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Abstract: Panama possesses multiple wetlands designated as protected areas and zones of
internationally recognized importance, one amongst them, the Bahia de Panama wetland Ramsar
site, which represents approximately 21% of the national mangrove surface coverage. Due to the
major ecological and economic relevance of mangrove ecosystems and their vulnerability to the
effects of a changing climate it is considered necessary to perform in situ studies that evaluate the
changes in sensitive meteorological parameters. This research was carried out with the objective of
measuring air temperature and relative humidity values in a section of the Panama Bay wetland for
the 2017-2018 period. This section, neighboring urban development projects, houses since the year
2015 the first tower for determining eddy covariance and measuring micrometeorological
parameters in mangrove forests in Panama. We determined monthly and yearly mean values for
the studied variables and determined the correlation between them with the use of Pearson’s
correlation coefficient. Results show that both parameters still remain at tolerable levels for this type
of ecosystems, with both years having very similar annual mean temperatures (27.47 + 0.32°C for
2017 and 27.48 + 0.67°C for 2018) and the annual mean relative humidity for 2018, being 85.35%.

Keywords: Panama Bay wetland; mangroves; air temperature; relative humidity; correlation;
climate change

1. Introduction

1.1. Mangroves: An overview

Mangroves can be defined as a group or formation of trees and shrubs (including ferns and a
palm tree) prevailing in muddy lowlands close to tropical and subtropical riverbanks and coasts,
where the mangrove tree, in its diversity of species usually has a dominant presence [1-4]. They are
present in 123 countries and territories covering approximately 152000 Km2, but only 12 countries
represent over 66 percent of the total mangrove coverage, among them Indonesia, Malaysia and
Myanmar, with more than 30 non-introduced mangrove species [4]. According to [5], mangroves
barely represent 1 percent of all tropical forests.

However small the fraction of forests they represent, mangroves fulfill a variety of important
ecological roles in their ecosystems. They actively participate in maintaining, mixing, consolidating,
and generating matter and sediments, as well as helping with their root system to soil accretion [6].
In certain zones of the Caribbean described [7,8] this surface accretion can generate elevations of up
to 4 mm/year, allowing them to keep up with sea-level rises. Mangrove forests are also among the
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richest, densest and most productive in terms of organic carbon sequestration and its storage in
local and ex situ sediment [4,9-13]; especially in wet tropical regions, they can store between
three [13] and five times more carbon than other terrestrial ecosystems [9].

The high levels of biomass and productivity of mangrove forests serve as indicators of the role
they could play in the global carbon cycle. It has been estimated that, on average, carbon pools in
mangroves could reach 1023 Mg / ha [10,11]. This carbon stored by marine-coastal ecosystems such
as mangroves, swamps and seagrasses are often referred to as “blue carbon” [14]. A study carried out
in the Hichinbrook Strait, Australia, has shown that carbon stocks in the first 50 centimeters of
sediment are 1.7 times higher than in living biomass [15]. Similar sedimentary borehole studies in
Belize, Honduras, and Panama demonstrated a 65% ratio of organic matter media in boreholes
located between 0.4 m and 10 m deep [8]. Thanks to research regarding the Net Primary Productivity
(NPP) of these ecosystems, it has been demonstrated that 10% thereof is incorporated to local
sediments, 50% is consumed or decomposed on-site and 10-15% is exported as Dissolved Organic
Carbon (DOC), with 10% not being considered [16,17], aided with calculations from [18,19] estimated
that mangrove Particulate Organic Carbon (POC) exports could account for up to 15% of total carbon
accumulation in sediments on the continental margin. Through a study performed off the shore of
northern Brazil, [20] estimated that more than 10% of the refractory DOC transported to the ocean
derives from mangroves. [21] also citing the previous paper, add that organic carbon export from
mangrove areas to the ocean is more than one order of magnitude higher in proportion to their net
primary production than any major river.

Coupled with their high productivity, their root system allows them to store and consolidate
sediments, thus creating a buffer zone that protects the inland ecosystems from the erosive action of
extreme climactic events such as tropical storms and tsunamis [4,22,23]. As an example, zones in the
southwest of the gulf of Thailand with an important mangrove coverage have all but ceased to
experience erosion [24].

Therefore, we examined sensitive variables such as air temperature and relative humidity in
coastal tropical ecosystems in the area, it is considered necessary to carry out a monitoring and
analysis of these variables to assess the current state of the mangroves in this wetland zone. Aiming
to assess the variables between 2017 and 2018. We examined correlations between these
environmental factors.

