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Abstract

:

Archive records such as maps, journals, books, sketches, cadastre and notarial documents have been underutilised in describing past and present changes in ecological systems, such as mangrove forests. Historical records can be invaluable information sources for baseline establishment, to undertake long-term study on mangrove dynamics and enhance the historical land cover and land-use dynamics of a country. In this study, we explore these untapped information reservoirs, used complementarily with remote sensing techniques, to explain the dynamics of the mangrove systems in Peninsular Malaysia. The archives in the United Kingdom, the Netherlands, Malaysia and Singapore were explored and mined for related information on the mangrove systems in Peninsular Malaysia from past centuries. Most historical records found in this study were used to validate the mangrove presence in Peninsular Malaysia since 1853 while two records from 1944 and 1954 were used to quantify the mangrove cover extent. A significant finding of this study was the oldest record found in 1853 that attested to the presence of a mangrove system on the mainland Penang of Peninsular Malaysia which was not identified again as such in records post-1853. Remote sensing data, specifically Landsat images, were used to determine the mangrove extent in Peninsular Malaysia for the years 1988, 1992, 2002, 2012 and 2018. By complementing the historical records with remote sensing information, we were able to validate the mangrove presence in Peninsular Malaysia since 1853 and determine the gain/loss of mangrove systems over the last 74 years. Peninsular Malaysia has lost over 400 km2 of mangrove forests, equivalent to 31% of its original extent between 1944 and 2018. This is a significant loss for Peninsular Malaysia which has less than 1% mangrove cover of its total land area presently.






Keywords:


historical records; mangrove cover; remote sensing; archives; Peninsular Malaysia; Landsat












1. Introduction


Mangroves, representing one of the most productive ecosystems on Earth [1,2], offer ecosystem services to humankind [3] (pp. 19–22). Mangroves provide (a) resources such as food, timber and fuel [4,5,6,7]; (b) shoreline protection [8,9,10]; (c) refuge and habitat for marine and coastal species in several life stages [11,12,13]; and (d) recreation and tourism opportunities [14,15,16]. Notwithstanding the importance of mangroves, they continue to be threatened by natural and anthropogenic pressures. Most noticeable is the decrease in areal extent [17,18,19], though this is not the only impact. Moreover, Dahdouh-Guebas et al. in 2020 [20] illustrated that even with a better understanding of the importance of this ecosystem now, negative perceptions on mangroves or indifference persist, which could be detrimental to the willingness and support for management or conservation of these wetlands.



Over years, studies on mangroves have been undertaken in Malaysia to study and ascertain the existing mangrove extent [21,22,23,24,25,26]. However, these studies analyse the mangrove cover over a specific period of typically less than 50 years and/or on a local scale. This pioneering study on the scale of Peninsular Malaysia complements these case studies by investigating the long-term presence/absence of the mangrove system using historical data over a time scale of more than 100 years and subsequently is expected to provide insight into long-term mangrove cover dynamics.



The notion of using historical records to recreate the past mangrove systems is not a new one. Several studies have attempted to map and understand the historical systems and their changes [27,28,29,30,31,32,33]. In this context, historical records do not only include archived physical records but can also include a biological approach in the assessment of historical land-use changes. There have been studies where ecological records from fieldwork observations such as tree rings, pollen records, geomorphological features and lichen growth are used to describe the historical systems [34,35,36]. On the other hand, a study by Cavanaugh et al. in 2019 [33] used a mixed-methods approach in that they combined historical data, climate data and remote sensing to describe the shift in mangrove abundance over 250 years.



Historical information for Peninsular Malaysia can be retrieved from archival information from countries such as the United Kingdom and the Netherlands, the maritime colonial powers that ruled parts of Peninsular Malaysia (formerly known as the Malay Peninsula or Malaya) as colonies or trade settlements [37]. Archive records, which include historical maps, journals, logbooks, sketches, cadastre, notarial documents and texts by explorers, such as the Dutch East-India Company (Vereenigde Oostindische Compagnie or VOC) and the British East-India Company, could be valuable sources of information [30,34,38]. These types of information can be used to establish a baseline, investigate long-term changes in mangrove extent, and enhance the spatial structure of Peninsular Malaysia [39].



In order to look at the long-term changes in mangrove extent, there is also a need to obtain reliable recent information on the mangrove coverage. Remote sensing has been recognised as a credible method of mapping mangrove ecosystems as an alternative to direct observations via ground surveys [40,41]. By using satellite sensors and, more recently, Unoccupied Aerial Vehicles (UAVs) [42], remote sensing techniques allow for the structural characterisation and mapping of even inaccessible areas of mangroves, as well as an easier and more effective way of monitoring changes, both on the temporal and spatial scale [43,44,45].



With over 40 years of remote sensing data, the Landsat image archive is one of the most comprehensive collections of Earth imagery [46] which allows for the observation of land-use changes and ecological monitoring [47,48,49]. Landsat data are maintained by the United States Geological Survey (USGS), a freely accessible resource that allows users to request, search, and download necessary data [50]. The Landsat images available have a medium spatial resolution (15 to 30 m), which can be useful for ecological studies such as change detection, areal extent or species shift of a specific mangrove habitat [51].



In this study, we aimed to reconstruct and understand the past and present dynamics of the mangrove forests in Peninsular Malaysia and explore the tools to do so using historical sources. We explored the scientific gap on the spatio-temporal dynamics of the mangrove forests in Peninsular Malaysia from the 19th century with the use of historical records and recent remote sensing data. We believe that this study may prompt a regional/global interest in mapping the long-term dynamics of mangrove systems in order to understand the impacts of enacted (historically and/or currently) local-scale land-use policies and management. The specific objectives of this study were to (a) explore and extract historical information (including maps, texts, journals, etc.) related to the presence of mangrove forests and quantify the historical extent of mangroves in Peninsular Malaysia; (b) identify mangrove areas and their spatial extent from the recent remote sensing imagery, and; (c) to compare and contrast the historical records and the remote sensing information to describe the mangrove spatio-temporal dynamics.




