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Abstract — On Cozumel Island, access to freshwater depends on the extraction of the resource from the
aquifer located north of the island (catchment area). Water resource management on the island must be based
on updated knowledge of the indicator dynamics related to the recharge of the aquifer, groundwater
extraction and the distribution of the resource. In this study, trends, variations and time series of 30 years of
monthly data for precipitation, temperature, evapotranspiration, and estimated aquifer recharge were
calculated for the catchment area. Additionally, groundwater extraction, water consumption for the main
uses over a 13-year period (monthly data), and the 5-year status of wells were considered. The results show
decreasing trends in precipitation and estimated recharge volumes in the catchment area, in addition to
increasing trends in mean air temperature, evapotranspiration, water extraction volumes and consumption
by the commercial sector for the considered time periods. Additionally, an increase in dejected (77%) and
reposed (38%) wells within the catchment area was observed. Evidence from this study suggests a dynamic
behaviour of the analysed indicators over time that increases pressure on karstic, Caribbean aquifers for

which monthly monitoring and data analysis are encouraged as the basis for adequate management.

Keywords: Aquifer sustainability / groundwater management / Mann Kendall trend test / time series /

water consumption

1 Introduction

Coastal aquifers (CAs) are a valuable source of freshwater
for the coastal environment well-being of over 60% of the
global population that is concentrated around the shoreline
(Zepeda et al., 2018) and 11% that lives on islands (Mendoza-
Vizcaino et al., 2016). Aquifers near coastal areas are
susceptible and sometimes unable to cope with the adverse
effects of overextraction (Jaleel et al., 2020; Zepeda et al.,
2018), sea water intrusion (Deng et al., 2017), pollution
(Hernandez-Terrones et al., 2011; Kammoun ef al., 2021), and
climate change effects, such as rainfall pattern modification
and sea level rise (Cashman, 2014; GWP, 2014; Hall et al.,
2013; Pulido-Velazquez et al, 2018). Because of their
nearness to the sea, CAs and island aquifers (IAs) share
similarities, although IAs are unique in that they are confined
to a geographical area. Also, IA territory may typically

*Corresponding author: gerardo.hernandez.flores@gmail. com

correspond only to one country, and rainwater infiltration is the
main source of recharge (Falkland, 1993), with most systems
being just as complex as continental counterparts that require
particular assessment for management (Gamble, 2004). These
characteristics allow an IA to be an ideal model and scenario
for research on aquifer recharge, groundwater withdrawals and
water demand, which will contribute to further understanding
IA dynamics as the basis for sustainable water management.

Cozumel is the third largest island in Mexico and the most
populated island, located in the southeastern State of Quintana
Roo, where the drinking water supply depends on the aquifer
recharged only by rain (Gutiérrez-Aguirre et al., 2008). Like in
many other karstic nature islands, rainwater rapidly infiltrates
into the aquifer, although they are highly vulnerable to
pollution infiltration and water scarcity (Medici et al., 2019,
2020). Vulnerability is an intrinsic property of karstic island
aquifers, which depends on characteristics of the area and the
sensitivity of the system to human and natural impacts (Ducci
and Sellerino, 2013; Kacaroglu, 1999; Medici et al., 2021),
such as wastewater infiltration, hurricanes and saltwater
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intrusions. Seawater intrusion can be a consequence from the
reduction of the freshwater layer, as the piezometric level
lowers by an increase in evapotranspiration and unsustainable
water extraction volumes from wells (Villasuso et al., 2011).
Water scarcity on islands is a fundamental factor that limits
population development and tourism (the main economic
activity on Cozumel), and research is needed to promote the
sustainable use of water (Gonzalez et al., 2020). In Mexico,
federal water management is mostly performed by the National
Water Commission (CONAGUA), and in Cozumel, the
Potable Water and Sewerage Commission (CAPA) is the
local agency for water management. CAPA is a governmental
institution that monitors water quality indicators and
administers the extraction, potabilization, and distribution of
water withdrawn from a series of 264 wells located in the
central-north region of the island (catchment area) (Tercera
Legislatura Constitucional del Estado de Quintana Roo, 2017).
Water management in the catchment area is focused on
selecting the most suitable wells, according to their
water quality indicators, for extraction, and infrastructure
maintenance.

Similarly, central gestion related with the water manage-
ment is applied in other tropical, karst islands (based almost
exclusively upon static indicators), then it could be com-
plemented by identifying the dynamics of indicators related to
groundwater recharge (precipitation, evapotranspiration, esti-
mated aquifer recharge) and withdrawals (groundwater
extraction, the state of wells, and water consumption volumes)
as part of an integrative approach to sustainable aquifer
management. An integrative approach allows the synthesis and
analysis of information about the aquifer dynamics, being an
excellent resource for users, stakeholders and managers of
information about past trends and current status to encourage
practices that promote aquifer sustainability. The use of test for
trends, boxplots, and time series are common statistical tools
for analysing variations over a time period, which allow us to
identify an increase or decrease in values, seasonality and
outliers (Neeti et al., 2012; Nwogu et al., 2016). Mann-Kendall
test is recommended by the World Meteorological Organiza-
tion and has been used by several authors for evaluating the
trend in climatic, hydrological and water resources data
(Jaiswal et al., 2015). Although these tools have not yet been
used fully to analyse information previously for Cozumel,
there are examples of their implementation in other studies for
the Yucatan Peninsula (Bautista et al., 2009; Herrera-Silveira
et al., 2002; Rodriguez-Huerta et al., 2019a, 2019b).

