Table 1. Keyword Co-occurrence Clusters and Thematic Structure in ES–LP Research (VOSviewer, n = 695).

Cluster Colour No. of 
Items

Cluster Theme (In-
terpreted)

Representative Keywords

Cluster 
1

Red 149 Urban Climate, Air 
Quality & Thermal 

Environment

air pollution, air quality, urban heat island, tempera-
ture, microclimate, thermal comfort, green roofs, 

green walls, evapotranspiration, particulate matter 
(PM2.5), urban vegetation, remote sensing

Cluster 
2

Green 111 Cultural Ecosystem 
Services & Human 

Perception

cultural ecosystem services, perception, public par-
ticipation, landscape planning, recreation, wellbeing, 
aesthetics, participatory GIS, preferences, social val-

ues, tourism
Cluster 

3
Blue 106 Nature-Based Solu-

tions & Urban Water 
Management

green infrastructure, stormwater management, 
sponge city, flood mitigation, runoff, drainage sys-
tems, resilience, ecosystem-based adaptation, wet-

lands, sustainability
Cluster 

4
Yellow 100 Landscape Ecology & 

Spatial Planning
land-use change, habitat fragmentation, ecological 

networks, connectivity, landscape patterns, biodiver-
sity conservation, spatial analysis, ecological corri-

dors, urban expansion
Cluster 

5
Purple 100 Ecosystem Services, 

Biodiversity & Agri-
culture

biodiversity, ecosystem services, agroforestry, land 
management, restoration, pollination, soil, species 
richness, multifunctionality, conservation planning

Cluster 
6

Cyan 
(Light 
Blue)

86 Social-Ecological Sys-
tems & Environmen-

tal Justice

ecosystem services, environmental justice, communi-
ty, urban green space, health benefits, social vulnera-

bility, urban agriculture, governance, equity
Cluster 

7
Orange 43 Governance, Policy & 

Sustainability Transi-
tions

governance, policy, climate adaptation, urban plan-
ning, sustainability transitions, decision-making, 

policy instruments, adaptive management, NbS im-
plementation

Figure 4. VOSviewer-generated keyword co-occurrence network, where node size reflects frequency and link 
strength indicates conceptual relatedness.

Source: Author’s analysis based on Web of Science data, visualized using VOSviewer (v1.6.20).
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Temporal overlay analysis 
The temporal overlay analysis (Figure 5) results show 
development of research themes over time. Keywords 
are colour coded by average publication year, allowing 
a chronological interpretation of conceptual emer-
gence. Foundational terms such as ecosystem services 
and landscape ecology appear in blue to blue-green 
shades, indicating their earlier emergence and con-
tinued relevance. More recent concepts (such as na-
ture-based solutions, urban heat island, urban green-
ing, and climate adaptation) appear in yellow shades 
from around 2019 onward. This pattern reflects a shift 
from early  ecological foundations toward applica-
tion-oriented, social-inclusive and climate adaptive 
planning approaches.

The co-citation analysis
The co-citation analysis (Figure 6) results outline the 
intellectual structure of ES–LP  research. Conceptual 

networks are depicted as color-coded clusters: a green 
cluster around ecological economics and foundational 
ES theory; a  red cluster related to urban ecology and 
environmental health; a yellow cluster that connects 
urban planning, green infrastructure, and spatial de-
sign; and a blue cluster on socio-ecological governance, 
resilience, and nature-based solutions. A smaller pur-
ple cluster emerges as a kind of transitional or bridg-
ing group, on the intersection between literature on 
urban ecosystem services, multifunctional landscapes 
and the translation of ecosystem service concepts into 
planning and design practice. Together, these Science 
Mapping analyses demonstrate the ES–LP research has 
transformed from ecological and economic platform to 
a more holistic, policy-driven, and  transdisciplinary 
knowledge system. The convergence of biophysical, 
geographical and socio-political themes indicates 
the  maturing discipline and its relevance for sustain-
able planning.

Figure 5. VOSviewer-generated temporal co-word overlay indicating chronological emergence of themes in ES–LP 
research (2006–2025).

Source: Author’s analysis based on Web of Science data, visualized using VOSviewer (v1.6.20).
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Interdisciplinary Convergence 

This section evaluates the degree of interdisciplinary 
linkage within ES–LP research using three comple-
mentary techniques: keyword–discipline tagging, the 
Cohesion Index (CI), and policy–keyword temporal 
alignment. Together, these methods capture how eco-
logical, planning, climate, and governance concepts in-
tersect and evolve.

Keyword-Discipline Tagging Protocol

A Keyword–Discipline Tagging Protocol mapped 
high-frequency keywords to primary, secondary, and 

Figure 6. VOSviewer-generated co-citation network highlighting key thematic clusters in ES–LP scholarship. 

Source: Author’s analysis based on Web of Science data, visualized using VOSviewer (v1.6.20).

tertiary disciplinary fields based on co-occurrence 
patterns, clusters of cited references, and  discipline 
taxonomies. This exposed deep cross-domain vocabu-
lary — the words green infrastructure, urban resilience 
and nature-based solutions emerged repeatedly, bind-
ing ecology, planning, climate science and governance 
together. These associations are summarized in Table 
2, which indicates that the most used keywords often 
cut across domains, revealing high levels of conceptual 
overlap within ES–LP scholarship.
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Table 2. Interdisciplinary keyword–discipline mapping based on screened and selected Web of Science records (n 
= 1930).

Keyword Primary                
Discipline

Secondary             
Discipline

Tertiary             
Discipline

Screened and Selected                 
References (WoS Dataset)

Green 

infrastructure

Urban Planning Ecology Civil Engineer-
ing

Norton (2015); Abhijith (2017); 
Cameron (2012); Haase (2017); 

Kumar (2019)
Ecosystem 

services

Ecology Environmental 
Economics

Policy Studies Nesshöver (2017); Salmond 
(2016); Cameron (2012); Baró 

(2015); Güneralp (2018)
Nature-based 
solutions

Environmental 
Planning

Climate Science Governance Nesshöver (2017); Keesstra 
(2018); Haase (2017); Dorst 

(2019); Berthon (2021)
Urban planning Urban Studies Architecture Public Policy Norton (2015); Baró (2015); 

Güneralp (2018); Geneletti 
(2016); McClymont (2020)

Landscape 

planning

Landscape Ar-
chitecture

Environmental 
Science

Spatial Planning Li (2022); Hessburg (2013); 
Gullino (2018); Bjärstig (2018); 

Barron (2019)
Urban resilience Urban Planning Climate Science Governance Collier (2013); Shokry (2020); 

Pamukcu-Albers (2021); Mc-
Clymont (2020); Ochoa (2020)

Citizen science Social Sciences Ecology – Pinho (2021); Cambria (2021); 
Metzger (2018); Rae (2019); 

Abu Ali (2021)
Climate 

adaptation

Climate Science Urban Resilience Landscape Plan-
ning

Geneletti (2016); Anguelovski 
(2023); Sánchez (2023); Badura 

(2021); Knapp (2019)
Biodiversity 

conservation

Ecology Conservation 
Biology

Environmental 
Policy

Güneralp (2018); Dauber 
(2010); Albert (2017); Fischer 

(2018); Berthon (2021)
Governance Political Science Environmental 

Management
Urban Studies Dorst (2019); Kabisch (2022); 

Dorst (2022); Zingraff-Hamed 
(2020); Hersperger (2020)

Environmental 
justice

Sociology Environmental 
Ethics

Public Health Silva (2018); Calderón-Argelich 
(2021); Taguchi (2020); Kabisch 

(2022); Baró (2015)

The mapping summarized in Table 2 makes this 
cross-domain character strikingly visible. Consider 
green infrastructure, which is assigned primary affili-
ation with urban planning but immediately branches 
into ecology as its secondary field and civil engineering 
as its tertiary field—a configuration that captures the 
concept’s dual identity as both a spatial planning strate-
gy and a biophysical system requiring ecological under-
standing and engineering implementation. Similarly, 
nature-based solutions span environmental planning, 
climate science, and governance, reflecting its role as 
a boundary object that links climate adaptation strate-

gies to planning practice and the institutional arrange-
ments necessary for implementation. Even keywords 
that appear at first glance to belong squarely within a 
single discipline reveal significant multidirectionality. 
ES, which might be assumed to be primarily ecologi-
cal, carries secondary ties to environmental economics 
and tertiary ties to policy studies, confirming that the 
concept achieved its influence precisely by providing 
a common language across scientific, economic, and 
policy communities.

The pattern holds across the Table 2. Urban plan-
ning appears not only in relation to urban studies and 
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architecture but also to public policy, acknowledging 
that planning scholarship engages with governance 
institutions and regulatory frameworks. Urban resil-
ience, while primarily grounded in urban planning, 
draws equally from climate science and governance, 
reflecting the concept’s emergence as a response to cli-
mate uncertainty and its reliance on institutional ca-
pacity. Even biodiversity conservation, which might 
seem exclusively ecological, extends into conservation 
biology and environmental policy, recognizing that the 
science of conservation operates in constant dialogue 
with policy mechanisms. Governance itself, mapped to 
political science, environmental management, and ur-
ban studies, appears as a keyword that connects institu-
tional analysis to environmental outcomes and urban 
contexts. Environmental justice, assigned to sociology, 
environmental ethics, and public health, demonstrates 
that questions of equity in landscape planning have be-
come a nexus linking social theory, normative philoso-
phy, and health outcomes.

Cohesion Index 

Interdisciplinary integration was quantified using 
the Cohesion Index, which compares cross-cluster 
keyword connections with within-cluster density. A 
co-occurrence matrix of the top 100 author keywords 
(minimum occurrence = 5) was subjected to cluster 
analysis following Ward’s method (Murtagh and Leg-
endre, 2014), and six thematic domains were devel-
oped (urban sustainability, ecosystem services,  cli-
mate resilience, land management, measurement 
tools and policy/social engagement). High level of in-
ter-cluster connectivity is visible in Figure 7, especially 
among ecological and planning and climate clusters, 
while such  is not the case for socio-political concepts. 
Cluster roles are presented in  Table 3. Sensitivity 
analyses, under different keyword thresholds (3 – 10) 
and  clustering resolutions (0.8 – 1.2), generated con-
sistent CIs (0.937 to 0.947). Bootstrap resampling (n = 
1,000) showed a mean CI of 0.944 ± 0.005, representing 
strong and robust  interdisciplinary cohesion.

Figure 7. Inter-cluster connectivity strengths across major thematic domains in ES–LP research (2006–2025). 

Source: Author’s own analysis based on co-citation and cluster connectivity metrics derived from the Web of Science 
Core Collection (SCIE, SSCI, ESCI). 
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Table 3. Integration Roles and Connectivity Levels of Thematic Clusters in ES-LP Research. 

Cluster 
ID

Theme / Domain Representative Keywords Connectivity 
Level

Integration Role

0 Urban 
Sustainability & 
Planning

urban green infrastructure, 
green roofs, urban resilience

Moderate to 
High

Bridges planning and 
ecological application

1 ES Core Concepts ecosystem services, cultural 
ecosystem services, nature-

based solutions

Moderate Conceptual anchor across 
multiple themes

2 Climate Change & 
Resilience

climate adaptation, resilience, 
flood mitigation

Relatively 
Strong

Connects climate science 
with planning

3 Land Use, Ecology 
& Management

landscape connectivity, 
biodiversity conservation, 

land management

Highest Central interdisciplinary 
hub

4 Measurement & 
Evaluation Tools

spatial analysis, remote 
sensing, landscape metrics

Moderate to 
Low

Technical support for all 
clusters

5 Policy, Equity & 
Public Engagement

environmental justice, citizen 
science, decision support

Lowest Emerging social dimension; 
less integrated

Note: The representative keywords presented for each cluster should be viewed as indicative descriptors instead of the 
exclusive thematic labels. They are assigned based on relative prominence-among the mapped networks, in terms of 
frequency, co-occurrence strength and visual centrality. Cross-cutting terms (e.g. nature-based solutions) may con-
ceptually relate to more than one domain but are shown within the cluster where they reflect a stronger association.

Table 3 reveals a clearly differentiated intellectual 
structure within ES and LP research, where six themat-
ic clusters perform distinct yet interconnected roles 
in shaping the field’s interdisciplinary landscape. The 
clusters vary considerably in their connectivity levels—
ranging from highest to lowest—and in the functions 
they serve within the broader scholarly network. At the 
center of the field sits Cluster 3 (Land Use, Ecology & 
Management), distinguished by the highest connec-
tivity level and described as a central interdisciplinary 
hub. Organized around keywords such as landscape 
connectivity, biodiversity conservation, and land man-
agement, this cluster functions as the intellectual core 
that binds together ecological science, spatial planning, 
and land-use decision-making. 

Cluster 0 (Urban Sustainability & Planning) and 
Cluster 2 (Climate Change & Resilience) occupy posi-
tions of strong integrative significance, each serving as 
a bridge between distinct knowledge domains. Cluster 
0, with its moderate to high connectivity, links urban 
green infrastructure, green roofs, and urban resil-
ience—bridging planning practice with ecological ap-
plication in urban contexts. Cluster 2, rated relatively 
strong in connectivity, connects climate science with 
planning through keywords such as climate adapta-
tion, resilience, and flood mitigation, indicating that 
climate-related concerns have become a major conduit 
linking environmental science to planning interven-
tions.

Cluster 1 (ES Core Concepts) holds a moderate 
connectivity level but serves a foundational role as a 
conceptual anchor across multiple themes. Represent-
ed by ecosystem services, cultural ecosystem services, 
and nature-based solutions, this cluster provides the 
overarching framework and shared vocabulary that 
enables communication across otherwise disparate re-
search streams. Cluster 4 (Measurement & Evaluation 
Tools), with moderate to low connectivity, functions as 
a technical support layer for all clusters. Encompassing 
spatial analysis, remote sensing, and landscape metrics, 
this cluster represents the methodological infrastruc-
ture that enables empirical research across the field. 
Its lower connectivity may reflect that technical meth-
ods are applied across contexts but do not themselves 
generate high volumes of cross-cluster citation or con-
ceptual integration—they are tools deployed within 
studies rather than concepts that inherently bridge 
diverse research communities. Cluster 5 (Policy, Equi-
ty & Public Engagement) stands apart with the lowest 
connectivity level, characterized as an emerging social 
dimension that remains less integrated into the core 
of the field. Its peripheral position suggests that while 
these social and policy dimensions are recognized as 
important, they have not yet achieved the same level 
of conceptual integration with ecological and planning 
themes as other clusters—representing both a gap and 
an opportunity for future development.
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Temporal Convergence Analysis

Temporal analysis of annual keyword networks re-
vealed a growing intermingling between ecological, 
planning and climate-policy terms since 2018. The seg-
mented regression, as facilitated by the Chow test and 
PELT algorithm, identified a significant changepoint 
at about 2018  (±0.4 years). Figure 8 shows the steep 
slope of convergence post-2018,  followed by an even-
tual flattening towards 2025. Similar inflection shapes 
were  observed for Shannon entropy and edge-share 
ratio measures, supporting robustness.

Policy-Keyword Alignment Methodology

For policy influence,  annual counts of policy-rele-
vant terms (nature-based solutions, urban resilience, 
climate adaptation and SDGs) were compared against 
three key development landmarks – the EU Green In-
frastructure Strategy (2013), the UN SDGs (2015) and 
the IPBES Global Assessment (2019). And keyword 
use surged in the years just  following each milestone 
– NBS post 2013, SDG associated language after 2015, 
and resilience/adaptation terminology post-2019. Fig-
ure 9 demonstrates these alignments with  distinct 
patterns that correlate policy adoption with keyword 
growth.

Phases of Knowledge Production: Temporal 
and Geographical Trends 
A segmented analysis of  annual articles (2006 – 2025) 
reveals three phases. The Early Stability phase (2006–
2012) is characterized by a low and almost constant 
output of 0–4 papers/year. A Gradual Emergence phase 
(2013–2016) follows, with the output increasing from 
12 records in 2013 to 52 records in 2016. After 2016, 
a substantial  Resurgence is observed with nearly 300 
papers by 2024, indicating renewed attention to cli-
mate-adaptive and interdisciplinary planning research.

Output remained low from 2006 to 2012, increased 
gradually from 2013 to 2016, and then rose sharply 
thereafter from 113 in 2018 to nearly 300 in 2024, with 
101 recorded for partial-year 2025. This post-2016 in-
crease aligns with expanding climate-resilience  and 
sustainability research (UNESCO, 2022) and more 
general interdisciplinary policy changes (Kabisch, 
2016; IPBES, 2019). Annual variations are presented in 
Figure 10.

Figure 8. Temporal Convergence of Disciplinary Integration in ES and LP Research (2006–2025). 

Source: Author
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Figure 9. Policy-Driven Keyword Adoption in ES-LP Research: Alignment with Global Environmental Frameworks 
(2014-2024). 

Source: Author

Figure 10. Annual publication trends (2006–2025) in ecosystem services and landscape planning literature. Par-
tial-year data shown for 2025.

