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Marine biodiversity is under increasing threat as the area covered by corals diminishes
under pressure from climate change and human activities, most of which lead to marine
pollution. In Kenya, marine protected areas (MPAs) are the key strategy used to protect
coral reefs and biodiversity. However, MPAs’ effectiveness to prevent pollution of the
reefs has not been specifically assessed. We determined if the levels of surrogates of
human-source pollution, i.e., E. coli and nutrient concentrations on Kenyan coral reefs,
varied with increasing levels of marine protection at the Kilifi creek (least protection),
Malindi Reserve (moderate protection), and Kuruwitu Conservancy (strictest protection).
The most probable number (MPN) of E. coli was estimated by serial dilution while
Edited by: nitrate and orthophosphate concentrations were determined spectrophotometrically. As
Xiaoshou Liu, - nrotection increased from “least,” to “moderate” and “strictest,” E. coli concentrations

Ocean University of China, China .
Reviewed by: (MPN/100 mL) decreased from 29, to 16 and undetectable, while mean orthophosphate
chun-huali  concentrations increased from 0.326, to 0.422 and 0.524 mg/L, respectively. Mean
Chinese Research Academy of  nitrate concentrations, on the other hand, showed no trend with protection. These results
Environmental SC/e;Vcs:éhceh)'zj @ suggest the potential of marine protection to mitigate coral reef pollution, especially from
Tianjin University of Science microbes. They also point to the possibility that multiple sources of pollution exist on
and Technology, China— \which marine protection may have little or no effect. Significantly, this pilot study points

*Correspondence:  tq the need for improved study design to definitively determine the role MPAs may play
Sammy Wambua

sammywambua@gmai.com 1N Protecting against pollution.

OPEN ACCESS

Keywords: MPA (marine protected area), E. coli— Escherichia coli, nutrients (nitrogen and phosphorus), coral reefs,

Specialty section: pollution

This article was submitted to
Marine Pollution,

a section of the journal INTR ODU CTI o N

Frontiers in Environmental Science

Received: 12 February 2019 The Western Indian Ocean (WIO) hosts the second largest coral reef biodiversity globally (Obura,
PA‘;‘;?‘;’te:’ 7247JMay igg 2012) and holds potential wealth for the region due to the significant economic role that oceans
uplished: 14 June play to support jobs, tourism, and fisheries. Surprisingly, the blue economy of the WIO region
' Citation:  remains underdeveloped.
o SKZZ?;) g’ de ‘F/)’”";r Sfani The oceans’ economic value depends on healthy coral reefs (Obura et al., 2017), which cover
m T non . . . .
ambua 068 1Totection 0 only 0.1% of the ocean floor but host at least 25% of all marine biodiversity (Hoegh-guldberg et al.,
Y Y gh-g g
Marine Areas Safeguard Coral Reefs . X . A R
From Human-Source Pollution? 2017), provide goods and services such as seafood, recreational possibilities, coastal protection,
Front. Environ. Sci. 7:89. and aesthetic and cultural benefits (Moberg and Folke, 1999). However, coral reef ecosystems

doi: 10.3389/fenvs.2019.00089 are increasingly under threat mainly from climatic changes as evidenced by mass coral bleaching

Frontiers in Environmental Science | www.frontiersin.org 1 June 2019 | Volume 7 | Article 89


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2019.00089
http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2019.00089&domain=pdf&date_stamp=2019-06-14
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sammywambua@gmail.com
https://doi.org/10.3389/fenvs.2019.00089
https://www.frontiersin.org/articles/10.3389/fenvs.2019.00089/full
http://loop.frontiersin.org/people/750601/overview
http://loop.frontiersin.org/people/686450/overview

Kaimba et al.

Marine Protected Areas and Human-Source Pollution

and/or death following episodes of elevated sea surface
temperatures (Hughes et al., 2017). The situation is aggravated
by overfishing and pollution (Hughes et al., 2003) from human
activities on the coast zone leading to a decrease in the
abundance of coral reef species. While corals may recover from
bleaching episodes (Hughes et al., 2003; West and Salm, 2003),
nutrient influx, especially of nitrate and phosphate, is thought to
increase susceptibility to bleaching (Wiedenmann et al., 2013),
compromising this resilience (Hall et al., 2018). The scale of
human impacts is, therefore, bound to intensify over time as
temperatures are expected to keep rising, while the human
population also increases on coastal zones attracted by the goods
and services of the marine ecosystems (Neumann et al., 2015).

