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Abstract. Mangroves are highly susceptible to pollution caused by oil spills in marine
waters, leading to potential mortality. Research on the anatomical impact of oil
contamination on mangrove trunks, particularly in the coastal areas around Jakarta,
remains limited. This study aimed to assess the presence of oil in the xylem vessels of
mangrove stems in oil-contaminated locations and quantify the number of oil-filled xylem
vessels to estimate their physiological functionality. Tissue analysis was conducted using
Adobe Photoshop and ImageJ software to calculate the number, area, and percentage of
oil-filled xylem vessels. The results revealed a significant difference in xylem vessel
density between the oil-exposed treatment and the control group. Among the three
observed mangrove species, Rhizophora mucronata exhibited the lowest percentage of
xylem vessels presumed to be filled with oil, in contrast to Avicennia marina and Avicennia
alba.
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1 Introduction

Indonesia has a vast mangrove forest area covering 3.31 million hectares. This figure is
equivalent to 21% of the world's mangrove ecosystems. The mangrove areas are distributed
along the coastal regions of 257 cities and districts in Indonesia [1]. According to Rahmanto,
the mangrove ecosystem in Indonesia is currently under pressure, with a high degradation rate
of up to 52,000 hectares per year [2]. Out of the 3.31 million hectares of mangrove forests in
Indonesia, 637,000 hectares or 19% are in a critical condition, as reported by the Ministry of
Environment and Forestry (KLHK) in 2017 [3]. The deteriorating condition of mangroves in
Indonesia is attributed to various factors, including land conversion, illegal logging, high rates
of erosion, and waste pollution. One of the hazardous pollutants affecting the marine
environment is crude oil. Oil pollution in coastal waters can lead to a reduction in mangrove
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areas [4]. Marine waters can become contaminated with crude oil due to spills during offshore
drilling and oil refinery operations, as well as transportation, loading and unloading activities
in ports, and tanker ship waste [5].

Mangroves are woody plants that grow in the vicinity of estuaries, tidal areas, or coastal regions
[6]. The habitat of mangroves falls within the ecotone between marine and terrestrial
communities, which results in mangroves having specialized anatomical and physiological
adaptations for survival. Mangroves serve various physical, biological, and economic functions.
Physically, they act as a natural buffer against coastal erosion, abrasion, and the intrusion of
seawater. Biologically, mangroves provide a habitat and a source of food for marine life.
Economically, mangroves can be used for tourism, as a source of timber, and for the production
of medicinal resources [7]. Despite the numerous benefits offered by mangroves, their quantity
has not kept pace with the increasing demand. Currently, it is known that the remaining
mangroves are concentrated around estuaries with mangrove forest thickness ranging from 10
to 100 meters, predominantly consisting of Avicennia, Rhizophora, and Sonneratia species [8].

Mangroves are ecosystems with a high ecological sensitivity to the environment [9], especially
when it comes to oil spills [10]. The oil well leakage incident in the Pertamina Hulu Energi
Offshore Block in Northern West Java in 2019 resulted in the contamination of hundreds of
thousands of mangrove trees along the coast of Jakarta and its surroundings. Mangrove
ecosystems affected by oil pollution undergo severe damage and require an extended recovery
period [11]. Oil contamination has negative impacts on mangroves as it can cause both physical
and physiological harm [12]. Furthermore, oil contamination can become a source of pollutants
for the surrounding water bodies. Oil-contaminated water is absorbed by the roots and travels
to the leaves through the xylem vessels in the stem. The movement of water from the roots to
the leaves is influenced by several factors, including root pressure, capillarity in the stem's
xylem vessels, and transpiration pull. The capillary force in the stem's xylem vessels is disrupted
when oil contamination enters the xylem vessels, obstructing the water transport system in
mangrove trees [13]. However, it is noted that water movement in oil-contaminated mangrove
stem xylem can still occur, presumably due to the various adaptive mechanisms that mangroves
employ. These adaptive mechanisms vary greatly among different mangrove species, depending
on their genetic factors and the specific environmental conditions in which they grow [14].