Current water management information on precipitation
and recharge are generally annual and are sometimes not
updated in tropical latitudes, a situation that is shared with
information on aquifer withdrawals and distribution, and that
contributes to the assumption of indicators static behaviour.
This study hypothesizes that the indicators associated with the
aquifer are dynamic and subject to variations over time, for
which they must be monthly updated and analysed for a better
understanding of their current state. The objective of this study
is to analyse the dynamics of indicators as precipitation, air
temperature, evapotranspiration used in estimated aquifer
recharge, water withdrawals and distribution in different time
periods for Cozumel. This analysis helped to identify
variations over time in the hydrometeorological indicators
(precipitation and temperature) related to aquifer estimated

recharge and hydrological indicators (the exploitation of
resources and distribution) on the island to understand the
current situation and contribute information to the sustainable
management of water resources.

2 Materials and methods
2.1 Study area

Cozumel (20°16" — 20°26'N and 86°44’ — 87°02'W) is a
karstic island in the Caribbean, located 20 km from the East
Coast of the Yucatan Peninsula with a surface area of 477 km?
and a maximum length of 48 km from north to south and 14.8
from east to west (Gompper et al., 2006; Orellana et al., 2007).
The territory has slight slopes with an average elevation of 5 m;
the highest elevation (10m) is located in the south-center
region (Fig. 1) (Ward, 1997). The island is formed by
limestone, where most of the soils are Leptosol, with a few
patches of Gleysol in the centre-east and Arenosol near the
coast of the southeast (Gutiérrez-Aguirre et al., 2008; INEGI,
2013). The climate is classified as warm subhumid (Aw)
according to the Kdppen system, with temperatures ranging
from 23 to 27.5 °C (Garcia-Gomez et al., 2014; Orellana et al.,
2007). The annual average precipitation is divided, being
1400-1500 mm on most of the island and 1300-1400 mm on
the far northeast, with a rainy season from June to December
and a dry season from January to May (Garcia-Gomez ef al.,
2014; Orellana et al., 2007).

2.1.1 Vegetation, soil and bedrock geology

Vegetation is composed mainly of subdeciduous tropical
forest, subdeciduous low tropical forest and mangroves
(Escalante, 1996; Téllez et al., 1989), covering approximately
90% of the island surface with native species as: Manilkara
zapota, Bursera simaruba, Enriquebeltrania crenatifolia, and
Pithecellobium menguense (Vazquez-Dominguez et al.,2012).
In the analysed UGA C1 (Fig. 1), most of the surface is
medium forest (Escalante, 1996).

The island soilscape is composed mainly of shallow soils,
which are found as patches that fill cracks in the rocks (Bautista
et al., 2011; CONAGUA, 2015). Karst environments with
similar characteristics have soil depths from 4-15 cm, where
most of the fertility is found in the uppermost part of the
horizons and depends on the decomposition of organic matter
(Flores-Delgadillo et al.,2011; Holden et al., 2019). The island
was developed in the late Mesozoic and Cenozoic via block
faulting from Yucatdn Peninsula, with two periods of
submergence and two periods of exposure on the late
Pleistocene (Gompper et al., 2006; Ward, 1997). Cozumel
is part of the “Carrillo Puerto” formation which developed
between Eocene and mio-Pliocene (CONAGUA, 2015). The
lithology is structured as four units (Fig. 1), Cozumel
Formation and three more recent units, named: Mirador,
Abrigo and Chankanaab Formations (Lesser et al., 1978). The
youngest rocks date from the Quaternary and are composed
mainly of calcarenites, gravels, calcareous sands and frag-
ments of shells deposited alongside the shore thought the
island, except for most of the west side (Richards, 1937;
SECTUR, 2018). The Island constitutes the emerged part of a
structural pillar (horst), limited by two large normal faults

Page 2 of 17



G. Hernandez-Flores ef al.: Ann. Limnol. - Int. J. Lim. 2021, 57, 16

87°0'0"W

86°55'0"W 86°50'0"W

=
m
20°35'0"N
T

105"?'0"W 90"0"0"W

30°0'0"N
1
1
0

g San Miguel

20°30'0"N
T

‘=
1

1 1
105°0'0"W 90°0'0"W

90°0'0"W 88°0'0"W

22°0'0"N

20°25'0"N
T

Yucatan
Peninsula

20°0'0"N

20°0'0"N

<>

1
18°0'0"N

90°0'0"W 88°0'0"W

20°20'0"N
T

Simbology
o CAPAwell

[ Jucact

de Cozumel [

20°35'0"N

1
20°30'0"N

1
20°25'0"N

Caribbean
Sea

1
20°20'0"N

8 12 16
Kilometers

87°0'0"W

86°55'0"W 86°50'0"W 86°45'0"W

Fig. 1. Location of CAPA wells, UGA Cl1, elevations and stratigraphy column on Cozumel Island. Modified of Local Ecological Zoning Plan

(2008).

parallel to the eastern coast of the Peninsula, and where three
structural elements make up the island: Eastern normal fault,
Western normal fault, and Cozumel Anticline (CONAGUA,
2015).

2.1.2 Hydrology

Since 1978, the aquifer has been characterized as a
freshwater lens, for most of the territory subsurface, that floats
over seawater and has a water table from 1 m on the east to 5 m
on the centre-south (Hernandez-Flores et al., 2020; Lesser
et al., 1978). This freshwater lens model corresponds with the
Ghyben-Herzberg principle, which states that the thickest part
of the lens is in the centre and thins as it approaches the
shoreline, where it naturally discharges into the sea mostly by
underwater springs (Gamble, 2004; Sanchez y Pinto et al.,
2015). The aquifer is described as nonconfined, highly
permeable, heterogenous due to the hydraulic properties and