2. Materials and Methods


2.1. Study Area


Peninsular Malaysia, also known as West Malaysia, is the landmass connected to Thailand between the latitudes and longitudes of 01–06°N and 100–104°E (Figure 1). This landmass is separated from East Malaysia (the Malaysian states—Sabah and Sarawak) by the South China Sea. It is identified to have a tropical rainforest climate [52] with an average of 2400 mm rainfall annually and average temperatures between 26 and 28.7 °C [53]. Peninsular Malaysia also experiences monsoons, the Southwest Monsoon (April to September) and the Northeast Monsoon (October to March). Within Peninsular Malaysia, the study focuses on the coastal areas where mangroves grow.



Though Singapore was part of the Straits Settlements of British Malaya [54] and later Malaysia for a short period (September 1963–August 1965), the present study is limited to only Peninsular Malaysia due to the differences in biodiversity management policies/practices resulting from the different scale and general setting in their respective socio-political boundaries. Post-Independence, both Peninsular Malaysia and Singapore developed divergent policies for biodiversity conservation—Malaysia developed the National Policy on Biological Diversity, 1998 (revised in 2016) [55], while Singapore initiated the “Garden City” campaign in the 1960s [56], which is now known as “City in a Garden”.



This exemplifies the vast differences in natural resource management between Malaysia and Singapore with Malaysia’s focus being the preservation of the natural environment while Singapore committed to achieving environmental and water sustainability by way of a “green city”. While ecological boundaries typically do not coincide with socio-political boundaries, the latter coupled with the countries’ priority goals can impact biodiversity management negatively with the fragmentation of site ownership, administration and management of natural resources [57], in this case, the mangrove system in Malaysia and Singapore.



Additionally, as this study examines the nature of mangrove cover changes as a whole over the years, the dynamics of Singapore’s much smaller mangrove forests (Gaw et al. [58] estimated this to be 8.1 km2 in 2018) may be subsumed within the dynamism of Peninsular Malaysia’s larger mangrove system. Therefore, the overall dynamics we find may not accurately reflect Singapore’s efforts to rehabilitate its mangrove forests [59,60] and may present an inaccurate representation of the situation on the ground in terms of mangrove loss/gain and hinder conservation efforts to address the issue.




2.2. Data Collection and Analysis


2.2.1. Historical Data


A preliminary online search was conducted with the use of meaningful keywords (see List S1 of Supplementary Materials for keywords used) in several languages including English, Malay and Dutch via online catalogues of selected archives in the United Kingdom, the Netherlands, Malaysia and Singapore (Table 1) between December 2018 and January 2019. The online catalogues provide key information, e.g., the date and author of the record as well as a concise description of the archive records that facilitate the search. Between February and April 2019, the selected archives in the United Kingdom, the Netherlands, and Malaysia were explored using the specified keywords in order to view the pre-selected records (from the preliminary online search). The National Archive of Singapore, on the other hand, had all archival records relating to Peninsular Malaysia digitised and available for online viewing. All records with notations on mangrove areas were then photographed with the permission of the respective archives.



Following the collection of the archive records, these were further categorised into two different sources: (a) primary sources, the main references that had delineated areas of mangrove on cartographic material which can be used to obtain historical mangrove presence, coverage and/or extent; or (b) secondary sources, anecdotal records which can be used as supplementary information to support the findings of the historical record analysis.



The primary sources were then pre-processed by georeferencing cartographic materials to retrieve the information (such as the mangrove area) contained within the maps using the Geospatial Data Abstraction Library (GDAL) Tools plugin on QGIS Desktop version 3.6.2 application [61]. The historical maps were georeferenced using two different methods, depending on the record type: (a) analogous georeferencing, using ground control points (GCPs) for certain features that did not change significantly over time and correspond to the old map/chart and a reference map with known geospatial information—at least 50 GCPs were used per map for this method; or (b) georeferencing using coordinate information of the map by making use of the intersection of grid lines (latitudes and longitudes) on maps/charts coupled with the corresponding geospatial information provided as the GCPs—the number of GCPs used with this method is dependent on the gridlines available on the map (at least 20 GCPs). Subsequently, a local transformation was used, the thin-plate spline method which is a non-rigid transformation [62] to warp the historical maps to match the reference map. This was used to ensure that the GCPs were perfectly aligned after transformation [63].



Next, maps with extent information of mangrove coverage were manually digitised on-screen into shapefiles to determine the exact area of mangrove during the historical period extracted from the attribute tables for the digitised area. While there are automatic digitisation methods that use computer algorithms to recognise and subsequently digitise features on maps that can eliminate initial human error, manual on-screen digitisation method was selected in this study. This is due to two considerations: (a) the accuracy of automatic digitisation is highly dependent on the quality of the historical records, i.e., archival maps with some degradation in colour or quality of the print may result in inaccurate feature recognition [64] and; (b) automatic digitisation requires manual corrections post-digitisation and therefore, can also be subject to human error, in addition to scanner errors of the software. Though manual on-screen digitisation can be a laborious task, it is presently the most accurate method of digitisation with variable quality of historical records as obtained in this study. Meanwhile, maps without extent information were processed further by pinpointing the identified mangrove systems (notations/mentions). The Root Mean Square Error RMSE, i.e., the measure of the average of the georeferencing errors, was used to determine the accuracy of the georeferenced historical maps with the following equation:


   RMSE =      ∑  R 2   r     



(1)




where R is the difference between transformed and actual GCP locations, in pixels, and r is the total number of GCPs. The difference between the specified coordinate location of the GCPs and the actual coordinate location of the GCPs after transformation, i.e., the difference of the (x, y) coordinate positions between selected location and actual location on the georeferenced map, is known as residuals in the georeferencing process [65]. The maps were also overlaid and visually inspected to conform to a reference map, Openstreet Map [66].