Based on the provided background, this research aims to estimate the presence of oil within the
xylem vessel cells of mangrove trees growing in oil-contaminated areas along the northern coast
of Jakarta and its surroundings. It also intends to quantify the number of xylem vessels filled
with oil to infer their physiological function. The study is expected to provide scientific insights
into mangrove species' resilience to oil stress, thereby offering data that can be used to identify
suitable mangrove species for potentially oil-polluted locations.

2 Experimental Method

2.1 Time and Location

The research was conducted from November 2020 to February 2021. Samples were collected
from the coastal areas in Kepulauan Seribu, Bekasi, and Karawang. The preparation of
microscopic specimens and sample analysis took place in the Plant Physiology and Genetics



Laboratory, Department of Biology, Faculty of Mathematics and Natural Sciences (FMIPA),
IPB University.

2.2 Equipment and Materials

The main equipment used in the research included a sliding microtome (G.S.L.I WSL
Bismensdorft, Switzerland), an Olympus CX23 compound microscope, an Indomicro
microscope, a stereo microscope, a Dino-Lite microscope, ImageJ 1.8.0 software, Adobe
Photoshop CC 2019, and IBM SPSS version 26. The research materials used consisted of
samples of mangrove tree stems (Rhizophora mucronata, Avicennia alba, Avicennia marina),
70% and 96% alcohol, clear nail polish, 20% glycerin, safranin:alcian blue stain (0.65%:0.35%
w/v), and distilled water.

2.3 Samples Preparation

The stem samples were randomly collected and grouped into control and exposed categories
based on the presence or absence of oil contamination along the coastal areas. The samples were
preserved in 70% alcohol. The sample codes used in the research are presented in Table 1.

Table 1. Mangrove Stem Samples Used in the Research

Mangrove Type Source Sample Code | Treatment | Region
Avicennia alba Mekarpohaci village C59 C Karawang
Avicennia alba Mekarpohaci village E46 OE Karawang
Avicennia marina Pantai bahagia village C14 C Bekasi
Avicennia marina Pantai bahagia village E18 OE Bekasi
Avicennia marina Pantai bahagia village E32 OE Bekasi
Rhizophora mucronata Pantai bahagia village Cl1 C Bekasi
Rhizophora mucronata Untung jawa island C70 C Kep. Seribu
Rhizophora mucronata Pusaka jaya utama village E38 OE Karawang
Rhizophora mucronata Sedari village E40 OE Karawang
Rhizophora mucronata Lancang island E63 OE Kep. Seribu
Rhizophora mucronata Untung jawa island E68 OE Kep. Seribu

Note: C: control, OE: oil-exposed

The samples stored in 70% alcohol were transferred to tubes filled with distilled water and
soaked for 3 days to remove the alcohol from the stems. Soaking in the Gifford solution was
carried out for mangrove stems with a tough texture that is difficult to section. The samples
were cross-sectioned (transversely) using a sliding microtome with a thickness of 5-10 pm.
Next, they were stained with safranin:alcian blue stain (0.65%:0.35%) for 3 minutes. The
samples were then rinsed with distilled water until free from remaining stains, immersed in 96%
alcohol for one minute, and placed on glass slides. The subsequent process involved mounting



using 20% glycerin, and the specimens were covered with glass coverslips and sealed with clear
nail polish. Microscopic specimens were then photographed using an Indomicro camera (see
Figure 1).

Fig. 1. Example of cross-sectional microscopic specimen photographs

2.4 Tissue Analysis

The specimen images were analyzed using Adobe Photoshop and ImageJ software. Adobe
Photoshop was used to isolate the xylem vessel area from the bark, cortex, and pith of the stem
using the polygon lasso tools. Oil and other materials covering the xylem vessels were removed
using the eraser tool and quick selection tool. After obtaining the stem cross-section image with
empty xylem lumens, contrast adjustment (contrast value: -80) and brightness adjustment
(brightness value: -80) were performed. The image sharpness of the cross-section was adjusted
using the unsharp mask with values of 125 for intensity and 20 for radius to convert the image
to black and white for analysis using ImageJ.

ImageJ software was used to obtain numerical data from the xylem vessels. The first step before
analysis was calibrating the scale according to the image magnification in ImageJ. Afterward,
the black and white cross-section images of the xylem vessels were processed to measure the
diameter and area of the xylem vessels using the wand tool. The images were processed by
adjusting the threshold and background color to detect the xylem vessels. Particle analysis was
then performed, resulting in an outline image that contained the number and area of each
numbered xylem vessel cross-section (see Figure 2). All measurement results were stored in
Excel format (xIsx and csv documents).