Source: Author’s own analysis based on Web of Science (WoS) Core Collection data (SCIE, SSCI, ESCI), retrieved on 29th 
July 2025.
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Thematic Clusters and Boundary-Spanning 
Keywords 
Keyword co-occurrence mapping (Figure 4, 5) pres-
ents three large thematic clusters; Ecology/Environ-
ment, Urban Planning/Design and  Social–Political 
Dimensions. These clusters are connected by  core 
term—ES, green infrastructure, landscape planning—
suggesting high level of integration in core concepts. 
Temporal overlays (Figure 5, 8) where there is thematic 
progress: ecological and value   terms came to the fore-
front 2006–2015; climate-adaptation and planning lan-
guage increased 2016–2019; and hybrid ideas (urban 
heat island, citizen science) are extending past 2020. 
The Cohesion Index (CI = 0.944) indicates that strong 
‘cross-cluster’ connections strengthen, but  participa-
tory and equity-focused terms are less cohesive.

Policy as a Catalyst: Milestones and Keyword 
Surges
Policy development coincides almost precisely  with 
changes in terminology (Figure 9). The increase  in na-
ture-based solutions is more pronounced after the 2013 
EU Green Infrastructure Strategy, that of SDG-associ-
ated terms after 2015 and of urban resilience and cli-
mate adaptation following the 2019 IPBES Assessment. 
In general, both shifts  lag 1–2 years behind policy 
enactment, suggesting that the academy is respond-
ing to uptake. Europe and China are the most  in sync. 
A transient surge of health- and green-space-related 
terms launched in the period 2020–2022  reflects pan-
demic-induced shifts to environmental planning dis-
course.

Pathways to Interdisciplinary Maturation
Results suggest a gradual move towards ES–LP inter-
disciplinary convergence, which manifests  into in-

creased co-word linkages and connection strengths, to-
gether with stronger co-citations. Under this prism, the 
early works (2006–2015) focus on ecological and valu-
ation themes; a shift occurred in the transition phase 
(2016–2019) to include planning and governance; and 
from 2020 onwards, hybrid concepts—nature-based 
solutions, citizen science, environmental justice—em-
phasize further social,  climatic, spatial integration. 
These changes are influenced by policy milestones, 
however, the  1–2-year lag in time from when a policy 
is implemented to its uptake by academia may suggest 
researchers are largely on the back foot.

Table 4. Levels of Disciplinary Integration in ES–LP Scholarship. 

Integration Level Characteristics Examples Drivers

Terminal (Siloed) Keywords/clusters remain 
discipline-bound; minimal 

cross-citation.

Early-phase “biodiversi-
ty conservation” (ecolo-

gy-only).

Lack of policy urgency; meth-
odological divergences.

Bridging 

(Emerging)

Terms co-occur but retain 
primary disciplinary roots.

“Green infrastructure” 
(urban planning + ecol-

ogy).

Policy frameworks (e.g., EU 
Strategy); applied research 

needs.
Hybrid 

(Converged)

Boundary-spanning terms 
dominate; high cross-clus-
ter cohesion (CI = 0.944).

“Nature-based solutions” 
(ecology + planning + 

governance).

Global agendas (SDGs, IP-
BES); transdisciplinary co-de-

sign.
Peripheral 

(Underexplored)

Weak linkages despite the-
matic relevance.

“Remote sensing” + “en-
vironmental justice.”

Institutional barriers; lack of 
shared methodologies.

Source: Author

Persistent Divides and Untapped Synergies

Despite strong integration of various aspects into the 
LP, disciplinary gaps still persist. Terms such  as sus-
tainability and resilience still have different meanings 
between ecology and planning, thus undermining 
conceptual synchronization. Moreover, the data in-
teroperability is poor,  since ecological studies focus on 
biophysical variables and planning focuses on socio-
economic and governance indicators. These schisms 
further account for the peripheral status of equity and 
participatory  terms in keyword networks. Table 5 Main 
barriers  and proposed solutions including terminolo-
gy harmonisation, common data infrastructures, and 
inter-/trans-disciplinary research mechanisms.

Limitations and Future Directions

Table 6 synthesizes these limitations and identifies 
pathways for methodological advancement across 
technical, social, and governance dimensions.
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Table 5.  Barriers to Interdisciplinary Integration and Corresponding Mitigation Strategies. 

Barrier Type Key Findings Proposed Solutions Supporting Evidence

Terminological 
Ambiguities

- Divergent disciplinary in-
terpretations of core concepts 
like “sustainability” (ecological 

vs. planning perspectives) 
- Weak conceptual bridges 

between ecological and policy 
research domains

- Develop standardized glos-
sary of boundary-spanning 

terms 
- Conduct interdisciplin-

ary terminology alignment 
workshops

- Keyword-Discipline 
Tagging results  

- Co-citation network 
gaps (Figure 6)

Data                       
Interoperability

- Incompatible data types 
(biophysical measurements vs. 

socioeconomic indicators) 
- Isolation of technical mea-

surement clusters from gover-
nance concepts

- Establish open-data reposi-
tories with cross-disciplinary 

standards 
- Develop unified geospatial 

analysis platforms

- Temporal Conver-
gence Analysis

 (Figure 8) 
- Cluster isolation pat-

terns (Figure 4)

Institutional 

Resistance

- Limited academia-policy 
collaboration 

- Policy implementation lag 
research adoption

- Implement funding mech-
anisms requiring cross-disci-

plinary collaboration 
- Create dedicated transdis-

ciplinary research units

- Policy-Keyword 
Alignment findings

 (Figure 9) 
- Cohesion Index anal-

ysis 
Source: Author

Table 6. Limitations and Future Research Directions for Interdisciplinary ES-LP Studies.

Category Limitations Future Research Directions
Database Biases - Reliance on WoS underrepresents 

non-English/regional journals.
- Multi-Database Integration: Include Scopus, Di-
mensions, CNKI for broader geographic coverage.

- Global South research (Africa, 
Latin America) is underrepresent-

ed.

- Prioritize regional databases to address Anglo-Eu-
rocentric bias.

Tagging 

Subjectivity

- Manual keyword-discipline tag-
ging introduces bias.

- NLP-Automated Classification: Use BERT/GPT 
models to standardize hybrid term mapping (e.g., 

“urban resilience”).

- Ambiguity in evolving terms (e.g., 
“nature-based solutions”).

- Train algorithms on interdisciplinary taxonomies 
for consistency.

Temporal Gaps - Dataset ends in early 2025, miss-
ing later trends.

- Longitudinal Cohesion Tracking: Apply Cohesion 
Index to 2025–2030 data to test convergence stability.

Policy-Research 
Linkages

- Policy-keyword alignment relies 
on retrospective correlation.

- Dynamic Policy Analysis: Use NLP to track re-
al-time policy language (e.g., UN reports) and key-

word emergence.

Technical-So-
cial Divides

- Weak co-occurrence between 
technical (e.g., “remote sensing”) 

and social terms.

- Participatory-Technical Studies: Combine geospa-
tial tools with community-driven data to bridge gaps.

Source: Author
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The  development of ES–LP research indicates a 
clear progression toward transdisciplinary harmoni-
zation. The quick uptake of hybrid concepts – urban 
resilience, nature-based solutions – shows that vo-
cabulary  is converging faster than practice, and this 
is driven by global policy agendas. To bridge long-
standing  divides—between, for example, geospatial 

methods and environmental justice—the field will 
need further terminological harmonization, closer 
policy-research synchronization and expanded mixed 
method approaches. In general, ES–LP research of-
fers  a replicable approach to integration science across 
other complex socio-ecological systems.

Discussion

Theoretical Framework and                                            
Conceptual Approach
The analysis of collected data shows increasing concep-
tual convergence across ecological, planning, and gov-
ernance perspectives, while some divergence remains 
in participatory governance and economic valuation. 
To fill these gaps, the present study supplements exist-
ing reviews by analyzing 50 reference ES–LP publica-
tions identified for citation importance and thematic 
influence to provide a conceptual foundation with 
which to interpret bibliometric trends. From this basis, 
the research takes a Science-of-Science approach and 
uses the Triple Helix as a theoretical platform (Etz-
kowitz & Leydesdorff, 2000) to consider knowledge 
co-evolution in academia, policy, and practice con-
texts. In this regard, the use of keywords as markers 
of disciplinary stretch enables co-occurrence and tem-
poral trends to stand as proxies for cross-disciplinary 
convergence. It is on this theoretical basis that the ana-
lytical framework is developed in this section.

International Collaboration Patterns
The results of international collaboration analysis pat-
terns align with global scientific trends where high-in-
come countries and rapidly expanding research econ-
omies dominate environmental stewardship, probably 
due to stronger funding environments and extensive 
institutional networks (Nature Index, 2023; Wagner et 
al., 2017). Moreover, the strong intra-European collab-
oration reflects the influence of EU-funded research 
initiatives, particularly those supported through Hori-
zon 2020 and related programmes (European Com-
mission, 2020). 

Keyword Co-occurrence and Intellectual                     
Integration
The network pattern studied through keyword co-oc-
currence analysis reflects an evolution towards integra-
tive ecological–planning–governance platforms, rath-
er than isolated disciplinary domains. However, the 
co-citation analyses demonstrate that ES–LP research 
has transformed from an ecological and economic 
platform to a more holistic, policy-driven, and trans-
disciplinary knowledge system. The convergence of 
biophysical, geographical, and socio-political themes 
indicates the maturing discipline and its relevance for 
sustainable planning (Pataki et al., 2011; Andersson et 
al., 2015; Kabisch et al., 2015; Abhijith et al., 2017; Sed-
don et al., 2020).

Cross-Domain Conceptual Mapping
The mapping summarized in Table 2 makes the 
cross-domain character strikingly visible. The config-
uration of green infrastructure captures the concept’s 
dual identity as both a spatial planning strategy and a 
biophysical system requiring ecological understand-
ing and engineering implementation. Nature-based 
solutions reflect its role as a boundary object linking 
climate adaptation strategies to planning practice and 
institutional arrangements (Opdam, 2018). Ecosystem 
services confirms that the concept achieved its influ-
ence precisely by providing a common language across 
scientific, economic, and policy communities (Art-
mann et al., 2017). Urban planning acknowledges that 
planning scholarship engages with governance institu-
tions and regulatory frameworks. Urban resilience re-
flects the concept’s emergence as a response to climate 
uncertainty and its reliance on institutional capacity. 
Biodiversity conservation recognizes that conserva-
tion science operates in constant dialogue with policy 
mechanisms. Governance connects institutional anal-
ysis to environmental outcomes and urban contexts. 
Environmental justice demonstrates that questions 
of equity in landscape planning have become a nexus 
linking social theory, normative philosophy, and health 
outcomes.

Intellectual Structure: Cluster Analysis
Table 3 reveals a clearly differentiated intellectual 
structure. Various clusters showed that Land Use, Ecol-
ogy & Management (Andersson et al., 2015) functions 
as the intellectual core binding together ecological sci-
ence, spatial planning, and land-use decision-making. 
Cluster 0 (Urban Sustainability & Planning), while Cli-
mate Change & Resilience (Baker-Médard et al., 2024) 
serve as bridges between distinct knowledge domains. 
Moreover, the ES Core Concepts serves a foundational 
role as a conceptual anchor providing shared vocab-
ulary and focus on Measurement & Evaluation Tools 
functions as a methodological infrastructure; its lower 
connectivity reflects that technical methods are tools 
deployed within studies rather than concepts that in-
herently bridge diverse research communities. Lastly, 
Policy, Equity & Public Engagement (Brink & Wamsler, 
2018) stands apart as an emerging social dimension 
that remains less integrated—representing both a gap 
and an opportunity for future development.
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Temporal Convergence and Policy Lag
In addition to above, the temporal convergence analy-
sis results clearly showed that the steep post-2018 slope 
indicates accelerating interdisciplinary integration. 
However, the 1–2-year lag from policy enactment to 
academic uptake suggests that researchers are large-
ly on the back foot, responding to rather than antic-
ipating policy needs. The journey of interdisciplinary 
maturation suggests a gradual move towards ES–LP 
interdisciplinary convergence, manifested in increased 
co-word linkages, connection strengths, and stronger 
co-citations (Li et al., 2022). The evolution of concepts 
in ES-LP indicates that in the early stages the focus 
was on ecological and valuation themes, followed by 
planning and governance and subsequently introduc-
tion of hybrid concepts (nature-based solutions, citizen 
science, environmental justice) that emphasize further 
social, climatic, and spatial integration (Gullino, 2018). 
These changes are influenced by policy milestones; 
however, the 1–2-year lag suggests researchers are 
largely on the back foot.

Persistent Gaps and Obstacles to Integration
Despite strong integration, disciplinary gaps per-
sist (Collier et al., 2013). Divergent interpretations of 
terms such as sustainability and resilience undermine 
conceptual synchronization. Poor data interoperabili-
ty and institutional constraints—fragmented funding, 
weak academia-policy links (Hessburg et al., 2013), de-
lays in policy uptake—exacerbate these obstacles. Table 
5 presents proposed solutions including terminology 
harmonisation, common data infrastructures, and in-
ter-/trans-disciplinary research mechanisms (Dorst et 
al., 2019).

Limitations of the Study
Although multiple disciplines are getting integrated, 
several limitations remain (Albert et al., 2014). For 
instance, the dependency on Web of Science is biased 
against non-English and Global South scholarship; 
manual keyword tagging introduces subjectivity, al-
though at a high level of agreement between raters (κ = 
0.87); the dataset extends only partially to 2025, limit-
ing its ability to capture recent developments.

Conclusion

Based on the bibliometric, keyword-discipline, cohe-
sion, and temporal convergence analyses, this study re-
veals that ecosystem services (ES) and landscape plan-
ning (LP) research has evolved from loosely connected 
disciplinary inquiries into an increasingly coherent 
and transdisciplinary knowledge system over the past 
two decades. This transformation occurred through 
distinct phases: an early phase (2006–2015) rooted 
in ecological and environmental science, operating 
within a siloed integration level; a transition phase 
(2016–2019) marked by the growing prominence of 
planning and governance perspectives, catalyzed by 
policy milestones such as the EU Green Infrastructure 
Strategy and the Sustainable Development Goals; and a 
post-2020 phase characterized by a hybrid, converged 
knowledge system dominated by boundary-spanning 
concepts like nature-based solutions, urban resilience, 
and citizen science. The quantitative evidence strongly 
supports this maturation: a Cohesion Index of 0.944 
indicates that cross-cluster connections substantially 
outweigh within-cluster density; a significant change-
point around 2018 accelerated the intermingling of 
ecological, planning, and climate-policy terms; and 
policy-keyword alignment shows consistent respon-
siveness to global governance frameworks with a one-
to-two-year lag. Furthermore, keyword-discipline 
mapping reveals that concepts such as green infra-
structure, nature-based solutions, and ecosystem ser-
vices function as boundary objects, encoding interdis-
ciplinary relationships and enabling researchers from 
different backgrounds to communicate with increasing 
fluency. Cluster analysis identifies land use, ecology, 
and management as the central interdisciplinary hub, 
while ES core concepts serve as a conceptual anchor, 
and policy, equity, and public engagement exhibit the 

lowest connectivity—representing both a critical gap 
and a significant opportunity.

The persistence of disciplinary divides despite 
strong overall integration warrants careful attention. 
Terminological ambiguities persist, with concepts 
such as sustainability and resilience carrying divergent 
meanings across ecological and planning communi-
ties, undermining conceptual synchronization. Data 
interoperability remains poor, as ecological studies 
prioritize biophysical measurements while planning 
research focuses on socioeconomic and governance 
indicators, creating methodological fragmentation. 
Institutional constraints—including fragmented fund-
ing structures, weak academia-policy linkages, and de-
layed policy uptake—further exacerbate these barriers. 
The peripheral status of equity and participatory terms 
in keyword networks is particularly concerning given 
the normative commitments of sustainability science 
to inclusive and just outcomes. This finding suggests 
that while the field has achieved remarkable integration 
across biophysical, spatial, and climate domains, the 
full incorporation of social, participatory, and environ-
mental justice dimensions remains an unfinished proj-
ect—one that will require deliberate effort to address 
the institutional, methodological, and terminological 
barriers that have thus far limited their integration.
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ABSTRACT

This study investigates the variability of precipitation distribution and rainfall seasonality re-
gime in Recife-PE, Brazil, using the Precipitation concentration index (PCI) and Seasonality indi-
ces (SI). PCI was calculated on annual (PCIa), seasonal (PCIs), and supra-seasonal (PCIss) scales 
for the period 1962-2020. Rainfall seasonality regime classification was performed using the 
individual seasonality index (SIi), the general seasonality index (SI), and the replicability index 
(RI). The PCIa time series revealed precipitation distribution ranging from moderate (79.66% 
of the years) and irregular, with mean value of PCIa ≈ 13.58. Seasonality analysis indicated a 
mean rainfall regime classified as rather seasonal with a short drier season (SI≈ 0.56), and a high 
degree of replicability (RI = 0.85), characterized by maximum rainfall concentrated in a few 
months and limited interannual variability in SIi values. Trend analysis using the Mann-Kendall 
test and Sen’s slope estimator showed no significant trends in the time series of PCI and SIi, 
except for spring (PCIs), which exhibited a significant negative trend. A Spearman correlation 
analysis between SIi and PCIa yielded a strong positive correlation (ρ = 0.86), reinforcing the 
link between precipitation concentration and seasonality structure.
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Introduction

Northeastern Brazil (NEB) exhibits pronounced spa-
tiotemporal variability in rainfall, directly affecting 
agriculture, water resources, urban infrastructure, hu-
man health, and the vegetation structure of local bi-
omes (Marengo et al., 2022; de Medeiros et al., 2022; 
da Silva et al., 2021; de Oliveira Souza et al., 2018). 
Rainfall in NEB is highly seasonal, with the peak of the 
rainy season typically occurring between February and 
April, primarily driven by the influence of the Atlantic 

Intertropical Convergence Zone (ITCZ) and the South 
American Monsoon System (SAMS). Superimposed 
on this seasonal cycle is pronounced interannual vari-
ability, marked by episodes of excessive rainfall and se-
vere droughts. These fluctuations are closely linked to 
large-scale ocean–atmosphere phenomena, particular-
ly the El Niño–Southern Oscillation (ENSO). General-
ly, the negative phase of ENSO (La Niña) is associated 
with above-average rainfall in NEB, while the positive 
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phase (El Niño) tends to suppress precipitation, often 
resulting in prolonged and severe droughts across the 
region (Hänsel et al., 2016).