Secondary sources of information obtained were used to complement the primary sources as these records did not provide comprehensive details of the geospatial information and were not expected to provide precise quantitative information needed to accurately identify and represent mangrove dynamics. These sources were used to complement the main source of historical records as an added verifier of the natural environment in the past, as well as providing insights into the lives and livelihoods of people who lived within or adjacent to mangrove systems. Secondary sources were, however, used to extract new information and search for contradictions between primary and secondary sources, where either (a) mangroves are recorded in secondary information but not found in primary sources; or (b) a site is mentioned to have no mangroves in secondary sources, but was detected in primary sources.




2.2.2. Remote Sensing Data


Landsat images from the USGS were obtained from its repository in EarthExplorer website (https://earthexplorer.usgs.gov (Accessed on 11 March 2019)) by defining the search area with the following coordinates: (1) 06°17′39.5″N, 098°38′15.4″E; (2) 07°24′24.8″N, 102°27′19.1″E; (3) 01°35′33.7″N, 105°37′23.5″E; (4) 01°1′4.4″N, 102°46′40.1″E; and (5) 02°51′3.2″N, 100°55′1.6″E.



The orbit altitudes and repeat cycle of Landsat satellites differ from one another. Landsat 1–3 had an orbit altitude of 917 km with an 18-day repeat cycle while the orbit altitude for Landsat 4–8 was reduced to 705 km with a 16-day repeat cycle [67,68]. The specifications of the various Landsat satellites are summarised in Table 2.



Terrain-corrected products (L1T) Tier 1 data from Landsat 5 (Thematic Mapper—TM), Landsat 7 (Enhanced Thematic Mapper Plus—ETM+) and Landsat 8 (Operational Land Imager—OLI) for the defined search areas were obtained for the years 1988 (Landsat 5 TM), 1992 (Landsat 5 TM), 2002 (Landsat 7 ETM+), 2012 (Landsat 7 ETM+) and 2018 (Landsat 8 OLI). The years were selected based on the availability of the full set of 14 Landsat scenes which encompassed the entire Peninsular Malaysia for each year. The 14 Landsat scenes were identified and downloaded for each year. Though there is a valid consideration of seasonality pattern (due to changes in temperature, rainfall, salinity, monsoon, etc.) observed in mangrove forests in studies in other countries [69,70], we were unable to account for seasonality in this study through the use of a particular range of months (Songsom et al. [70] found mangrove growth season in Southern Thailand to be between April and February). This is due to the lack of a complete set of Landsat scenes (14 scenes per year) needed for Peninsular Malaysia within a range of months for the years selected for this study. Furthermore, as this study focuses on the long-term dynamics of the mangrove forests, it is not possible to account for the seasonality of the mangrove forests from the historical records obtained and this is, therefore, of less relevance in a study of this scale.



However, the land cloud cover criterion was set to less than 20%, whenever possible, i.e., there are available Landsat scenes of interest for this study, in order to minimise classification errors. A higher percentage of land cloud cover was accepted (not more than 30%) if Landsat scenes with less land cloud cover were not available. These scenes were inspected visually prior to download to ensure the cloud does not cover the coastal areas of Peninsular Malaysia.



Considering that Landsat data can be subject to errors such as sensor error, solar and atmospheric effects [71], the data were pre-processed by using the Semi-Automatic Classification Plugin (SCP) on QGIS Desktop version 3.6.2. [72] to correct for these errors, i.e., atmospheric correction and radiometric correction. SCP can be used for the conversion of Landsat images to Top-of-Atmosphere (TOA) reflectance, which minimises the solar effects including solar angle and elevation. For this study, this plugin was used for atmospheric corrections of the Landsat images with the use of the Dark Object Subtraction 1 (DOS1) method which produces the surface reflectance. DOS1 method is widely used in studies detecting land-use changes [73].



For each year, 14 false-colour composites were produced using the three spectral bands from the Landsat data for each scene. For Landsat 5 and Landsat 7, the Bands 4, 3, 2 (in red, blue, green, respectively) were used to create a false-colour composite while Bands 5, 4, 3 (red, blue, green, respectively) were used for Landsat 8 dataset. A false-colour composite will display vegetation prominently in red while water bodies and urban areas are displayed in black and blue/green, respectively [74]. It also shows the highest contrast among the land-use types. A mosaic image of Peninsular Malaysia was created by overlapping these composites together and removing the regions out of interest. As mangroves grow in coastal areas, this was chosen as the region of interest for this study (Figure 2). A negative buffer set at 15 km inland from Peninsular Malaysia’s boundary was used to mask out the landmass of Peninsular Malaysia away from the coastal zone and therefore, out of the region of interest for this study.



The supervised classification (with Maximum Likelihood) method was used to classify different land uses within the negative buffer including the mangrove area using the ArcMap application of the ArcGIS 10.4 for Desktop software [75]. Though there are other newer supervised classification approaches for mangrove studies such as support vector machine, artificial neural networks, decision tree and random forest, Maximum Likelihood is one of the most used classification methods [76] and has been researched extensively in mangrove studies [77]. In addition, it is easy to implement due to its availability in commercial image processing software [76]. Moreover, Maximum Likelihood has been determined as an efficient pixel-based classification approach for mangrove studies [43] and produced higher accuracy and reduced “salt and pepper effect” when compared to support vector machine in a study in Malaysia [23].



As this study involves the whole coastline of Peninsular Malaysia, collection of GCPs on-site was not feasible within the study period. Therefore, the GCPs were collected using the Google Earth Pro for Desktop software, which enables users to view the surface of the Earth in high resolution from any location. This software provides images of Peninsular Malaysia taken from 1984 to the present. Using this software, we were able to identify land-use types at specific coordinates for each year within the region of interest (in the 15 km negative buffer) in Peninsular Malaysia, which were collected as GCPs. Approximately 350 GCPs were used to create training site polygons for each year to classify different land-use types within the region of interest including mangrove, urban development, agriculture, aquaculture, other forest types and water bodies, with at least 50 GCPs used for each class. There were two considerations used for the selection of the GCPs, which are (a) the selected GCPs were ensured to have clearly identifiable features; (b) the GCPs were visually inspected and ensured to be spread out throughout the region of interest while precisely marking a specific feature. The Maximum Likelihood algorithm assigns each pixel in the image to a particular land-use type based on its likelihood of membership [78].