Fig. 2. The process of analyzing cross-sectional images of stem xylem vessels using Adobe Photoshop and
ImagelJ software: (a) the xylem area that has been separated from other tissue components, (b) the
image with threshold and background color adjustments, (c) the outline image, (d) the merging of
images (a) and (c).

2.5 Data Analysis

The data on the number of xylem vessels and the cross-sectional area of the stem were used to
calculate xylem vessel density for each species and treatment. The percentage of oil-filled xylem
vessels was calculated using the following formula:

Number of oil-filled xylem vessels

Percentage of oil —filled sylem vessels = x 100% Q)
Total number of xylem vessels

The data on the number of oil-filled xylem vessels in R. mucronata were analyzed using a Ttest
to determine the difference between the control and oil-exposed treatments. Statistical analysis
was performed using IBM SPSS version 26. However, for samples of A. alba and A. marina,
no statistical tests were conducted because the field data did not meet the required criteria for
statistical analysis. Therefore, the analysis for these two species was carried out descriptively.



3 Discussion

3.1 Anatomy of Mangrove Stem

The arrangement of mangrove stem tissues consists of the epidermis, cortex, phloem, xylem,
and pith (see Figure 3). The cross-section of A. marina's stem displays a layered cortex structure
with air-filled parenchyma (see Figure 4). The epidermal structure in A. marina is starting to
diminish and is being replaced by a periderm layer that forms the bark. Periderm is a secondary
protective tissue that grows from the cortex layer beneath the epidermis and is formed by cork
cambium. Periderm forms a structure rich in lignin or suberin, which serves to protect the stem
[15]. Avicennia and Rhizophora belong to the category of mangroves with diffuse-porous xylem
[16]. A characteristic of these pores is their even distribution of xylem vessels and relatively
uniform vessel sizes in each growth ring [17].

a)

Periderm

1mm

Fig.3. Cross-section of A. marina (a), A. alba (b), and R. mucronata (c) mangrove stems.
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Fig.4. Cortex structure of the stem magnified 40x10: (a) Avicennia marina, (b) Rhizophora mucronata.

The cross-section of A. alba stem reveals that this species has undergone secondary growth with
the presence of annual growth rings in the stem tissue. Annual growth rings are concentric layers
of secondary xylem influenced by seasonal variations in stem growth. Abundant water early in
the growing season results in larger vessels with thinner walls (earlywood). As the growing
season progresses and water becomes scarcer, smaller vessels with thicker walls (latewood) are
formed [18]. Annual growth rings can be identified by the darker latewood layers and the lighter
earlywood layers [19]. In this study, there is a different annual growth ring structure than usual,
where each annual ring consists of both xylem and phloem (Figure 3). Avicennia exhibits a
phloem structure located within the secondary xylem (included phloem) [20]. Included phloem
is one type of secondary anomalous growth. In this case, a complex secondary phloem structure
composed of sieve elements, companion cells, meristematic tissues, and fibers is formed by the
inward growth of cambium [21].

The anatomy of the R. mucronata stem features a denser cortex, unlike the cortex in A. marina,
which has many air cavities (see Figure 4). This is believed to be related to the mangrove's
habitat. Rhizophora typically grows in areas that are only inundated with water during high tides
[22]. Avicennia, on the other hand, is a mangrove type that grows in areas closest to the sea,
where its habitat is consistently submerged in water [23]. Mangroves inundated with water
experience low oxygen stress (hypoxia) [24]. In response to waterlogging, mangroves form air
cavities (aerenchyma) in their roots and stems [25]. Aerenchyma serves as an internal air system
to facilitate oxygen diffusion [26].

3.2 Xylem Vessel Density

The cross-sectional area of the stem and the number of xylem vessels were used to calculate
xylem vessel density between species (Table 2). Xylem vessel density was calculated based on
the number of xylem vessels within a unit area of the stem [27]. The observations revealed that
the xylem vessel density in oil-exposed R. mucronata was significantly higher (p<0.05)



compared to the control. Similar results were also found in samples of A. alba and A. marina.
Oil-exposed A. alba exhibited a higher xylem vessel density (45.48 mm-2) compared to the
control (31.02 mm-2). The xylem vessel density in oil-exposed and control A. marina were
11.63 mm-2 and 10.49 mm-2, respectively.