irregular terrain distribution caused by the dissolution of the
rock (SECTUR, 2018). The island has a typical karstic
topography with the presence of sinkoles (cenotes) as a result
of dissolution processes (Lesser ef al., 1978). An infiltration of
6% of total rainfall is considered and surface runoff is
negligible because of the karstic nature of the area (Wurl ez al.,
2003). Water quality on the aquifer is very similar to the one in
the Yucatan Peninsula, being of a Ca(HCO3), type as a result
of the dissolution of limestones (anhydrite and halite)
(CONAGUA, 2015; Escolero et al., 2005; Richards, 1937).
The main source of recharge is rainwater infiltration, and due
to orography, the main catchment area is located at the centre,
slightly to the northeast (Frausto-Martinez et al., 2018),
concurring with UGA Cl1. In this area, wells from CAPA
extract water from the thickest freshwater lens on the island
(SECTUR, 2018). According to the Local Ecological Zoning
Plan (POEL), these wells are within 68.85 km* and make up
Environmental Management Unit C1 (UGA C1), which has the
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Fig. 2. Schematic framework of the methods used in this research. In
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indicates hydrometeorological and hydrological indicators. In dark
blue, analysis performed to indicators. In blue cyan, information
represented in maps. Orange arrows represent indicators that were
calculated.

purpose of preserving the natural cover to ensure aquifer water
quality and quantity. To prevent issues from water depletion in
wells, an approximate of 2.3 million m*/year safe water yield
was estimated in 1978 (Lesser et al., 1978).

2.2 Methodology and data collection

For this study, three sets of data from different time periods
were analysed (Fig. 2). These time periods were considered
based on the availability of the information.

Monthly information from hydrometeorological indicators
(total precipitation and mean temperature) from 30 years (1989
to 2019) was provided by the National Water Commission
(CONAGUA) from meteorological station DGE 00,023,048
(20.5100°N — 86.9461° W) into the study area. Although most
of the readings from the meteorological station were available,
some of them were missing due to technical problems. Missing
monthly data were obtained from the Climate Forecast System
Reanalysis (CFSA) reports from The National Centers for
Environmental Prediction (NCEP) with the meteorological
station located at 20.583° N, —86.817° W. Precipitation data
corresponded to monthly total mm and temperature data
corresponded to mean temperature values.

Monthly water hydrological indicator data (extraction
volumes from wells at UGA C1 and distribution volumes to
different sectors) were provided by CAPA for a 13-year period
(2005 to 2018), along with annual well status for 5 years
(2013-2018). According to local regulations (Tercera
Legislatura Constitucional del Estado de Quintana Roo,
2017), CAPA is allowed to distribute water for the following
uses by sector: commercial, domestic, general services, hotels,
industry and aquatic parks, with the latter nonexistent in
Cozumel.

2.3 Evapotranspiration

Evapotranspiration was estimated by the Thornthwaite
method (Tw), a monthly temperature-based method that has
been used for estimating evapotranspiration in previous studies for
the Yucatan Peninsula (Bautista ez al., 2009; Delgado et al., 2011).

Tw can be used in locations where environmental data are
limited and to identify monthly variations over a period of
time (Bautista et al., 2009). For this study, data from
CONAGUA, CFSA, and theoretical sunshine hours for each
month from Allen (Allen et al., 1998) were used to estimate
monthly evapotranspiration (ET,) from 1989 to 2019
according to the formula (Formula (1)) described by the
Thornthwaite method (Thornthwaite, 1948).

10«T,\“ N =n
i )*E*% (m)

ET0:16*(

where T, is the mean air temperature for each month (°C), I is the

P =67512%1077* P —7.711 —

12
annual heat index Z (&)

i=1
1075* P4+ 17921 %10 2% [+ 0.49239, N are the theoretical
sunshine hours for each month considering a latitude of 20° in the
Northern Hemisphere (Allen et al., 1998), and n is the number of
days per month.

2.4 Estimated recharge

The aquifer recharge in Cozumel was calculated according
to the following assumptions: (1) the whole UGA C1 surface
contributes to recharge, (2) the whole area of UGA C1 is
considered conserved and thus perturbations are not accounted
for, and (3) the maximum soil moisture capacity (STC) is
evenly distributed on UGA Cl1. Estimated recharge is
considered the potential aquifer recharge, defined as the
part of precipitation that infiltrates below the root zone
(Pulido-Velazquez et al., 2018). It occurs when soil moisture is
at the STC and monthly precipitation (Pi) exceeds monthly
evapotranspiration (ET,;), as stated in equation (2) (Alley,
1984; Rodriguez-Huerta et al., 2019a).

(P;—ET,)—(STC—S;_1)
AR= forP; > ET,;and S; = STC
Else0

(2)

where P; represents precipitation for each month, S; the
available soil moisture for each month, S, ; is the soil moisture
quantity of the previous month, and STC=224mm as
estimated by Rodriguez-Huerta et al. (2019a) for Cozumel
Island. STC is calculated by multiplying the soil available
water capacity and root depth of vegetation. Recharge volume
calculations started in September 1989 due to the elevated
precipitation value, thus considering S;=STC for that month.
Because of this, estimated recharge calculations for every
month in 1989 were not possible, for which this year was not
considered in the analysis. Monthly estimated recharge
volumes for UGA C1 were obtained by multiplying recharge
values (AR) by the UGA C1 area (68.85 km?).

2.5 Data analysis
2.5.1 Trend estimation

Prior to Mann-Kendall trend analysis, one of the
requirements is the absence of autocorrelation in the data
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(Helsel and Hirsch, 2002; Modaresi et al., 2016), which
occurs when observations are strongly correlated with
each other between a data point and its adjacent point
(Helsel and Hirsch, 2002). To identify the presence of
autocorrelation, individual indicator data sets were tested for
the autocorrelation coefficient (r;) by formula (3) (Shewhart
and Wilks, 2016):

T -0 ()
T SL Wy &

where n is the total number monthly registrations for each
variable, X; represents a value in the data series, X;,  represents
the following value from X; and ¥ is the average for the given
variable.