Rainfall is highest along the coastal and forested 
zones (Mata Atlântica), making urban centers in these 
areas especially vulnerable to extreme precipitation 
events. Such events frequently result in flash floods, in-
frastructure disruption, increased incidence of water-
borne diseases, and, in severe cases, loss of human life 
(Rodrigues et al., 2021).

Recife, the capital of the state of Pernambuco in 
Northeastern Brazil (NEB), is a coastal city that exem-
plifies the region’s vulnerability to hydrometeorological 
extremes. Characterized by a humid tropical climate, 
Recife receives high annual rainfalls, concentrated 
mainly during the austral autumn and winter months 
(March to August), followed by a markedly drier sea-
son (Coutinho et al., 2016). This uneven distribution 
contributes to natural disasters such as floods and 
landslides (Nóbrega et al., 2023; Marengo et al., 2023), 
posing significant challenges for urban infrastructure, 
public health, and water resource management.

Several studies have addressed the impacts of rain-
fall variability in Recife. Pereira et al. (2025) investi-
gated slope stability in the Nova Descoberta neighbor-
hood using a geological-geotechnical planialtimetric 
model that incorporated extreme rainfall events and 
anthropogenic pressures. Their findings revealed that 
rainfall infiltration significantly compromised slope 
stability, while the use of plastic tarps failed to meet 
safety standards. Oliveira et al. (2014) analyzed water 
quality in the Apipucos Reservoir, located in Recife’s 
western zone, and reported elevated concentrations of 
cyanobacteria during the dry season, indicating sea-
sonal stress on aquatic ecosystems. Borges et al. (2024) 
examined the relationship between precipitation and 
confirmed dengue cases, identifying a direct correla-
tion: the highest incidence occurred during the rainy 
season, with a marked decline during the dry months.

Given these diverse impacts, it is essential to inves-
tigate the temporal variability of precipitation, particu-
larly its seasonality and concentration throughout the 
year. Understanding these patterns is critical for de-

veloping effective mitigation strategies and enhancing 
urban resilience in Recife’s rapidly evolving socio-envi-
ronmental landscape.

Two indices are widely recognized for their effec-
tiveness in characterizing precipitation distribution 
and provide complementary insights: the Seasonality 
Index (SI) and the Precipitation Concentration Index 
(PCI). The SI quantifies the degree to which rainfall is 
concentrated in specific months, capturing the season-
al dynamics of precipitation regimes (Walsh & Lawler, 
1981). In contrast, the PCI measures the irregularity 
of monthly rainfall distribution throughout the year, 
highlighting temporal concentration and potential ex-
tremes (Oliver, 1980). Together, these indices provide a 
robust framework for evaluating rainfall patterns and 
their implications for flood risk, drought vulnerability, 
and climate adaptation planning.

Both SI and PCI have been applied in diverse clima-
tological contexts, including the assessment of rainfall 
concentration in river basins (Yang et al., 2020; Sa’adi 
et al., 2023), validation of general circulation models 
(Doyle, 2020), and evaluation of climate change im-
pacts on precipitation regimes (Stosic et al., 2024). 

Despite Recife’s well-documented vulnerability to 
hydrometeorological extremes, no studies have system-
atically assessed rainfall seasonality and concentration 
using long-term datasets and standardized indices. Re-
cently, PCI and SI were analyzed across the entire state 
of Pernambuco. The results showed that, compared to 
other regions, the Recife Metropolitan Area exhibited 
the lowest PCI values (indicating moderately seasonal 
distribution) (Silva et al., 2022) and the lowest SI val-
ues, classifying the rainfall regime as moderately sea-
sonal, with a short dry season (da Silva Araújo et al., 
2023).

The present study aims to fill a literature gap by an-
alyzing the temporal patterns of SI and PCI in Recife 
using historical rainfall records. Specifically, we seek 
to: (i) characterize the seasonal structure of rainfall; (ii) 
identify trends and anomalies in rainfall concentration 
and seasonality; and (iii) discuss the implications for 
urban planning and climate adaptation in Recife.

Materials and Methods

Study area and data
Recife, the capital of Pernambuco state, is located on 
the eastern coast of Northeastern Brazil (NEB), near 
8°S latitude and 34°W longitude (Fig. 1). It is one of 
the most densely populated urban centers in NEB, with 
over 1.5 million inhabitants. Geographically, Recife is a 
coastal city, about 2.5–5 m above sea level, in a region 
comprised of the Atlantic Rainforest Biome (Marengo 
et al., 2023). 

The climate is humid tropical (Köppen classifica-
tion: Am), characterized by high temperatures and rel-
ative humidity throughout the year, with a rainy season 

from March to August. Average annual precipitation 
is between 1,800 and 2,300 mm, with rainfall concen-
trated in a few months, contributing to frequent urban 
flooding and drainage challenges. The city’s climatolo-
gy is influenced by multiple atmospheric systems, in-
cluding the Intertropical Convergence Zone (ITCZ), 
Easterly Wave Disturbances (EWD), High-Level Cy-
clonic Vortices (HLCV), and the South Atlantic Sub-
tropical High (SASH), as well as ocean–atmosphere in-
teractions such as ENSO and the Atlantic SST gradient 
(Borges et al., 2024).
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Figure 1. Map of Brazil showing the location of Pernambuco State and the Recife weather station.

The data used in this study consist of monthly ac-
cumulated precipitation records from the Curado 
weather station in Recife (latitude: 8.03°S, longitude: 
34.55°W; altitude: 7 m), spanning the period from July 

1961 to December 2020. These records were obtained 
from the National Water Agency (Agência Nacional de 
Águas – ANA, 2025). 

Methods

Precipitation Concentration Index
The Precipitation Concentration Index (PCI), intro-
duced by Oliver (1980) quantifies the degree to which 
annual precipitation is distributed over 12 months of 
the year. It is defined as:

where pi represents the monthly precipitation in month 
i. When applied to the full annual dataset, it results in 
one time series representing annual PCI values. Theo-
retically, PCI values range from 8.33 (indicating uni-
form monthly precipitation) to 100 (indicating that all 
annual precipitation occurs in a single month).

PCI can also be calculated for each season of year 
using:

which produces four time series, one for each season: 
summer (Dec - Jan - Feb), autumn (Mar - Apr - May), 
winter (Jun - Jul - Aug) and spring (Sep - Oct - Nov). 
The theoretical range for seasonal PCI values is 8.33 to 
25, with higher value indicating that total precipitation 
occurs within a single month of the season. 

Additionally, PCI can be calculated on a supra-sea-
sonal scale, distinguishing between wet and dry peri-
ods (De Luis et al., 2011): 

which produces two time series, one for the wet sea-
son (March to August) and another for the dry season 
(September to February). Theoretical values range 
from 8.33 to 50. The higher value is obtained when to-
tal precipitation occurs within a single month of the 
season.

The classification of rainfall regime based on PCI 
values is presented in Table 1.

Table 1. Classification of the precipitation distribution 
based on Precipitation Concentration Index values (Ol-
iver, 1980). 

Precipitation                    
distribution

Class PCI

Uniform I [8.33, 10]
Moderate II (10, 15]
Irregular III (15, 20]
Strongly irregular IV (20, PCIMAX*]

*Maximum possible values of PCI are equal to 100 (for 
PCIa), 25 (for PCIs), 50 (for PCIss).

Seasonality index
To assess rainfall seasonality and its interannual vari-
ability, three complementary indices are used: the gen-
eral seasonality index (denoted as SI) , the individual 
seasonality index (SIi), and the replicability index (RI). 
Their definitions and interpretations are outlined be-
low, following the methodology of (Walsh & Lawler, 
1981). 
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Table 2. Rainfall regimes classification based on SI classes (Walsh & Lawler, 1981).

Rainfall regime Class SI

Very equitable I ≤ 0.19

Equitable with a definite wetter season II (0.19, 0.39]

Rather seasonal with a short drier season III (0.39, 0.59]

Seasonal IV (0.59, 0.79]

Markedly seasonal with a long drier season V (0.79, 0.99]

Most rain in a maximum 3 months or less VI (0.99, 1.19]

Extreme seasonality, almost all rain in 1-2 months VII > 1.19

Individual seasonality index SIi is defined as

where pin is the precipitation amount in month n and 
year i and                              the total precipitation in year 
i = 1,…,N (N is the number of years of the analyzed pe-
riod). This index is designed to assess the variability of 
the rainfall regime year-to-year. The values of SIi vary 
from zero (when the same amount of monthly precip-
itation pin occurs in each month) to 1.83 (when total 
annual precipitation occurs in a single month).

Mean individual seasonality index SIi is obtained by 
averaging the values of SIi over the analyzed period:
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__
The general seasonality index (SI) quantifies the 

average deviation of monthly precipitation from a uni-
form distribution over the entire study period. It is de-
fined as:

where                                is the mean precipitation in 
month n over N years,                , is the mean annual 
precipitation, pin is the precipitation in month n of year  
i and Pi is the total annual precipitation in year i. The-
oretically SI ranges from 0 (uniform monthly distribu-
tion) to approximately 1.83 (total annual precipitation 
occurs in a single month). The classification of rainfall 
regime based on SI  is presented in Table 2.

__

__

__

__

where N is the number of years of the considered peri-
od and SIi is the individual seasonality index of year i.

Replicability Index RI is defined as the ratio be-
tween the general seasonality index and the mean indi-
vidual seasonality index:

This index quantifies the degree of variability in 
rainfall regimes over time. The averages pn and P used 
to calculate SI, smooth out interannual fluctuations in 
monthly precipitation, thereby underestimating year-
to-year seasonality. As a result, SI≤SIi, if the mean pre-
cipitation regime were identical each year, with con-
sistent months of maximum and minimum rainfall, 
then RI = 1, indicating perfect replicability (SI=SIi). In 
practice, a high RI implies that the month of maximum 
rainfall is concentrated within a narrow temporal win-
dow, reflecting a highly replicable rainfall regime. Con-
versely, a low RI suggests that the peak rainfall month 

varies widely across years, indicating low replicability 
in seasonal patterns (Walsh & Lawler, 1981; Livada & 
Asimakopoulos, 2005).

The modified Mann-Kendall (MMK) test

In this study we applied the Mann-Kendall test mod-
ified by effective sample size (MMK), as proposed by 
Yue & Wang (2004), to detect trends in serially cor-
related hydrological series. Compared to the classical 
Mann–Kendall (MK) test (Kendall, 1975; Mann, 1945), 
the MMK approach effectively reduces bias introduced 
by autocorrelations, while preserving the original MK 
test’s robustness, non-parametric and distribution-free 
properties. A detailed description of the MMK pro-
cedure is provided in (Stosic et al., 2024), and all the 
calculations were performed using open-source soft-
ware tools (Patakamuri & O’Brien, 2021; R Core Team, 
2023).

Results and Discussion

Seasonal analysis
Figure 2 shows the annual precipitation values along-
side the long-term mean. Periods of below-average 
rainfall are evident during major drought episodes in 
NEB, in 1979–1981, 1982–1983, 1992–1993, 1997–
1998, 2010, and 2012–2016 (Marengo et al., 2017). In 

contrast, above-average precipitation observed in 2000 
and 2011 coincides with La Niña events, which are typ-
ically associated with increased rainfall in the region 
(CPTEC/INPE, 2025).

__
__

_

__ __
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Figure 2. Annual precipitation totals for the period January 1962 to December 2020.  The long-term mean of 
2,270.9 mm is indicated by the red line.

Figure 3. (a) Mean monthly precipitation for the period from 1962 to 2020, (b) Percentage frequency of the month 
with maximum rainfall between 1962 and 2020. 

The mean monthly precipitation and the percent-
age frequency of the month with maximum precipita-
tion are presented in Figure 3. 

Figure 3a shows that the wet season extends from 
March to August, corresponding to the six months 
with the highest mean monthly precipitation. During 
this period, an average of approximately 1,769 mm is 
accumulated, representing about 78% of the annual 

mean (2,270.9 mm). The trimester October–Novem-
ber–December, on the other hand, exhibited the lowest 
mean rainfall, with only about 154 mm accumulated. 
The wettest period is further confirmed in Figure 3b, 
which indicates that, from 1962 to 2020, the months 
of maximum rainfall occurred exclusively between 
March and August, with the highest frequency in June 
(over 40% of all years).
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Precipitation concentration index

Figures 4–6 show the time series of the Precipitation 
Concentration Index (PCI) at three temporal scales 
for 1962–2020: annual (Fig. 4), seasonal (Fig. 5), and 
supra-seasonal (Fig. 6). In each graph, dashed lines in-
dicate the four PCI classification categories defined in 
Table 1: uniform (I), moderate (II), irregular (III), and 
strongly irregular (IV) precipitation distribution.

Annual scale

Figure 4 shows the results of the Precipitation Concen-
tration Index on an annual scale (PCIa) for the period 

1962–2020. The precipitation distribution is predom-
inantly classified as moderate (Class II), with a mean 
value of approximately PCIa ≈ 13.58, although occa-
sional irregular events are observed. The most irregu-
lar precipitation distribution, indicated by the highest 
annual PCI value (PCIa= 17.78, Class III), occurred in 
2005, when severe drought occurred in the Northeast 
region (Marengo et al., 2017). The three consecutive 
years 2015, 2016, and 2017, with irregular precipita-
tion distribution, belong to the period of the multiyear 
drought (2011–2017) in the Northeast, which was the 
most extreme in decades (Cunha et al., 2019).

Figure 4. Time series of the precipitation concentration index on annual scale (PCIa) for the period between 1962 
and 2020. Dashed lines delimit the classes of the precipitation distribution (I: uniform, II: moderate, III: irregular, 
IV: strongly irregular) as defined in Table 1.

Seasonal scale
Figure 5 presents the seasonal time series of the Precip-
itation Concentration Index (PCIs). In summer (Figure 
5a), for most of the period, precipitation had a moder-
ate distribution (Class II). Irregular distribution (Class 
III) occurred in only five years: 1962, 1965, 1980, 2006, 
and 2009, with the highest PCIs value recorded in 1965                   
(PCIs = 18.3). The remaining years mainly fell into the 
uniform distribution category (Class I), with the lowest 
PCIs  value of 8.4 in 2015. 

Between 2012 and 2020, the range of PCIs val-
ues narrowed significantly, from a minimum of 8.41 
in 2015 to a maximum of 10.62 in 2013, indicating a 
marked reduction in variability. This pattern suggests 
that, after 2011, the summer season maintained a rela-
tively stable and regular precipitation regime, trending 
towards or remaining within the uniform distribution 
class.

Figures 5b and 5c show the seasonal PCI time series 
for autumn and winter, respectively. Both seasons ex-
hibit similar behavior, with precipitation distributions 
mainly falling between uniform (Class I) and moder-
ate (Class II). The highest PCIs value for autumn was 
recorded in 2005 ( PCIs  = 12.9), while for winter it oc-
curred in 1965 (PCIs  = 12.7), both identified as drought 

years in NEB (Marengo et al., 2017). A notably stable 
period is observed in the autumn PCIs series from 1976 
to 1981, characterized by consistently uniform precip-
itation distribution and a narrow range of PCIs values. 
These results are expected, as the period from March 
to August, which overlaps with the autumn and winter 
seasons in Recife, corresponds to the region’s wet sea-
son, thereby contributing to a more evenly distributed 
rainfall pattern.

Figure 5d presents the PCI time series for the spring 
season. The values of PCIs  indicate precipitation distri-
butions ranging between uniform (Class I) and irregu-
lar (Class III), with a predominance of years classified 
as moderate (Class II). Notably, clusters of similar PCIs 

values are observed during 1985–1987, 1997–1999, 
and 2004–2006, suggesting periods of relative stability 
in rainfall distribution. From 2001 to 2020, the precipi-
tation regime remained consistently within Class I and 
Class II, indicating a sustained trend toward uniform 
to moderately distributed rainfall during spring in the 
latter part of the study period.