Table 2. Cross-sectional area and the number of xylem vessels in the stems of R. mucronata, A. alba,
and A. marina under control and oil-exposed conditions.

. Treatmen | Stem Cross-Sectional Number of Xylem | Xylem Vessel Density

Species A 2

t rea (mm2) Vessels (mm-2)

C 17.76 551 31.02
A. alba

OE 50.95 2317 45.48

C 48.54 509 10.49
A. marina

OE 687.57 7996 45.48

C 245.28 420 1.71a
R. mucronata

OE 288.22 1628 5.84b

Note: C: control, OE: oil-exposed, values followed by different letters in the same species
column indicate statistically significant differences in the T-test (0=5%). Statistical
analysis was not conducted for A. alba and A. marina samples due to the lack of replicates.

The high xylem vessel density in the oil-exposed conditions for each species is believed to be
an adaptation to the conditions faced by the observed plants. Xylem vessel characteristics can
be used as an indicator to predict the plant's response to stress. This is supported by the findings
of Robert et al., which showed an increase in xylem vessel density in mangroves experiencing
embolism due to salinity stress [28].

The stem sections of the mangrove plants showed cells filled with a yellow-brown material
suspected to be oil contamination filling the xylem vessels (Figure 4). The microtome blade
surface used to section the mangrove stems also showed black residues with a smooth, oily
texture. According to Lehman et al., oil that enters mangrove plant tissues can appear slightly
yellow to brown or black [29]. The color of the oil may change due to the presence of tannin
compounds from the mangrove that dissolve in the oil [30]. Oil exposure can be absorbed into
the tissues through sediments, roots, stems, epidermis, and pneumatophores [31]. Oil exposure
can be absorbed by mangroves because the oil within sediments is naturally dispersed by
microbes associated with mangrove roots [32]. Microbes can be a source of surfactants that aid
in oil degradation and dissolution in water [33, 34]. Oil absorbed into xylem vessels can block
the water transport pathways. The closure of xylem vessels by oil can lead to the risk of
cavitation in plants [35].



Of-filled xylem vessels

Fig.5. Presence of oil in the xylem vessels. Cross-sectional view of the stem of A. alba.

The stress induced by oil exposure results in low water potential in the stem, creating high
tension or negative pressure in the xylem vessels [36]. This tension leads to mangroves
experiencing cavitation [37, 38]. The cavitation risk faced by mangroves involves the formation
of embolisms. Embolism occurs when xylem vessels are blocked by substances or materials
that impede water movement in the xylem [39]. Embolism significantly affects the functionality
of the hydraulic system in plants [40]. Oil trapped in xylem vessels forces mangroves to protect
their water transport system from cavitation and hydraulic conductivity [41, 42]. Xylem
hydraulic conductivity is the ability of xylem vessels to facilitate the movement of water from
the roots to the canopy [43]. High xylem vessel density is one of the adaptive mechanisms
employed to avoid a reduction in hydraulic conductivity after mangroves experience embolism.

Some mangrove species like R. mucronata can cope with embolism by increasing their xylem
vessel density [44]. Similar occurrences were observed in the mangrove species Laguncularia
racemosa in Mexico [45]. The results of this study show that xylem vessel density increased in
the stems of R. mucronata, A. alba, and A. marina exposed to oil compared to the control. High
xylem vessel density not only enhances hydraulic efficiency but also helps maintain the water
transport system's proper functionality [46]. The increased vessel density elevates the water
transport pathways, allowing mangroves to continue the water movement process even if some
xylem vessels are blocked by oil [47].

3.3 Percentage of Xylem Vessels Filled with Qil

Based on the presence of yellowish material suspected to be oil exposure, this study found no
oil covering the xylem vessels in the control and exposed R. mucronata stems. On the other
hand, in the exposed oil treatments of A. alba and A. marina, the percentage of xylem vessels
filled with oil was 41.3% and 1.36%, respectively. The presence of oil in the xylem vessels was
determined from the total number of xylem vessels counted in the first annual ring, which is
equivalent to 64.77% (A. alba) and 2.35% (A. marina) of the total area of the xylem lumen
(Table 3).