And the 95% confidence intervals were estimated:

rl(gs%):—lil.%\/n—Z )

n—1

If the estimated »; value fell between the 7 (95%) intervals,
then the data were considered serially correlated (Ahmad ez al.,
2015).

2.5.2 Mann-Kendall test

This test has been used and recommended by the World
Meteorological Organization for evaluating trends in climatic,
hydrological and water resource data (Jaiswal et al., 2015).
Trends allow us to visualize whether data have a tendency to
increase, decrease or stay static over time and can be estimated
by the nonparametric Mann-Kendall test (MKt) (Chen et al.,
2015; Emeribe et al., 2019; Hussain et al., 2015). MKt is
calculated by comparing for a negative or positive difference in
consecutive pairs of data values in the data set, without
considering the magnitude of the difference (Rosmann et al.,
2016). In this study, MKt was performed on every indicator
dataset for trend estimation because a normal distribution of
data is not required, and outliers (such as extreme precipitation
events) do not affect the result (Ahmad et al., 2015; Jaiswal
et al., 2015). In this test, no trend corresponds to the null
hypothesis, and a positive or negative trend corresponds to the
alternate hypothesis. A Z value of 0 corresponds to no trend, a
positive Z value to an increasing trend and a negative Z value to
a decreasing trend (Gocic and Trajkovic, 2013). This method
allows to identify the overall upward, downward or static
behaviour of values from a time series. To estimate the number
of positive differences minus the number of negative
differences (S), the variance of S or VAR (S), and the MKt
statistic (Z), equations (5)—(7) were used (Phuong et al., 2019;
Rosmann et al., 2016).

S = Sisig(Xj—X,-)

i=1j=i+1
FLif X, — X, >0 (5)
Slg()(J—Xl): Ole/—XIZO
—1if X; — X; < 0

VAR (S) was estimated by equation (6),

VAR(S) = 11_8 [x(n—1)%(2n+3)] (6)

and Z was calculated with equation (7)

§—1

. ifS§>0
VAR(S)
Z=4{0 ifS=0 (7)
VAR(S)

where 7 is the total number of monthly registrations for each
variable, X; represents a value in the data series and X;
represents the following value from X;.

Although Z value might indicate an increasing or
decreasing trend, in order for it to be significant, trend test
should be done at specific significance levels. For this study a
95% significance was used with a considered critical value of
1.96 for Z; o» (Ahmad et al., 2015; Gocic and Trajkovic,
2013). The estimated value of Z corresponds to a significant
positive or negative trend as long as the calculated value of Z is
greater or lower than the interval between 1.96 and —1.96;
otherwise, no significant trend is assumed (Ercan and Yiice,
2017; Yadav et al., 2014).

2.5.3 Sen’s slope

To take into account the magnitude of the difference in
trends, Sen’s slope estimation method was used (Rosmann
et al., 2016). This method pairs all the values from a time
series and estimates their slope, then uses the median from
these slopes to calculate an overall slope, as described by
equation (8) (Hussain et al., 2015):

Ti:"-ﬁ.:’,i"f ori=1,23 e n (8)
where x; and x; are data values at times j and k (j > k),
respectively. Increasing and decreasing trends correspond to
positive and negative signs from the estimated slopes (Phuong
et al., 2019).

2.5.4 Box plots

Boxplots are a useful and concise visual representation of a
data set, providing graphical displays of the presence or
absence of unusual values (outliers), skewness (relative size of
box halves), variation in spread (interquartile range or box
height) and centre of data (median or the centreline of the box)
(Helsel and Hirsch, 2002). Boxplots were used to identify
annual variations in data sets from each indicator data set
(Modaresi et al., 2016; Saadat et al., 2013; Toews et al., 2007)
by considering the data for each of the twelve months within
the considered time period of each time series (example: all
precipitation values for January from 1989 to 2019).
Seasonality can be visually identified by the position of the
centre from each box (median for every month), mean and
median from the previous and next boxes. Seasonal values
have a generalized annual cycle (Toews et al., 2007) and
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Table 1. Descriptive statistics and results for the autocorrelation function (r;) (o =0.05).

Units Series length  n Mean Max Min StDev Skewness Kurtosis  ri
Monthly precipitation mm 1989-2019 372 142 762 0 133 1.79 424  031°
Mean monthly temperature °C 1989-2019 372 27 33 23 2 0.10 -0.49  0.83°
Evapotranspiration mm 1989-2019 372 164 380 71 60 0.91 0.99 0.84"
UGA Recharge m’ 1990—-2019 360 1,482,705 39,971,599 0 4,940,640  4.56 2459  027°
Extracted water m®  2005-2018 168 345,807 436,806 227,849 37,873 0.32 0.05 0.78°
Commercial m® 20052018 168 36,989 50,208 21,419 4,150 —0.02 1.36  0.67°
Domestic m®  2005-2018 168 177,105 209,459 111,361 13,636 —0.99 293 042°
General Services m®  2005-2018 168 9,497 12,980 5,439 1,358 0.02 0.45  0.50°
Hotels m®  2005-2018 168 30,564 6,636 56,516 7,663 0.16 093  0.63°
Industry m®  2005-2018 168 167 655 26 145 1.54 1.87  0.65°

n=total number of registrations for each variable.
%, (95%)=0.099 and —0.104.
® 71 (95%)=0.10 and —0.106.
°r1 (95%)=0.145 and —0.157.

usually show an annual pattern with values of a similar
behaviour that allows groups to be formed (Saadat et al.,
2013).

