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Abstract: The Belize Barrier Reef system (BBR) in the western Caribbean’s Gulf of Honduras contains
a large region of lagoon coral reef, seagrass and mangrove habitat. As the largest lagoon habitat
within the Caribbean, this region experiences differing oceanographic and temperature conditions
as compared to deeper offshore areas. The occurrence of several endemic species within the Gulf
of Honduras area and inside the Belize lagoon supports the hypothesis that this area is a unique
biogeographic region. Consequently, the ecological effects of temperature increase due to global
climate change may have a long-term adverse impact on this region’s unique marine species. This
study reports an in situ temperature record over a ten-year period (2004-2014) collected from a coral
reef offshore of Wee Wee Cay within the South Water Cay Marine Reserve of Belize. There was a
steady increase in temperature during the decade.

Keywords: in situ ocean temperature; Wee Wee Cay; Belize; marine ecology; coral bleaching; global
warming; endemic reef fishes

1. Introduction

Coral mortality due to disease and bleaching is expected to increase in severity and in-
tensity as global temperatures continue to rise [1-3]. The South Water Cay Marine Preserve
of the Belizean Barrier Reef System is a World Heritage Site and contains some of the least
impacted ecologically and commercially important reef habitat in the western Caribbean [4].
In addition, this region has been identified as having key physicochemical properties which
differ from the rest of the Western Caribbean [5]. This region within the large Belizean Reef
lagoon system (which extends to Honduras) is also home to at least 20 identified endemic
species, which are likely particularly sensitive to ecological disturbances in this restricted
habitat [6]. Current knowledge of life history characteristics and the specific environmental
conditions resulting in these organisms’ unique adaptations to the Belizean lagoon region
are lacking. Satellite-derived sea surface temperatures (SSTs) are increasingly being used to
study near shore marine habitats [7]. In Belize, satellite SST has been used to examine coral
bleaching events and trends in water conditions [3,8]. However, so far, there have been
few studies into how accurately SSTs reflect actual temperatures experienced by sub-tidal
organisms [7]. Current in situ oceanographic assessment in the western Caribbean is in
place and the Belize Barrier Reef has multiple virtual stations measuring temperature [9]
(NOAA CHAMP, http:/ /www.coral.noaa.gov/champportal/ accessed on 1 November
2023). However, there are still critical habitats which are not yet included in the currently
established sensor network. Furthermore, the interpretation of satellite SST measurements
has not been adequately calibrated with actual underwater measurements in areas where
local oceanography has an effect. Increased levels of in situ monitoring of Belizean Barrier
Reef and Lagoon oceanographic properties are critical to understanding differences and
changes in water quality in these water masses due to continued anthropogenic impacts
from land use and climate change.
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2. Materials and Methods
2.1. Study Site

The study location was at Wee Wee Cay, Belize, inside the Belize barrier reef. Onset
Corporation’s model HOBO Tidbit temperature loggers (£0.2 °C accuracy with resolution:
0.02 °C at 25 °C) were deployed at an approximate depth of 1.2 to about 2 m during typical
tidal variation at Wee Wee Cay (Figure 1) located at 16°45.39 N, 88°8.03 W. Wee Wee Cay
is approximately 12.4 km from the Belizean mainland and approximately 7 km from the
reef crest (Figure 2). The shallow underwater habitat at Wee Wee Cay contains extensive
seagrass beds and numerous patch reefs (Figure 3).
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Figure 1. The Barrier Reef region offshore of Belize, Central America. The red box shows the general
study site area, shown in detail in Figure 2. (Google Earth map).

2.2. Long-Term Recording at One Station

Loggers were attached to a piling at the base of the dock on the western or leeward
side of the island. The loggers’ data were downloaded and redeployed during annual trips
(November or December). Logger calibrations were tested with laboratory deployments
at known temperatures. Temperature data were collected every 4 h in 2004 (and Decem-
ber 2003), hourly during 2005 and 2006, and every 30 min during 2007-2014. The 2008
temperature logger was lost. The entire dataset is in Supplementary Material Table S1.
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Figure 2. Location of Wee Wee Cay (16°45.39 N, 88°8.03 W) and nearby Carrie Bow Cay. (Google
Earth map).

Figure 3. Underwater habitat at Wee Wee Cay, about 1.5 m depth (P.S. Lobel photo).