Table 3. Percentage of xylem vessels filled with oil

Number of Area of Xylem
xylem vessel | Number of xylem | Lumen (mm2) | Area of Xylem
Species Treatmen t i vessels filled with - Lumen Filled
Filled oil (%) Filled | ith il (96)
Total | ith oil ’ Total | With oil
c 551 0 0 0.21 0 0
A. alba OE 247 102 41.30 0.08 0.05 64.77
' C 509 0 0 0.82 0 0
A. marina OF 205 6 136 043 | 001 2.35
C 20 0 0 1 0 0
R. mucronata —— = 1682 0 0 6.87 0 0

Note: C: control, OE: oil-exposed

The sensitivity of mangroves to oil is believed to be related to the same mechanisms when
mangroves face salt stress symptoms (salt injury) [48]. Suprayogi and Murray stated that
saltexcluders like R. mucronata have the ability not to absorb salt and some organic compounds,
including hydrocarbons, which enables them to avoid oil stress and minimize biochemical
pathway damage [49]. Salt-extruders like Avicennia have some ability not to absorb salt and
hydrocarbons, making them more vulnerable to the greater absorption of hydrocarbons by the
roots compared to R. mucronata. Another factor that could explain why no oil was found in the
xylem vessels of R. mucronata is that this genus has more efficient capabilities to accelerate the
degradation of certain hydrocarbon fractions [50]. The results of the study by Hidayati et al.
stated that Rhizophora sp. can reduce total petroleum hydrocarbons (TPH) in the environment
and have a higher survival rate compared to Bruguiera sp. and Avicennia sp [51].

The presence of oil in the xylem vessels of Avicennia is due to the ability of this mangrove
genus to absorb organic substances like oil contaminants from the sediment [52]. According to
Bernard et al., sediments can contain hydrocarbon pollution after an oil spill, even when there
is no evidence of crude oil contamination in the trees or in the surrounding water samples [53].
Sediments contaminated with oil continue to store oil residues. Various types of aromatic
hydrocarbons can remain in plant tissues for 5-8 years, or at least 20 years to ensure that oil
toxicity has disappeared [54, 55]. Qil can penetrate soft sediments and coat the roots [56],
causing plants to lack oxygen, wilt, exhibit irregular growth, and, in the long term, lead to death
[57, 58]. Getter et al. stated that the main mechanism of oil toxicity is due to oil entering through
the roots and being transported to the stem and leaves, disrupting the physiological processes of
mangroves [59]. Plant organs covered by oil exposure undergo stress [60, 61]. Qil covering the
stem inhibits gas exchange at the lenticels, disrupting transpiration processes in mangroves [62,
63].

4 Conclusion

Yellow to brownish material suspected to be oil was detected covering the xylem vessel lumens
in the stems of A. alba and A. marina. The percentage of xylem vessels suspected to be filled



with oil in A. alba was 41.3%, and in A. marina, it was 1.36%. The xylem vessel density in the
oil-exposed treatment had higher values compared to the control.

Acknowledgements. We express our sincere gratitude to the entire staff of the Department of
Biology at IPB University.

References

[1] Kusmana C, Wilarso S, Hilwan I, Pamoengkas P, Wibowo C, Tiryana T, Triswanto A, Yunasfi H.
2005. Teknik Rehabilitasi Mangrove. Bogor: Fakultas Kehutanan, Institut Pertanian Bogor

[2] Rahmanto BD. 2020. Peta Mangrove Nasional dan Status Ekosistem Mangrove di Indonesia.
Jakarta: Direktorat Konservasi Tanah dan Air, Kementerian Lingkungan Hidup dan Kehutanan

[3] [KLHK] Kementerian Lingkungan Hidup dan Kehutanan. 2017. International Conference on
Sustainable Mangrove Ecosystem. Bali, Indonesia, 18-21 April 2017.

[4] Kusmana C. 2010. Respon Mangrove terhadap Pencemaran. Bogor: Departemen Silvikultur,
Fakultas Kehutanan IPB.