Over the past 50 years, Kenya has mitigated anthropogenic
impacts on its coastal and marine resources, through MPAs as
the primary marine ecosystems management strategy (Samoilys
and Obura, 2011). Two classes of MPAs, differing in the level of
protection, were established and enforced by the Kenya Wildlife
Services (KWS): marine parks “no-take” areas protected from
all forms of consumptive utilization, and marine reserves which
are contiguous to parks acting as buffers. Here, artisanal, but not
commercial fishing is allowed (Tuda and Omar, 2012). Owing
to the success of MPAs, local communities are increasingly
establishing and enforcing conservation areas termed as “locally
managed marine areas” (LMMAs) which adopt the “no-take”
protection management plan, like marine parks. Most LMMAs
are administered with financial and/or technical support from
non-governmental organizations and/or the government.

The primary goal for the implementation of MPAs and
LMMAs is biodiversity conservation and the regulation of
fisheries. These efforts have generally been successful, especially
in increased and improved fish populations (Ransom and Mangi,
2010; Samoilys and Obura, 2011). While these strategies seem
effective to curb the direct impacts of human-related pressures
such as overfishing and fishery-related damages, it is necessary to
interrogate their effectiveness on subtler effects that may result
from spatially removed urbanization, tourism development,
agriculture, and industrialization. Globally, these activities are
major drivers of marine pollution (Shahidul Islam and Tanaka,
2004) posing health risks to fishery products, consumers and
recreational users on the coasts (Kilinc and Besler, 2014), as
well as leading to the death of corals and other reef organisms
(Hipsey et al., 2008).

We conducted a pilot study to assess whether area-based
marine protection may have the potential to curb human-
source pollution. In coral reefs under differing levels of
protection, we measured concentrations of surrogates for
human-source pollution including, E. coli, a conventional
indicator for fecal pollution and the subsequent public health
risk from pathogenic microorganisms (Fremaux et al., 2009).
We also measured nitrate and phosphate as they are known
to be increased, in marine environments, by human activities
(Jickells, 1998; Wiedenmann et al.,, 2013; Sayadi et al., 2016).
Furthermore, nitrate and phosphate are important for the
optimum physiological functioning of coral symbionts and in
determining coral reef resilience (Rosset et al., 2017) whereby
their enrichment is thought to increase susceptibility to bleaching

(Wiedenmann et al, 2013), compromise resilience, promote
algal dominance over corals (Hall et al., 2018) and suppress
calcification (Kinsey and Davies, 1979).

MATERIALS AND METHODS

Study Sites

Sampling was done between March and April 2018 during
the long rains season at three sites on the northern coast of
Kenya: (1) Kuruwitu Conservancy, an LMMA administered “no-
take” area since 2006, had the “strictest” protection safeguarded
from all forms of consumptive utilization and human activities,
save for research and tourism; (2) Malindi Marine Reserve,
established in 1968 (Lambo and Ormond, 2006), was considered
to be under “moderate” protection—the reserve is contiguous
to Malindi Marine Park where it acts as a buffer to the “no-
take” area. Here, artisanal fishing as well as research and tourism
is allowed, but commercial forms of utilizations are prohibited
(Tuda and Omar, 2012); and (3) Kilifi creek is not protected
hence was designated the “least protected”—it is open to fishing,
recreation, and experiences effluents from surrounding hotels
and residential houses.

Sampling

Duplicate samples of 1L seawater each were collected in the
morning between 08:00 and 12:00 at 1-2 meters depth at low tide
within 15-20 cm of the dominant species of coral (Acropora spp.)
500-2,000 m from the shore. The samples were then transported
on ice to the laboratory for processing within 2 h of sampling.

Laboratory Methods

Nitrate concentration was determined with ultraviolet
spectrophotometry at 275nm. Phosphate concentration
was derived from orthophosphate colorimetric measurement
at 690 nm using the Stannous Chloride method (APHA et al,,
1999). Concentrations of viable E. coli cells were estimated by a
three-tube most probable number (MPN) method as described
by Vincy et al. (2015).

RESULTS

E. coli concentrations decreased with increased levels of
protection. At Kuruwitu, the site with the strictest protection,
E. coli was not detected (<3 MPN/100 mL), whilst Malindi
(moderate protection) recorded 16 MPN/100 mL and Kilifi (no
protection) 29 MPN/100 mL. Between-site differences of E. coli
density were not statistically significant (Figure 1).

Orthophosphate mean concentrations differed significantly
among sites, increasing with the degree of marine protection
(Table 1): the highest concentration, 0.524 mg/L, was observed
at Kuruwitu followed by Malindi (0.422 mg/L) and Kilifi (0.326
mg/L) (P < 0.01). Nitrate mean concentrations also differed
significantly among sites but did not correlate with the level
of protection. Kuruwitu registered 0.566 mg/L, Kilifi 0.188, and
Malindi, 1.402 (P < 0.01).
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FIGURE 1 | E. coli concentrations (MPN/100 mL) in water sampled at three
different coral reef sites. Error bars indicate 95% confidence intervals.