Supra-seasonal scale
Figure 6 presents the time series of the Precipitation 
Concentration Index on a supra-seasonal scale (PCIss) 
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Figure 5. Time series of the precipitation concentration index on a seasonal scale (PCIs) for the period between 
1962 and 2020: (a) summer (Dec - Jan - Feb), (b) autumn (Mar - Apr - May), (c) winter (Jun - Jul - Aug), (d) spring 
(Sep - Oct - Nov). Dashed lines indicate the thresholds between the precipitation distribution classes (I: uniform, 
II: moderate, III: irregular, and IV: strongly irregular) as defined in Table 1. 

(a)

(b)

(c)

(d)
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for the period 1962–2020. The supra-seasonal classifi-
cation distinguishes the wet season (March to August) 
from the dry season (September to February). The re-
sults reveal a clear separation between the two regimes, 
with blue dots representing the wet season and red dots 
the dry season.

During the wet season, precipitation concentration 
generally ranged between uniform (Class I) and mod-
erate (Class II). The lowest PCIss value (8.5) was record-
ed in 2008, coinciding with a La Niña episode, which 
typically brings increased rainfall to Northeastern Bra-
zil (NEB) (CPTEC/INPE, 2025).

In contrast, the dry season showed a more variable 
precipitation distribution, predominantly within the 
moderate category (Class II). Uniform distribution 
(Class I) was observed in only three years: 1981 (PCIss= 
9.26), 1990 (PCIss = 8.80), and 2014 (PCIss = 8.83). No-
tably, 2009 stands out with a strongly irregular distri-
bution (Class IV), marked by the highest PCIss  value 
of 21.68, indicating a highly concentrated and uneven 
rainfall pattern during that dry season, which could be 
related to the El Niño episode in 2009–2010 (CPTEC/
INPE, 2025). 

Figure 6. Time series of the Precipitation Concentration Index on a supra-seasonal scale (PCIss).  Dashed lines in-
dicate the thresholds between the precipitation distribution classes (I: uniform, II: moderate, III: irregular, and IV: 
strongly irregular), as defined in Table 1.

Table 3 shows the percentage of years classified in 
each PCI distribution class across different tempo-
ral scales for 1962–2020. Notably, no years showed a 
strongly irregular precipitation distribution (Class 
IV), except for one year (1.69%) during the dry sea-
son. Similarly, irregular distribution (Class III) was ab-
sent in the wet season, autumn, and winter, indicating 
a predominance of moderate (Class II) and uniform 
(Class I) rainfall patterns across these scales.

The highest percentage of years with moderate 
precipitation distribution (Class II) was observed on 
the annual scale and during the dry season, both at 
79.66%. In contrast, the lowest percentage of moder-
ate distribution occurred in winter (32.20%), when 
precipitation was predominantly uniform (Class I) in 
67.8% of the years, representing the highest frequency 
of uniform distribution across all scales. Conversely, 
the annual scale showed the lowest frequency of uni-
form distribution, with only one year (1.69%) classified 
as Class I.
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Table 3. Percentage of years in each class of precipitation distribution according to the Precipitation concentration 
index (PCI) on annual (PCIa, Fig.4), seasonal (PCIs , Fig.5), and supra-seasonal (PCIss , Fig.6) scales.

Table 4. Results of the Mann-Kendall test (significance level α = 5%) and Sen’s slope estimator applied to the Pre-
cipitation Concentration Index (PCI) time series on annual (PCIa; Fig. 4), seasonal (PCIs; Fig. 5) and supra-seasonal 
(PCIss; Fig. 6) scales.

To investigate potential trends and their magni-
tudes in the PCI time series at annual (Fig. 4), sea-
sonal (Fig. 5), and supra-seasonal (Fig. 6) scales, the 
Mann-Kendall test and Sen’s slope estimator were ap-
plied. The results are summarized in Table 4. Based on 
the p-value (pv), no statistically significant trends were 
detected, except for the spring season, which exhibited 

a significance level below 1%. The negative sign of Qmed 
(or Z) indicates a downward trend, with a Sen’s slope 
magnitude of  Qmed  = 0.0466.

Spring corresponds to the dry season in Recife, and 
this negative trend suggests a gradual shift towards a 
more uniform rainfall distribution, potentially indicat-
ing a reduced risk of drought events during this period.
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Class of precipita-
tion distribution 

(based on PCI)

Annual 
(%)

Seasonal (%) Supra-seasonal (%)

Summer 
(Dec-Feb)

Autumn 
(Mar-May)

Winter 
(Jun-Aug)

Spring 
(Sep-Nov)

Dry (Sep-
Feb)

Wet (Mar-
Aug)

I – Uniform 1.69 30.51 61.02 67.8 28.81 5.08 55.93
II – Moderate 79.66 61.02 38.98 32.2 61.02 79.66 44.07
III – Irregular 18.64 8.47 0 0 10.17 13.56 0
IV – Strongly            

irregular
0 0 0 0 0 1.69 0

Timescale Mann-Kendall test Sen’s slope
p-value (pv) Z Trend test Qmed

Annual PCIa 0.9583 -0.0523 Negative non-significant -0.001

Seasonal PCIs

Summer (Dec - Feb) 0.2189 -1.2294 Negative non-significant -0.0169
Autumn (Mar - May) 0.9896 0.0131 Positive non-significant 6.83E-05

Winter (Jun - Aug) 0.4403 -0.7717 Negative non-significant -0.0057
Spring (Sep - Nov) 0.0042 -2.8643 Negative significant -0.0466

Supra-seasonal  PCIss

Dry season (Sep - Feb) 0.1779 -1.3471 Negative non-significant -0.0255

Wet season (Mar - Aug) 0.824 0.2223 Positive non-significant 0.0021

Figure 8. Scatter diagram of the individual seasonality index (SIi) plotted against the annual Precipitation Con-
centration Index (PCIa), including the linear regression line (black). Each color represents a distinct pair of corre-
sponding rainfall regime classes (based on SIi) and precipitation distribution classes (based on PCIa) that occurred 
simultaneously in the same year.
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Seasonality index
Figure 7 presents the time series of the individual 
seasonality index SIi with dashed lines marking the 
thresholds between rainfall regime classes as defined 
in Table 2. The results indicate year-to-year variabili-
ty mainly between Class III (rather seasonal with a 
short drier season) and Class V (markedly seasonal 
with a long drier season). Of the 59 years analyzed, 36 
years (61.02%) fell into Class IV (seasonal), 14 years 
(23.73%) into Class III, and 8 years (13.56%) into Class 
V, resulting in an average SIi ≈ 0.66, which corresponds 
to Class IV. An exception occurred in 1981, when the 
SIᵢ value of 0.35 placed the year in Class II, indicating 
a more equable rainfall regime with a definite wetter 
season.

The general seasonality index (SI≈0.56) indicates 
that the mean rainfall regime in Recife over the entire 
period (1962–2020) was fairly seasonal with a short 
dry season, corresponding to Class III, but close to the 
threshold between Classes III and IV. As previously 
noted, it is expected that SIi > SI, since the formula-
tion of the general index tends to smooth interannual 
variability, thereby underestimating year-to-year sea-
sonality.

The Mann-Kendall test applied to the SIi time series 
(Fig. 7) revealed no statistically significant trend (pv ~ 
0.92) at the α = 5% significance level. This result indi-
cates that the annual rainfall regime in Recife contin-
ues to oscillate between Class III (rather seasonal with 
a short drier season) and Class V (markedly season-
al with a long drier season), with the mean SIi falling 
within Class IV (seasonal).

The replicability index (RI), calculated as the ratio 
SI/SIi yielded RI = 0.85, suggesting a highly replicable 
rainfall regime (Livada & Asimakopoulos, 2005). This 
interpretation is supported by two key observations: i) 
the percentage frequency of the month with maximum 
rainfall (Fig. 3b) shows that, on average, peak precipi-
tation is concentrated in a few months, most notably 
in June; ii) the year-to-year variability in  SIi values is 
relatively narrow, with fluctuations primarily between 
Classes III and IV.

Together, these findings, along with the high RI 
value, indicate that the mean rainfall regime in Recife 
shows a high degree of replicability, characterized by 
consistent seasonal patterns and limited interannual 
variability.

Figure 8 shows the scatter diagram of the individ-
ual seasonality index (SIi) as a function of the annual 
Precipitation Concentration Index (PCIa). Dashed lines 
delineate the classes of annual rainfall regimes (based 
on SIi  values, shown on the right) and precipitation 
distribution classes (based on PCIa  values, shown at the 
top). Color coding distinguishes between the different 
classes.

The diagram reveals a clear linear relationship be-
tween SIi and PCIa indicating that SIi increases propor-
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tionally with PCIa. This implies that a uniform precip-
itation distribution (low PCIa) corresponds to a very 
equable rainfall regime (Class I), while a strongly ir-
regular precipitation distribution (high PCIa) is associ-
ated with extreme seasonality (Class VII), where most 
rainfall is concentrated in only one or two months. 
The Spearman correlation analysis confirms this rela-
tionship, yielding a correlation coefficient of ρ = 0.86, 
which indicates a strong positive association between 
the two indices.

Implications for urban planning and climate    
adaptation

The results of this study provide new information about 
the precipitation regime of Recife and have direct im-
plications for urban resilience and climate adaptation 
strategies. The rainfall regime was characterized as 
rather seasonal with a short dry season and exhibited a 
high degree of replicability (RI = 0.85), indicating that 
the temporal distribution of precipitation is relatively 
stable from year to year. This behavior is consistent 
with the climatological characteristics of the eastern 
coast of northeastern Brazil (ENEB) where rainfall is 
strongly influenced by large-scale atmospheric systems 
and ocean–atmosphere interactions. Among the main 
atmospheric systems related to rainfall seasonality in 
ENEB are the Upper-Tropospheric Cyclonic Vortices – 
UTCV, Intertropical Convergence Zone - ITCZ), Cold 
Fronts and Easterly Wave Disturbances – EWD (Lyra 
et al., 2024).

The predominance of moderate precipitation con-
centration at the annual scale and the lower concen-
tration of rainfall during autumn and winter agree 
with previous studies which have reported a marked 
wet season from March to August (Coutinho et al., 
2016). The absence of significant long-term trends in 
most PCI and SI series suggests that the overall rainfall 
regime in Recife remained relatively stable during the 
study period. However, the significant negative trend 
detected in spring PCI indicates a gradual reduction in 
precipitation concentration during this season, which 
may reflect subtle changes in intra-annual rainfall dis-
tribution. The absence of statistically significant trend 
in annual PCI and SI in Recife was also found in recent 
studies (Silva et al., 2022; da Silva Araújo et al., 2023).

From a practical perspective, these findings support 
several adaptation measures. First, stormwater drain-
age systems and urban flood-control infrastructure 
should be designed and maintained considering the 
concentration of rainfall during peak months, particu-
larly June, when flood risks are greatest. Second, water 
storage and supply systems can be designed according 
to replicable and relatively predictable seasonal rainfall 
regime, ensuring water capture during wet months and 
adequate reserves during drier periods. Third, the ob-
served changes in spring precipitation concentration 
suggest the need for adaptive planning in sectors de-

__

__

__ __

__

__ __
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pendent on seasonal rainfall, including agriculture and 
water-resource management.

The methodology adopted in this study offers sev-
eral advantages. The combined use of PCI, SI, and RI 
provides a comprehensive assessment of precipitation 
distribution, seasonality, and temporal consistency. In 
addition, the Mann–Kendall test and Sen’s slope esti-
mator are robust non-parametric techniques that are 
widely used for detecting climatic trends because they 
are less sensitive to outliers and do not require normal-
ly distributed data. The application of these comple-
mentary indices enabled a detailed characterization of 
Recife’s rainfall regime across multiple temporal scales.

Nevertheless, some limitations should be 

Figure 7. Time series of the individual seasonality index  SIi. Dashed lines represent the thresholds separating rain-
fall regime classes (I – VII), as defined in Table 2.

acknowledged. The analysis was based on precip-
itation records from a single location, which may not 
fully capture spatial variability across the metropolitan 
region of Recife. Future studies could integrate spatial 
datasets, climate-model projections, and the influence 
of large-scale climate drivers such as the El Niño–
Southern Oscillation (ENSO) and Atlantic sea-surface 
temperature variability.

Overall, the results demonstrate that while Recife’s 
precipitation regime remains relatively stable, ongoing 
monitoring is necessary to detect emerging changes in 
rainfall seasonality and concentration that could affect 
urban infrastructure, water security, and climate adap-
tation planning. 

Conclusions

This study investigated precipitation variability in Re-
cife, Pernambuco, Brazil, from July 1961 to Decem-
ber 2020, focusing on precipitation distribution and 
seasonality. Monthly precipitation data were analyzed 
using the Precipitation Concentration Index (PCI) at 
annual, seasonal, and supra-seasonal scales, together 
with the Seasonality Index (SI) and the Replicability 
Index (RI). Temporal trends were assessed using the 
Mann–Kendall test and Sen’s slope estimator, while the 
relationship between precipitation concentration and 
seasonality was evaluated through Spearman correla-
tion analysis. 

The results showed that precipitation distribution at 
the annual scale was predominantly moderate (79.66% 
of the years) with a mean annual PCI of approximate-
ly 13.58. Rainfall regime ranged from rather seasonal 
with a short dry season to markedly seasonal with a 
long dry season, with seasonal conditions prevailing in 
61.02% of the years. The high RI value (0.85) indicated 
strong interannual consistency in rainfall seasonali-
ty, demonstrating that Recife’s precipitation regime is 
relatively predictable. The highest variability in pre-
cipitation concentration was observed during the dry 
season and in summer and spring, whereas autumn 
and winter generally exhibited more uniform precip-
itation distribution. Trend analysis revealed no signif-

icant changes in both precipitation indices, except for 
a significant negative trend in spring PCI, suggesting a 
gradual decrease in precipitation concentration during 
that season. The strong positive correlation between 
annual PCI and SI confirmed the close relationship be-
tween rainfall concentration and seasonality.
The methodology employed in this study proved effec-
tive for characterizing rainfall variability and season-
ality across multiple temporal scales. The combined 
application of PCI, SI, RI, and non-parametric trend 
analysis provided a robust framework for understand-
ing precipitation dynamics and identifying potential 
changes in rainfall behavior relevant to climate adapta-
tion and water-resource management.

The findings contribute directly to several United 
Nations Sustainable Development Goals (SDGs) (Unit-
ed Nations, 2015). In particular, they support SDG 6 
(Clean water and sanitation) by providing informa-
tion that can improve water-resource planning, stor-
age strategies, and sustainable water management. The 
results also contribute to SDG 11 (Sustainable cities 
and communities) by supporting the design of resil-
ient urban drainage systems and flood-risk reduction 
measures. Furthermore, the study contributes to SDG 
13 (Climate action) by enhancing the understanding of 
rainfall variability and seasonality, thereby supporting 
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evidence-based climate adaptation and resilience plan-
ning. Consequently, the research provides valuable sci-
entific information for policymakers, urban planners, 
and water managers seeking to strengthen climate 
resilience and sustainable development in Recife and 
other tropical coastal cities.
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ABSTRACT

Theories of landscape evolution by Davis, Penck, and King describe the development of terrain 
through successive stages, but the choice of the most suitable model for a particular region 
needs to be supported by quantitative geomorphometric evidence. This study addresses two 
questions: which descriptive model best explains the topographic evolution of Lebanon, and 
at what stage of its development the present terrain is. Strahler stream orders 3 to 11 were 
used to construct nine isobase surfaces using GIS-based hydrological analysis with ALOS digital 
elevation models at 12.5 m resolution. The hypsometric integral, hypsometric curves, fractal 
dimensions, profile curvature, relative relief, and a modified surface index were used to charac-
terize each surface. Results show a proportional decrease in slope and elevation with increasing 
number of isobases. Isobases 5-7 are indicative of equilibrium landscape development, while 
isobases 8-9 represent an older, disequilibrium stage. Of the three competing theories, Penck’s 
model of simultaneous uplift and erosion best explains Lebanon’s terrain, given its tectonic 
history along the Dead Sea Transform Fault System. The results are used to create a predictive 
landscape evolution map of Lebanon, defining five spatial zones of progressive terrain dissec-
tion. Besides the Lebanese context, the proposed isobase-based geomorphometric framework 
provides a reproducible methodology for other tectonically active regions and a physiographic 
baseline for future geological mapping, tectonic analysis, and natural hazard assessment.
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Introduction

Geomorphologists have reconstructed landscape his-
tory using methods that map sedimentary features, 
terrain configurations, and geological structures. Their 
approach depends on identifying present-day manifes-
tations of geomorphological processes to understand 
landscape evolution.