[5] Sulistiyono. 2013. Dampak tumpahan minyak (oil spill) di perairan laut pada kegiatan industri
migas dan metode penanggulangannya. Forum Teknologi. 3(1): 49-57.

[6] Kathiresan K, Bingham BL. 2001. Biology of mangrove and mangrove ecosystems. Adv. Mar.
Biol. 40(1): 81-251.

[7] Gunarto. 2004. Konservasi mangrove sebagai pendukung sumber hayati perikanan pantai. Jurnal
Litbang Pertanian. 23(1): 15-21.

[8] Mulyadi E, Hendriyanto O, Fitriani N. 2009. Konservasi hutan mangrove sebagai ekowisata.
Envirotek. 1(2): 51-58

[9] Brito EM, Duran R, Guyoneaud R, Gofi-Urriza M, Garcia de Oteyza T. 2009. A case study of in
situ oil contamination in a mangrove swamp (Rio De Janeiro, Brazil). Mar. Pollut. Bull. 58(1):418-
423.

[10] Duke NC. 2016. Oil spill impacts on mangroves: recommendations for operational planning and
action based on a global review. Mar. Pollut. Bull. 109(1): 700- 715.

[11] Lee CH, Lee JH, Sung CG, Moon SD, Kang SK, Lee JH, Yim UH, Shim WJ, Ha SY. 2013.
Monitoring toxicity of polycyclic aromatic hydrocarbons in intertidal sediments for five years after the
Hebei Spirit oil spill in Taean, Republic of Korea. Mar. Pollut. Bull. 76(1-2):241-249. 12. Hoff R,
Hensel P, Proffitt EC, Delgado P, Shigenaka G, Yender R. 2002. Oil Spill in Mangrove, Planning and
Response Considerations. Washington (US): NOAA Ocean Service, Office of Response and
Restoration

[12] Tansel B, Arreaza A, Tansel DZ, Lee M. 2015. Decrease in osmotically driven water flux and
transport through mangrove roots after oil spills in the presence and absence of dispersants. Mar. Pollut.
Bull. 98(1): 34-39.

[13] Sobrado MA. 2007. Relationship of water transport to anatomical features in the mangrove
Laguncularia racemose grown under contrasting salinities. New Phytologist. 173(1): 584-591.

[14] Bria EJ. 2018. Analisis struktur anatomi batang anyelir (Dianthus caryophyllus L.) dan
kontribusinya terhadap sistematik ordo Caryophyllales. JSLK. 1(1): 8-9.

[15] Sanders RW. 1997. The Avicenniaceae in the southeastern United States. Harvard Papers in
Botany. 10(1): 81-92.

[16] Wheeler EA, Baas P. 1998. Wood identification — a review. IAWA. 19(3): 241-264.

[17] Crang R, Lyons-Sobaski S, Wise R. 2018. Plant Anatomy: A Concept-Based Approach to the
Structure of Seed Plants. Cham (CH): Springer Nature Switzerland AG.



[18] Punches J. 2004. Tree growth, forest management, and their implications for wood quality. PNW.
576(1): 1-8.

[19] Vidyasaragan K, Nibu K, Anoop EV. 2014. Anatomy of selected woody mangrove in the west
coast of Kerala. JPS. 3(1): 70-74.

[20] Rao KR, Dayal R. 1992. The secondary xylem of Aquilaria agallocha (Thymelaeaceae) and the
formation of ‘agar’. IAWA Bulletin. 13(1): 163-172.

[21] Muhtadi A, Siregar RH, Leidonald, Harahap ZA. 2016. Ecological status of mangrove of

[22] Sembilan Island, Langkat Regency, North Sumatra Province. Depik. 5(3): 151-163

[23] Bengen DG. 2004. Pedoman Teknis: Pengenalan dan Pengelolaan Ekosistem Mangrove. Bogor:
PKSPL-IPB.

[24] Rachmawati D, Retnaningrum E. 2013. Pengaruh tinggi dan lama penggenangan terhadap
pertumbuhan padi kultivar sintanur dan dinamika populasi rizobakteri pemfiksasi nitrogen non
simbiosis. Bionatura. 15(2): 117-125.

[25] Yéafiez-Espinosa L, Terrazas L, Angeles G. 2008. The effect of prolonged flooding on the bark of
mangrove trees. Trees. 22(1): 77-86.