1.2. Potential threats from climate change

Evidence of human influence in the changes of the climactic system have increased since the
2007 IPCC’s (Intergovernmental Panel on Climate Change) report. It is believed to be extremely likely
than more than half of the observed rises in surface temperature recorded from 1995 to 2010 have
been caused by the concentration increment of greenhouse gases and other anthropogenic factors. In
addition, a trend has been observed, in which each of the last three decades has successively been the
warmest in regard to surface temperature than any other decade since 1850. Furthermore, combined
and averaged global data on land and ocean surface temperatures from 1880 to 2012 where
independently produced data clusters can be found, shows a linear increment of 0.85°C [25].
Additionally, recent estimations forecast a 0.9 to 1.30 m rise in sea levels by the end of the XXI century
[26].

A study aimed at evaluating the response of mangroves to relative sea level rise found variable
responses; the most common being accretion in the ecosystem’s substrate [6]; however, in almost
every case where there is accretion, this is countered by subsidence in the deepest strata of soil,
causing instability even under current conditions [6,27,28]. If the increments in sea levels are
distended enough, mangroves are able to migrate inland [28-30]. Nonetheless, a variety of factors
such as availability of adequate substrate, geomorphology, or the impact of manmade structures
(dams, watering canals, fillings, etc.) can affect their displacement ability [4].

With regards to temperature raise, [25] models predict an increment of between 2 and 4°C by
the end of the century. Such increases in temperature could have varying effects on mangrove forests:
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¢ Anincrease in productivity and photosynthetic rates could be seen, given that the optimal
temperature range for mangrove leaves is 28-32°C. Photosynthetic activity stops almost
completely if temperatures of 38-40 °C are reached, however;

e  Alterations to the flowering and fructification processes;

e Modifications to their specific composition;

e  Migration toward higher latitudes, where conditions allow for new mangrove establishment. It
has been observed that this phenomenon could lead to the replacement of saltmarshes, and it
is expected to continue in subtropical and template climates [4,28-32].

Realizing the imminent possibility of experiencing rapid increases in temperature in all tropical
regions of the world, [33] proposed carrying out a combination of large scale, in situ, variable
manipulation studies and observational studies (such as eddy covariance, environmental gradients,
among others) on a long-term basis in order to properly determine the way in which these ecosystems
will react to changes. Temperature manipulation experiments are particularly important, since
tropical ecosystems — including mangroves — may be especially vulnerable to thermal variations due
to their long evolutionary history of development under climactic conditions of relatively low
variance [34,35].

2. Materials and Methods

2.1. Study site

The monitored mangrove ecosystem is located within the westernmost limits of the Panama Bay
Wetland Ramsar Site. It measures approximately 350 meters in ratio, and it neighbors the Costa del
Este urbanization, the Santa Maria Country & Golf Club, as well as the Juan Diaz sewage treatment
plant. The area is dominated by Avicennia germinans and A. bicolor, with other species such as Pelliciera
rhizophorae and Laguncularia racemosa being present in lesser quantities. The area experiences the
effects of low and high tides four times a day and has a mean canopy height of 17 meters [36,37].
Figure 1.

Figure 1. Aerial picture of the Juan Diaz mangrove ecosystem. Available at:
https://www.renovablesverdes.com/humedal-panama-degradado-contaminacion/.

The micrometeorological and carbon flux tower was built in 2015, seven years after the visit of
Doctor Joseph Zieman of the University of Virginia to the Juan Diaz mangroves; invited by the
Ciudad del Saber Foundation and the former National Authority of the Environment (ANAM in
Spanish), currently the Ministry of Environment. It is approximately 30 m in height and is located at
the following coordinates 9°0'51.82” N, -79°27"10.53” W [36,38]. Figure 2.

Figure 2. Micrometeorological tower in the Juan Diaz mangrove ecosystem as seen from below.
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For data collection, monthly trips to the study site were conducted. The data analyzed in this
experience was collected between 2017 and 2018. Permission to enter the area must be granted by the
Ministry of Health, who has jurisdiction over the terrains surrounding the sewage treatment plant;
additionally, the National Frontiers Service (SENAFRONT in Spanish) must be notified of the
monthly visits, in order to provide armed escorts due to the strategic importance for national security
of the area. Access to the study site is done by car up to the sewage treatment plant; from there, it
becomes necessary to follow a trail cut through nearby thickets until the tower is reached.

2.2. Air temperature and relative humidity

The tower is equipped with eight air temperature sensors (R.M. Young Company, model
41342VC) and two combined sensors for air temperature and relative humidity (R.M. Young
Company, model 41382VC). All sensors are incased in radiation shields from the same maker. The
heights at which each probe is set are shown in Table 1. Measurements are taken every ten minutes
and are then stored in a CR3000 Campbell Scientific data logger, where it is downloaded upon arrival
on the site of CIHH personnel. Figure 3.

/B

Figure 3. Shed housing data logger and various important equipment pieces beside the tower.

Table 1. Elevation of used instruments in the Jay Zieman tower.