Geomorphology is the study of the origin and evo-
lution of landforms and landscapes shaped by the ongo-
ing interaction of internal forces within the Earth and 
surface processes. Landscape development begins with 

endogenous processes such as tectonic uplift, faulting, 
and crustal deformation. These processes create topo-
graphic relief and provide a framework for the Earth’s 
surface. When rocks are exposed, they are weathered 
into loose material ready for transport. Gravity-driven 
slope processes such as landslides, rockfalls, and soil 
creep then move this material downslope. Erosional 
agents such as rivers, glaciers, wind, and waves contin-
ue to erode, transport, and redistribute sediment across 
the landscape. Finally, as the energy of the transport 
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agents diminishes, sediment accumulates, contributing 
to the formation of new landforms. All these processes 
are interconnected and together constitute a dynamic 
system. Tectonic forces produce topography; weather-
ing and slope processes supply and transport sediment; 
and erosion, transport, and deposition modify Earth’s 
surface over time. These processes result in changes 
to drainage patterns, slope configurations, and overall 
landscape transformation (Burt et al., 2008).

Throughout history, scientists have used various 
terms to describe landscape evolution, including ero-
sion cycles, slope evolution, and geographic cycles, 
as articulated by early scholars such as Davis (1899), 
Penck (1953), King (1953), Hack (1960), and Crickmay 
(1974).

William Morris Davis, an influential figure in the 
field, introduced a seminal model for the sequence of 
landscape evolution. According to his framework, the 
process begins with rapid uplift, which provides the flu-
vial system with the potential energy needed to erode 
the landscape. This erosion progresses through juve-
nile, mature, and old-age stages, typically character-
ized by tectonic stability (Davis, 1889, 1899, 1909). The 
terrain’s slope gradually decreases, forming a low-relief 
plain near the riverbed (Figure 1).

In continental Europe, Davis’s theory found less 
resonance, as geomorphologists adopted the modifica-
tions to landscape evolution theory by Walther Penck 
and Lester C. King, leading to divergent approaches 
across regions. 

In his theory, Davis classified landscape develop-
ment into youth, maturity, and old age (see Figure 1a).

Penck introduced a different terminology for his 
model, using the phrases “increasing or accelerating 
rate of development,” “uniform rate of development,” 
and “decreasing or decelerating rate of development” 
instead of the three traditional stages (see Figure 1b) 
(Von Engeln, 1960).

Alongside Davis’s consideration of uplift and crust-
al stability in his erosion cycle, King’s framework divid-
ed the stages of land development into young, mature, 
and old phases (see Figure 1c).

King’s geomorphic systems, including landscape, 
pediplanation, and hillslope models, were primarily 
shaped by South Africa’s characteristics, particularly 
its arid and savanna regions. King argued that Davis’s 
dry-erosion cycle was relevant to the South African 
landscape (King, 1953).

According to Davis, the erosion cycle in wet tem-
perate countries primarily manifests in fluvial land-
scapes, featuring an increase during the juvenile phase 
followed by a decrease with age (Davis, 1905).

King (1953) describes pediplanation as a process of 
relief reduction by the parallel retreat of slopes, leading 
to the formation of extensive pediplains. He claimed 
that landform evolution is a phased process rather 
than staged as proposed by Davis and that climate is an 
important factor in controlling the geomorphic cycle 
(King, 1953; Summerfield, 1991).

Jean A. Doumit

Figure 1. Landscape Evolution Profiles: (a) Davis’ Landscape Evolution Theory, (b) Penck’s Theory, (c) King’s 
Theory (Adapted from Vasconcelos & Carmo, 2018). 
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Table 1. A summary of Davis, Penck, and King’s theories. 

Davis’ theory (Davis, 1899) Penck’s theory (Penck, 1953) King’s theory (King, 1953)

Sudden Upliftment. The long process of Upliftment. Sudden process of mountain Upliftment.
Erosion starts after the uplift 
stops.

Upliftment and erosion are 
simultaneous.

The erosion process begins after uplift 
ceases.

Landform refers to the process 
of weathering, which is carried 
out by agents such as wind, air, 
groundwater, and sea waves.

Landforms are classified into 
three stages: youth, maturity, 
and old age.

Landforms reflect the com-
bined effects of endogenic and 
exogenic forces.
Landform development is 
classified in phases rather than 
stages.

Landforms are in equilibrium with the 
climate and do not affect their develop-
ment cycle.
Landscape development is a cyclical pro-
cess and is classified into three stages: 
youth, maturity, and old age.

Table 1 compares the theories proposed by Davis, 
Penck, and King. It also presents hypotheses about 
which theory may apply to the landscape evolution of 
Lebanon, leading us to pose the following questions:

As Philip G. Worcester postulated, the landscape 
evolution (or erosion) cycle is the time it takes for riv-
ers to reduce newly formed landmasses to their origi-
nal levels (Worcester, 1958).

Water and rivers are the primary agents of erosion, 
while water-related processes significantly shape much 
of Earth’s surface (Hamood, 2009).

The drainage network and its sensitivity to factors 
such as lithology and climate act as reliable indicators 
of tectonic activity. Flows of similar orders are fre-
quently associated with comparable geologic events 
and ages (Horton, 1945; Golts & Rosenthal, 1993; 
Strahler, 1952).

Numerous scientists, including Gravelius (1914), 
Horton (1945), Dury (1952), Strahler (1957), Filosofov 
(1960), Pannekoek (1967), Golts and Rosenthal (1993), 
and Florinsky (2012), have studied landscape evolution 
based on stream networks, where erosion networks as-
sign relative geologic ages to various stream orders.

Isobase plains represent hypothetical plains formed 
by connecting stream profiles of similar stream orders. 
They serve as indicators of basalt plain erosion, are 
associated with comparable erosional phases, and po-
tentially represent erosion-tectonic events (Filosofov, 
1960).

The analysis of isobase areas can yield valuable in-
sights, including 1) the identification of young tectonic 
processes; 2) the creation of morphotectonic maps; and 
3) the delineation of tectonic areas and their movement 
directions (Gary et al., 1973).

This paper reports the construction of isobase maps 
of Lebanon based on stream-order hierarchies to eval-
uate landscape evolution patterns and assess the appli-
cability of established geomorphological models. The 
isobases concept used in this research is based on the 
methodological approach of Filosofov (1975) and Golts 
and Rosenthal (1993) and is conceptually associated 
with the sub-envelope surface approaches developed 

by Hack (1960) and subsequently extended in geomor-
phometric studies such as Gomez et al. (2006). These 
methods are often used to define geomorphic surfaces 
at the regional scale and to identify possible tectonic 
influences on landscape development.

Recent advances in Geographic Information Sys-
tems (GIS) and high-resolution Digital Elevation Mod-
els (DEMs) have considerably improved the capacity 
to quantitatively analyze topography and landscape 
evolution. These technologies are now widely used 
in tectonically active areas, such as mountain belts in 
the Himalayas, the Andes, and the Mediterranean, to 
determine morphometric indices, quantify uplift and 
erosion patterns, and characterize the organization of 
the drainage network. In particular, the application of 
isobase mapping, hypsometric analysis, and other re-
lated geomorphic metrics has been successfully used to 
differentiate spatial variations in geomorphic maturity 
and to identify areas affected by neotectonics activity, 
even in the presence of complex lithological variations.

However, integrated regional-scale studies that 
apply isobase-based geomorphometric analysis, com-
bined with multiple morphometric indices, to recon-
struct landscape evolution are still lacking in Lebanon. 
Previous studies in the region have largely been limited 
to localized basin-scale studies or structural geological 
interpretations, with few applications of comprehen-
sive DEM-derived quantitative frameworks at the na-
tional scale.

This study is intended to fill this gap by integrating 
isobase mapping with a variety of morphometric tech-
niques, including stream-order statistics, bifurcation 
ratio, hypsometric curves, hypsometric integrals, rel-
ative and anomalous relief, fractal dimension analysis, 
profile curvature, and surface roughness indices. These 
parameters are determined using GIS- and DEM-
based algorithms to assess spatial variations in land-
scape form and evolutionary stage across Lebanon.

The scientific contribution of this research is the 
first systematic, region-wide application of isobase 
surface analysis, integrated with multi-parameter 
morphometric evaluation, in Lebanon. Results are ex-
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pected to provide a quantitative framework for inter-
preting landscape evolution, identify spatial patterns 
of uplift and erosion, and evaluate potential tectonic 
controls on drainage development. In addition to the 
geomorphological implications, the study has practical 
implications for tectonic geomorphology, watershed 
management, environmental planning, and studies of 
landform evolution in structurally complex mountain-
ous regions.

In this experimental study, we will use morphomet-
ric indices of isobase surfaces, such as the hypsometric 
curve, relative and anomalous relief, fractal dimen-
sions, profile curvature, hypsometric integral, surface 
roughness, and surface index, to address these ques-
tions:

1. Which of the proposed theories is best suited to 
explain the landscape evolution of the Lebanese ter-
rain?
2. What is the latest evolutionary stage, as shown in 
Figure 1?

Material and Methods

a) Study area and datasets 

The Lebanese landscape comprises three primary 
geomorphological structures: the Western Lebanon 
Mountains, culminating at Cornet Es Sawda at 3083 
meters above sea level; the Bekaa Valley; and the East-
ern Anti-Lebanon Mountains, dominated by Mount 
Hermon, which rises to 2814 meters above sea level.

Lebanon’s river network can be categorized into two 
groups. The first group comprises 12 major rivers that 
drain the Lebanese mountain range and flow through 
steep gorges. The second group includes the two major 
rivers, Litani and Al Assi (Orontes).

The geological evolution of Lebanon unfolds in five 
distinct episodes:

1) Late Permian to Late Triassic, marked by initial 
rifting.

2) The Early to Late Jurassic was marked by stability 
and warm, clear seas, with the oldest rocks in Lebanon 
dating back to the Lower Jurassic.

3) The period from the Late Jurassic to the Middle 
Cretaceous is marked by uplift, volcanic activity, and 
the development of deltas linked to the pre-Chouf 
sandstone uplift.

4) From the Late Cretaceous to the early Eocene, 
characterized by high seas and gentle folding.

5) From the Middle Eocene to present times, tec-
tonic uplift and climatic cooling have taken place, par-
ticularly emphasized by significant uplift during the 
late Eocene and Oligocene (Walley, 1998). 

The study area was significantly influenced by the 
initial movements of the Dead Sea Transform Fault 
System, resulting in tilting, uplifting, and disruption of 
drainage patterns. 

Throughout various geological episodes, persistent 
uplifts and significant disruptions in water flow oc-
curred as different blocks slid past one another along 
strike-slip faults. A noteworthy example of this phe-
nomenon is the Litani River, which likely once flowed 
southward into the Jordan Valley but was redirected 
eastward toward the Mediterranean by uplift (Duber-
tret, 1934, 1947; Walley, 1998).

Leveraging Penck’s theory, which accounts for the 
geological episodes in Lebanese geology, we can con-
struct isobase surfaces and compare their geomorphic 
indices to understand the landscape’s evolutionary pro-
cesses.

The accuracy of surface modeling and morpho-
metric analysis hinges on the quality of digital eleva-
tion models (DEMs) and sample size. The Advanced 
Land Observing Satellite (ALOS) DEM, available on 
the Alaska Satellite Facility website, provides elevation 
data with a spatial resolution of 12.5 meters (Logan et 
al., 2014).  

b) Drainage System Extraction
Before generating stream networks from the DEM, 

it is essential to fill the model’s nested wells to ensure 
proper flow direction and to prevent artifacts that could 
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Figure 2. Lithology map of the study area highlighting 
landscape structures.
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obstruct the flow path. Using ArcGIS Pro’s hydrologic 
analysis tools, we generated and classified streams by 
Strahler order.

The drainage system was extracted using GIS hy-
drologic methods, including drainage direction, flow 
accumulation, and stream order calculations for each 
pixel. Then, the extracted flows were ordered according 
to Strahler’s (1957) hierarchy (Doumit, 2017). 

c) Isobase Surface Construction
The spatial translation of stream elevations into iso-

base surfaces provides significant value for structural, 
geological, and tectonic studies (Dury, 1952; Filosofov, 
1960; Golts & Rosenthal, 1993; Grohmann et al., 2007, 
2011).

According to Golts and Rosenthal (1993), streams 
of similar order indicate similar geologic events and 
belong to comparable geologic ages. Interpolating el-
evations of these streams generates isobasic surfaces 
that represent the same erosional events. Variations in 
topography within an isobasic surface can help identify 
potential structures or elevated blocks associated with 
structural landscape evolution (Golts & Rosenthal, 
1993; Grohmann et al., 2007; Domínguez-González et 
al., 2015).

Preparing isobasic maps begins with an initial 
sketch of valley orders, excluding all valleys except 
those of the last order from the second-order base con-
tour. The third-order base outline includes all valleys 
except those of the first and second orders, and so on 
(Dury, 1952; Filosofov, 1960; 1970; Pannekoek, 1967).

Isobase areas for orders 1 and 2 were excluded, 
while higher-order terms were applied to alluvial mod-
eling. Subtracting the older order (n) base area from 
the younger (n-1) results in a residual map of order 
n-1. This map illustrates the extent of erosional dissec-
tion in the area over the time elapsed between the for-
mation of these two basal surfaces.

The recent hilltops in Lebanon exhibit Plio-
cene-Quaternary uplift. An envelope surface tangen-
tial to the interfluves was determined by interpolating 
ridge-network elevations derived from the DEM. The 
last isobase surface of order nine serves as an under-en-
velope. Surface (end hull or peneplain).

Geomorphometry involves the quantitative mea-
surement of landscapes, facilitating the characteriza-
tion of landforms by their geometric shape and size. 
These measurements enable geomorphologists to ob-
jectively compare landforms and calculate parameters 
essential for identifying specific regional features, such 
as the degree of tectonic activity (Keller & Pinter, 1996).

To quantitatively analyze the landscape represented 
by the generated isobase surfaces, we calculated geo-
morphometric indices such as:

1.	 Hypsometric curve (Hc) 

The hypsometric curve represents the distribution of 
elevations over a land area (Strahler, 1952). It provides 

insights into elevation variation across the landscape. 
Hypsometric curves have helped decipher the evolu-
tion of drainage networks and can serve as valuable 
tools in distinguishing between active and inactive 
tectonic areas (Keller & Pinter, 1996). The curve is 
constructed by plotting cumulative elevation against 
total area (see Figure 8). Convex hypsometric curves 
typically characterize youthful, recently eroded areas, 
while S-shaped curves indicate regions with moder-
ate erosion. Concave curve shapes are associated with 
eroded, older areas (Strahler, 1957).

2.	 Relative relief (Rr)

Relative relief (Rr) is the difference between the high-
est and lowest elevations in an area. Rr emphasizes the 
complexity and patterns of elevation variation (Doumit 
& Kiselev, 2019).

                                                                      (1)

Relative relief in a relative velocity index of 
landscape evolution and vertical tectonic movements 
(Florinsky, 2012); high Rr values indicate elevated sur-
faces (Scotti et al., 2014). 

3.	 Fractal dimensions (FD)

Mandelbrot (1982) introduced the fractal dimension to 
measure texture and evaluate complex forms. The ex-
periment investigated the fractal dimensions of isobase 
surfaces to understand how they evolve with changes 
in the landscape. The formula for fractal dimensions is 
based on calculated slopes and seeks a linear relation-
ship between precision and length in a log/log plot: 

                                                                                      (2)

Fractal dimension values of a surface range 
from 2 to 3, indicating surface heterogeneity; low val-
ues correspond to flat, smooth areas, while high values 
correspond to complex areas (Doumit, 2017).  

4.	 Profile curvature (Pc)

Generally, curvature is calculated from a surface rep-
resentation using a partial quadratic equation (Zeven-
bergen & Thorne, 1987).

Profile curvature or vertical plane curvature, Pc, is 
parallel to the slope direction and defined as

                                                                                      (3)

Where:
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Figure 3. DEM 3×3 Matrix of profile curvature calcula-
tion (Doumit, 2017). 

Profile curvature is a measure of the rate at which 
water drains across the surface, influenced by changes 
in slope. It plays a pivotal role in erosion and deposi-
tion processes. It is typically positive in convex areas, 
indicating a tendency toward erosion, and negative in 
concave areas, indicating a propensity for deposition. 
These characteristics describe the second accumula-
tion mechanism (Zevenbergen & Thorne, 1987).  

In areas with convex curvature, erosion predomi-
nates, whereas areas with concave curvature are more 
prone to deposition (Evans, 1980; Doumit, 2017).

5.	 Hypsometric integral (HI)

The hypsometric integral is the distribution of surface 
area with respect to elevation, evaluating the landscape 
response to active tectonics (Strahler, 1952; Mahmood 
& Gloaguen, 2012; Domínguez-González et al., 2015).

Pike and Wilson (1971) calculated the Hypsometric 
Integral with this equation:  

 
                                                                                    (4)

Where Zmean, Zmin, and Zmax are the mean, min-
imum, and maximum elevations of the study area.

6.	 Surface index (SI)

The surface index, like the hypsometric integral, mea-
sures erosion and determines a landscape’s maturity. 
In line with research by Andreani et al. (2014) and 
Domínguez-González et al. (2015), combining DEM 
elevations with the hypsometric integral and surface 
roughness enables classification of landscapes based on 
their state of dynamic equilibrium. This approach al-
lows discrimination between areas with low local relief 
and those with rugged terrain (Andreani et al., 2014). 

