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Abstract: The fluctuations in fish biomass within Marine Protected Areas (MPAs) are critical to the
conservation efforts and the management of fisheries in the Philippines. Observational data was used
to estimate the fish biomass doubling time in specific MPAs of the Philippines. Starting biomass, MPA
area, duration of strict protection, and governance quality were some of the factors included in the
analysis. The recovery and spillover effects of MPAs on surrounding fishing areas were assessed
using exponential and logistic growth models. Incorporating these factors affects the doubling time of
biomass, but not drastically. With regard to the logistic growth model, which includes the MPA area,
duration of strict protection, and governance level, we found the average biomass doubling time to
decrease compared to the exponential growth model. The average biomass doubling time for each
MPA ranged from four to twenty years. This study used the historical concept of doubling time to
merge modern approaches to MPAs with the aim of increasing fish biomass and biodiversity within
the protective zones.

Keywords: fish biomass; Marine Protected Areas; doubling time; fisheries conservation; Philippine
MPA; MPA management; logistic growth model

1. Introduction
The idea of recovery within marine protected areas (MPAs) and its spillover effects into adjacent

fishing areas is perhaps best explained with a concept known as doubling time. Numerous research
studies have estimated fish biomass on reefs within locally-managed marine protected areas [1–3], but
in the Philippines, not many studies estimate biomass doubling times. In the effort to address this
gap, we set out to calculate doubling times using empirical data available from non-restricted MPAs
across the country. The analysis accounts starting biomass, area of the MPA, duration in years of strict
protection, and governance score from the MPA Effectiveness Assessment Tool (MEAT) (MPA Support
Network (MSN). 2010).

Following the historical context of the Rule of 70 (2.2.03-Population Growth and Regulation, 2003)
first put forward by Raymond Pearl in 1925, we intend to weave this with our doctrinal models of the
doubling time. With the assessment of these variables, we help understand the flow of benefits from
MPAs to the adjacent region and the fishers who depend on them to sustaining their livelihood.

[4] argued that the main goal of the MPAs is to attend the issues related to biodiversity and natural
resource conservation. Taking into account that MPAs are well established around the world and serve
the purpose of conservation, increasing marine biodiversity, and aiding in sustainable fisheries [5], and
in light of the fact that marine fisheries constitute a significant source of food and employment across
the globe [6], then it follows that MPAs can greatly benefit the fisheries [7,8]. Through this, MPAs help
sustain the world’s human population by increasing biomass in and around the MPA (IUCN WCPA
2018; [9].
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MPAs have become crucial for stopping the loss of species and improving biomass [10]. In
integrating a precautionary approach to fishery management, MPAs are being employed as a fishery
management tool [11]. There is an extensive body of literature on the estimation of fish biomass within
the confines of locally managed MPAs [1–3]. In this paper, we analyze the rate of recovery by looking
at the doubling time which is an important variable. This assists the design of management strategies
for fisheries that are vulnerable and require development [6].

[12] analyzed the issue of achieving social equity and economic sustainability versus conservation
within MPAs while attempting to double fish biomass. They highlighted the need for more integrated
forms of MPA management that include a variety of stakeholders and take other facets of the environ-
ment into consideration. Among the types of MPAs, no take marine reserves are considered the most
effective because of the ecological and economic returns they produce [5]. They serve as an established
tool for conservation, aiding in the promotion of marine biodiversity and sustainable fisheries. In this
regard, [13] undertook an exhaustive global assessment of the biological effects of no-take marine
reserves. These findings were supportive of the purpose of establishing no-take reserves in attempts
to double fish biomass and enrich marine biodiversity, as such measures are expected to produce
enhanced biomass in areas designated as reserves or no take zones [14]. Coastal resources management
is advocated for broadly with the use of no take marine reserves being one of the options [15], pointing
out the importance of setting baseline requirements, efficiently managing, and monitoring ecosystem
recovery [16]. These studies shed light on the possibility of increasing fish biomass in MPAs through
appropriate management interventions.

Given that MPAs are intended to change how people engage with the surrounding ecosystem [17],
these examinations on integrating fish biomass within MPAs highlight the obstacles and prospects and
issues of MPA management MPAs: Protected zone management.