2.5.5 Time series

Time series were elaborated for monthly precipitation,
mean temperature, evapotranspiration, estimated recharge
volume, water withdrawal and sector distributions. Extreme
precipitation events are indicated by precipitation and
estimated recharge time series. Time series are sequential
observations over time and a valuable method to visually
identify trends and the overall behaviour of data (Neeti et al.,
2012).

2.6 Well status

Information about the status of CAPA wells from 2013 and
2018 is represented within maps. Based on their current status,
CAPA classifies wells as (1) active, operating wells without
volume and quality issues for extraction; (2) repose,
temporarily out of service wells due to exceeding chloride
by law levels; and (3) dejected, wells out of operation due to
unfavorable water quality for extraction. This status descrip-
tion was based only on data provided by CAPA.

2.7 Statistical software

Time series, Sens slope test and boxplots were elaborated
and estimated by the software MINITAB vs. 18.

Maps were drawn using Geographic Information System
software QGIS vs. 3.12.

3 Results

Cozumel is a karstic island that was formed by the uplift of
the seabed (Spaw, 1978); thus, few slopes and a low maximum
altitude are present. A microbasin has formed naturally in the
north-centre due to small elevations (4-5m) and slightly
higher elevation (7.5-11m) in the far north and along the

perimeter of the coastline in the east (Fig. 1) (Frausto-Martinez
etal.,2019). Due to the low elevation on the island, most of the
rainwater can infiltrate to the porous medium, or through
sinkholes. On average, the island has 0.01% of gradient
which is a consequence of the high transmissivity produced by
high karstification (Sanchez y Pinto et al., 2015). These
characteristics favour the channeling, storage and infiltration
of rainwater in the north-central zone where UGA Cl1 is
located, in addition to being the location of the greatest
freshwater lens on the island. However, high permeability of
karstic systems also increases vulnerability to pollutant
infiltration and does not prevent issues from over extraction
like seawater intrusions (Medici et al., 2019, 2020).

3.1 Trend analysis

Descriptive statistics for all considered indicators are
shown in Table 1. The result of the autocorrelation function
(r;) estimated that none of the analysed indicators had
autocorrelation and therefore were suited for the Mann—Kendall
trend test.

The results for Z show statistically increasing trends for
monthly temperature, evapotranspiration, extracted water,
commercial, and general services, while a statistically
decreasing trend was found for precipitation, estimated
UGA CI1 recharge, and industry. Although a significant trend
was not found for domestic (Z=-0.59) and hotels (Z=-0.71),
a slight negative trend was found for both indicators in their
trend magnitude (—12.87 and —9.31, respectively) (Tab. 2).

3.2 Seasonality

Seasonality was observed in precipitation values, where
the mean peak values were identified from September through
November and lower values were identified from February and
March (Fig. 3a). For mean temperature and evapotranspiration,
mean peak values were in July and August (Fig. 3b, c). The
estimated recharge in UGA C1 showed October and November
as the months with the greatest mean values and outliers. A
slight seasonal increasing effect of water consumption was
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Table 2. Results from MKt and Sens slope. Estimated trends are significant with an a=0.05.

Trend S statistic VAR (S) Z Sens slope

Monthly precipitation Decreasing -6663 5742833 -2.780 -0.120
Mean monthly temperature Increasing 17697 5742833 7.384 0.007
Evapotranspiration Increasing 13728 5742833 5.728 0.159
UGA recharge Decreasing —6704 5205500 -2.938 0

Extracted water Increasing 6519 531505 8.940 498.312
Commercial Increasing 5276 531505 7.236 41.966
Domestic No trend —432 531505 —0.591 -12.877
General Services Increasing 4325 531505 5.931 11.969
Hotels No trend —522 531505 —0.715 -9.313
Industry Decreasing -2505 531505 -3.435 -0.457

Z]_u/zz 1.96 and — 1.96.

observed in the first three months for commercial services,
general services and hotels.

3.3 Precipitation and temperature

A sudden increase in mean temperature can be observed in
the last 8 years. In July 2012, a monthly mean temperature of
30 °C was recorded for the first time in the analysed period, but
the highest environmental temperature of 32.5°C were
recorded in 2016 and 2017. Since 2013, the highest records
remain over 30°C on Cozumel Island (Fig. 4b). Extreme
precipitation events on October 1998, 1999, 2005, and 2011
correspond temporally to hurricanes Mitch, Katrina, Wilma
and Rina, respectively.

3.4 Evapotranspiration

Evapotranspiration calculated by the Thornthwaite method
is based on monthly temperature values, so a behavior similar
to that in mean monthly temperature is expected. Evapotrans-
piration showed a mean monthly value of 164.6 mm (Tab. 1)
and an increasing trend with a slope magnitude of 0.159. In
Cozumel, few studies have reported evapotranspiration values,
some of which estimate evapotranspiration to be up to a 75% of
yearly precipitation (Wurl ef al., 2003), and others as much as
568.73 Mm?/year when estimated by the Turk method
(CONAGUA, 2015). An increase in values from July 2012
can be observed, reaching its maximum in July 2017, with a
value of 380 mm (Fig. 5).

3.5 Estimated recharge

An increasing trend for the frequency of hurricanes and
tropical storms in the Caribbean is expected for the next years
(Taylor et al., 2012). There appears to be a relation between
recharge and extreme precipitation events, as seen in Figure 6.
Although hurricanes and tropical storms are associated with an
important increase in precipitation volumes (Vosper et al.,
2020), the volume of rainfall contributed seems to depend on
the behavior, characteristics and intensity of the climatic event.
The results from Figure 6 show a reduction in the contribution
of tropical storms and hurricanes to the estimated recharge

volume in the last two decades compared to 1990s. Partly
because rain is not the only factor that influences, recharge is
the set of several factors, such as aquifer geological
composition, soil storage capacity, and evapotranspiration.