Post-processing steps were carried out for the classified image to reduce noise from misclassified pixels and image enhancement to increase the overall accuracy [79]. The accuracy of the classified image was assessed in order to determine the output image quality and detect any error. A confusion or error matrix for the classified output for this study was calculated by comparing the ground truth data for each class type with a number of sample regions from the classified image [80]. A total of 1396 GCPs were used for the accuracy assessment of all the classified images. Kappa analysis was then carried out to determine the accuracy of the output image using the formula below:


  κ =    p o  −  p e    1 −  p e     



(2)




where, the Kappa coefficient, i.e., a measure that reflects the difference between the actual accuracy of the classes (κ approaches 1) and the agreement of classes that occurred by chance (κ approaches 0) [81,82], po is the observed agreement, and pe is the probability of chance agreement.



Mangrove extent was then calculated for each year using the attribute table of the classified image. As the resolution of Landsat images used in this study is 30 m (Spectral bands 4, 3, 2 for Landsat 5 TM and Landsat 7 ETM+; Bands 5, 4, 3 of Landsat 8 OLI), the area of each pixel within the Landsat scene is 900 m2 (30 m × 30 m). The equation used to calculate the mangrove area using the known number of pixels found for a specific land-use type was:


  A =   p x × 900    m 2      10  6     



(3)




where A is the area in square kilometres and px is the number of pixels detected in the classified map as a specific type of land use.






3. Results


3.1. Retrospective Information to Study Historical Mangrove Extent in Peninsular Malaysia


The search for historical data from various repositories yielded 25 records with relevant information on mangrove cover in Peninsular Malaysia (see Table S2 of Supplementary Materials). Twelve of these records were primary sources of information (with identified or delineated mangrove areas) while the rest were secondary sources (anecdotal records). Mangrove areas in Peninsular Malaysia were either pinpointed (“mangrove” annotated on the maps/charts) or delineated in the 12 historical records (maps) dating from the late 19th century to the mid-20th century (the extent was shown on the record with the use of legends).



Ten of the primary sources were maps from 1853 up to 1958 that identified the mangrove area but did not provide quantitative information for areal extent analysis. However, these maps were still considered necessary in this study as they provided helpful information on the locations of mangrove coverage that may have been converted to other land-use types and can be used to compare and validate the gain/loss of mangroves (Figure 3). Two of the primary records identified, i.e., maps produced between 1944 and 1954, were able to provide quantitative information in terms of the mangrove extent.



From these records, it is apparent that mangrove areas were mainly observed and pinpointed on the west coast of Peninsular Malaysia (see Base map of Peninsular Malaysia in Figure 3). Mangrove areas of both Matang Mangrove Forest Reserve (in the state of Perak) and Klang Islands (in the state of Selangor) were detected on the majority of the maps (labelled as C and E, respectively, in the Base map of Peninsular Malaysia in Figure 3).



Two maps from the primary sources (Figure 4 and Figure 5) had demarcated types of land use in Peninsular Malaysia, including mangrove areas. As these maps were from the mid-1900s (1943–1944 and 1954), they were very useful in the efforts to detect and interpret mangrove system changes in terms of areal extent in Peninsular Malaysia prior to the development of remote sensing techniques. These maps were georeferenced and accuracy analysis was carried out (RMSE of 1.82 × 10−10 for the 1943-1944 map and 9.33 × 10−10 for the 1954 map). Subsequently, the digitisation process determined the area of mangroves on the 1943–44 map to be 1,389.19 km2 (Figure 4) and 1,129.76 km2 on the Forest Resources Map of Malaya, 1954 (Figure 5).



The secondary sources of information found proved to be very valuable for the validation of the primary sources. In many of the secondary sources, mangrove areas were noted to be more prevalent on the west coast than the east coast of the Malay Peninsula, verifying the information from primary sources. The book “Mangrove forests of the Malay Peninsula” by Watson [83] estimated the mangrove area to be 430 square miles (1114 km2) in the late 1920s, which was one of the secondary sources that gave information on the approximate coverage of the mangrove swamps. As none of the secondary sources found during this research contradicted any of the primary sources, the information in primary sources was easily verified. One of the written records by German [84] was an important source of new information, in that it identified a mangrove system that had not been described previously on the east coast of Peninsular Malaysia. Figure 6 below illustrates secondary sources that can be used to validate the presence of mangrove forests in an area over a long period.




3.2. Remote Sensing to Determine the Mangrove Area in Peninsular Malaysia


Five land-use classification maps were produced using remote sensing data from 1988, 1992, 2002, 2012, and 2018. The general findings of this study also revealed the prevalence of mangroves along the west coast of Peninsular Malaysia, with the greatest extent in Matang, followed by the Klang Islands and the southern part of the state of Johor.



The mangrove area in 1988 was estimated to be approximately 1221.79 km2 (overall accuracy: 89.30% and Kappa coefficient: 0.74) (Figure 7a, Table 3). There was a slight decrease in mangrove cover in 1992 as compared to 1988, with 1217.10 km2 of mangrove detected (accuracy: 89.26% and Kappa: 0.74) (Figure 7b, Table 3). The classified images for 2002, 2012 and 2018 showed a decreasing trend of mangrove coverage in Peninsular Malaysia (Figure 7c–e). The area covered by mangroves shrank in 2002 to 1087.61 km2, a reduction of 129.5 km2 from 1992 (accuracy: 96.25% and Kappa: 0.91) (Figure 7c, Table 3) and further declined to 1006.98 km2 in 2012 (accuracy: 91.29% and Kappa: 0.79) (Figure 7d, Table 3), and 962.97 km2 in 2018 (accuracy: 94.19% and Kappa: 0.81) (Figure 7e, Table 3).





