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2. Spearman Correlation Coefficient
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Table 3. Image accuracy assessment based on overall accuracy and kappa coefficient
during the years 1989-2023

(LS o rs () 5 oo Jbe Slojlgale glas
Kappa coefficient Overall accuracy Year Satellite images
085 0.93 1989
0.88 0.95 1999 L>-TM
0.86 0.90 2009 L7-ETM+
0.90 0.98 2023 L8, OLI-TIRS

Table 4. Trends in land use/cover changes in Khamir and Qeshm mangrove forests during 1989-2023

Lo
2023-1989 2023 2009 1999 1989 J
Year
Area Area Area Area Area Oidg] sl 60,8 Clid
KW JEA KW LS RV Jlivy Ao, LSS RWRS L, Land use/coverage classes
% ha % ha % ha % ha % ha
-0.82 -711 8.11 6998 8.59 7418 8.69 7503 8.93 7709 sk slaSz
Mangrove forests
365 3151 4525 39038 4434 38250 4188 36128  41.60 35887 @ 5057 slaag
Tidal areas
e 3l
241 2077 20.05 17301 18.94 16342 18.46 15931 17.64 15224
Barren lands
-5.23 -4515 26.57 22921 28.10 24247 30.94 26694 31.80 27436 ‘53‘ db%

Water area
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Figure 4. Land use/cover class map for the years:
a) 1989 and b) 1999, c¢) 2009 and d) 2023.
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Table 5. Landscape metrics changes at the level of land use/cover classes (1989 to 2023)
g, S
s Sladb
Ol i
RPN c2alS W, Difference Ju sl
Decreasing/increasing in the Year Dbl 2l
trend trend of (oeri Land use/land
changes Metrics cover classes
1989-2023 2023 2009 1999 1989
- -979 8503 8586 8690 9485 (LSo) 4l 3o 55l
Effective mesh size (ha)
- -28.26 38.95 44.65 56.34 67.21 (1) ooy po0 (Sl Qo y
Percentage of landscape
(%)
- -26.73 38.75 46.87 56.37 65.48 (1) gz
Aggregation Index (%) _ _
- -31.06 34.25 45.69 5233 6531 (1) aS) 55 53 sl 9,50 sloJS
Largest patch Index M?ngrove
N 28042 81256 73654 62875 53214 Sl orests
Splitting Index
- -34.42 4521 58.12 64.31 79.63 Jss asls
Oy oo (Slogns
Landscape Shape Index
+ 1.13 8.56 8.44 7.15 7.43 (LSo) s oST5
Patch Density (ha)
+ 362 1020 740 673 658 (LSo) aSeis 3o 55l
Effective mesh size (ha)
+ 31.05 85.27 77.38 67.43 54.22 (1) ey Slou oy
Percentage of landscape
(%)
+ 6021 7895 5671 3256 1874 (1) geocs
Aggregation Index (%)
+ 35.05 78.21 63.74 58.94 43.16 (1) &SI cp 3 Sy asls G 3 5 Ay
Largest patch Index Tidal areas
- -2680 1978 2864 3271 4658 Sl
Splitting Index
+ 26.11 78.45 73.24 65.78 52.34 Jss el
Oy o (Slogns
Landscape Shape Index
- -2.72 2.76 3.58 4.27 5.48 (LSo) asd oST 5
Patch Density (ha)
+ 349 1132 824 796 783 (LS Ao 50 551l
Effective mesh size (ha)
+ 322 78.52 64.14 58.63 46.32 (1) o Sloan oy
Percentage of landscape
(%) csd ol
+ 5037 6568 4321 2895 1531 (1) oz =l
Aggregation Index (%) Barren lands
. 27.76 84.23 77.18 6332 5647 (1) 451 e 55 3 sl
Largest patch Index
- -26155 28219 37564 46928 54374 Saslas
Splitting Index
O Jgaz dalol
+ 28.82 67.34 58.96 44 .81 38.52 Jss el
Oy Slogs
Landscape Shape Index
- -2.49 3.94 4.25 5.83 6.43 (LSo) s oS5




fY- BYe B F A dmio VP F 5l ¥ Lt qemnin Sl ool SlKiz ezl ool JSiz Ala

Patch Density (ha)
- -1138 594 653 1483 1732 (LS aSies 550 65ll
Effective mesh size (ha)
- -30.21 55.11 63.41 74.22 85.32 (1) ooy po (S Lo Qo y0
Percentage of landscape
(%)
- -2841 2546 3856 4215 5387 (1) gozss
Aggregation Index (%)
- -30.12 26.15 38.67 43.18 56.27 (1) &SI cp 3, sl ol ey
Largest patch Index Water area
+ 28417 73542 68752 53657 45125 Sl
Splitting Index
- -31.47 53.77 66.21 71.13 85.24 IS asls
Oy Slow
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Figure 5. Diagram of changes in landscape metrics in the studied area (1989 to 2023)
PD: Patch Density; LSI: Landscape Shape Index; SPLIT: Splitting Index; LPI: Largest patch Index; Al:
Aggregation Index; PLAND: Percentage of landscape; MESH: Effective mesh size
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Table 6- Changes in landscape metrics at the level of protected zones (1989 to 2023)