2.3. Short-Term Synchronous Recording of Tide and Temperature at Four Depths

Temperature and tide level data were recorded over a ten-day period (1 December
to 10 December 2010) at Wee Wee Cay, Belize. Temperature data are from four Tidbit
loggers placed at increasing depth increments (0.6, 1.2, 3, 6 m), and tide data were recorded
from one tide logger at mean 1.2 m depth. This tide logger was Madgetech model 1000;
resolution 0.05 in; the normal range for calibrated accuracy is +0.3% max at 25 °C.

2.4. Comparative Data

Comparative temperature data were downloaded from Carrie Bow Cay Environmental
Monitoring System Archives (https://invertebrates.si.edu/CCRE/belize/ accessed on
1 November 2016). The only year available online that overlapped with this study’s data
set was 2004.

The Monthly Mean Maximum (MMM) and the MMM + 1 °C, or the Bleaching Thresh-
old, are calculated as described by the NOAA Coral Reef Watch website using our time
series data (https:/ /coralreefwatch.noaa.gov/product/5km/tutorial /crw08a_bleaching
threshold.php) (accessed on 1 December 2023).

2.5. Satellite Data

We used the location of Wee Wee Cay and our start and end dates. Our data were
filtered to match the daily corresponding temp measurements at 0600 Hrs of the satellite.
The satellite data from the 0.5 deg gridded SST measurements were from the Coral Reef


https://invertebrates.si.edu/CCRE/belize/
https://coralreefwatch.noaa.gov/product/5km/tutorial/crw08a_bleaching_threshold.php
https://coralreefwatch.noaa.gov/product/5km/tutorial/crw08a_bleaching_threshold.php

Diversity 2024, 16, 57

40f12

Watch 5 km product suite and were downloaded from this site. https://coralreefwatch.
noaa.gov/product/5km/index.php. (accessed on 1 December 2023).

3. Results
3.1. Ten Year Temperature Record
Seawater in situ temperatures measured in the shallow water lagoon habitat of Wee

Wee Cay between December 2003 and March 2014 ranged from 22.3 °C to 32.4 °C (Figure 4).
An increase in temperatures over time was detected (r*> = 0.015, p < 001).

Temperature °C

32.50

30.00

27.50

25.00

22.50

Jan/01/2004

Jan/01/2006 Jan/01/2008 Jan/01/2010 Jan/01/2012 Jan/01/2014
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Figure 4. Daily temperature record from Wee Wee Cay dock recorded every hour. Data began in
December 2003 and continued until March 2014. Temperature logger was at mean 1.2 m depth,
located on the lagoon side of the island. The linear regression for all data was r? = 0.015; p < 0.001,
shown as the blue line. The red line is the MMM (30.5 °C) or monthly mean maximum. We calculated
MMM for WWD using the in situ data for December 2003 to March 2014, which yielded a MMM
temperature of 30.93 °C during this baseline period. The purple line is MMM + 1 °C (31.5 °C) or the
Bleaching threshold.

While both the maximum and minimum temperatures exhibited increasing trends dur-
ing the sampled period, maximum temperatures increased at a rate of 0.0066 °C month~!
compared to 0.0038 °C month ! for minimum temperatures (Figure 5).

3.2. Temperature Record and Coral Bleaching

In the years when the temperature measurements spanned the summer months, in
the years between 2007 and 2013, the bleaching threshold of 31.5 °C [10] was exceeded
(Table 1). The number of days with temperatures exceeding the threshold ranged from 0 to
14 in 2010. September had the highest consecutive number of days exceeding the bleaching
threshold. The bleaching thresholds were exceeded on over 10 days in 2010 and 9 days
sequentially in 2011 (see Section 3.6).
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Figure 5. Record of monthly maximum and minimum temperatures from Wee Wee Cay dock. Data
began in December 2003 and continued until March 2014. Temperature logger depth was about 1.2 m
depth (depending on tide), located on the western side of the island.

Table 1. Summary of months where seawater temperature at Wee Wee Cay exceeded the bleaching
threshold of 31. 5 °C. Note: the 2008 logger was lost.