4. Discussion


4.1. Use of Historical Information to Understand Mangrove System in Peninsular Malaysia


The initial search revealed that some historical records, such as sea charts and logbooks, often have detailed drawings and/or descriptions of landmarks and features [85] of the ships’ routes. Usually, the dangers along the routes that could affect the voyage (e.g., sandbars or reefs) have been described as well [30]. As a result, there was an assumption that the mangrove areas along Peninsular Malaysia’s coast would have been identified and/or described in multiple records as well as the availability of resources such as freshwater along shipping routes [30] to ensure voyagers’ safe navigation through these parts. However, historical information on Peninsular Malaysia’s mangrove systems has been difficult to come by, with only 25 records with useful information for this study being found from the 774,105 search results from the online catalogues. The findings show that when it came to mapping Peninsular Malaysia during that period, mentions of the mangrove system were the exception rather than the rule.



The lack of historical references to mangrove presence and/or cover is surprising since demarcating the mangrove areas along the coast of an important trade route of the pre-colonial era, such as the Straits of Malacca [86,87], was thought to be important to voyagers. As mangrove areas are often shallow and inaccessible, not featuring these areas in maps/charts could pose a significant risk to voyagers’ safe navigation along narrow straits. This lack of representation, however, reflects the findings of Koedam et al. [38] who suggested that the absence of mangrove depiction in historical painting (the oldest recorded as yet from 17th-century Dutch Brazil) is due to its general lack of relevance to the colonial power(s) despite its importance to local communities. This low relevance to early colonial economies is also shown by limited records in texts. Maps and most historical records are rarely completely “objective” and may include mistakes and human biases based on the mapmaker or record-keeper’s primary interests [34,88,89], such as trade or geopolitics. Moreover, “mangrove” did not have the well-defined meaning that it has in modern scientific literature as some species identified as mangrove presently were not recognised as such historically. Maps were also created for a specific purpose in order to achieve a specific goal, either economic or military, such as the “Escape and Evasion Map, 1944” (WO 418/70/3) created by the Military Intelligence Section 9 (MI9) of the War Office during the Second World War (see Table S3 of Supplementary Materials). Another possibility for the lack of mangrove representation in historical records could be due to the extent of mangroves was too small to be considered as an important feature to include on bigger scale maps, and thus it was “simplified” [88]. One could also argue that the low number of records found could be due to the choice of terms used (e.g., mangroves) during the online search which may not be the terms used by record-makers. The etymology of the term “mangrove” has been the subject of contention as it could have several origins—mangi-mangi from the now-extinct Malay term; mangle/mangue from Portuguese/Spanish; or even a composite word made of different languages [90,91]. Regardless of its etymology, ignorance of mangroves as a land cover type or terms used to identify mangroves can be ruled out as mangrove plants have been well-described since at least the 18th-century using terms such as Mangium and Mangi-Mangi (cf. Rumphius, [92] also for South-East Asia), though the terms are not restricted to what are now considered mangrove species. The latter term was also included as one of the search strings used for this study.



Secondary sources found in this study confirm that mangroves have been exploited in Peninsular Malaysia since 1900 or possibly earlier, primarily for firewood and charcoal production. In the year 1900, the firewood produced in the Perak state of Peninsular Malaysia was a lucrative “280,000 Straits dollars” (refer to the excerpt from “Report on the Present System of Forest Conservancy in the Straits Settlements, 1900” in Table S3 of Supplementary Materials), a fluctuating currency used in British Malaya since 1897 [93] until it was set at 2 shillings and 4 pence sterling for a Straits dollar in 1906 [94]. This value is equivalent in purchasing power to MYR 23,894,851.74 (EUR 4,760,053.19) in 2020 after adjusting for an average inflation rate of 4.1% per year since 1900 [95,96]. This, in turn, converts to G-K$ 19,115,881.39 in 1980 Geary–Khamis dollars (also known as international dollars), a unit used to denote adjusted value which reflects the purchasing power parity (PPP) of the chosen year for the country [97,98]. Between 1950 and 1959, the total value of mangrove firewood and charcoal from Matang was MYR 29,490.48 (EUR 5941.58) and MYR 469,869.66 (EUR 94,666.71), respectively [99]. By the end of the 1990s, however, the values of these mangrove resources had increased up to ~MYR 4899,419 (EUR 987107.50) for mangrove firewood and ~MYR 140,714,469 (EUR 28,350,363.21) for charcoal for the 10-year management period in Matang [100].



The firewood was used for various industries including as fuel for the first railway developed in British Malaya between Port Weld and Taiping in the state of Perak in 1885 [101,102]. However, despite it being a profitable natural resource in terms of commercial value, the mangrove area did not merit much importance when it came to the major mapping/delineating exercises, as evidenced by the absence of records discovered prior to the mid-1900s.



Additionally, secondary sources were also useful in identifying regions of the mangrove system that were not mapped or described before. For example, German [84] described mangrove swamps on the Kuantan River (on the east coast of Peninsular Malaysia—03°48′34.3″N, 103°20′14.8″E) which was not mapped previously. It was only in the mid-1900s that this region was demarcated as mangroves on maps (Figure 4 and Figure 5). This could be caused by one of two factors: (1) the absence of mangroves in the earlier era, followed by an expansion of mangrove cover in this region (natural or human-induced); or (2) the lack of importance of mangroves to the record-keeper, resulting in the exclusion of this information in historical records.