The effects of MPAs can be seen after a considerable length of time, as the figures from Sumilon
and Apo reserves in the Philippines show between 1983 and 2000 [8]. In Russ and Alcala’s study, it was
shown that large predatory reef fishes increased in biomass after nine years and 18 years of protection.
Afterwards, during the following nine years (2001–2009) the rate of biomass recovery plateaued at
some point, which was quite possibly due to the region reaching its local limit of supporting the
population [18].

MPAs are vital in the effort to conserve and restore ocean ecosystems, as well as ocean biodiversity.
The increase in biomass within MPAs is credited to improved fisheries that support the global human
population [19]. [20] stress the point that the rate of biomass recovery does not lessen with years of
protection while [21] argue that increases in enforcement leads to greater recovery of biomass. As
noted by [22] and [23], there is great protection of coral reef associated fishes by enforced MPAs. In
contrast, unprotected regions suffer the consequences of fishery overexploitation resulting in decline
of biomass and species diversity [24]. [25] suggested that, since fish biomass is the main driving force
for the services provided by coral reefs, baseline knowledge, carrying capacity, biomass recovery rates,
and other ecological parameters should be integrated to point out and rank the protection priorities.

[1] have not found substantial connection between the age or size of MPAs and their fish biomass.
However, they highlighted local management of coral reef fisheries within MPAs as an area that is
particularly lacking in attention. On the contrary, there is a range of literature that highlights age and
size as crucial determinants of MPAs in their contribution to the biodiversity and fisheries in the region.
MPAs are increasingly being recognized for their role in increasing fish biomass in terms of both value
and quantity has been shown by [26] and [13]. Whilst [26] did not find a relationship between the
years under strict protection and the size of the no take zone or buffer zone, he did acknowledge that
increasing the no take zone whilst reducing the buffer zone did yield positive results toward the stock
of commercial fishes.

In the case of developing countries, community-based management is the best strategy for
avoiding overexploitation of marine resources [27]. Although regional planning is important, it is
at the local level where people effectively manage resources [28]. Evidence suggests that effective
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management of coastal resources and fisheries occurs mainly in community-based managed regions
epitomized by strong supportive communities, leadership and political will [11], [29], [30]. Improving
governance will enhance these systems ecologically and biologically, which will, in turn, positively
impact the population that depends on these resources directly [31].

2. Materials and Methods
2.1. Study Area

Selected local MPAs from Luzon and Visayas were the focus of this study (Figure 1). Site locations
were chosen purposively based on the MPA’s size and the availability of more data points. Empirical
data on biomass collected from these locally managed MPAs in the Philippines are utilized. The data
used in this study came from previous fish visual census surveys based on the fish survey technique
proposed by [32]. Because the sites chosen for the study have different levels of socioeconomic
development and fishery dependency, visits were conducted to the sites opportunistically.

Figure 1. Map of the Luzon and Visayas study sites. Map lines delineate study areas and do not necessarily
correspond with national boundaries.

2.2. Data Collection

The study primarily used visual fish census data from the Coastal Resources and Environmental
Sustainability in the Tropics (CREST) laboratory, formerly the Community Ecology (COMECO) labo-
ratory, to investigate reef-associated fish. The collected data relate to the period from 2011 to 2022 at
selected reef sites. The baseline of biomass and the years under strict protection were from the database
when RARE monitoring and enforcement measures were implemented. The size of the MPA was
measured in hectares, and the level of governance, which was arbitrarily presented as a percentage,
was determined using data and scores from the Marine Protected Area Management Effectiveness
Assessment Tool (MEAT) (Table 1).

Table 1. Selected Philippine MPAs, size of the core area (in hectares), years under strict protection, and governance
score.

MPAs MPA Size
Core Area (Ha)

Years under
strict protection

Governance
score (%)

Luzon:
1. Agay-Ayan Marine Sanctuaries,

Tinambac, Camarines Sur 25 14 100

2. Caloco Marine Sanctuaries,
Tinambac, Camarines Sur 25 11 100

Visayas:
3. Brgy. Ermita MPA,

San Carlos City, Negros Occidental 96 10 100

4. Mantalip Marine Reserve
Bindoy, Negros Occidental 46 3 100

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1043.v1

https://doi.org/10.20944/preprints202504.1043.v1


4 of 24

2.3. Data Analysis

Two mathematical models were employed to calculate biomass doubling time and develop a
forecasting tool for resource managers. These models aid in predicting fish biomass increases based
on various factors, such as the starting point of biomass, MPA sizes, years under strict protection,
and governance levels. The investigators analyzed the data obtained from locally managed MPAs
focused on reef-associated fish. The datasets include a variety of parameters to identify which factors
influence the doubling time of fish biomass. Mathematical modeling techniques were employed to
calculate the doubling time of reef-associated fish biomass and the functions of various parameters.
This analysis is important, as it provides valuable insights into the factors that contribute to the growth
and development of fish biomass in MPAs.