# Days when Temp Months with Temp Month with Highest # of Days

Year Exceeds 31.5 °C above Threshold above Threshold (# Days)
2004 0 NA NA

2005 0 NA NA

2006 0 NA NA

2007 3 May, Jun., Aug. 1 each

2009 7 Sep. Sep. (7)

2010 14 Jun.—Sep. Sep. (8)

2011 12 Aug., Sep. Sep. (7)

2012 2 Aug., Sep. Sep. (1)

2013 2 Oct. Oct. (2)

3.3. Mean Annual Temperatures

Mean annual temperatures at Wee Wee Cay ranged from a low of 27.2 °C in 2006 to
28.5 °C in 2007, with mean annual temperature increasing at a rate of 0.0805 °C year !
within the sampled period (Figure 6).
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Figure 6. Annual mean temperatures for Wee Wee Cay. Data values were only calculated for years
with complete sampling. The slope is measured as change per month.
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3.4. Mean Monthly Temperatures

Mean monthly temperatures at Wee Wee Cay were similar to temperatures at Carrie
Bow Cay during 2004. However, Carrie Bow Cay temperatures had a greater range and
were more variable. Monthly minimums at Carrie Bow Cay were lower and monthly
maximums at Carrie Bow Cay were higher than temperatures at Wee Wee Cay. Wee
Wee Cay daily temperatures ranged from 23.9 °C to 30.8 °C, while Carrie Bow Cay daily
temperatures ranged from 22.9 °C to 32.6 °C (Table 2).

Table 2. Comparison of mean monthly temperatures at Wee Wee Cay (WWC) and Carrie Bow Cay
(CBC) during 2004. CBC data summarized from Carrie Bow Cay Environmental Monitoring System
Archives (https:/ /invertebrates.si.edu/CCRE/belize/) accessed on 1 November 2016). Minimum,
maximum and range values have been round to the first decimal place to reduce table size.

WWC sd Min Max Range CBC sd Min Max Range
Jan. 25.59 0.54 24.5 26.8 2.3 26.18 0.79 244 28.8 45
Feb. 26.25 0.57 24.9 27.9 3.0 26.58 1.02 23.9 29.9 6.0
Mar. 26.81 0.46 25.4 279 25 26.94 0.87 253 29.5 42
Apr. 27.77 0.67 26.3 29.3 3.0 2791 1.26 254 32.3 6.9
May 28.65 0.45 27.9 30.1 22 28.60 0.90 26.6 31.5 49
Jun. 28.94 0.35 28.2 29.9 1.7 29.90 0.73 27.8 31.9 42
Jul. 29.26 0.44 28.4 30.4 2.0 29.31 091 27.8 32.6 4.8
Aug. 30.00 0.38 29.3 31.0 1.7 29.88 0.85 28.5 33.1 4.7
Sep. 30.50 0.45 29.5 314 1.9 30.30 0.89 28.6 334 49
Oct. 29.73 0.51 28.2 30.8 2.6 29.64 0.75 27.7 32.0 43
Now. 27.47 0.83 26.4 29.9 3.5 28.07 0.77 26.5 30.7 42
Dec. 25.67 0.99 239 28.2 43 26.94 1.03 22.2 29.9 7.8
Mean 28.1 0.55 26.9 29.5 2.6 28.4 0.90 26.2 31.3 5.1

The trend in mean monthly temperatures during the sampled period reflected a rate
of increase of 0.0063 °C month ! (Figure 7). This result can be compared to other studies in
Belize during 1984-2003 which showed rates of increase from 0.0024-0.0028 °C month~!
(Table 3).
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Figure 7. The trend in mean monthly temperatures during the sampled period.
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Table 3. Trends in mean monthly sea surface temperatures (SSTs) reported in the literature.

Years Location Linear Equation r? Reference
1982-2012 Intra American Region 0.0015 only Slope reported [11]
1984-2003 Belize-South y =0.0028x + 27.376 0.0422 [12]
1984-2003 Belize-Glover’s y =0.0027x + 27.367 0.0379 [12]
1984-2003 Belize-North y = 0.0024x + 27.391 0.0325 [12]
2004-2014 Belize-Wee Wee Caye y =0.0063x + 27.521 0.02059 This study

3.5. Comparative Temperature at Different Depths
The temperature data reported in this study are from an average depth of 1.2 m. An
example of how this station compares to the tide (in blue at top) and to temperatures at
different depths from close adjacent sites over a 10-day period is shown in Figure 8. The
hourly temperature variation was consistent at all sites and corresponded to the tide.
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Figure 8. Temperature and tide level data over a ten-day period (1 December to 10 December 2010) at
Wee Wee Caye, Belize. Temperature data represent four loggers placed at increasing depth increments
(0.61, 1.22, 3.05, 6.10 m), and tide data (in blue) were recorded from one logger at 1.2 m depth.