To calculate the surface index (SI), it is essential to 
normalize the DEM, hypsometric integral, and surface 
roughness values so that pixel values range from 0 to 1.

                                                                                   (5)

where Nh, NHI, and NSR represent the normalized DEM, 
hypsometric integral, and surface roughness values.   

In their study, Lee et al. (1990) tested fractal di-
mension-based surface roughness under both field and 
laboratory conditions. The results revealed a strong 
correlation between surface roughness and fractal di-
mensions, with higher fractal dimensions correspond-
ing to rougher terrains.

Our research conducted a correlation analysis be-
tween surface roughness and the fractal dimensions of 
the selected isobase surfaces. Following normalization 
of the fractal dimension rasters, we modified formula 
(5) by substitution. 

                                                                                  (6)

Positive SI values indicate elevated surfaces with 
low local relief, whereas negative SI values indicate 
rugged landscapes (Domínguez-González et al., 2015). 

The hypsometric integral (HI) effectively highlights 
topographic scarps, while the surface index (SI) em-
phasizes elevated low-relief landscapes (Andreani & 
Gloaguen, 2016).

Jean A. Doumit Geographica Pannonica • Volume 30, Issue 2, 136–152 (June 2026)



| 142 |

Results and Discussion

After applying the hydrologic GIS algorithm to the 
ALOS DEM to extract stream orders, we generated 11 
stream orders. Excluding the first two orders, we in-
terpolated the elevation vertices of the remaining nine 
stream orders to create nine distinct isobase areas (re-
fer to Figure 4).

Isobase number 9 was omitted from the analysis 
due to spatial limitations at the elevation vertices of 
the 11th-order grid, particularly along the Litani Riv-
er. These spatial constraints made surface interpolation 
unfeasible.

Figure 4 displays successive isobase plots depicting 
the terrain surface derived from the ALOS DEM. Fig-
ure 4a spans an elevation range from 0 to 3113, rep-
resenting the highest points on Lebanon’s Qornet Es 
Sawda Mountain; figures 4b, 4c, and 4d exhibit similar 
elevation intervals. However, isobases 4, 5, 6, 7, and 8, 
which show decreasing elevation intervals, effectively 
illustrate the landscape evolution as presented in Table 
2, showcasing the various landforms and their corre-
sponding elevation values.

The successive isobase surfaces illustrate a notable 
transition from rugged to smoother terrain in a visual 
analysis. This transformation begins with isobase five 
and culminates with isobase eight. It reflects significant 
terrain evolution characterized by the gradual disap-
pearance of the Lebanese western mountain range. 
This change is accompanied by a pronounced reduc-
tion in relative relief, as evidenced by the height-inter-
val differences between isobases five and eight.

Figure 4. Landscape evolution of Lebanon’s surfaces: a) recent surface, b) Isobase 1 surface, c) Isobase 2, d) Isobase 
3, e) Isobase 4, f) Isobase 5, g) Isobase 6, h) Isobase 7, i) Isobase 8.

Table 2 presents summary statistics of elevations for 
each isobase area. It is important to note that surface 
interpolations affect the minimum elevation values 
across all isobase areas and do not indicate sea-level 
rise. The mean elevation values show a clear decrease 
from isobase 1 to isobase 8, effectively illustrating the 
landscape’s evolution and the differences in elevation 
between these surfaces.

Isobases 1, 2, and 3 have the same minimum and 
maximum elevation values, though there are some dif-
ferences in the mean elevation. These areas show rela-
tively minor landscape evolution.

Conversely, a significant elevation range of 1391 
meters between isobase 4 and isobase 8 indicates a sub-
stantial landscape evolution.

Although dating and correlating geological epi-
sodes that explain variation in landscape evolution 
across isobases is challenging, these episodes can be 
compared to the stages of Davis and Penck through 
geomorphometric analysis. 

The visual analysis of the isobases in Figure 4, com-
bined with the elevation data in Table 1, suggests sim-
ilar isobase surfaces and notable landscape evolution. 
To distinguish isobase areas, we used a Pearson cor-
relation matrix to compare landscapes with low versus 
high evolutionary rates, gaining deeper insights into 
landscape evolution.

Geographica Pannonica • Volume 30, Issue 2, 136–152(June 2026)Jean A. Doumit



| 143 |

Figure 5 shows the Pearson product-moment cor-
relations between each pair of isobase surfaces. These 
correlation values assess the strength of the linear re-
lationship between the plots and demonstrate a high 
correlation among isobase plots 1, 2, 3, and 4, indicat-
ing low landscape development. In contrast, the cor-
relation values decreased from 0.99 for isobase 5 to 0.8 
for isobase 8, indicating high landscape development.

The youngest area (DEM) shows a strong correla-

tion with isobases 1, 2, 3, and 4, while the correlation 
diminishes for isobases 5, 6, 7, and 8.

Based on the visual analysis results in Figure 4, the 
elevation statistics in Table 2, and our correlation find-
ings, we have excluded isobases 1, 2, 3, and 4 because 
they are highly similar and not relevant to landscape 
evolution.

Isobase plots 5, 6, 7, and 8 illustrate spatial varia-
tions in topographic and fundamental morphometric 

Table 2. Elevation statistics of the generated isobase surfaces, minimum, mean, maximum, and standard devia-
tion.

  Elevations, m
Surfaces Minimum Mean Maximum Std
Recent 0 999 3113 617
Isobase 1 -15 935 3113 643
Isobase 2 -15 936 3113 642
Isobase 3 -15 935 3113 642
Isobase 4 -15 929 3018 639
Isobase 5 -15 887 3017 619
Isobase 6 -15 818 2575 567
Isobase 7 -15 730 2189 508
Isobase 8 22 622 1627 373

Figure 5. Pearson correlation matrix of isobase surfaces.
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indices, including surface profile, hypsometry, relative 
relief, hypsometric integral, profile curvature, frac-
tal dimensions, and surface index, thereby enabling a 
comprehensive analysis of landscape evolution.

Isobase surfaces 5, 6, 7, and 8 represent hypothet-
ical surfaces eroded to the level of the main valley 
floors. Contour lines (interfluves) were generated from 
the DEM to construct an envelope surface connecting 
the highest-elevation watersheds (see Figure 6). The 
crests of stream order 11 were interpolated to form an 
under-envelope surface that links the main valley bot-
toms.

The Anti-Lebanon mountain range drains into the 
Bekaa Valley, while Mount Lebanon drains into the sea 
(Figure 6b). It is reasonable to expect that the equiva-
lent uplift of the two mountain ranges would result in 
lower relief in the Anti-Lebanon (Gomez et al., 2006).

As shown in Figures 6a (longitudinal) and 6b 
(transverse), two profiles illustrate the topographical, 
isobase, envelope, and sub-envelope surfaces, high-
lighting the differences in topography and landscape 
evolution between Mount Lebanon and the Anti-Leb-
anon.

The longitudinal and transverse profiles in Figures 
6a and b indicate low relief and high elevation, sug-
gesting late Cenozoic uplift (Gomez et al., 2006). These 
revisions aim to improve the paragraph’s clarity and 
coherence while preserving the accuracy of the infor-
mation.

Figure 6a shows a longitudinal profile traversing 
the western mountainous chain of Lebanon. Converse-
ly, Figure 6b depicts a transverse profile that crosses 
the western mountainous chain of Lebanon, the Bekaa 
Valley, and the eastern mountainous chain, showing 
the changes in elevation between isobases.

The longitudinal profile of the Lebanese moun-
tain range (Figure 6a) illustrates significant landscape 
evolution, particularly at the summits of Qammouaa, 
Qornet Es Sawda, and Sannine mountains. This evo-
lution is expressed as substantial elevation differenc-
es between the envelope and sub-envelope surfaces, 
referred to as relief energy (Doumit & Kiselev, 2019). 
The Knisse, Barrouk, Niha, and Soultaniye mountains 
exhibit lower relief energy.

Both the Lebanon and Anti-Lebanon mountain 
ranges exhibit significant topographic residuals (Figure 
6), but the relief energies are more pronounced in the 
Lebanon Mountains compared to the Anti-Lebanon.

These disparities in relief can be attributed to dif-
ferences in climate between the wetter Mount Lebanon 
region (with an average annual precipitation of approx-
imately 800 mm) and the drier Anti-Lebanon region 
(with a mean annual precipitation of around 400 mm). 
Variations in base levels contribute to these differences.

While establishing precise geological ages for the 
generated isobase surfaces is challenging, they remain 
important for understanding geological history. It can 
be classified based on the Davis stages. Specifically, 

the interval from the recent surface to isobase 5 can 
be considered the youth stage; isobases 6 and 7 repre-
sent maturity; isobase 8 signifies old terrain; and the 
sub-envelope complements this classification.

The isobase surfaces can be linked to Penck’s stages: 
the envelope corresponds to isobase 5, which indicates 
the waxing or acceleration stage, while isobases 6 and 7 
indicate uniform development. Additionally, isobase 8 
and the sub-envelope surfaces characterize the waning 
or development stage.

To quantify landscape evolution and gain insights 
into maturity and differences between mature and less 
mature terrain, we developed these isobase surfaces, 
which provide a comprehensive comparison of geo-
morphological indices across the evolving landscape.

In our study, we utilized surface analysis (slope and 
elevation), surface hypsometry (hypsometric curves 
and hypsometric integrals), and terrain derivatives 
(profile curvature and surface index).

When discussing landscape evolution, we refer to 
the evolution of slopes. Davis’s theory is often referred 
to as the slope-slope theory, and Penck’s theory uses 
the same terminology (Davis, 1899).

The scatter plots in Figure 7 show the average slopes 
across eight adjacent cells along the x-axis, plotted 
against height above sea level on the y-axis. As indi-
cated by ALOS DEM, the highest recorded average 
slope on the recent surface reaches 18 degrees, while 
the maximum elevation above sea level is 3113 meters. 
Figure 7a depicts elevated slope values within the 2400 
to 2800 meters elevation range, with lower slope values 
at lower elevations.

Moving on to Figure 7b, which corresponds to 
Isobase 5, we observe a maximum elevation of 3017 
meters and a maximum average slope of 13.5 degrees. 
Here, the youngest surface shows higher slopes at high-
er elevations. Figure 7c shows a decrease in slope to 0-5 
degrees, alongside a reduction in elevation to 2500 me-
ters, indicating the formation of a steeper slope. This 
trend continues in Isobase 7, as illustrated in Figure 7d, 
with an average slope of 4 degrees and an elevation of 
2200 meters. Ultimately, low slope values of less than 
2 degrees are reached on the surface of Isobase 8, as 
depicted in Figure 7e.

The scatter plots in Figure 7 clearly illustrate a pro-
portional decrease in slope and elevation, with close 
similarities in their shapes. These observations, with a 
dynamic difference in scale, highlight the proportional 
nature of landscape evolution among the isobase sur-
faces.

To gain a more comprehensive understanding of 
elevation evolution, we divided all surfaces into eight 
intervals, as outlined in Table 3, which shows surface 
hypsometry and the areas corresponding to elevation 
intervals across the landscape-evolution surfaces. 
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Elevation intervals, area percentages
Surfaces 0-100 100-250 250-500 500-750 750-1000 1000-1500 1500-2000 > 2000
Recent 20 22 4 6 6 9 5 29
Isobase 5 8 9 14 20 19 3 17 11
Isobase 6 12 13 20 22 3 4 20 6
Isobase 7 9 12 16 15 17 3 13 15
Isobase 8 15 20 29 3 5 3 24 0

     On the younger surface, the percentage of elevations 
is highest in the interval above 2000 meters, indicating 
that 29 percent of the Lebanese territory experienced 
significant uplift. The decrease in the percentage of 
surface area above 2000 meters for isobases 5 and 6 is 
attributed to pronounced erosion, while the rapid in-
crease in surface area for isobase 7 suggests potential 
for uplift or sedimentary movement. 

During the old stage or the declining development 
of isobase 8, Table 3 shows a low percentage of areas 
within the 500–1500-meter interval due to extensive 

erosion. This results in a high percentage of areas with-
in the 100–500-meter interval, indicating substantial 
sedimentation movements.

The considerable variation in surface percentages 
across all elevation intervals underscores the simulta-
neous occurrence of tectonic movements and erosional 
processes of varying magnitudes.

The hypsometric curve in Figure 8 shows a contin-
uous relationship between relative elevation and the 
percentage of the hypsometric curve. 

Figure 6. llustrates the profiles of the topographic, envelope, and isobase surfaces.

Figure 7. Scatter plot of slopes and average elevations: a) recent surface, b) isobase 5, c) isobase 6, d) isobase 7, 
and e) isobase 8.

Table 3.  Percentage of areas corresponding to elevation intervals.
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Figure 8. The hypsometric curve of Isobase surfaces.

On isobases 5, 6, and 7, the curve shape varies ap-
proximately in proportion to relative relief and area, 
indicating equilibrium landscape development. How-
ever, the curved shape of isobase 8, characterized by 
an inflection point, signifies a state of disequilibrium 
associated with an older stage. Relative relief was com-
puted using Equation 1 within a 3 x 3 matrix, utilizing 
data from the ALOS DEM for the recent area and from 
the generated isobase areas 5, 6, 7, and 8.

Table 4. Minimum, mean, maximum, and standard 
deviation of relative relief for the recent and isobase 
surfaces.

Surfaces Minimum Mean Maximum Std
Recent 0 104 599 79
Isobase 5 0 46 273 39
Isobase 6 0 29 152 20
Isobase 7 0 21 100 15
Isobase 8 0 11 23 5

The theories proposed by Davis and Penck analyze 
the development of absolute and relative relief at var-
ious stages of landscape evolution. According to Da-
vis, absolute relief remains relatively constant in the 
juvenile stage, reflecting the erosion process following 
uplift. However, Penck suggests that absolute relief in-
creases during this stage, attributed to the simultane-
ous processes of erosion and uplift (Penck, 1953). This 
stage can be unpredictable because the terrain model 
for the surface before the youngest one is poorly doc-
umented.

Both theories agree that the juvenile stage is charac-
terized by increased relative relief, as shown in Table 4, 
which reports a wide elevation range of 0 to 599 meters 
on the recent surface.

Moving to the mature stage, Davis asserts that ab-
solute relief decreases, leading to valley deepening and 
uplift, a pattern consistent across isobases 4, 5, 6, 7, and 
8 in Table 2. Penck suggests that relative relief remains 
stable during this stage, while absolute relief stays near-
ly constant.

Table 2 also shows constant absolute relief (max-
imum elevation) for isobases 1, 2, and 3, indicating 
constant relative relief, as predicted by Davis’ theory. 
However, according to Penck’s theory, the declining 
phase of development begins in the youngest area and 
extends to isobases 1, 2, and 3.

Regarding the old stage, both Davis and Penck 
agree that absolute and relative relief decrease directly 
(Davis, 1899; Penck, 1953). Relative relief values di-
minished with isobases 5, 6, 7, and 8.

Fractal dimension values of a surface can range 
from 2 for flat, smooth surfaces to 3 for very complex, 
rugged surfaces. The fractal dimensions of the recent 
and isobase surfaces were calculated using Equation 2.

Figure 9 presents a map of the fractal dimensions of 
the isolated surfaces, highlighting regions of extreme 
slope and terrain complexity. In Figure 9a, the recent 
surface is highly complex in areas with significant rela-
tive relief, such as the Yammouneh fault and deep river 
valleys, with fractal dimensions ranging from 2.02 to 
2.04. These areas are elevated and heavily eroded due 
to substantial topographic differences.

The lowest fractal dimension values (2) are found in 
the isobase regions 5 and 6 in the Beqaa Valley, particu-
larly in the Amiq area (i.e., low-amplitude landscapes).

Figure 9b of isobase 5 shows a stretched interval 
of values ranging from 2 flat-surface amplitudes to 2.4 
high-elevation amplitudes along the Yammouneh fault, 
the Ibrahim River, and the Qadisha River valleys.

As the landscape evolves from Isobase 6 to Isobase 
8, the fractal dimension decreases, and the terrain be-
comes smoother rather than flat.

During this period, landform inversion may occur; 
that is, slopes may initially have convex profiles (Figure 
6), then become concave, and, at a later stage, become 
convex again, particularly if depositional material is in-
volved (Moss, 1977).

Profile curvature measures the curvature of each 
isobase surface to better illustrate slope development.

Profile Curvature (PC) area% 
Surface Concave Straight Convex
Recent 16 51 32
Isobase 5 28 31 41
Isobase 6 45 20 35
Isobase 7 11 37 52
Isobase 8 10 58 32

Table 5 summarizes the percentages of areas with 
concave, straight, and convex profile curvature on the 
isobase surfaces. In isobase 5, the hillside displays a 
convex slope before significant water-related develop-
ment, indicating a high percentage of convex areas in-
fluenced by gravitational processes.

Table 5. Profile curvature types and the percentage of 
the area
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As water’s influence increases, the slope gradually 
becomes concave. In isobase 6, the concave shape bal-
ances convex and concave slopes, resulting in a gravi-
tational wash effect. The deep weathering of isobase 7 
surfaces creates a convex slope, with a significant 52% 
of the area occupied by convex features.