The exponential model and the logistic growth model for calculating the biomass doubling time e
were considered. For the exponential and the logistic growth models, we made the following assump-
tions: Time t is measured in years, there is no migration in and out of the MPA, the environmental
conditions, such as temperature and nutrient availability, are constant over time, the individual species
have similar characteristics (growth rate, reproduction rate, and mortality rate), all parameters are gen-
erally nonnegative, the resources are unlimited, and there is no predation or intraspecific–interspecific
competition among the species. We also assume that in the exponential growth model, the biomass
grows without bounds, while in the logistic growth model, the biomass growth slows as it approaches
carrying capacity. We determined an exponential growth model for finding biomass doubling time:

Td =
t ln(2)

ln
(

B(t)
B0

) ,

where t is the length of time, B0 is the starting point of biomass for t = 0, and B(t) is the biomass for
time t > 0.

The logistic growth model is expressed as follows:

Td =
t ln(2)

− ln

(
(K0·S·Y·G)−B(t)

B(t)
(
(K·S·Y·G)−B0

B−0

)
) ,

where t is the length of time, B0 is the starting point of biomass for t = 0, B(t) is the biomass for t > 0,
K0 is the intrinsic potential of the ecosystem or the baseline carrying capacity, S is the size of the MPA
(in hectares), Y is the number of years that the MPA has been under strict protection, and G is the
governance level (0 < G ≤ 1).

2.3.1. Derivation of the Models

Two models for calculating the biomass doubling time are considered: one using the exponential
model and the other using the logistic growth model.

The exponential growth model is given by

B(t) = B0 · ert

where B(t) is the biomass at time t, B0 is the starting point of the biomass, and r is the growth rate.
Meanwhile, the logistic growth model is given by

B(t) =
K

1 +
(

K−B0
B0

)
e−rt

,

where B(t) is the biomass at time t, B0 is the starting point of the biomass, r is the growth rate, and K is
the carrying capacity.
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The formula for calculating the doubling time Td:

Td =
ln(2)

r
.

Therefore, applying the growth rate gives:

r =
ln(2)

Td
.

The formula applied to determine the biomass doubling time using the exponential model is:

B(t) = B0 · ert

=⇒ B(t) = B0 · e
(

ln(2)
Td

)
t

=⇒ ln(B(t)) = ln
(

B0 · e
(

ln(2)
Td

)
t
)

=⇒ ln(B(t)) = ln(B0) + ln
(

e
(

ln(2)
Td

)
t
)

=⇒ ln(B(t))− ln(B0) =

(
ln(2)

Td

)
t

=⇒ ln
(

B(t)
B0

)
=

t ln(2)
Td

=⇒ Td =
t ln(2)

ln
(

B(t)
B0

) .

This equation is not undefined since B0 ̸= 0. Also, we did not consider t = 0 primarily because
there is no biomass doubling time for that specified time. Hence, we are assured that B(t) ̸= B0 for all
t > 0, as what the data indicates. This is important because we do not want the denominator to be
ln(1) = 0.

Thus, the exponential growth model is given by:

Td =
t ln(2)

ln
(

B(t)
B0

) .

For the exponential growth model, we made the following assumptions: The biomass grows
without bounds; time t is measured in years; there is no migration in and out of the MPA; environmental
conditions such as temperature and nutrient availability are constant over time; individual species
have similar characteristics (growth rate, reproduction rate, and mortality rate); all parameters are
generally nonnegative; resources are unlimited; and there is no predation or intraspecific–interspecific
competition among the species.
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For the logistic growth model, we used:

B(t) =
K

1 +
(

K−B0
B0

)
e−rt

=⇒ B(t) =
K

1 +
(

K−B0
B0

)
e−
(

ln(2)
Td

)
t

=⇒ B(t)
(

1 +
(

K − B0

B0

)
e−
(

ln(2)
Td

)
t
)
= K

=⇒ B(t) + B(t)
(

K − B0

B0

)
e−
(

ln(2)
Td

)
t
= K

=⇒ B(t)
(

K − B0

B0

)
e−
(

ln(2)
Td

)
t
= K − B(t)

=⇒ e−
(

ln(2)
Td

)
t
=

K − B(t)

B(t)
(

K−B0
B0

)
=⇒ ln

(
e−
(

ln(2)
Td

)
t
)
= ln

 K − B(t)

B(t)
(

K−B0
B0

)


= −
(

ln(2)
Td

)
t = ln

 K − B(t)

B(t)
(

K−B0
B0

)


=
ln(2)

Td
= −1

t
ln

 K − B(t)

B(t)
(

K−B0
B0

)


=⇒ Td

− ln

 K − B(t)

B(t)
(

K−B0
B0

)
 = t ln(2)

=⇒ Td =
t ln(2)

− ln

(
K−B(t)

B(t)
(

K−B0
B0

)
) .

Note that this equation will be undefined when

K − B(t) = B(t)
(

K − B0

B0

)
=⇒ KB0 − B(t)B0 = KB(t)− B(t)B0

=⇒ KB0 = KB(t).

We let K > 0, since it is the capacity of the MPA to hold biomass. (If it were 0, then the MPA
would not exist.) This is important to allow dividing the equation above by K on both sides, giving
B0 = B(t). However, the data indicate that this is not the case, so the model will still be applied for all
t > 0.

In considering the logistic growth model, we incorporated the parameters on governance level,
size of the MPA, and fishing activities outside the MPA to the carrying capacity K. We define carrying
capacity as:

K =
K0 · S · G

E
.

K0 is the intrinsic potential of the ecosystem or the baseline carrying capacity. We arbitrarily
decided on the value of this parameter so that our model fits the data and the future trend will agree
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on what we want to happen. S is the size of the MPA, while G is the governance level, which can be
expressed as a percentage, where 0 < G ≤ 1.

Therefore, the proposed logistic growth model for biomass doubling time is:

Td =
t ln(2)

− ln

(
(K0·S·Y·G)−B(t)

B(t)
(
(K·S·Y·G)−B0

B−0

)
) .

For the logistic growth model, we made the following assumptions: biomass growth slows as
it approaches the carrying capacity; time t is measured in years; there is no migration in and out of
the MPA; environmental conditions such as temperature and nutrient availability are constant over
time; individual species have similar characteristics (growth rate, reproduction rate, and mortality
rate); all parameters are generally nonnegative; and there is no predation or intraspecific–interspecific
competition among the species.

3. Results
3.1. Starting Point of Biomass

Table 2 below lists the starting point of biomass in each MPA. Where values were missing for
some years, the mean value of the available biomass data for that MPA is given in italics.

Table 2. The starting points of biomass from selected MPAs in Luzon.

Year Agay-Ayan MPA Caloco MPA Ermita MPA Mantalip MPA
2011 20152 27347
2012 51602 40280 33853
2013 22901 57554 40788
2014 34601 46222.125 34762
2015 32740 40732 61578 38788
2016 49435 45991 68556.5 40788
2017 48927 62708 81511 63035
2018 34601 46222.125 68556.5 40788
2019 14334 24738 70934 44565
2020 34601 46222.125 68556.5 40788
2021 34601 46222.125 68556.5 40788
2022 36717 70427 60203 29725

The corresponding charts for each MPA are as follows:

Figure 2. Starting points of biomass from Agay-Ayan Marine Sanctuary (2011–2022).
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Figure 3. Starting points of biomass from Caloco Marine Sanctuary (2011–2022).

Figure 4. Starting points of biomass from Ermita MPA (2015–2022).

Figure 5. Starting points of biomass from Mantalip Marine Reserve (2012–2022).

Trend fluctuations for each MPA presented a challenge for computing biomass doubling time. We
tried applying 3- and 5-year moving averages with the following results:

Figure 6. Agay-Ayan Marine Sanctuary biomass data with 3-year and 5-year moving averages.
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Figure 7. Caloco Marine Sanctuary biomass data with 3-year and 5-year moving averages.

Figure 8. Ermita MPA biomass data with 3-year and 5-year moving averages.