3.6 Water extraction from UGA C1 and consumption
by sector

The increased extraction volumes from wells are related to
population growth and economic development on the island in
the last 30 years, as economic growth and urbanization raise
the demand for water (Rodriguez-Huerta et al., 2019b). The
average monthly extraction volume was 345,807 m® (Tab. 1),
with the highest volume (436,806 m’) recorded in October
2015, followed by a decrease in extraction volumes (Fig. 7).
The number of people living on the island in 2005 was 73,193
(Ayuntamiento Presidencia Municipal Cozumel, 2015) while
in 2017 it was 93,477 (SEDETUS, 2019); therefore, the annual
population growth rate for that period of time was 2.1%.
Individual water consumption graphs on Fig. S1: for
commercial use, Fig. S2: general services, Fig. S3: industry,
Fig. S4: hotels, and Fig. S5: domestic can be consulted as
Supplementary material.

Special attention should be paid to the difference in the
total volume of water extracted and the sum of consumed water
by all sectors from 2005 to 2018. This difference resulted in a
mean monthly volume of 1,098,000+352,329 m’, which
represents an average 26% of the total extracted volume from
wells for the estimated time period. Part of this missing water
volume might be attributed to leaks due to deficiencies in the
distribution infrastructure. Water leaks are a serious problem in
many places, some of which represent 37% of the total
distributed volume for Mexico city (CEMDA, 2006) or up to
15% for some parts of the United States (Raei et al., 2019).

According to information from this study, a total of
58,095,509 m°> of water was extracted from CAPA wells, and a
total of 139,570,864 m® were estimated as recharge for UGA
C1 from 2005 to 2018, meaning that for that period, 41.6% of
the recharged water volume was extracted from UGA C1 by
CAPA. It should be noted that this represents only the extracted
volume from wells and aquifer volume reductions by
evapotranspiration and underground springs should be
considered on further studies.
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Fig. 3. Monthly annual variations in each indicator within their analysed time period.

3.7 Status of wells

The status of wells from CAPA in UGA Cl is deteriorating
(Fig. 9a and b) as can be seen by an increase in the status of
dejected (from 31 to 55) and the status of repose (from 34 to
47) wells from 2013 to 2018. Within analyzed time period,
dejected wells increased in the extreme south-east, as well as in
the extreme northeast of the UGA C1. On the other hand,
deposed wells increased mainly within the area near the center
of the UGA Cl1, surrounding the highway. In order to remedy

well deterioration, important active strategies must be
developed to reestablish the freshwater lens in each well
(Zepeda et al., 2018).

Current information about well status is based only on
information provided by CAPA; thus, further field research to
confirm the actual status of wells must be performed. On the
island, well infrastructure may be vandalized resulting in
removed supplies such as electrical cables and water pumps or
direct damage to distribution pipes within the UGA Cl1. In
addition, the lack of maintenance on the roads to the wells can
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Fig. 4. Monthly precipitation (a) and mean temperature (b) registered in Cozumel from 1989 to 2019.

difficult well water sampling due to vegetation overgrowth. 4 Discussion
These infrastructure situations should be considered to

complement the current water quality-based status of wells, Elevated indicator values (>1) of kurtosis and skewness
in order to develop more integrative maps from the current  from precipitation and estimated recharge were observed in
state of the wells within the UGA C1. Table 1. Although most of the analyzed months registered
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some precipitation volumes, the majority of them were close to
cero. Similar to what happened with precipitation, estimated
recharge would not occur with low rainfall volumes, which
resulted in the clustering most of the indicator values in cero o
close to cero due to the low number of recharge events. This
influenced data distribution of indicator values resulting in
elevated kurtosis and skewness values.

Time

4.1 Climate trends

On Cozumel, the low terrain elevation (4—5 m) surrounded
by slightly higher elevations (7.5-11 m) structures a naturally
formed basin (Frausto-Martinez et al., 2019). Water infiltration
is enhanced by the geohydrological setting, allows the
presence of one aquifer within this basin. Similar structure,
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volume.

and geologic characteristics can be identified on Caribbean The aquifers of these Caribbean karst islands are also
islands, such as western Cuba, north-central Jamaica and  subject to high vulnerability, where water supply and drought
northwestern Puerto Rico (Doerr and Hoy, 1957), where the  are considered major sustainability issues (Day, 2010; Len and
geohydrology allows the maintenance of an aquifer. Parise, 2009). To address them, the complexity and particularities
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Fig. 9. Location and status of CAPA wells from 2013 (Fig. 9a) and

of each groundwater system needs to be considered for their
adequate management (Kacaroglu, 1999). Although the analysis
of hydro meteorological dynamics is vital due to precipitation
being the main source of recharge for these aquifers. Therefore,
trend analysis of information from the past years is a resourceful
way to understand the behavior of the indicators and their current
situation, as the basis for the development and update of water
management strategies. The analysis presented on this study could
be used to complement water management studies on islands with
similar geohydrological settings, where hydro meteorological
information may be scarce.

The seasonality allows to identify yearly patterns within
an indicator data set. Seasonality, as seen on Figure 3a and b,
for precipitation and temperature correspond with literature
reports for both rainy and dry tropical seasons (SECTUR,
2018). The monthly average precipitation was 142 mm
(Tab. 1), and total monthly precipitation showed decreasing
trend (Z=-2.78). Because rain is the only source of fresh
water to Caribbean karstic aquifers, a decrease in its volume
directly impacts recharge volumes. When compared to
previous years, a remarkable decrease of intense precipitation
events from October 2011 to December 2019 (Fig. 4a) can be
identified. Even though an increase in hurricanes and tropical
storms is expected due to climate change in the Caribbean
(Vosper et al., 2020), their effect on intense precipitation
volumes in Cozumel has yet to be studied. Most of the
available hydro meteorological trend studies do not focus on
Cozumel but are meant for the Yucatan Peninsula area. These
studies suggest an overall regional decreasing trend in
precipitation (Castro-Borges and Mendoza-Rangel, 2010; De
la Barreda et al., 2020; Rodriguez-Huerta et al., 2019b),
although there is evidence of an increase in some locations of
the Yucatan Peninsula, such as Ria Lagartos (Yucatan State)
and Escarcega (Campeche State) (Neeti et al., 2012).
This information suggests that despite the expected
regional decreasing trend in precipitation, there may be a
different precipitation behaviour on a local scale, thereby
emphasizing the importance of specific studies for areas such
as Cozumel.