The slope dynamics are at play in isobase 8, charac-
terized by high landscape evolution and rapid forces of 
change (Coates, 1984). Penck (1953) mentions in his 
theory that during the decreasing or developmental 
phase, gravity processes dominate in the upper range 
(in our case, isobase 6) while washing tendencies pre-
vail in the lower range (isobase 7).

The hypsometric integral, calculated using equation 
4, provides insights into the erosion stage and the fac-
tors influencing it, such as tectonic, climatic, and lith-
ologic factors. Low hypsometric integral values, close 
to 0, indicate older, highly dissected areas. In contrast, 
high values near 1 indicate regions with high relative 
relief, such as smooth upland surfaces intersected by 
deep rivers, as in the valleys of the Ibrahim and Abou 
Ali rivers, which are indicative of younger, less-eroded 
areas (Sarp et al., 2011).

The hypsometric integral maps of the isobase sur-
faces (Figure 10) predominantly reflect tectonic fea-
tures. The highest values are concentrated along the 
Lebanon and Anti-Lebanon mountain ranges, while 
the lowest values are observed in depressions and inar-
eas of the Beqaa Valley.

The Hypsometric Integral (HI) values range from 0 
to 0.99, with lower values typically observed in depres-
sions and higher values at the crests of uplifted regions. 
Specifically, in the recent isobase 5 and 6 surfaces, the 
high and low HI values fall within the intervals of 0.58-
0.99 and 0-0.42, respectively.

However, on isobase surfaces 7 and 8, as shown in 
Figures 10d and 10e, the high-value interval vanishes, 
indicating the disappearance of young, less eroded ar-
eas. The older and more eroded regions now fall within 
the HI range of 0-0.42.

This outcome suggests that young, less-eroded ar-
eas become increasingly scarce during the waning or 
developmental stage.

To discriminate low terrain based on elevations, we 
employed the modified Surface Index (SI) as defined 
in equation 6. The calculated SI for the recent surface 
ranges from -0.92 to 0.68, with a few negative values 
observed in the V-shaped river valleys.

The disparities in landscape evolution are likely at-
tributable to factors such as tectonic processes, erod-
ibility, weathering, and landscape aging resulting from 
fluvial erosion, hillslope diffusion, and uplift.

•	 Penck (1953), in his theory, mentions that in 
the waning or development stage, the gravity 
produced is in the upper region, in our case, 
and based on profile curvature, results in the 
gravity produced in isobase 6 and the wash 
slope of the lower region in isobase 7. 

•	 From the Hypsometric integral result, in the 
waning or development stage, young and less 
eroded areas disappeared. 

•	 The Surface Index in the evolution stage of 
isobases 8 and 9 highlights the appearance of 
three zones: a high dissected low-elevation 
zone, a moderately dissected hilly zone, and a 
third low dissected high-elevation zone. These 
zones may be associated with the End Rumpf 
stage.

•	 Prediction of the landscape evolution map of 
Lebanon-based isobase surfaces.

SI maps (Figure 11) highlight areas of low terrain 
amplitude, surrounded by more dissected complex 
landforms with high roughness, as indicated by fractal 
dimensions. Figure 11 illustrates the dual-terrain dis-
tribution, with positive values indicating elevated relief 
and negative values denoting dissected low relief.

SI is a measure of erosion: areas with low fractal 
dimensions yield positive SI values, whereas highly 
dissected terrain with high fractal dimension yields 
negative SI values. In recent surface, SI values range 
from -0.92 to 0.68, with negative values associated with 
highly dissected areas, such as V-shaped valleys.

Both the Lebanon and Anti-Lebanon mountain-
ous chains exhibit positive surface indices, with higher 
values observed on their crests. Figure 11a delineates 
a transition belt from negative to positive SI values, 
dividing Lebanon into two regions: Eastern tectonic 
uplifted areas and Western erosion-prone areas. This 
transition belt becomes more complex in isobases 5 
and 6 (Figures 11b and 11c), and the lower SI interval 
(-0.92 to 0.05) widens across the Ibrahim River valley 
and the higher lands of the Abou Ali River basin.

On the isobase surface 7, the transition belt as-
sumes a smoother form, connecting Lebanon and the 
Anti-Lebanon Mountains and encircling the Beqaa 
Valley. In the western part, dissection intensifies in the 
Ibrahim and Abou Ali watersheds (Figure 11d).

In the landscape evolution stage of isobase 8 (Figure 
11e), three zones emerge: a highly dissected low-ele-
vation zone (the coastal area), a moderately dissected 
hilly zone in the middle and south of the study area, 
and a third low-dissected high-elevation zone to the 
east. This result allows us to relate isobase 8 and isobase 
9 to the End Rumpf landscape evolution stage (slopes 
backwashing) of Penck, which depends on uplift and 
erosion.

Landscape assessment involves mapping the resid-
ual topography of the recent surface by subtracting iso-
base 5 from isobase 6 to form topographic surface A, 
subtracting isobase 6 from isobase 7 to form surface 
B, and subtracting isobase 7 from isobase 8 to create 
topographic surface C (Filosofov, 1975). These three 
topographic residual surfaces depict terrain fluvial in-
cision, influenced by factors such as tectonic activity, 
isobase surface variations, lithology, vegetation, and 
climate (Gomez et al., 2006). These factors collectively 
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Figure 9. Fractal dimensions maps: a) recent surface, b) isobase 5, c) isobase 6, d) isobase 7, and e) isobase 8.

Figure 10. Hypsometric integral maps: a) recent surface, b) isobase 5, c) isobase 6, d) isobase 7, and e) isobase 8.

contribute to the Landscape evolution map of Lebanon 
in Figure 12.

The predicted landscape evolution map of Leb-
anon (Figure 12) aligns with the profiles in Figure 6, 
highlighting areas of high- to low-evolution during 
the erosion cycle and categorized into five stages. 
Stage one represents the initial development episode, 
encompassing the evolution of the Lebanon moun-
tainous chain, including Qornet Es Sawda, Sannine, 
Barouk, Knise, and some isolated hills. The final stage 
of the evolution map corresponds to older river ter-
races, formed by vertical erosion of streams into their 
depositional floodplains. This stage exhibits terraces at 
different heights, indicative of former riverbed levels, 
particularly along the Abou Ali and Ibrahim rivers.

The results of morphometrical analysis of the iso-
base surfaces reveal several key findings:

- The decrease in slope and elevation is proportion-
al to landscape evolution between isobase surfaces.

- The variation in isobase surfaces’ elevation inter-
vals confirms varying degrees of simultaneous tectonic 
movements and erosion processes.

Hypsometric curves indicate equilibrium in land-
scape evolution on isobase surfaces 5 and 6, but an 
imbalance in the evolution of the older stage isobase 
surfaces 8 and 9.

- Relative relief results suggest that, according to 
Davis’s theory, the mature stage begins with isobase 
surface 4, whereas, following Penck’s theory, waning 
development initiates with the recent surface and con-
tinues in Isobases 1, 2, and 3.

- For the old stage, both Davis’s and Planck’s the-
ories concur that absolute and relative relief decrease 
directly, with relative relief values declining in isobases 
5, 6, 7, and 8.

- Fractal dimensions decrease, and the terrain be-
comes smoother, though not flat, as landscape evolu-
tion progresses from isobase 6 to isobase 8.

Based on the experimental results, Penck’s theory 
is better suited to the landscape evolution of the Leb-
anese terrain. The recent evolution stage is the waning 
or development stage, with no further uplift, gravity, or 
wash slopes. 
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Figure 11. Surface index maps: a) recent surface, b) isobase 5, c) isobase 6, d) isobase 7, and e) isobase 8.

Figure 12. Landscape evolution map of Lebanon. 
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Conclusion

In our experiment, we aimed to comprehensively ana-
lyze landscape evolution. We used DEM and GIS tools 
to generate stream-order networks, construct isobase 
surfaces, and calculate geomorphometric indices. The 
analysis delineated distinct terrain patterns, shedding 
light on various tectonic and erosional stages.

We employed methods including topographic pro-
files, hypsometric curves, and morphometric maps 
applied to isobase surfaces of stream orders to gain in-
sights into the spatial distribution of landscape evolu-
tion. The results of our geomorphometric analysis pro-
vided valuable insights, enabling us to link landscape 
evolution in Lebanon to Penck’s theory.

It is important to note that our analysis focused ex-
clusively on physiographic landscape forms to predict 
landscape evolution and was not directly linked to geo-
logical or tectonic studies. Instead, it introduced a nov-

el approach that could complement future geological 
and tectonic analyses of the study area.

Based on our findings and applying Penck’s the-
ory, we propose a new hypothesis: both the waxing 
(accelerating) and uniform development stages have 
occurred, and we are currently in the waning (develop-
ment) stage. The recent Lebanese terrain and isobases 
1, 2, 3, and 4 are at the peak of the waning (mature) 
stage. Successive isobases 5, 6, and 7 mark the end of 
the waning development stage and the beginning of 
the old age stage. Isobases 8 and 9 represent the End 
Rumpf stage.

This experiment enhances our understanding of 
landscape evolution in Lebanon and underscores the 
potential of geomorphometric analysis to offer valu-
able insights into complex geological processes.  
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ABSTRACT

Karst ecosystems, covering 15% of global land, serve as vital carbon sinks, especially in the epikarst zone. 
This study examines the carbon sink capacity of epikarst spring catchments using field data from Au-
gust 2022 to July 2023. Applying the hydrochem-discharge method, discharge and dissolved bicarbon-
ate (HCO3

-) concentrations were analyzed at two-week intervals. The results reveal that epikarst springs 
absorb atmospheric CO2 at rates of 747.34–787.00 tons/km2/year, significantly surpassing non-epikarst 
springs (576.92 tons/km2/year). This sequestration capacity is driven by seasonal rainfall, discharge vol-
ume, and ion levels. Compared to other karst regions on Java Island, these springs demonstrate superior 
absorption, highlighting their critical importance in the global carbon cycle.

Keywords: epikarst springs; atmospheric CO2 sequestration; Gunungsewu karst; dissolution processes
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Introduction

According to Yoro and Daramola (2020), carbon di-
oxide (CO2), as a greenhouse gas, accounts for 50% of 
the occurrence of global warming and climate change. 
The escalation of carbon dioxide emissions in the at-
mosphere exerts a detrimental influence on ecosys-
tems, necessitating the implementation of a mecha-
nism capable of regulating atmospheric carbon dioxide 
emissions (Kabir et al., 2023; Nunes, 2023). Chen et al. 
(2023) thus clarified that through the dissolution pro-
cess of carbonate rocks, karst areas naturally absorb 
atmospheric carbon dioxide. Furthermore, Wu et al. 
(2023) clarify the difference between karst and other 
ecosystems, namely that in karst ecosystems all CO2 
generated from respiration is absorbed by the disso-
lution process whereas in non-karst ecosystems CO2 

emitted by respiration will remain as emissions in the 
atmosphere. In addition, the interaction of carbon di-
oxide (CO2) from the atmosphere or soil with water 
(H2O) will result in the formation of carbonic acid 
(H2CO3). The carbon value derived from titration of 
karst spring water represents approximately half of the 
total carbon, with the remaining half originating from 
the atmosphere and soi (Martin, 2017; Jiang, 2013). 

Karst areas, which cover around 2.2×107 km2 glob-
ally (15% of the Earth’s total surface area), have the ca-
pacity to sequester carbon on land at a rate of approx-
imately 2.5 Pg C/year (Pu et al., 2015). The absorption 
of CO2 by the dissolution of limestone accounts for + 
33% of worldwide forest carbon absorption, ± 68% of 
carbon in soil, ± 23% of the world’s missing carbon 
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sink, and ± 7.5% - 8.3% of the total emissions produced 
by fossil fuels (Huang et al., 2024; Cao et al., 2018). 
Hence, it is imperative to acknowledge the significance 
of natural carbon absorption in this karst region into 
the foreseeable future, spanning hundreds of years or 
beyond (Xie et al., 2021).

Balazs (1968) estimates that Indonesia’s karst re-
gion encompasses approximately 150,000 square ki-
lometers. Karst areas are present on nearly all islands 
in Indonesia, including Sumatra, Java, Kalimantan, 
Sulawesi, and Papua. Additionally, Balazs (1971) elu-
cidated that the Maros karst area in South Sulawesi 
and the Gunungsewu karst on Java Island are two karst 
areas in Indonesia that are considered prototypes of 
tropical karst. These areas are characterized by their 
unique topography. According to Haryono (2011)’s 
research, the estimated quantity of CO2 that can be ab-
sorbed through the dissolution of carbonate rocks in 
Indonesia is 13,482 Gg/year.

Epikarst, also known as “karst layer skin”, refers to 
a thin zone that is typically found near the surface of 
karst topography (Bakalowicz, 2019; Fu et al., 2015). 
The epikarst zone is distinguished by the extensive for-
mation of fractures, which is influenced by factors such 
as the type of limestone rock, climate, hydrology, and 
vegetation (Pardo-Igúzquiza et al., 2018; Bakalowicz, 
2013). From an ecological perspective, epikarst is re-
garded as a “reservoir” of biodiversity (Kozel & Pipan, 
2020). Epikarst represents the uppermost weathered 
and highly fractured part of the karstified rock mass, 
where porosity and permeability are generally higher 
than in the deeper carbonate rocks. This zone plays an 
important role in storing and redistributing infiltrat-
ing water, regulating recharge to the vadose zone, and 
enhancing water–rock interaction (Klimchouk, 2004). 
Because epikarst is also a zone where geological, hy-
drological, biological, and chemical processes interact, 
its characteristics can vary greatly among karst systems 
(Milanović, 2025). In this study, such characteristics 
are important because they help explain the diffuse 
flow, prolonged carbonate dissolution, and atmospher-
ic CO₂ sequestration observed in epikarst springs.

Furthermore, epikarst serves as a vertical extension 
of the soil and functions as a storage site for organic 
matter accumulation (Srivastava et al., 2012). Specif-
ically, it is where CO2 derived from the decomposi-
tion of organic matter is stored, making it the primary 
factor in the dissolution of carbonate rocks (Chen et 
al., 2021). Jiang (2013) discovered that epikarst plays 
a significant role in the production, storage, and dis-
tribution of carbon dioxide in karst aquifers. Epikarst 

functions as a reservoir for CO2, gradually replenish-
ing the infiltration zone through a slow infiltration 
process (Cheng et al., 2023). Specifically, this gradual 
infiltration results in the mixing of air and water in tiny 
cavities and pores, leading to the downward movement 
of CO2-rich air into the soil system and its subsequent 
distribution across the infiltration zone (Williams, 
2008; Trček, 2002). In this process, if there is a quick 
influx of water, whether from direct dispersion or 
point recharge, it will still have the ability to dissolve 
CO2  (Jiang et al., 2013). Consequently, the carbonate 
rocks in the phreatic zone become more soluble (Jones, 
2013). Hence, the storage of water in the epikarst plays 
a crucial role in the formation of karst landscapes and 
the capture of carbon, both in shallow and deep zones 
(Nannoni & Piccini, 2022; Yang et al., 2012). 

Regarding the development of voids in karst aqui-
fers, Fores et al. (2021) revealed that epikarst springs 
originate from water stored in undeveloped epikarst 
zones. Consequently, the flow in these springs is pri-
marily recharged by slow-moving infiltration water 
(diffuse flow). The elevated levels of CO2 in epikarst 
springs are a result of the extensive water-rock inter-
action process and the presence of mechanisms in the 
soil (Cahyadi et al., 2023a; Nurkholis et al., 2019). Con-
versely, non-epikarst springs have undergone signif-
icant void development  resulting in faster and more 
turbulent water flow (Adji et al., 2017). As a conse-
quence, there is a decrease in the absorption of carbon 
dioxide.

The Gunungsewu Karst area is characterized by the 
presence of epikarst springs in the Ponjong hydrogeo-
logical subsystem, which serve as the primary water 
source for the local people (Riyanto & Cahyadi, 2023). 
This subsystem exhibits a distinct pattern of groundwa-
ter movement in the direction of the west and south. It 
is noteworthy for its significant discharge and continu-
ous flow throughout the year. The upstream part of this 
subsystem typically contains epikarst springs, while 
the downstream part is characterized by non-epikarst 
springs (Cahyadi et al., 2023b). The main objective of 
this study is to determine the carbon sink capacity of 
the epikarst spring catchment area. Furthermore, the 
carbon sequestration capacity of epikarst springs is 
compared to that of non-epikarst springs. At a broader 
scale, this study provides new evidence on the role of 
tropical karst systems in atmospheric CO₂ sequestra-
tion. The findings highlight how warm temperatures, 
seasonal rainfall, and epikarst hydrological processes 
can enhance carbonate dissolution and support natural 
carbon uptake in humid tropical environments.

Materials and Methods

Carbon sequestration studies were performed at three 
epikarst springs: Gedaren, Sulu, and Sumber Ponjong 
Springs, while the Seropan Underground River served 
as a non-epikarst spring sample (Figure 1). These four 

sites are part of the Ponjong hydrogeological subsys-
tem, Gunungsewu Karst. The Ponjong hydrogeological 
subsystem is characterized by perennial springs and 
underground drainage systems, where groundwater 
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movement is mainly influenced by the local karst con-
duit–fracture network, catchment morphology, and re-
charge conditions (Cahyadi et al., 2023b).