Figure 9. Mantalip MPA biomass data with 3-year and 5-year moving averages.

However, note that despite attempts to smooth out the fluctuations, there are still downward
trends in some parts of the graphs of starting biomass data per year for each MPA.

For the first seven years under strict protection, we created charts for the biomass data for each
MPA. The missing values for some years were accounted for by finding the mean of the available
biomass data. The modified tables for biomass for each MPA are shown below, where italicized values
are the means of the available data for each MPA.

Table 3. Starting points of biomass from Agay-Ayan Marine Sanctuary (2011 − 2017).

Year Agay-Ayan Marine Sanctuary
2011 20,152
2012 51,602
2013 22,901
2014 34,601
2015 32,740
2016 49,435
2017 48,927
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Table 4. Starting points of biomass from Caloco Marine Sanctuary (2011 − 2017).

Year Caloco Marine Sanctuary
2011 27,347
2012 40,280
2013 57,554
2014 46,222.125
2015 40,732
2016 45,991
2017 62,708

Table 5. Starting points of biomass from Ermita MPA (2015 − 2021).

Year Ermita Marine Protected Area
2015 61,578
2016 68,556.5
2017 81,511
2018 68,556.5
2019 70,934
2020 68,556.5
2021 68,556.5

Table 6. Starting points of biomass from Mantalip Marine Reserve (2012 − 2018).

Year Mantalip Marine Reserve
2012 33,853
2013 40,788
2014 34,762
2015 38,788
2016 40,788
2017 63,035
2018 40,788

The corresponding charts for each MPA are depicted in the following graphs:

Figure 10. Starting points of biomass from Agay-Ayan Marine Sanctuary (2011 − 2017).
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Figure 11. Starting points of biomass from Caloco Marine Sanctuary (2011 − 2017).

Figure 12. Starting points of biomass from Ermita MPA (2015 − 2021)

Figure 13. Starting points of biomass from Mantalip Marine Reserve (2012 − 2018).

We used linear regression to analyze the biomass data for each MPA and to determine its growth
rate and biomass doubling time. Applying the Rule of 70 yielded the data in Table 3.6.

Table 7. Approximated values of growth rate, biomass doubling time, and biomass doubling time according to
the Rule of 70.

MPA Growth rate r Biomass Doubling
Time (in years)

Biomass Doubling Time
(in years)

employing Rule of 70
Agay-Ayan 0.1047 6.6179 6.6833

Caloco 0.086 8.0561 8.1358
Ermita 0.0065 106.0006 107.0486

Mantalip 0.0568 12.2098 12.3305

The graphs below depict the results of the linear regression analyses:
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Figure 14. Results of linear regression applied to biomass data for each MPA, corresponding growth rate, and
biomass doubling times.

3.2. Impact of MPA Size, Years Under Strict Protection, and Governance Level

As described in Section 2.3.1, to investigate the possible effects of MPA size, years under strict pro-
tection, and governance level on biomass doubling times, expressions were derived for the exponential
and the logistic growth models,

Td =
t ln(2)

ln
(

B(t)
B0

)
and

Td =
t ln(2)

− ln

(
(K0·S·Y·G)−B(t)

B(t)
(
(K·S·Y·G)−B0

B−0

)
) ,

respectively.
Using these mathematical models, we first calculated each MPA’s corresponding doubling times

for each year.
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Table 8. Yearly biomass doubling times in Agay-Ayan MPA.

Year Biomass Doubling Time
(using Exponential Model)

Biomass Doubling Time
(using Logistic Model)

2012 0.7372 0.7365
2013 10.8408 10.8342
2014 3.8467 3.8438
2015 5.7132 5.7090
2016 3.8622 3.8586
2017 4.6886 4.6842

Table 9. Yearly biomass doubling times in Caloco MPA.

Year Biomass Doubling Time
(using Exponential Model)

Biomass Doubling Time
(using Logistic Model)

2012 1.7900 1.7876
2013 1.8630 1.8603
2014 3.9620 3.9568
2015 6.9592 6.9507
2016 6.6670 6.6582
2017 5.0114 5.0036

Table 10. Yearly biomass doubling times in Ermita MPA.

Year Biomass Doubling Time
(using Exponential Model)

Biomass Doubling Time
(using Logistic Model)

2016 6.4567 6.4523
2017 4.9434 4.9397
2018 19.3700 19.3569
2019 19.6019 19.5884
2020 32.2839 32.2615
2021 38.7401 38.7138

Table 11. Yearly biomass doubling times in Mantalip MPA.