[26] Shimamura S, Yoshida S, Mochizuki T. 2007. Cortical aerenchyma formation in hypocotyl and
adventitious roots of Luffa cylindrica subjected to soil flooding. Ann.Bot. 100(7): 1431-1439.

[27] Madrid EN, Armitage AR, Lopez-Portillo J. 2014. Avicennia germinans (black mangrove) vessel
architecture is linked to chilling and salinity tolerance in the Gulf of Mexico. Front. Plant Sci. 5(503):
1-9

[28] Robert EMR, Koedam N. Beeckman H, Schmitz N. 2009. A safe hydraulic architecture as a wood
anatomical explanation for the difference in distribution of the mangroves Avicennia and Rhizophora.
Funct. Ecol. 23(4): 649-65

[29] Lehman S, Lopez F, Csulak F. 2001. Case study: spill of JP-5 fuel at Roosevelt Roads Naval Air
Station, Puerto Rico, into a basin mangrove. 10SC. 1(1): 197-201.

[30] Henry C. 1996. General Information on Jet Fuels, Chemistry Report: IES/RCAT 96- 48. Baton
Rouge (LA): Louisiana State University.

[31] Kusmana C. 2014. Distribution and current of mangrove forests in Indonesia. In: Mangrove
Ecosystems of Asia: Status, Challenges and Management Strategies. Springer. 58(1): 37-60.

[32] Ghozali AA, Kusmana C, Iswantini D, Nurhidayat N. 2017. Qil contamination in mangrove
ecosystems: impacts and rehabilitations. AACL Bioflux. 10(6): 1711 — 1721.

[33] Soberdn-Chavez G, Aguirre-Ramirez M, Sanchez R. 2005 The Pseudomonas aeruginosa RhIA
enzyme is involved in rhamnolipid and polyhydroxyalkanoate production. J. Ind. Microbiol.
Biotechnol. 32(11): 675-677.

[34] Xia WJ, Luo ZB, Dong HP, Yu L, Cui QF, Bi YQ. 2012. Synthesis, characterization, and oil
recovery application of biosurfactant produced by indigenous Pseudomonas aeruginosa WJ-1 using
waste vegetable oils. Appl. Biochem. Biotechnol.166(1): 1148-1166.

[35] Cochard H. 2006. Cavitation in trees. C.R. Physique. 7(1): 1018-1026

[36] Scholander PF, Hargens AR, Miller SL. 1968. Negative pressure in the interstitial fluid of animals.
Science. 161(1): 321-328.

[37] Tyree MT, Sperry JS. 1989. Vulnerability of xylem to cavitation and embolism. Annu. Rev. Plant.
Physiol. Plant. Mol. Biol. 40(1): 19-38.

[38] Hacke UG, Sperry JS. 2001. Functional and ecological xylem anatomy. Perspect. Plant Ecol. Evol.
4(1): 97- 115.

[39] Prihastanti E, Tjitrosemito S, Sopandie D, Qoyim I. 2015. Percentages of cavitation, ratio of cocoa
roots vessel structures and soil water content at different soil depths. Pros. Sem. Nas. Masy. Biodiv.
Indon. 1(7): 1689-1692.

[40] Zimmerman MH, Brown CL. 1971. Tree Structure and Function. New York (NY): SpringerVerlag.



[41] Mauseth JD, Stevenson JF. 2004. Theoretical considerations of vessel diameter and conductive
safety in populations of vessels. IJPS. 165(3): 359-368.

[42] Hacke UG, Sperry JS, Pockman WT, Davis SD, McCulloh KA. 2001. Trends in wood density and
structure are linked to prevention of xylem implosion by negative pressure. Oecologia. 126(1): 457-
461.

[43] Tyree MT, Zimmerann MH. 2002. Hydraulic Architecture of Whole Plants and Plant Performance.
In: Xylem Structure and the Ascent of Sap. Berlin: Springer Berlin Heidelberg.

[44] Naidoo G. 2006. Factors contributing to dwarfing in the mangrove Avicennia marina. Ann. Bot.
97(1): 1095-1101.

[45] Yafiez-Espinosa L, Terrazas L, Lopez-Mata L, Valdez-Hernandez JI. 2004. Wood variation in
Laguncularia racemosa and its effect on fibre quality. Wood Sci. Technol. 38(3): 217-226.