Elevation from Elevation from the

Instrument the ground (m) platform (m) Symbol
2.80 1.30 T2
6.00 4.50 T3
12.50 11.00 T4
Temperature probes 18.50 17.00 T5
19.50 18.00 T6
23.50 22.00 T7
26.50 25.00 T8
28.50 27.00 T9
2.80 1.30 T1-H1

Temperature and
humidity probes 31.50 30.00 T10-H10

We performed monthly averages on our data set prior to the graphical analysis, which included
monthly line plots comparing differences between stations by year and monthly boxplots of
combined station values by year. Additionally, we created a time series for both variables given their
monthly mean values for the T1-H1 station. Figure 4.
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Figure 4. Temperature and relative humidity probe encased in radiation shield.

2.3. Linear model fitting

Using R’s Im () function, we performed a least-squared linear model fitting for the air
temperature and relative humidity data collected between the years 2017 and 2018 from the T1-H1
station. The Im () function uses the following formula:

D
yi= Bo+ Zﬁjxij + &, 1)
j=1
The following assumptions are made for «i:
Null covariance or independence;
U Mean zero;

d Homoscedasticity or constant variance along all observations;
o Normality [39].

In order to determine if said assumptions were fulfilled, we relied on an evaluation through
graphic methods, such as Q-Q plots, scale-location plots and residuals vs. fitted values plots time.

3. Results

3.1. Air temperature and heat map

In 2017, the T10-H10 probe malfunctioned for most of the year and thus, both air temperature
and relative humidity readings were not considered valid for this period; therefore, station 10 is not

shown on temperature analysis on either year. Figure 5.
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Figure 5. Monthly air temperatures in each station for the year 2017.
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For the year 2017, the highest recorded temperatures occurred during the month of April (28.93

+ 0.25 °C), with station T8 having the most elevated readings. The yearly average temperature was
27.47 +0.32°C. Table 2.

Table 2. Analysis of air temperature (°C) in 2017.

Month Min. Max. Med. Mean SD
Jan 26.87 27.96 27.46 27.39 0.43
Feb 27.16 28.02 27.57 27.56 0.34
Mar 28.01 28.79 28.39 28.35 0.26
Apr 28.24 28.93 28.60 28.58 0.25
May 27.30 28.06 27.70 27.67 0.29
Jun 26.99 27.80 27.42 27.39 0.31
Jul 26.90 27.82 27.41 27.34 0.32
Aug 26.69 27.62 26.97 27.07 0.32
Sep 26.74 27.65 27.24 27.21 0.35
Oct 26.88 27.76 27.35 27.33 0.33
Nov 25.99 26.94 26.73 26.53 0.37
Dec 26.47 28.14 27.42 27.21 0.56

The period with the greatest amount of deviation corresponds to transitioning months between
the rainy and dry season (November and December), as well as January. Figure 6 allows us to
visualize temperature distribution every month through 2017. Additionally, we can observe that the
only months with mean temperatures of 28°C or above are March and April; these two corresponding
with the height of the dry season.

Annual air temperature

2017

w
<

_
=

-

Temperature,”C
N
[e5]

26-
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Figure 6. Boxplot for monthly temperatures in 2017.
During 2018, the T-7 station registered the highest temperatures, with a maximum of 30.12

(#0.66) °C for the month of March, Figure 7. The yearly average was calculated at 27.48 + 0.67°C. Table
3.
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Figure 7. Monthly air temperatures in each station for the year 2018.

Table 3. Analysis of air temperature (°C) in 2018.

Month Min. Max. Med. Mean SD
Jan 26.60 28.05 27.42 27.27 0.50
Feb 27.09 28.80 27.88 27.77 0.56
Mar 27.97 30.12 28.27 28.54 0.66
Apr 27.25 29.03 27.98 27.93 0.59

May 26.78 28.87 27.51 27.48 0.67
Jun 26.19 28.58 27.30 27.19 0.73
Jul 26.58 28.99 27.76 27.62 0.73

Aug 26.63 28.64 27.64 27.52 0.63
Sep 26.02 28.24 27.09 26.97 0.67
Oct 25.98 28.62 27.13 27.02 0.78

Nov 25.71 28.35 27.37 27.08 0.80
Dec 25.77 29.07 27.66 27.27 1.02

The months of March and October are characterized for outliers on the upper section of the
boxplot; however, every other monthly boxplot showed greater elongation compared to its 2017
equivalent, indicating a wider range in temperature variations regardless of the season. Figure 8.
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Figure 8. Boxplot for monthly temperatures in 2018.

With the heat map it is possible to observe anomalies in the measurements or extreme events.
Events. Figure 9.
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Figure 9. Heat map for 2017 and 2018.