Year Biomass Doubling Time
(using Exponential Model)

Biomass Doubling Time
(using Logistic Model)

2013 3.7194 3.7171
2014 52.3185 52.2885
2015 15.2807 15.2714
2016 14.8776 14.8683
2017 5.5749 5.5706
2018 22.3164 22.3025

To compare these data visually, the results of each growth model are superimposed in Figures 15
and 16 below.
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Figure 15. Superimposed graph showing the annual biomass doubling time for each MPA using the exponential
growth model.

Figure 16. Superimposed graph showing the annual biomass doubling time for each MPA using the logistic
growth model.

To examine the possible impact of imposing strict protective measures on biomass doubling times,
our data analyses returned the results in Table 12.

Table 12. Average biomass doubling time (in years) for each MPA during the first seven years under strict
protection.

MPA Average Biomass Doubling Time
(using Exponential Growth Model)

Average Biomass Doubling Time
(using Logistic Growth Model)

Agay-Ayan 4.9481 4.9444
Caloco 4.3754 4.3700
Ermita 20.2326 20.2188

Mantalip 19.0146 19.0030

Note that the average biomass doubling time using the two mathematical models is different
from the biomass doubling time that we calculated using linear regression since for the former, we
determined the growth rate first to find the biomass doubling time, while for the latter, we calculated
the biomass doubling time for each year and then determined the average to find the growth rate.
We will consider the biomass doubling time that we computed using linear regression as the ”true”
biomass doubling time and then calculate the error or absolute value of the difference between the
former and the latter (Tables 13 and 14).
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Table 13. Biomass doubling time using linear regression and average doubling time using the exponential growth
model.

MPA Biomass Doubling Time
(using linear regression)

Average Biomass Doubling Time
(Exponential)

Error
(Exponential)

Agay-Ayan 6.6179 4.9481 1.6697
Caloco 8.0561 4.3754 3.6807
Ermita 106.0006 20.2326 85.7680

Mantalip 12.2098 19.0146 6.8047

Table 14. Biomass doubling time using linear regression and average doubling time using the logistic growth
model.

MPA Biomass Doubling Time
(using linear regression)

Average Biomass Doubling Time
(Logistic)

Error
(Logistic)

Agay-Ayan 6.6179 4.9444 1.6735
Caloco 8.0561 4.3700 3.6865
Ermita 106.0006 20.2188 85.7818

Mantalip 12.2098 19.0030 6.7932

Figure 17 below compares these data visually.

Figure 17. Comparison of average biomass times for both growth models and using linear regression.
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The following tables depict the growth rates.

Table 15. Growth rates using linear regression and average doubling time using the exponential growth model.

MPA Growth rate
(using linear regression)

Growth rate
(using average biomass doubling time) Error

Agay-Ayan 0.1047 0.1401 0.0353
Caloco 0.0860 0.1584 0.0724
Ermita 0.0065 0.03426 0.02772

Mantalip 0.0568 0.03645 0.02032

Table 16. Growth rates using linear regression and average doubling time using the logistic growth model.

MPA Growth rate
(using linear regression)

Growth rate
(using average biomass doubling time) Error

Agay-Ayan 0.1047 0.1402 0.0355
Caloco 0.0860 0.1586 0.0726
Ermita 0.0065 0.03428 0.02774

Mantalip 0.0568 0.03648 0.02029

Figure 18 below presents the growth rate data visually.

Figure 18. Comparison of growth rates using exponential and logistics growth models versus growth rate using
linear regression.
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Table 17. Table showing the sum of weight in each MPA from its first year under strict protection until the year
2022 (Years with no data are those without RARE monitoring).

Year Agay-Ayan Caloco Ermita Mantalip
2011 30228.053 154540.02
2012 77403.406 216511.42 189547.96
2013 34351.589 246815.16
2014 194911.65
2015 74192.551 82541.771 184092.987 193794.56
2016 126145.62 191982.62
2017 131650.18 246010.41 241129.06 263901.71
2019 65457.051 94838.075 197527.95 261751.46
2022 96216.706 226134.49 175393.73 101454.7

Figure 19. The sum of weight in each MPA from its first year under strict protection to 2022.
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Figure 20. Biomass weight in each MPA from its first year under strict protection to 2022.