Previous studies indicate that small islands do not have the
sufficient conditions to create their own weather as continents
do, which makes them particularly vulnerable to changing

»
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(
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2018 (Fig. 9b).

weather conditions (Gamble, 2004). The variation on hydro
meteorological indicators could affect water availability on
islands of the Caribbean, due to the dependence of rainwater
infiltration dynamics for aquifer recharge (Falkland, 1993). For
the Caribbean, climate projections estimate a 0.7-4°C
temperature increase and a 10-30% precipitation decrease,
although these variations are not expected to be homogeneous,
with differences within the region according to time and
location (Cashman, 2014). Therefore, there is a need to
identify changes and update the dynamics of the variables
associated with aquifer recharge, as they are the basis for
estimating other indicators for the sustainable management
such as aquifer volume and aquifer safe yield.

An increasing trend on monthly temperature was observed
(Tab. 2): at present, CONAGUA reports an average annual
temperature of 24.7°C for Cozumel (CONAGUA, 2015),
monthly temperature analysed here showed a mean value of
27.5°C (Tab. 1); although the results from Sen’s Slope test
show a minimum magnitude increase, an important increase in
monthly temperatures can be seen starting from July to
September (2012) and follow through next seven years.
Because Sen’s slope was estimated for the monthly 30-year
period, this increase might not be reflected in the magnitude.
The rising mean temperature fits reports from previous studies
where an increase in temperature for the Yucatan Peninsula and
the Caribbean was predicted and identified (Castro-Borges and
Mendoza-Rangel, 2010; De la Barreda et al., 2020; Rodriguez-
Huerta et al., 2019a).

In Mexico, the modification of precipitation and tempera-
ture patterns due to climate change is expected (De la Barreda
et al., 2020), although weather variations in the Caribbean can
also be associated to “el nifio” and “la nifia” (Reguero et al.,
2013). Due to this variability, uncertainty in possible future
outcomes is expected; therefore constant monthly monitoring
and information analysis for detailed water balance studies on
islands is needed (Falkland, 1993).

Studies have reported that an increase in evapotranspira-
tion and a decrease in precipitation are associated with a
decrease in vegetation (Dinpashoh et al., 2011). Further studies
are encouraged to evaluate the fluctuations in evapotranspira-
tion values and their effect on vegetation density or variety on
the island.
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4.2 Recharge and economic issues

Previous estimations of recharge volumes have been made
for the island, although they vary due to the considered surface
for infiltration. CONAGUA estimated 208,070,000 m> of
recharge in 2015 and 2020 considering the whole island as an
infiltration surface (CONAGUA, 2015; DOF, 2020), while
other researchers estimated a volume of 47,500,000 m? for the
catchment and southwest areas (Koch ez al., 2016). In another
study, a volume of approximately 140 x 10° m’/year was
estimated by a 0.2 infiltration coefficient from total yearly
rainfall (Lesser et al., 1978), while other authors established
that annual recharge is only 6% of yearly precipitation volume
(Wurl et al., 2003). Although all these reports are important, it
represents a challenge to compare the information between the
different studies, since in these cases, there is not a full
description of the considered precipitation period, the criteria
considered for calculating the recharge and the surface area of
infiltration. For this study, only the surface area of UGA Cl1
was considered, and a monthly mean estimated recharge
volume of 1,482,705 m® was calculated from 1990-2019
(Tab. 1) with a downward trend (Z=-2.938), as seen in Table 2.

Results from Figure 3 suggest a synchronism between
intense precipitation events and high estimated recharge as
most of the estimated recharge volumes happen in October and
November, concurring with the highest precipitation months
(September to November). As in Cozumel high-volume
precipitation events begin on September, soils become
saturated with water that exceeds evapotranspiration volumes.
The geohydrological characteristics of Cozumel favor an
absence of runoff, enhancing the aquifer estimated recharge in
the following months which decreases as the rainy season
ends. When homologating estimate recharge calculations for
other islands with similar geohydrological settings, local
conditions, regional indicator values and soil moisture capacity
adjustments must be considered.

According to Figure 6, there seems to be a reduction in the
number of months when recharge occurs. Out of a total of 120
months per decade, the sum of months in which recharge has
occurred shows a decrease: 32 for the 1990s, 10 for the 2000s,
and 9 from 2011 to 2019. The decrease in estimated recharge
could be linked partly to a decreasing trend in precipitation and
an increase in evapotranspiration from the past 8-10 years,
when a greater volume of evaporation and water uptake by
plants reduces available water for aquifer recharge. For the
Yucatan Peninsula, data analysis has shown possible multi-
annual cyclical patterns of ~10 years for atmospheric
parameters (Castro-Borges and Mendoza-Rangel, 2010).
Further research on larger time scales and different time
periods (example: 10 years) should be performed to identify
patterns or cycles among precipitation, temperature, other
indicators and their effect on evapotranspiration and recharge
for Cozumel.