TABLE 1 | Nutrient mean concentrations for water samples collected from the
coral reef sites.

Nutrient Kuruwitu Malindi Kilifi P
ORTHOPHOSPHATE

(mg/L £ SD) 0.523 £ 0.018 0.421 £+ 0.001 0.325 + 0.004 <0.01
NITRATE

(mg/L £ SD) 0.565 + 0.007 0.187 £+ 0.001 1.401 £ 0.004 <0.01

Between-sites comparisons tested by ANOVA.

DISCUSSION

The coral reef sites studied differed in both surrogates of human-
source pollution investigated. As expected, E. coli concentrations
decreased as the level of protection increased. Conversely,
mean orthophosphate concentrations increased with increasing
protection while mean nutrient concentration did not correlate
with protection. These observations can be explained by the wide
and differing range of human activities taking place around each
study site, the level of marine protection and the proximity of
each sampling site to a town.

In urban settings, wastewater and solid waste disposal is
the principal cause of microbial pollution and nutrient loading
(particularly nitrate) in the ocean (Wakida and Lerner, 2005;
Okuku et al., 2011). The Kilifi site, which registered the highest
E. coli and nitrate concentrations is a creek dividing two business
centers, Mnarani and Kilifi towns, which together constitute the
capital of Kilifi County. The creek is surrounded by resorts and
residential houses leaking and/or disposing of wastewater into
the ocean, and the beach is frequented by both foreign and local
residents and holiday makers for recreation. In contrast, Malindi
Marine Park and Kuruwitu Conservancy have limited, if any,
exposure to urban pollution due to their distance from towns
and levels of protection; the Malindi site (moderate protection)
is about 10 km from the town, and Kuruwitu (highest protection)
about 23 km from Kilifi town.

The Kuruwitu site shares a beach with several affluent
residential homes with swimming pools, lush lawns utilizing

fertilizers, as well as commercial farms. The conservancy
administration reported of having had to seek the intervention of
National Environmental Management Agency (NEMA) to stop
residents from discharging swimming pools wastewaters directly
into the ocean during the initiation phase of the LMMA. This
suggests that the level of marine protection may also explain the
variations in E. coli concentrations observed.

Agriculture-related activities are the main contributors of
both orthophosphates and nitrate in rural settings (Coulter et al.,
2004). We expected Malindi (where the Sabaki river meets the
ocean) to contain higher mean nutrient concentrations than
Kuruwitu since the Sabaki river runs through a catchment area
with farming activities. However, the opposite was observed.
Run-oftf from Kuruwitu lawns and commercial farms may
explain the elevated orthophosphate and nitrate concentrations
compared to Malindi where little or no farming occurs in the
immediate vicinity of the sampling site. Furthermore, the Sabaki
river has been shown to have the lowest discharge in the ocean
during the north-eastern to south-eastern Monsoon transition
period (March-April), which was when this study sampled. Most
river sediment was deposited along the beach and intertidal area,
and not in the neritic zone where this study sampled (Munyao
et al., 2003). These observations support our results, assuming
that nutrients are deposited in a similar manner as sediments.

There are no universal E. coli and nutrients references
for tropical coral reefs but in comparison to local standards
elsewhere, the levels observed in this study are of public
and environmental health concern. Although the E. coli
concentration was lower than the threshold allowable for bathing
beaches in parts of Europe (Baudart et al., 2009), it may have
been much higher at the shore close to the point where the
pollutants entered the sea as bacterial numbers would decrease
as they moved toward the open ocean due to tidal dilution and
the bactericidal activity of seawater (Vaccaro et al.,, 1950). The
nutrient concentrations assessed were also high, consistent with
eutrophication (Okuku et al., 2011) or may have been the result
of resuspended sediments (which accumulate nutrients at higher
concentrations than seawater) following disturbances caused by
rains and/or sampling activities. This finding is alarming and
needs to be confirmed by a long-term follow-up study with
supplementary data on the possible impact of the nutrient
elevations on reef biodiversity.

This pilot study indicated that human activities around the
Kenyan Coastal zone likely increase pollution that may impact
coral reef health. An exact cause for the observed variations may
not be conclusively specified yet, but the likelihood of marine
protection in mitigating microbial pollution is suggested. This
study, therefore, confirms the need to research the topic, and
informs on critical areas of consideration in designing an effective
study to definitively determine the role, if any, of MPAs in
curbing marine pollution.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.
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