Incorporating MPA’s size, years under strict protection, and governance level affected biomass
doubling time, but not too significantly. On a positive note, we can observe that the average biomass
doubling time under the logistic growth model (with parameters on MPA size, years under strict
protection, and governance level) declined up to a few decimal places compared to the average biomass
doubling time under the exponential growth model.

4. Discussion
This study on the fish biomass doubling time in some of the marine protected areas in the

Philippines contributes to the understanding of the interplay between conservation and sustainable
fisheries management. This supports other studies confirming that MPAs have been shown to enhance
fish biomass [33], and that there is evidence MPAs have been implemented successfully to increase
fish abundance and biomass [34]. Taking into consideration the starting point of biomass, MPA area,
years of protection, and governance level estimated through the MEAT results [9], this study sought
to improve the understanding of the sociobiological model that seeks the optimum fish biomass and
biodiversity conservation in MPAs.

The idea of doubling time dates back to classic exponential and logistic growth models [35,36],
and it is important in calculating the recovery within MPAs and the resulting spillover impacts to the
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fishing local communities having MPA that augment the production in fishery through the spillover
[37]. The application of these models towards modern approaches to MPA management ought to
increase the benefits received by the regions surrounding the MPAs. We corroborate the conclusions of
[2], which state that fishery models facilitate the sustainable exploitation of coral reef resources.

Research on MPAs indicates that well maintained reserves also enhance fish biomass and biodi-
versity, supporting the health of the marine ecosystem and the well-being of human populations [38].
Several authors have pointed out the necessity of comprehensive management, community participa-
tion, as well as effective governance in achieving conservation objectives. Also, there is literature on
the role of various kinds of MPAs, including no-take marine reserves, in the astounding increases in
fish biomass and marine biodiversity [24], [39], [40]. In order to sustain reef growth, [41] pointed out
the need for the responsible management of coral reef ecosystems by removing human-induced stress
factors.

The discussion of the exponential and logistic growth models for determining biomass doubling
time provides a methodological framework for analyzing the dynamics of fish biomass in MPAs. The
exponential model depends solely on the starting biomass per year and the number of years, so we can
expect that there will be negative values for the doubling time at some point. Ideally, the doubling time
should not be negative, since it is the number of years in which the biomass population will double.
However, since there was a decline in the biomass population at some point, there was no doubling
time for that period. For the doubling time to be positive, the biomass population for any time t > 0
should not be less than the initial biomass population. Also, note that the graphs using exponential
and logistic growth models are the same for each MPA since the graphs depend solely on B(t) and B0.
We deduced some interpretations from the superimposed line graphs and the results that we obtained
so far (Figs. 15 and 16): 1) The biomass doubling time varies for each year depending on the starting
biomass population for that year relative to the starting biomass population at time 0 in each MPA,
and 2) the average doubling time for each MPA ranges from four to 20 years, with Agay-Ayan and
Caloco exhibiting four to five years biomass doubling time and Ermita and Mantalip exhibiting 19–20
years biomass doubling time (Table 12).

[18] show that 20-40 years of protection is needed to reach new steady states which is in concor-
dance with our study. Other papers showed that after three years of protection fish density and species
richness is captured. [42] and [43] suggested decades may be needed for biomass to improve. Their
study highlighted that effective no-take protection is needed for local carrying capacity to be rebuilt.
Partially fished and no-take MPAs have been shown to have different spillover benefit tradeoffs [44].

Despite attempts to estimate the exact amount of time it would take to double the biomass, the
trends associated with each MPA proved challenging. With this, biomass growth projections and the
models that predict such trends require deeper analysis.

Integrating other starting variables such as the starting biomass, MPA area, years of protection,
and governance scores provided a clearer picture as to how these variables interrelate with fish
biomass. MPAs can mitigate food insecurity, reinforce ecosystems resilience to climate change, and
aid in the protection of reef-associated fishes by maintaining reef fish biomass above fishery targets
while ensuring crucial ecological functions of coral reefs. This supports [45] in saying that MPA
studies require multidisciplinary approaches in order to formulate proper management decisions. [24]
and [7] argued that strong enforcement and compliance with MPA management plans is necessary
because MPAs will remain a necessity under the prevailing conditions that humanity continues to
inflict negative impacts on marine biodiversity and resources [4].