An increasing trend of water extraction volumes from
wells in UGA C1 was observed in Figure 7, along with an
important reduction in the quality of wells from 2013-2018
(Fig. 9a and b). Together with an increase in evapotranspira-
tion, these results might indicate a depletion in the freshwater
lens of Cozumel. A reduction of the hydraulic head in aquifers
can be linked to the overexploitation of groundwater and
elevated evapotranspiration/precipitation ratios, resulting in

saltwater intrusions (Villasuso et al., 2011). Therefore,
management of the aquifer in Cozumel should consider
updated safe extraction yields that are frequently estimated and
readjusted to prevent unsustainable water withdrawals from
wells, due to the observed variation in hydrometeorological
indicators that have an effect over infiltration and aquifer
available volumes (Cashman, 2014; Ng et al., 1992).

Cozumel’s economy is founded on tourism, water
consumption patterns are expected to be influenced by visitors
during the called “high and low” touristic seasons. This was
observed on the seasonality results for commercial and hotel
water use (Fig. 3f and i respectively), as a mean increase of
consumption in high season (summer and winter) and a
decrease in low season (September and October) (Segrado
et al., 2017). On the other hand, due to the lack of industrial
development, no visible seasonality was identified in the use of
water for this.

An overall increase in tourism activities might also explain
the increasing trend in water consumption by the commercial
sector and the decreasing trend by the industry sector. A similar
trend has been reported in the State of Quintana Roo, where an
increase in consumption in the service sector was caused by
tourism economic growth (Rodriguez-Huerta et al., 2019b).
The domestic sector does not show an increasing trend over
time according to the MKt as would be expected for an
increasing population on the island.

Although reductions in distribution service hours have
been reported by the population (unpublished data), the
absence of a trend on domestic use might also be attributed to
the practice of digging domestic wells for water necessities in
urban areas or where public water distribution services are not
available (Koch et al., 2016). By doing so, inhabitants obtain
access to the freshwater lens to partially or completely fulfil
their water necessities (except for drinking), thus substituting
CAPA water distribution services. It should be noted that in
Mexico is mandatory to obtain an approved concession title for
water exploitation from the Public Registry of Water Rights
(REPDA) and CONAGUA prior to the creation of new wells.
Only users subscribed to REPDA may legally extract water
within Mexican territory, and although there is a record of the
maximum allowed extraction volume per user, there is no
information on the actual extracted volume. Additionally, the
use of water directly from wells is not recommended due to
poor water quality implications unless it has gone through a
proper purification process prior to its use.

In Cozumel, there is a popular belief that tourism is an
important contributor to freshwater consumption, although this
has not been supported by the evidence analyzed here. The
results from Figure 8 and Table 2 show that the domestic
monthly averaged consumption volume from water distributed
by CAPA is 5.8 times greater than the mean monthly hotel
sector consumed volume and 4.8 times greater than the mean
monthly commercial consumption volume. This evidence
positions the domestic sector as the greatest consumer by
volume of water extracted from UGA C1, with a mean monthly
volume of 177,105 m>. It has been stated that tourists use
considerably more water than locals (up to a factor of 10
times), and this effect seems to be exacerbated in developing
countries (Becken, 2014). Although no evidence of this effect
was found in this study, more research that considers the
particularities of the economic activity and environmental
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resources of Cozumel is encouraged. On other islands like
Barbados and Trinidad and Tobago, water demand by domestic
sector can account for up to 31 and 40% of the total demand by
sector (Ekwue, 2010). Further studies must consider not only
the water volumes distributed by CAPA but also water
volumes extracted directly from the aquifer by users with
REPDA concessions registered for the island, such as hotels
that do not receive water services from CAPA. The smallest
consumer of water on the island is the industrial sector, with a
mean monthly volume of 167.67 m”.

5 Conclusions

On the island, a static behavior of hydrometeorological and
hydrological indicators can be misinterpreted, as reports
(if present) for these indicators are often times not updated,
non-consecutive, and not monthly based. The results from this
study show significant trends in hydrometeorological indica-
tors, estimated recharge, water extraction and most of the
volumes distributed to sectors on the island by CAPA. This is
evidence to corroborate the hypothesis of a dynamic behaviour
of these indicators when analyzed on a continuous monthly
basis, thus encouraging their constant future monitoring

Overall, the results show an increasing trend for mean
monthly temperature, evapotranspiration, water extracted from
wells, and water consumption by general services and
commercial sectors, along with a decreasing trend for
precipitation, estimated recharge and water consumed by
industry. The MKt did not estimate a significant trend for the
domestic and hotel sectors. Estimated recharge volumes
showed an important volume increase from extreme precipi-
tation events such as hurricanes and tropical storms. The
greatest water consumer by volume was the domestic sector,
while industry was the sector that consumed the least. An
increase in dejected (77%) and reposed (38%) wells within the
catchment area was observed. Hydrometeorological trend
evidence, extraction volumes, consumption by the commercial
sector, and the deterioration of the state of the wells suggest
increasing pressure on the aquifer in UGA C1 from Cozumel in
the past 30 years. Monthly analysis of hydrometeorological
and hydrological indicators is highly recommended as part of a
monitoring framework for island water management strategies
development and update, and could be implemented on
Caribbean islands with a similar geohydrological setting,
where water resources are highly vulnerable and a major
sustainability concern. Analysis performed in this study could
be suited for karstic Islands where hydrometeorological
information is not fully available, in order to improve
sustainable aquifer management strategies. Due to the
uncertainties of the particular effects on islands from climate
change on precipitation and temperature, there is a need to
understand the dynamic of indicators related to island aquifer
recharge and the demand from users as a basis for an adequate
water management. For an adequate water management on
islands, information from different sources related to the
aquifer should be examined and analized to enhance an
integrative approach. As available freshwater volumes
decrease and quality deteriorates, indicator analysis updates
become an important tool for making adequate management
decisions that contribute to resource sustainability.
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