[46] Baas P, Werker E, Fahn A. 1983. Some ecological trends in vessel characters. IAWA Bulletin new
series. 4(1): 141-159.

[47] Schmitz N, Verheyden A, Beeckman H, Gitundu KJ, Koedam N. 2006. Influence of salinity
gradient on the vessel characters of the mangrove species Rhizophora mucronata. Ann. Bot. 98(6):
1321-1330.

[48] Saenger P. 1982. Morphological, Anatomical and Reproductive Adaptations of Australian
Mangroves. Canberra: Australian National University Press.

[49] Suprayogi B, Murray F. 1999. A field experiment of the physical and chemical effects of two oils
on mangroves. Environ. Exp. Bot. 42(1): 221-229.

[50] Moreira ITA, Oliveira OMC, Triguis JA, Ana MP, Queiroz AFS, Martins CMS, Jesus RS. 2011.
Phytoremediation using Rhizophora mangle L. in mangrove sediments contaminated by persistent total
petroleum hydrocarbons (TPH). Microchem J. 99 (2): 376-382

[51] Hidayati N, Hamim H, Sulistyaningsih YC. 2018. Phytoremediation of petroleum hydrocarbon
using three mangrove species applied through tidal bioreactor. Biodiversitas. 19(3): 786-792.

[52] Yong YE, Tam NFY. 2007. Effects of used lubricating oil on two mangroves Aegiceras
corniculatum and Avicennia marina. Environ. Sci. 19(1): 1355 — 1360

[53] Bernard D, Pascaline H, Jeremie JJ. 1996. Distribution and origin of hydrocarbons in sediments
from lagoons with fringing mangrove communities. Mar. Pollut. Bull. 32(10): 734-739.

[54] Burns KA, Garrity SD, Jorrisen D, MacPherson J, Stoelting M, Tierney J, Yelle SL. 1994. The
Galeta oil spill 11 unexpected persistence of oil trapped in mangrove sediments. Estuar. Coast. Shelf
Sci. 38(1):349-364.

[55] Munoz D, Guiliano M, Doumenq P, Jacquot F, Scherrer P, Mille G. 1997. Long term evolution of
petroleum biomarkers in mangrove soil (Guadeloupe). Mar. Pollut. Bull. 34(11): 868-874.

[56] Proffitt CE, Devlin DJ, Lindsey M. 1995. Effects of oil on mangrove seedlings grown under
different environmental conditions. Mar. Pollut. Bull. 30(1): 788—793.

[57] Zhang CG, Leung KK, Wong YS, Tam NFY. 2007. Germination, growth and physiological
responses of mangrove plants (Bruguiera gymnorrhiza) to lubricating oil pollution. Environ. Exp. Bot.
60(1): 127-136.

[58] Cavalcante RM, Sousa FW, Nascimento RF, Silveira ER, Freire GSS. 2009. The impact of
urbanization on tropical mangroves: evidence from PAH distribution in sediments. J. Environ. Manag.
91(1): 328-335.

[59] Getter CD, Ballou TG, Koons CB. 1985. Effects of dispersed oil on mangroves: synthesis of a
seven years study. Mar. Pollut. Bull. 16(1): 318-324.

[60] Pezeshki SR, Hester MW, Lin Q, Nyman JA. 2000. The effects of oil spill and clean-up on
dominant US Gulf coast marsh macrophytes: A review. Environ. Pollut. 108(2):39-129-139. \

[61] Lewis M, Pryor R. 2013. Toxicities of oils, dispersants and dispersed oils to algae and aquatic
plants: review and database value to resource sustainability. Environ. Pollut. 180(1): 345-367.



[62] Bber B. 1993. Anomalous pneumatophores and adventitious roots of Avicennia marina (Forssk.)
Vierh. Mangroves two years after the 1991 Gulf War oil spill in Saudi Arabia. Mar. Pollut. Bull. 27(1):
207-211

[63] Youssef T, Ghanem A. 2002. Physiological responses and accumulation of polynuclear aromatic
hydrocarbons in Avicennia marina seedlings treated with the water soluble fraction of light Arabian
crude oil. Environmentalist. 22(1): 149-159