While the size of an MPA, the number of years it has been under strict governance, and the
governance level influence the biomass doubling phenomenon, the impact is not too significant. [46]
volunteered that the Philippines should create at least 10 hectares of no-fishing zone MPAs and begin
enforcing regulations on fishing activities. According to [47], 98% of MPAs are small to medium
medium-sized, falling between 1.8 to 880 hectares. [48] and [49] suggest that small MPAs are likely to
suffer from overfishing and that protecting commercially exploited coral reef fish is not practical. [50],
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however, argues that larger MPAs are not more effective than smaller ones because even small MPAs,
if properly designed and managed, can protect biodiversity. Fish density and diversity will increase
in response to the establishment of a marine reserve, no matter the size, as shown by [26]. There are
reports of effective marine protected areas that have sanctuaries as small as 10 hectares [51], unlike [15]
who argued for a minimum size of 300 hectares if one wishes to maintain diversity of coral species.

Whether large or small, [52] noted that marine reserves “double density, nearly triple biomass,
and increase size and diversity by 20–30%.” On a related note, even smaller MPAs do conserve fish
biomass [53]. Still, [54] explained further that, in order to safeguard fragile and valuable ecosystems
and species, MPAs are essential for conservation.

[1] in a study discovered that the age or the size of the MPA does not significantly correlate
with fish biomass, asserting again that while MPAs are not effective enough, they are better than
having no marine protection at all. This is consistent with [38] whose findings suggest that without
the protective measures in place, coral reefs would be expected to have 10% less fish biomass. More
generally, [55], hypothesized that large MPAs are being created to hedge against bad management and
anticipated alterations in human activity. We are left with the only hope to protect fisheries and control
the ecosystems against further depletion and collapse. [56] and as [57] suggest, we need to be more
proactive in the efforts towards long-term monitoring programs.

Based on the findings of our study, while the size of an MPA, years of strict protection, and
level of governance have some influence on the biomass doubling time they do so, not in a very
pronounced manner. To this effect, more work is needed, particularly in Philippine MPAs, on the
optimal size of MPAs, the most appropriate fisheries management instruments that would reduce
species depletion and augment biomass, while keeping in mind the findings of [57]. [58] case study
based approach argued that the best criteria for a protection strategy are the area of the habitat and
its quality, whereas, [21] argued that in order to effectively conserve biotic diversity in protected
areas, community support coupled with enforcement is essential. This prevents many MPAs in the
country from being unmanaged because of lack of enforcement [59]. Nevertheless, well-enforced MPAs
can indeed safeguard a portion of the coral reef associated fish [20] and mitigate the degradation of
ecosystem service supply. The reality is, however, that the more resources required to sustain, oversee,
and enforce the system, the greater the MPA must be [17] (Sa. [31] reiterated that good governance
requires the capability of effecting social and economic change. Likewise, as [60] marine conservation
management effectiveness has positive outcomes implies that there is a need to use governance systems
and processes that foster community engagement and compliance with regulations, because, as [61]
noted, the effectiveness of MPAs greatly relies on robust governance structures. In the same manner,
[17] found that effective marine management does need strong community support.

5. Conclusions
This study provides practical knowledge on the conservation and management of marine re-

sources in the Philippines, highlighting the need for appropriate fishery practices within MPAs. The
model outcomes can be utilized through planning and designing MPAs aimed at protecting the sys-
tems by concentrating on the protection of system functions and habitats, leading to faster recovery
in the protected area where the fish biomass is less than the desired level. MPAs size, number of
years they have been under strict protection, and level of governance, have an effect on the biomass
doubling time. These findings can aid in developing effective conservation strategies for biodiversity,
climate change mitigation, management, and fostering resiliency in marine ecosystems. Moreover, this
study demonstrated that maintaining the fish biomass level at MPAs will enable the fish to continue
providing economic services while protecting the marine resources. Therefore, this study adds to the
efforts of managing and conserving reef fish resources while taking into account the socio-economic
advantages of enhanced fish biomass in MPAs. The in-depth analyses of biomass doubling time by
using exponential and logistic growth models provide valuable insights for enhancing MPA manage-
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ment and conservation, but further research on this topic could shed light on the specific dynamics
and interplay between the parameters that we introduced in this paper.
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