4.2. Dynamics of the Mangrove System in Peninsular Malaysia


Though historical areal extents of mangroves were only obtained from the mid-1990s in this study, the older records with annotations on mangroves cannot be wholly disregarded when studying the dynamics of the mangrove system in Peninsular Malaysia. Interestingly, the oldest historical map found (“Map of Pulo Penang” from 1853, Figure 3B) in this study also provided significant information on the mangrove cover dynamics in Peninsular Malaysia. Here, we found annotations on mangrove presence on the Penang mainland which was not delineated as such in any maps found post-1853. We found that when compared to the 1943-1944 map (with demarcated land-use types), the majority of this region was converted into agricultural land, predominantly rubber plantation, with a small patch of mangrove retained at the mouth of the Krian River (05°10′7.74″N, 100°25′31.32″E). This is consistent with the fact that Peninsular Malaysia experienced a “rubber boom” in the early 1900s which led to the country becoming one of the largest producers of plantation rubber in 1910 [103], with a total export value of $500 million in 1926, five-sixths of the total agricultural export value for the year [104]. This could have easily spurred the conversion of the mangrove swamps to rubber plantations within that timeframe.



In terms of areal extent, only one secondary source, i.e., Watson [83] estimated the mangrove extent in Peninsular Malaysia prior to the areal extent obtained by digitising the 1943–1944 map. Comparison of this extent information shows that there has been a significant increase in mangrove area (275.5 km2) within approximately 20 years. This is possibly due to an actual mangrove gain on the ground or the Nipa palm Nypa fruticans (Thunb.) Wurmb. (known as Nipah in Malaysia) not classified as a mangrove by the record-keeper. The latter is a possibility because the Nipa palm was listed under “beach forests” rather than “mangrove swamp forests” in the “General reports: topography, roads, towns and ports, 1944–1945” (WO 252/606, National Archives of UK, see Table S3 of Supplementary Materials) and was also considered as a crop plant at the time. It was grown for thatch and alcohol production in Peninsular Malaysia (approximately 28.66 km2 in 1926) [104] and thus may have been considered distinct from mangrove forests. Therefore, we do not consider this inconclusive extent information by Watson when considering the loss/gain of mangrove area in Peninsular Malaysia.



A summary of the types of the historical records found with notations/extent information for mangroves with possible explanations is presented in Figure 8.



There are some significant differences in the areal extent of the mangrove between 1943–44 and 1954 (see Figure 4 and Figure 5). Within this 10-year period, there was a marked decrease of 18.7% (259.43 km2) of mangrove cover. Examination of the 1954 map shows that areas designated as mangroves in the 1943–1944 map had been transformed into agricultural lands. The slump in the rubber and tin industries in the 1930s [105] may have accelerated the conversion of mangrove lands to agricultural lands, as there were efforts at agricultural diversification at the time, with oil palm plantation expansions being endorsed [106].



Remote sensing methods have now advanced to the point where images of an area can be captured remotely and then mapped. In this study, remote sensing greatly increased the quality of mangrove mapping and the precision with which mangrove coverage was calculated over time in Peninsular Malaysia. However, this too demonstrated a downward trend in mangrove cover from 1988 to 2018. This decline is also corroborated by other remote sensing studies on the mangrove cover in Peninsular Malaysia that estimated the mangrove extent in 2010 to be 1151.1 km2 [107] declined to 1109.5 km2 in 2017 [26].



We estimated the mangrove cover in Peninsular Malaysia to be 1221.79 km2 in 1988, which is 8.15% more than the mangrove cover estimated from the 1954 map (Figure 7a). While mangroves could have undergone natural rejuvenation and increased their extent, the possibility of intrinsic errors in the 1954 map should not be overlooked. The 1954 map had certain regions within Peninsular Malaysia that were not categorised and presumed to be data-deficient. These data-deficient areas included some areas on the west coast and in the southern state of Johor which were identified as mangrove areas in both the 1943–1944 map and the Landsat classification in 1988. The data deficiency is most likely due to the guerrilla war in Peninsular Malaysia, the Malayan Emergency (1948–1960), which hindered forestry studies and surveys leading to significant data losses and discontinuation of research projects [108].



In the period between 1988 and 2018, we found a trend of decline of this valuable ecosystem and natural resource (Figure 7a–e). There was a minor decrease of 0.38% (4.69 km2) between 1988 and 1992, followed by loss of 10.64% (129.49 km2) in 2002, 7.41% (80.63 km2) in 2012 and 4.37% (44.01 km2) in 2018. A number of factors may have contributed to the loss of mangroves between 1988 and 2018. The conversion of mangrove forests to other land uses, such as agriculture, aquaculture and urban development, is the most likely cause of this decline. This is because the expansion of oil palm and aquaculture have been recognised as major threats to mangroves in Malaysia [17]. Malaysia has implemented several agricultural economic policies post-independence [109,110], aimed at promoting rapid agricultural growth, particularly in the oil palm industry which is considered as a cash crop till today [111]. The rapid expansion of oil palm, combined with enabling policies, has brought about fragmentation and loss of forest and transformed Peninsular Malaysia’s landscape into one that is agriculture-dominated [112].



From this study, we learned that mangrove forests in Peninsular Malaysia have undergone dramatic changes over the years. Peninsular Malaysia has lost 426.22 km2 in total since 1944, accounting for 30.7% of the original estimated area, which is a loss of 5.76 km2 per year on average. With less than 1% mangrove cover of the total land extent in Peninsular Malaysia presently, this is a significant loss of this indispensable ecosystem. In Peninsular Malaysia, agricultural commodification has resulted in an unsustainable expansion of agriculture which is steadily displacing the natural mangrove systems.



The complementary use of historical archive records and remote sensing techniques in this study has produced important information on spatio-temporal dynamics of mangrove forests in Peninsular Malaysia which has not been explored before. This study has enabled us to understand and make use of old archival records to identify the presence/absence of mangrove systems, even using records without mangrove extent information. Extraction of information from old records followed by information obtained with the advent of remote sensing techniques, allowed us to identify mangrove forests in Peninsular Malaysia since 1853 and enabled us to evaluate dynamics over a period of 74 years.