3.6. Comparative Temperature between Satellite Data and In Situ Logger

The temperature data in Figure 9 are matched to the time that the satellite acquired data
(0600 Hrs local time). The degree heating weeks (DHW) are from the NOAA CRW website
for the same time period at WWC lat/long. These values, in yellow, are directly from the
CRW website https:/ /coralreefwatch.noaa.gov/satellite/education/tutorial /crw24_dhw_
product.php#:~:text=The%20units %20for%20DHW %20are, \ especially %20in%20more%?20
sensitive%20species, accessed on 1 December 2023.

Monthly mean SSTs were higher than in situ temperature measurements during Jan.—
May and again in Oct.—Dec. During the summer months, the in situ temps were lower
than the SSTs (Figure 10). The SSTs and in situ temperature data were correlated with a
correlation coefficient of 0.668 (p < 0.001) but were significantly different (using a paired ¢-
test). The mean difference between the measurements was 0.667 (p < 0.001). The significant
threshold for severe coral bleaching is when the heat stress reaches four degree C-weeks
(CRW website). In our 10-year dataset, the four-degree C-week was only reached once,
during June-July 2010 (Figure 9).
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Figure 9. The 10-year record at 0600 Hrs daily. The red line is the calculated MMM + 1 °C for WWC
using the in situ data for December 2003 to March 2014, which yielded a MMM temperature of 30.5 °C
and a MMM + 1 °C of 31.5 °C. The blue dashed line is linear relationship for CRW SST measurements
(r2 = 0.001; p = 0.124) during our time period and the green dashed line is linear relationship for our
in situ temp measurements (r2 = 0.016; p <0.001). The degree heating weeks (DHW) are shown as
yellow bar graphs along the x-axis.
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Figure 10. The 10-year in situ record compared to SST showing the monthly means. Each point is
9 years of data for each month with 95% CI. The mean difference between the measurements was
0.667 (p < 0.001).

4. Discussion

This study contributes an additional set of in situ seawater temperature measurements
for the Belize Barrier Reef Lagoon. The closest in situ environmental monitoring location to
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this station is the Smithsonian Institution’s Environmental Research Laboratory on Carrie
Bow Cay, 7 km to the east and located on the barrier reef crest, which is exposed to the
open ocean. Ocean temperatures for 2004 at Carrie Bow Cay (https://invertebrates.si.edu/
CCRE/belize/ accessed on 1 November 2016) were more variable and had a greater range
than those found at Wee Wee Cay for that same year. Water temperatures at Carrie Bow
exceeded the bleaching threshold 108 days as compared to 30 days at Wee Wee Cay in
2004. These extreme temperatures may result from the shallow depth of the environmental
monitoring system at Carrie Bow Cay (between 0.2-0.5 m) as compared to the 1.2 m to 2.5 m
depth of the logger at Wee Wee Cay. Another study collected data at four sites in Belize
and deposited the datasets online, but without analyses [11]. Our in situ data were higher
than the SST data overall except for the summer months July, August, and September
when satellite SSTs were lower than in situ measurements. Comparative results from other
studies found that SSTs were lower than in situ temperatures [12,13]. The key point is that
the satellite data do not match temperature data at the depths where corals are growing.
This demonstrates a need for a better ground-truth network of underwater loggers. A
consideration for future researchers deploying temperature loggers is to standardize the
depth of the logger stations to provide better comparability of the data from different
locations. Atmospheric weather station data also obtained on site would be valuable.

Four mass coral bleaching events have impacted Belize: 1995, 1998 and 2005 [14],
with an additional widespread southern Caribbean event during 2010 [15]. Bleaching in
Belize was reported in 2010 [16]. Satellite SST data show that the shallow reefs of the
Belize Reef system were exposed to temperatures above the estimated by [10] regional
bleaching threshold of 29.7 °C for between 54 and 78 days per year between the years
2003-2012 [8]. Following these bleaching events there has been a dramatic decrease in
some corals [10,14]. The DHW in 2010 (Figure 9) corresponds to bleaching observed in the
region [15]. The combination of rising ocean temperatures and local stressors including
pollution and habitat destruction are impacting Belize reef corals throughout the BBR [8,16].

Annual mean temperatures are increasing at a rate of 0.0805 °C year ! as compared
to Intra Atlantic regional satellite derived estimates of 0.015 °C year ! measured between
1982-2012 [17], suggesting that warming is occurring much faster in Belize. Additionally,
warming trends based on monthly means between 1984 and 2003 in three regions in Belize
ranged from 0.0024 °C to 0.0028 °C month~! [18]. The data from Wee Wee Cay from 2003
to 2014 showed an increase in temperature of 0.0063 °C month~!, suggesting a greater rate
of warming here than other regions inside the Belize Barrier Reef lagoon.