X, Dk Ju
' Ol s Year laay,
e ) Difference dzes bl
Decreasing/increasing in the Metrics Protecti
trend trend of 2023 2009 1999 1989 rotective
changes zones
1989-2023
(lSa) 4S5 5o 55l
- -1730 7026 7455 8324 8756 Effective mesh size
(ha)
(1) ey Slogas oy
- -21.68 32.64 40.28 48.11 54.32 Percentage of
landscape (%)
_ ) (1) oz
2080 3932 4637 5856 6012 Aggregation Index (%) ‘
_ . () 4 n 3 Sy asls ool 093
33.84 38.47 53.26 66.54 72.31 Largest patch Index Safe zone
+ 26391 75258 68921 55876 48867 .“;.Ml“\?
Splitting Index
- -25.87 41.37 53.46 60.14 67.24 oo (§lons
Landscape Shape Index
(LSa) aS) 5513
+ 1. 4 2 . 42 i .
03 745 7.26 6.88 6 Patch Density (ha)
(lSe) aSils 550 85l
- -2099 6324 7127 8056 8423 Effective mesh size
(ha)
(1) Lo oo Sloges 2030
- -24.46 38.11 45.36 50.23 62.57 Percentage of
landscape (%)
~ ) (1) oz
2173 3751 4832 5743 5924 Aggregation Index (%) o5
. . (D) &) (S mdls oadcbl
34.17 34.27 48.63 60.32 68.44 Largest patch Index Protected
B zone
+ 31412 74268 65231 58475 42856 E;.MI“\?
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Table 7. Results of Kolmogorov-Smirnov test of land use/land cover classes samples in the studied area

oA.;l)d)bﬁcUyoJ Ll Q}oﬂ L;Lao)LoT
Sampled points Test statistics
B <
64.40 o
Mean
Lzo 8l ol
95.50 e L
Standard deviation
VAN
1.58 ..
Z-statistic
| .
0.002 S )f2 i o

Significance level

o) (KBS o3l 5 Gidigy |2, 611 Dl Gliee G BLS] (o2 A Jgo
Table 8. Investigating the relationship between the rate of land use/land cover changes on habitat fragmentation

oS 5 (Kt o] sl ol 68 Sl yei - .
25 Mw"’)’ Ol ool o) )0 Sl Gliee 9051 sloo Lol Lo, s
Amount of habitat Amount of land use/land cover . . . .
. Test statistics Relationship analysis
fragmentation changes
: |

0.763 1 o s
Spearman S Sl Gl

0.023 Significance level Amount of land
(0=0.05) use/land cover changes

‘ .

1500 1500 e

Number
: |
1 0.763 o
Spearman
Sl s hac LRI CE IR PU-S1 IEN S9N
0.000 Significance level Amount of habitat
(0=0.05) fragmentation
s

1500 1500 e

Number
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Table 9. Comparison of habitat fragmentation among land use/land cover classes using the Kruskal-Wallis test

lolizo NHEESN _ g Olows .
LS') ' gl e sl SoL Az a3, HeSilee b Sl
Significance . Degree of . Number of
Chi-square Average rating Classes
level freedom samples
ke sl S
102.23 375 9k SR
0.038 26.08 374 Mangrove forests

17.52 375 G 9,57 A
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Table 10. Post-hoc pairwise comparisons results
95% Hhxe Bl oeSile digas dlass clil
CI Standard . Number of
.. Average rating Classes
deviation samples
Sl slo Ko
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Mangrove forests
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Tidal areas
s ol
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Barren lands
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Abstract

Introduction: Human-driven land-use/land-cover (LULC) changes represent one of the most recognized threats
to mangrove forests. These changes reduce habitat integrity and animal biodiversity within these natural and
distinctive ecosystems. Habitat fragmentation is the main cause of ecosystem destruction and reduces the
habitat's capacity to provide many valuable ecosystem services. This study aimed to evaluate long-term trends
(1989-2023) in habitat fragmentation and alteration within the mangrove forests of the Hara Protected Area.
Materials and Methods: We assessed the spatial-temporal changes in LULC/mangrove forest cover using
multispectral Landsat imagery across the 1989-2023 period. In addition, to evaluate habitat structural change,
we analyzed landscape metrics and their effects on the protection zones (Zones 1 and 2) within the study area.
Results: Results indicate that the Hara Protected Area exhibits a decreasing trend in 2023 relative to 1989.
Overall, the primary drivers of LULC changes and mangrove forest decline include infrastructure development
(e.g., piers and commercial/recreational ports), population growth and urban expansion, excessive tourism,
overexploitation of the area’s carrying capacity, aquaculture development, and deforestation. Landscape-
structure metrics (specifically the SPLIT and Patch Density, PD) increased at the mangrove forest class and
aquatic patches, indicating greater fragmentation and dispersion of patches. In contrast, these metrics showed a
decreasing trend at tidal flat and barren land classes. Notably, SPLIT and PD also increased within the protected
zones (Zone 1 and Zone 2), signaling rising fragmentation and patch dispersion, thus reflecting reduced habitat
integrity, altered patch size, and increased patch numbers and spatial dispersion.

Conclusion: The findings can inform managers and planners aiming to regulate factors shaping LULC/cover
changes in these natural mangrove systems. Accordingly, proposed projects and any infrastructure development
in the area should be aligned with management plans (zoning) and environmental assessments. Moreover, LULC
changes should be confined beyond the administrative boundaries of the area to minimize reductions in
ecosystem integrity and fragmentation within the mangroves.

Keywords: Habitat fragmentation, Hara protected area, Landscape ecology approach, Landscape metrics,
Mangrove forests.
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