One of the potential limitations of this study is that the seasonality of mangrove forests has not been taken into account. Due to the unavailability of range-filtered data, it is possible that the results may show minor seasonality-related errors due to different points in the mangrove growing season captured over the years for this study. Nonetheless, the study results show a steady decline of the mangrove forests in Peninsular Malaysia over the years which cannot be attributed to only seasonal errors. This, considered in conjunction with the scale of this study (in terms of years and area size), shows that seasonal errors are of minimal significance. Seasonality can potentially be addressed in future studies in which the effect of seasonality data on the long-term mangrove dynamics in Peninsular Malaysia can be investigated to add to the understanding of spatio-temporal dynamics. Secondly, no ground truth data points were collected in this study with consideration of sampling technique (random/stratified) due to the extensiveness of the area covered in this study. However, as we were able to (a) use passive ground-truthing from extensive experience in other fieldworks in mangrove forests in Peninsular Malaysia; and (b) recognise mangroves from past and present on imagery [113,114], we did not require additional ground-truthing for this study. In future studies on mangrove dynamics, there is a need to collect ground-truthing data using robust sampling techniques in order to describe the qualitative changes in mangrove systems with limited biases. It is important to note that since ground truthing can only be carried out in the present, it is not possible to have ground-truthing data for a retrospective study on mangrove dynamics.





5. Conclusions


In order to explore the mangrove dynamics in Peninsular Malaysia, we made use of historical records in conjunction with recent remote sensing data in this study. Our findings show that despite Peninsular Malaysia being a well-known and surveyed area as compared to other mangrove regions worldwide, there was a limited interest of colonial economies for mangroves besides direct exploitation for local industrial or other uses. This, in turn, has generated few historical quantitative estimates of mangroves which could be due to the effort required to map such areas that were deemed not worthwhile. Nevertheless, the limited primary and secondary records found do allow for validation of mangrove presence and were still able to provide useful information to better understand the changes in mangrove systems over the years. The findings show that mangrove cover in Peninsular Malaysia is dwindling, with a loss of 30.7% of the original extent since the 1940s.



This study, the first of its kind in Peninsular Malaysia, offers a good understanding of the changes that have occurred in the mangrove systems and will serve as a good baseline for future research on mangrove dynamics in Malaysia. There is a need to strengthen historical information on the mangrove systems in Peninsular Malaysia by studying and mining information from other archives and other information sources (e.g., land survey documents) to complement the information currently available and potentially define mangrove dynamics over a longer period. Other types of archive records, such as notarial acts, site management plans and cadastre, offer possibilities for such studies at the local level but not at the scale of the entire Peninsular Malaysia.



As this study provides us with the information on the locations of historical mangrove systems, we should focus our conservation and management actions on the possibility of restoring and rehabilitating these historical mangrove systems in order to arrest and reverse the decline in mangrove cover. Restoration and rehabilitation of mangrove forests should, however, be undertaken with caution after underlying issues that may affect the process are addressed such as changes in salinity or the hydrological system which is recognised by Bosire et al. [115] as one of the main factors to implement a successful restoration project.
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Figure 1. Map of Peninsular Malaysia. (Source: Map Data © 2021 Google Imagery © 2021 Landsat/Copernicus). 
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Figure 2. Region of interest for this study—coastal areas of Peninsular Malaysia where mangroves grow. © Landsat-8 images courtesy of the U.S. Geological Survey. 
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Figure 3. Base map of Peninsular Malaysia showing the locations of historical mentions of mangrove cover (areas in green labelled (A–G) denoted on the black map) with excerpts from corresponding historical maps surrounding the base map. Excerpt A: Map of Penang Aerodome—1932, (Accession N° CO 1047/957, National Archives of UK); Excerpt B: Map of Prince of Wales’ Island or Pulo Penang, and Province Wellesley—1853 (Accession N° CO 700/StraitsSettlements6, National Archives of UK); Excerpt C: A Map of the Malay Peninsula—1898 (Accession N° CO 700/StraitsSettlements31, National Archives of UK); Excerpt D: Escape and Evasion map: Sheet 44F—1944 (Accession N° WO 418/70/3, National Archives of UK); Excerpt E: Hand-drawn map of Langat District in Sir Frank Swettenham’s Malayan journals—1874–1876 (Accession N° 959.5030924, UK Archive Library); Excerpt F: Map of the Malay Peninsula—1879 (Accession N° 4.MIKO, inventarisnummer 1131A, The National Archives of the Netherlands); and Excerpt G: Aviation Map of Malaya—1935 (Accession N° CO 1047/957, National Archives of UK). 
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Figure 4. Mangrove cover classification on Land Utilization Maps—Georgetown, Kota Bharu and Singapore, 1943–1944 (WO 252/608, National Archives of UK). The areas in green indicate the detection of mangrove forests. Separate sheets of the map were stitched together, georeferenced and displayed in grayscale to make the digitised mangrove area more prominent. 
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Figure 5. Mangrove cover classification on Forest Resources Map of Malaya, 1954 (hdl:1885/140842, Australian National University). The areas in green indicate the detection of mangrove forests. The map is displayed in grayscale to make the digitised mangrove area more prominent. 
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Figure 6. (a) Excerpt from “A Working Plan for Matang Mangrove Forest Reserve Perak, 1995 (fourth revision) by G.B. Keong”—Mangrove forest photographed at Pulau Pasir Hitam, Matang, Perak in 1989; (b) Photograph of mangrove forest at Matang, Perak in 2018 (Source: © Giovanna Wolswijk). 
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Figure 7. (a) Mangrove cover classification for the year 1988 from Landsat images. © Landsat-5 images courtesy of the U.S. Geological Survey; (b) Mangrove cover classification for the year 1992 from Landsat images. © Landsat-5 images courtesy of the U.S. Geological Survey; (c) Mangrove cover classification for the year 2002 from Landsat images. © Landsat-7 images courtesy of the U.S. Geological Survey; (d) Mangrove cover classification for the year 2012 from Landsat images. © Landsat-7 images courtesy of the U.S. Geological Survey; (e) Mangrove cover classification for the year 2018 from Landsat images. © Landsat-8 images courtesy of the U.S. Geological Survey. The areas in green indicate the detection of mangrove forests. 
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Figure 8. Summary of the different types of historical records obtained and the possible explanations for the inclusion/exclusion of information on mangrove system in Peninsular Malaysia. 
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Table 1. Archives explored and their respective online catalogues. N.B. All archives used in our paper make reference to the accession numbers by which the archives can be found back in the catalogues in this table.
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	Archive
	Online Catalogue