This study revealed increasing lagoon water temperatures over the course of 10 years.
It adds a point of comparison for other sites in Belize (e.g., [3,8,12,13,16,19]) and elsewhere
in the Western Caribbean region (e.g., [5]). Temperatures were more variable and higher
inside the lagoon than at the nearby reef crest of Carrie Bow Cay). Belize had escaped
severe impact from bleaching events until the 1997/1998 El Nifio warming event. The
subsequent bleaching and mortality from this event were unprecedented during the previ-
ous 3000 years [20,21]. During the 1998 year, the bleaching threshold was only exceeded
on four days at Carrie Bow Cay [10]. Within the Wee Wee Cay time series presented
here, bleaching thresholds were exceeded for more than two or three sequential weeks
in five of the ten years studied. The data from this study show a higher number of days
in which temperatures exceeded the bleaching threshold as compared to neighboring sta-
tions. However, even though temperatures exceeded bleaching thresholds for extended
periods during multiple years and the DHW threshold of 4 in year 2010, local corals have
survived. Suggesting that these specific coral colonies represent phenotypes adapted to
these extremes and would be good targets for future study.

Increasing temperature is accompanied by a decrease in dissolved oxygen in the water.
This causes an increased respiratory and metabolic demand on larger fishes, which might
suffer more than smaller fishes. Overall, much more is known about the thermal tolerances
of coral species than of fishes. Thermal tolerance has been defined for only one Belizean
fish, Elacatinus lobeli [22,23]. The range in thermal response among different organisms can


https://invertebrates.si.edu/CCRE/belize/
https://invertebrates.si.edu/CCRE/belize/

Diversity 2024, 16, 57

10 of 12

shift the species structure when temperatures increase, as shown for algae and corals [24].
The data in this study add to the documentation of the impacts of coral bleaching and
pollution in the waters around Belize. Ecosystem shifts and species extinctions have been
recognized in Belize [2,3,8-10,16,19,20,25].

As with coral species, some fishes may also be better adapted to the warmer conditions
than their congeners [22,23]. However, there are other species that may be less tolerant
of the broad impacts of climate change inside the Belize Barrier Reef (BBR). Several fish
species have populations that are either endemic or most highly concentrated within the
BBR including several recently described species, such as those shown in Figure 11 [6].
These species are all restricted to the Gulf of Honduras. The conservation status of these
fishes has been documented on the IUCN Red List of Threatened species [26—29]. These
species are at risk of extinction from climate change impacts such as warming water, which
results in coral bleaching and overall degraded water conditions. Halichoeres socialis [30]
and Hypoplectrus maya [31] are currently listed as endangered, and Elacatinus lobeli [32]
is listed as near threatened (www.iucnredlist.org accessed on 1 September 2023). The
hamlet fish, Hypoplectrus maya, is endemic to the Belize lagoon and is only found inside
the Belize barrier reef [6,31,33]. The wrasse, Halichoeres socialis, is found only inside the
BBR and along the Honduran coastal reefs but not on the outer open ocean atolls [34].
The Belize Reef system, and especially its huge lagoon, have unique marine ecological
habitats that support a regional fauna, with many species being adapted to this particular
environment. Oceanographic conditions in this region should be monitored and the reef-
animal populations carefully surveyed to assess changes in fisheries and the coral reefs
(e.g., as nicely exemplified by [12,19]).

Figure 11. Recently discovered Gulf of Honduras fishes include: (A) Halichoeres socialis Randall &
Lobel 2003 (Labridae), (B) Hypoplectrus maya Lobel 2011 (Serranidae), (C) Elacatinus coloni Randall &
Lobel 2009 (Gobiidae), and (D) Elacatinus lobeli Randall & Colin 2009 (Gobiidae). Photos by P.S. Lobel.

5. Conclusions

The temperature of the ocean is rising, but long-term data sets are lacking. More
long-term monitoring stations are needed on coral reefs to document both spatial and
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temporal trends. Monitoring stations should be set at a standard depth for easy and
direct comparisons with satellite-derived data. Corals are well studied in terms of their
temperature tolerance and resiliency. However, similar studies on fishes and other macro-
invertebrates are few, and thus the impacts of global warming are not yet well defined.
The Belize lagoon is an especially sensitive aquatic system that should have a series of
oceanographic monitoring stations to track environmental changes. Such data will have
important applications in the management of local fisheries and tourism.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d16010057/s1, Table S1: The 10-year dataset.
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