Gunungsewu Karst is a part of the Southern Moun-
tains on Java Island. It consists of a sequence of hills 
that create a highland landscape in the southern region 
of Java. The area extends from Ciletuh Bay in West Java 
to the Blambangan Peninsula in East Java (Reinhart et 
al., 2023). The Gunungsewu Karst is composed of the 
Wonosari-Punung Formation (Tmwl), which is a type 
of Neogene limestone. This limestone is characterized 
by extensive coral reef formations in the southern re-
gion and multiple layers of limestone in the northern 
region. The formation is classified as Middle Miocene 
and Upper Pliocene in terms of its age, and it is esti-

mated to have a thickness exceeding 650 m, as reported 
by Hartawan et al. (2020). The terrain surrounding the 
main karst aquifer consists of several non-carbonate 
and mixed lithological units, including volcanic, volca-
niclastic, siliciclastic, and Quaternary deposits. These 
surrounding formations form a contrasting geologi-
cal setting because they are generally less soluble than 
limestone and tend to support more developed surface 
drainage. 

The long-term rainfall data for 2002–2022 were 
used to describe the general climatic condition of the 
Gunungsewu Karst area. In addition, monthly rain-
fall data corresponding to the monitoring period were 
processed and used in the temporal analysis. These 
monitoring-period rainfall data were matched with the 

Figure 1. Location and geological setting of the studied epikarst springs and Seropan Underground River 
within the Gunungsewu Karst, Indonesia, including hydrogeological zones, surface rivers, and surrounding 
geological formations. 
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discharge, HCO₃⁻ concentration, and CO₂ sequestra-
tion records to evaluate the seasonal response of each 
spring system. Therefore, the long-term rainfall record 
represents the climatic background, whereas the mon-
itoring-period rainfall data represent the hydrological 
forcing during the observation period. 

The Gunungsewu Karst area has a distinct seasonal 
climate. Based on long-term data from 2002 to 2022, 
the area receives an average annual rainfall of about 
2,355 mm, with rainfall mainly concentrated during 
the wet season. During the same period, the mean 
monthly air temperature was approximately 25.9 °C 
(Figure 2).

Temporal discharge data at each spring and the dis-
solved HCO3

- concentration in mg/litre are required 
to calculate carbon sequestration accurately. The data 
were collected over one year, with samples collected ev-
ery two weeks. The velocity-area method is employed 
to measure the discharge of springs and underground 
rivers, while a current meter is employed to measure 
the flow velocity. Meanwhile, the Alkalinity Test Kit 
MQuant® 1.11109 was employed to directly measure 
the dissolved HCO3

- concentration in the field through 
titration. The catchment area is determined using the 
balance approach (Widyastuti et al., 2019) through 
evapotranspiration calculations:  

					                      (1)

Where V is the discharge in volume (liter/year), P is 
precipitation (mm/year), E is evapotranspiration (mm/
year), and A is the catchment area (m2). The V value 
(total water volume) is obtained through the following 
equation (Widyastuti et al., 2019):

   (2)

Figure 2. Long-term monthly rainfall and air temperature patterns in the Gunungsewu Karst area, based on climat-
ic data used to describe the general climatic setting of the study area. 

Where V is total volume (liter), Q is total discharge (li-
ter/year), Q(n)	 is the first discharge data (liter/sec-
ond), Q(m) is the last discharge data (liter/second), 
and Unit of time is the time lapse of each recording 
(second). 

Next, the rate of atmospheric carbon sequestration 
was determined using the hydrochem-discharge meth-
od (Liu & Zhao, 2000) with the following formula: 

		                                                                                     (3)

Where, F is the rate of atmospheric carbon sequestra-
tion (gram/year), HCO3

- is the dissolved HCO3
- (gram/

liter), Q is the discharge (liter/year), M CO2 is the Mr 
of CO2 (44), and M HCO3

- is the  Mr of HCO3
- (61.02). 

The F value in the formula given represents the quanti-
ty of carbon sequestration occurring in the catchment 
area of each spring/underground river. In order to con-
vert carbon absorption into CO2 absorption, a simple 
method is to use a stoichiometric equation with the 
formula: 

 			                                                        (4)

Where, CO2 is the atmospheric CO2 sequestration rate 
(ton/year), F is the atmospheric C sequestration rate 
(ton/year), atomic weight of CO2 is 44, and atomic 
weight of C is 12. 
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Results and Discussion

The sequestration of CO2 is significantly affected by 
spring discharges and the concentration of dissolved 
bicarbonate ions (HCO3

-). The discharge and HCO3
- 

concentration measured at the spring outlet result 
from the accumulation of hydrological processes tak-
ing place in a water catchment area. The process of CO2 
absorption in karst springs begins with hydrological 
phenomena that include precipitation, infiltration, 
evapotranspiration, and the dissolution of carbonate 
rocks within a catchment area. Therefore, it is neces-
sary to assess spring catchment requirements prior to 
estimating the absorption of atmospheric CO2. Figure 
3 displays the outcomes of estimating the catchment 
area using the water balance method. The Seropan 
Underground River has the most extensive catchment 
area, totalling 10.91 km2. On the other hand, the Sum-
ber Ponjong Springs has the smallest catchment area, 
measuring only 0.69 km2.

The atmospheric carbon sequestration value ob-
tained through the karstification process in epikarst 
and non-epikarst springs ranges from 157.33 to 214.62 
tons/km2/year, as determined by calculations and data 
analysis. Meanwhile, atmospheric CO₂ absorption 
values have a wider range of values, specifically from 
576.92 to 787.00 tons/km2/year (Table 1). CO₂ ab-
sorption rates in the three epikarst springs (Gedaren, 
Sulu, and Sumber Ponjong) are higher than that in the 
non-epikarst spring (Seropan). 

Rainfall data for the monitoring period were pro-
cessed and plotted together with discharge, HCO₃⁻ 
concentration, and CO₂ sequestration in Figure 4. 
This was done to ensure that the temporal variation 
of hydrochemical parameters could be interpreted in 

relation to the actual rainfall conditions during the ob-
servation period, rather than only from the long-term 
climatic average. The rainfall pattern shows clear sea-
sonal variability, with higher rainfall during the wet 
season and lower rainfall during the dry season. This 
seasonal pattern helps explain the observed changes 
in spring discharge, bicarbonate concentration, and 
CO₂ sequestration. Collectively, the four springs show 
HCO3

- concentration values ranging from 276 to 408 
mg/litre. The HCO3

- concentration in Seropan River is 
the lowest among the three epikarst springs. This is be-
cause the epikarst springs are primarily characterised 
by a diffuse flow type, which is typically highly satu-
rated, resulting in a higher HCO3

- concentration. Sea-
sonally, the average absorption of atmospheric CO2 in 
Sulu, Sumber Ponjong, and Seropan is greater during 
the dry season compared to the wet season (Figure 4). 
Here, due to the dilution effect of precipitation mech-
anism, high rainfall in the rainy season followed by an 
increase in spring discharge reduces HCO3

- concentra-
tion and lowers CO2 sequestration. 

During the initial field measurement period, all 
springs exhibited significant fluctuation in CO2 se-
questration, particularly during the rainy season. The 
CO2 levels during this time showed greater variability 
compared to the dry season. The temporal fluctuations 
in the rate at which atmospheric CO2 is absorbed are 
primarily influenced by three key factors: rainfall, dis-
charge, and the concentration of bicarbonate ions. In 
this scenario, the amount of rainfall is directly linked to 
the amount of discharge and is inversely linked to the 
concentration of HCO3

-.

Table 1. CO2 sequestration in epikarst and non-epikarst springs. 

Location
Discharge (litre/
year)

HCO3
- (mg/

litre)
Catchment 
area (km2)

C (ton/km2/year) CO2 (ton/km2/year)

Gedaren 1,456,332,480.0 408.58 1.00 214.62 787.00
Sulu 1,733,709,124.8 392.39 1.16 211.21 774.52
Sumber              
Ponjong

1,042,780,073.6 375.37 0.69 203.80 747.34

Seropan 
(non-epikarst)

17,235,370,080.0 275.97 10.9 157.33 576.92

Average 196.74 721.45
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Figure 3. Estimated catchment boundaries of the studied epikarst springs and Seropan Underground River.

Nevertheless, there is no direct correlation between 
high rainfall and changes in discharge in epikarst 
springs. The phenomenon is attributed to a time delay, 
or time lag between precipitation and spring-discharge 
response that occurs in the catchment area. This delay 
is a result of the dominant diffuse flow characteristic of 
the epikarst spring type, which causes a slow response 
to rainfall (Adji et al., 2023). The duration of delay in 
the epikarst zone is affected by the changing intensity 
of rainfall, the thickness of the epikarst layer, the po-
rosity, and the hydraulic conductivity (Aquilina et al., 
2006; Zhang et al., 2013). It is evident that the rainy sea-
son reaches its peak in November 2022, while the flow 
discharge tends to be highest in January 2023. Despite 
the absence of rainfall in June 2023, the spring flow dis-
charge can still be quantified as it originates from the 
accumulated rainwater from the preceding period.

The discharge observed at the springs in the study 
area is affected by the size of the spring catchment area. 
The larger the catchment area, the higher the capacity 
of water it can retain. The respective catchment areas of 
Gedaren, Sulu, Sumber, and Seropan Springs are 1.00 
km2, 1.16 km2, 0.69 km2, and 10.9 km2, respectively. 
The size of the Seropan catchment area is directly cor-
related with the highest discharge value. Overall, the 
catchment area shows that Seropan has the highest at-

mospheric CO2 absorption value, specifically 6,288.45 
tons per year, while Sulu Springs follows with 899.39 
tons per year. The Gedaren spring has a carbon diox-
ide absorption capacity of 786.68 tons per year, where-
as the Sumber Ponjong spring has a capacity of 517.5 
tons per year. These findings indicate that the Seropan 
catchment area has the highest capacity for absorbing 
atmospheric CO2 among the three epikarst springs ob-
served (Figure 5).

However, when viewed in units per km2, epikarst 
springs have the greatest capacity to absorb CO2 from 
the atmosphere. The epikarst zone, located in the up-
per soil layer, is directly influenced by vegetation and 
receives a large CO2 input from respiration. This con-
dition enhances CO₂ input to the epikarst zone. Mean-
while, the diffuse flow type in epikarst springs caus-
es the water in this zone to move slowly, resulting in 
prolonged contact with carbonate rocks. This results 
in more saturated water and higher CO₂ absorption 
(Zeng et al., 2015). Furthermore, the epikarst zone is 
typically distinguished by a substantial layer of soil and 
abundant vegetation, which promotes elevated concen-
trations and pressures of CO2 in the soil, consequent-
ly enhancing CO2 absorption. The carbon cycle in the 
soil layer is recognized as a significant contributor to 
the process of karstification, despite its complexity re-
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Figure 4. Temporal variations in precipitation, discharge, HCO₃⁻ concentration, and CO₂ sequestration at Gedar
en, Sulu, Sumber Ponjong, and Seropan.

Figure 5. Comparison of total and area-normalized CO₂ absorption among epikarst springs and the non-epikarst
Seropan Underground River.
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sulting from soil limitations and moisture conditions 
(Jiang et al., 2013).

Figure 6 illustrates the conceptual position and 
function of epikarst in the Gunungsewu Karst system. 
The epikarst zone occurs near the surface, beneath 
the soil or regolith layer, and is characterized by in-
tensive weathering, fractures, enhanced porosity, and 
higher permeability. Rainfall infiltrates diffusely into 
this zone, where part of the water may be temporarily 
stored, redistributed laterally, and then released slowly 
through epikarst springs such as Gedaren, Sulu, and 
Sumber Ponjong. In contrast, deeper conduit flow is 
represented by the underground river outlet, such as 
Seropan.

In the humid tropical setting of Gunungsewu, in-

tensive karstification, strong weathering, and active 
soil formation may promote a more developed and lo-
cally thicker epikarst. These conditions increase water 
storage, prolong water–rock interaction, and enhance 
carbonate dissolution, helping explain the higher ar-
ea-normalized CO₂ sequestration observed in the epi-
karst springs. 

Compared to other tropical karst areas in Indo-
nesia, epikarst springs have a higher capacity for ab-
sorbing CO2. In the Jonggrangan karst area of Central 
Java, Dwiputra (2019) conducted an estimation of the 
amount of CO2 sequestration in three springs: Mudal, 
Anjani, and Kiskendo springs. Table 2 presents a com-
parison of CO2 absorption in two tropical karst areas 
in Indonesia.

Figure 6. Conceptual cross-section of a typical tropical karst system in the Gunungsewu Karst, showing the po
sition of the epikarst zone, diffuse infiltration, temporary storage, focused recharge, vadose and phreatic zones,
epikarst springs, and the underground river outlet.
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Table 2. CO2 sequestration in Gunungsewu and Jonggrangan karst

Karst Area Springs
Discharge (litre/
year)

HCO3
- 

(mg/litre)
Catchment 
area (km2)

CO2  (ton/
km2/year)

Gunungsewu 
(DIY province)

Gedaren (epikarst) 1,456,332,480.00 408.58 1.00 787.00
Sulu (epikarst) 1,733,709,124.80 392.39 1.16 774.52
Sumber Ponjong (epikarst) 1,042,780,073.60 375.37 0.69 747.34
Seropan (non-epikarst) 17,235,370,080.00 275.97 10.9 576.92

Jonggran-
gan-(Central 
Java province)

Mudal (non-epikarst) 10,379,559,298.60 290.00 7.05 564.48 
Anjani (non-epikarst)   4,818,823,835.75 210.00 4.00 334.47 
Kiskendo (non-epikarst)  8,627,129,496.38 260.00 6.90 429.79 

The springs in the Jonggrangan karst are classified 
as non-epikarst springs. Generally, their absorption 
of CO2 is lower than the epikarst springs found in the 
Gunungsewu karst. Furthermore, their absorption is 
even lower than that of the non-epikarst springs in Se-
ropan. This comparison reveals that the catchment of 
epikarst springs plays a crucial role in the process of 
absorbing CO2. This is due to the slow and diffuse flow 
in the aquifer, as well as the respiration mechanism 
of vegetation, which absorbs carbon dioxide from the 
air through the dissolution process. In addition, with-
in the epikarst zone, carbon dioxide (CO2) produced 
from the decomposition of organic material is retained, 
making it the main contributor to the dissolution of 
carbonate rocks.

The results of this study can also be placed in the 
broader context of karst carbon sink studies from oth-
er regions of the world. In subtropical karst regions of 
China, karst carbon sequestration has been shown to 
be strongly influenced by carbonate weathering, soil–
vegetation processes, hydrological conditions, and 
human intervention in karst landscapes (Zhang et al., 
2022). In contrast, high-alpine karst systems in Europe 

show different hydrological behavior because recharge, 
storage, and solute transport are strongly affected by 
snowmelt, seasonal flow dynamics, and clearly defined 
catchment conditions (Frank et al., 2021). Studies from 
stratigraphically complex karst areas in South Korea 
also show that hydrochemical and isotopic approach-
es are useful for identifying differences in spring-water 
flow types and groundwater pathways (Yu et al., 2021). 
These comparisons indicate that the hydrochem–dis-
charge method is broadly applicable, but its results 
must be interpreted according to local climatic and hy-
drogeological conditions.

Compared with these karst environments, the 
relatively high CO₂ absorption per unit area in the 
Gunungsewu epikarst springs highlights the import-
ant role of tropical epikarst systems. Warm and humid 
conditions, active soil respiration, vegetation cover, dif-
fuse flow, and longer water–rock interaction may sup-
port higher bicarbonate production and carbonate dis-
solution. Therefore, the Gunungsewu results provide 
useful evidence from tropical karst and strengthen the 
view that epikarst springs can play an important role in 
natural atmospheric CO₂ sequestration.

Conclusions 

This study confirms that epikarst is a crucial zone in 
the carbon sequestration mechanism in tropical karst 
areas. Epikarst springs in Gunungsewu have been 
shown to have a higher CO2 absorption capacity per 
unit area than non-epikarst systems, ranging from 
747.34 to 787.00 tons/km²/year, while Seropan only 
has 576.92 tons/km²/year. This high absorption indi-
cates that the slow, diffuse flow character of epikarst 
creates more ideal conditions for carbonate dissolution 
and the absorption of atmospheric CO2. This finding 
is further strengthened by the fact that the absorption 
value in Gunungsewu is also higher than that of several 
springs in Jonggrangan Karst, such as Mudal, Kisken-
do, and Anjani. Therefore, epikarst not only functions 
as an important component of the karst hydrological 
system but also as a key element in karst’s ecological 

role as a natural carbon sink. Although Seropan’s total 
CO2 uptake is greater due to its larger catchment area, 
these results indicate that carbon uptake efficiency is 
more determined by the karst system’s hydrogeologi-
cal characteristics than by catchment area alone. Thus, 
epikarst should be a key focus in tropical karst carbon 
studies and climate change mitigation.
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