	The National Archives, United Kingdom
	https://discovery.nationalarchives.gov.uk

(Accessed on 4–31 December 2018)



	Nationaal Archief, Netherlands
	https://www.nationaalarchief.nl/en/research (Accessed on 15–31 December 2018)



	National Archives of Malaysia (Arkib Negara), Malaysia
	http://compassweb.arkib.gov.my/english, (Accessed on 1–31 January 2019)



	National Archives of Singapore, Singapore
	http://www.nas.gov.sg/archivesonline, (Accessed on 13–31 January 2019)
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Table 2. Specification of Landsat satellite sensor, bands, wavelength and resolution.
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Sensor

	
Landsat Satellite

	
Bands

	
Wavelength

(μm)

	
Resolution

(m)






	
Multispectral Scanner (MSS)

	
Landsat 1, 2, 3

	
Band 4—Green

	
0.5–0.6

	
60




	
Band 5—Red

	
0.6–0.7

	
60




	
Band 6—Near Infrared

	
0.7–0.8

	
60




	
Band 7—Near Infrared

	
0.8–1.1

	
60




	
Landsat 4, 5

	
Band 1—Green

	
0.5–0.6

	
60




	
Band 2—Red

	
0.6–0.7

	
60




	
Band 3—Near Infrared

	
0.7–0.8

	
60




	
Band 4—Near Infrared

	
0.8–1.1

	
60




	
Thematic Mapper (TM)

	
Landsat 4, 5

	
Band 1—Blue

	
0.45–0.52

	
30




	
Band 2—Green

	
0.52–0.60

	
30




	
Band 3—Red

	
0.63–0.69

	
30




	
Band 4—Near Infrared

	
0.76–0.90

	
30




	
Band 5—Short-wave Infrared

	
1.55–1.75

	
30




	
Band 6—Thermal Infrared

	
10.40–12.50

	
30




	
Band 7—Short-wave Infrared

	
2.08–2.35

	
30




	
Enhanced Thematic Mapper Plus

(ETM+)

	
Landsat 7

	
Band 1—Blue

	
0.45–0.52

	
30




	
Band 2—Green

	
0.52–0.60

	
30




	
Band 3—Red

	
0.63–0.69

	
30




	
Band 4—Near Infrared

	
0.77–0.90

	
30




	
Band 5—Short-wave Infrared

	
1.55–1.75

	
30




	
Band 6—Thermal Infrared

	
10.40–12.50

	
60




	
Band 7—Short-wave Infrared

	
2.09–2.35

	
30




	
Band 8—Panchromatic

	
0.52–0.90

	
30




	
Operational

Land Imager (OLI)/ Thermal Infrared Sensor (TIRS)

	
Landsat 8

	
Band 1—Coastal aerosol

	
0.43–0.45

	
30




	
Band 2—Blue

	
0.45–0.51

	
30




	
Band 3—Green

	
0.53–0.59

	
30




	
Band 4—Red

	
0.64–0.67

	
30




	
Band 5—Near Infrared

	
0.85–0.88

	
30




	
Band 6—Short-wave Infrared 1

	
1.57–1.65

	
30




	
Band 7—Short-wave Infrared 2

	
2.11–2.29

	
30




	
Band 8—Panchromatic

	
0.50–0.68

	
15




	
Band 9—Cirrus

	
1.36–1.38

	
30




	
Band 10—TIRS 1

	
10.60–11.19

	
100




	
Band 11—TIRS 2

	
11.50–12.51

	
100
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Table 3. Confusion Matrix and Kappa Coefficient for 1988, 1992, 2002, 2012 and 2018 Landsat Classifications.
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Year

	
Classified Map

	
Reference Data (GCPs)

	
Total

	
Producer’s Accuracy

	
User’s Accuracy




	
Mangrove

	
Non-Mangrove






	
1988

	
Mangrove

	
57

	
8

	
65

	
76.000

	
87.692




	
Non-mangrove

	
18

	
160

	
178

	
95.238

	
89.888




	
Total

	
75

	
168

	
243

	

	




	
Total accuracy

	

	

	

	

	
89.30




	
Kappa coefficient

	

	

	

	

	
0.740




	
1992

	
Mangrove

	
59

	
11

	
70

	
79.730

	
84.286




	
Non-mangrove

	
15

	
157

	
172

	
93.452

	
91.279




	
Total

	
74

	
168

	
242

	

	




	
Total accuracy

	

	

	

	

	
89.256




	
Kappa coefficient

	

	

	

	

	
0.743




	
2002

	
Mangrove

	
70

	
4

	
74

	
93.333

	
94.595




	
Non-mangrove

	
5

	
161

	
166

	
97.576

	
96.988




	
Total

	
75

	
165

	
240

	

	




	
Total accuracy

	

	

	

	

	
96.250




	
Kappa coefficient

	

	

	

	

	
0.912




	
2012

	
Mangrove

	
57

	
3

	
60

	
76.000

	
95.000




	
Non-mangrove

	
18

	
163

	
181

	
98.193

	
90.055




	
Total

	
75

	
166

	
241

	

	




	
Total accuracy

	

	

	

	

	
91.286




	
Kappa coefficient

	

	

	

	

	
0.785




	
2018

	
Mangrove

	
68

	
18

	
86

	
90.667

	
79.070




	
Non-mangrove

	
7

	
337

	
344

	
94.930

	
97.965




	
Total

	
75

	
355

	
430

	

	




	
Total accuracy

	

	

	

	

	
94.186




	
Kappa coefficient

	

	

	

	

	
0.809
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