3.2. Relative Humidity

Figure 10 shows that most of the data collected from station T10-H10 during 2017 registered
extremely low readings due to the damage caused to the censor. Meanwhile, humidity values for
station T1-H1, remained overall high, with values over 75% from May to December.
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Figure 10. Monthly relative humidity in each station for the year 2017.

For 2018, it is possible to observe the variations between both stations, which become more
noticeable during the dry season, mostly due to the difference in height between both sensors; with

T10-H10 being more exposed to direct sunlight, whilst T1-H1 receives partial protection from the
canopy shade. Figure 11.
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Figure 11. Monthly relative humidity in each station for the year 2018.

Table 4. Analysis of relative humidity (%) in 2018.

Min.
78.42
68.98
66.64
76.86
85.06
86.61

Max.
80.87
69.29
69.49
77.24
90.81
100.01

Med.

79.64
69.14
68.07
77.05
87.93
93.31

Mean
79.64
69.14
68.07
77.05
87.93
93.31

SD
1.73
0.22
2.02
0.27
4.07
9.47
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10
Jul 84.30 99.09 91.70 91.70 10.46
Aug 84.36 98.26 91.31 91.31 9.83
Sep 86.48 99.37 92.93 92.93 9.11
Oct 85.61 98.24 91.92 91.92 8.94
Nov 85.30 99.43 92.36 92.36 9.99
Dec 77.81 97.10 87.46 87.46 13.64

The great amount of oscillation between the recorded values of both stations, as it can be noted
in Table 4 and Figure 12 becomes more noticeable from the month of May onwards. We attributed

these changes to variations in other factors such as rainfall, wind, and sunlight exposure.
Relative humidity
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Figure 12. Boxplot for monthly humidity in 2018.

3.3. Linear fitting

We determined that an intermediate negative correlation (12 = 0.43) exists between relative
humidity and air temperature, with an estimated 6.94 (+ 0.30) unitary decrease in relative humidity
for every unitary increase in temperature. Since the p value is very close to zero (p <2e7%), we can
reject the null hypothesis and thus interpret from this result that the correlation is not due to random
occurrences. Figure 13.
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Figure 13. Fitted linear model for temperature and humidity.
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Although Figure 14 seems to indicate a trend towards a normal distribution and the leverage
plot only showcases 3 possible outliers within Cook’s distance, the remaining diagnostic plots
(Residuals vs. Fitted and Scale-location plot) do not show proper homoscedasticity; therefore, we
cannot ascertain that the output of the model is reliable.
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Figure 14. Graphs for assessing the model’s linearity. Residuals vs. fitted values (Upper), Histogram
(Bottom-left) and Q-Q plot (Bottom-right).

The time series for T1-H1 allows us to visualize that in almost every instance, a rise in
temperature values corresponds to a drop in humidity, with only two exceptions occurring (Mar-Apr
2017 and Sep-Oct 2018). Although only graphical methods do not suffice to prove causation, it does
serve to signal at a probable degree of correlation between these two and possibly other variables
which were not studied in the present experiment.
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Figure 15. Time series for air temperature (Upper) and relative humidity (Lower) from January 2017
to December 2018.

4. Discussion

We were able to obtain a nearly complete air temperature and relative humidity elevation profile
for the studied years. A more comprehensive look at variations in relative humidity was limited in
part due to the existence of only two sensors and the damage caused by birds to the T10-H10 probe
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for most of 2017. We also found a moderate correlation between the studied variables, although the
data did not fit our model of choice due to the presence of heteroscedasticity in our diagnostic
residual plots. We believe that further modifications to our experiment, including the mathematical
transformation of variables into an approximate normal distribution or performing a multivariable
fitting with data from other sensors in the tower (anemometers, net radiometers, pluviometers, etc.)
could not only yield better, but also more comprehensive results regarding the interactions of these
variables with one another and their effect on the ecosystem.

The yearly temperature averages were found to be within the acceptable range for mangrove
proliferation and survival. Humidity remained at high levels throughout the year, which is
considered normal for these ecosystems, the lowest mean value having been recorder in March 2018
(68.07 +2.02%).

The heat map showed cold spots in the station T-6 during the months of March T-6 during the
months of March 2017 and 2018 in the first days of the month; this is possibly explained by an out-
of-calibration sensor, as no such incidents were observed at other stations used.

Research indicated that the productivity rates of mangrove ecosystems are strongly correlated
with temperature, rainfall, and radiation. This suggests that global warming may have a significant
impact on these environmental variables as well as other underlying parameters (such as salinity,
tidal inundation patterns, etc.), potentially reducing the ability of these tropical Indian mangroves to
sequester carbon.[40]

Similar to this, rising temperatures are anticipated to cause drought stress in Brazil's large
mangrove forests based on climatic models and decadal climate patterns [41].

Temperature fluctuations can affect the growth and species composition of mangroves. Indeed,
temperature is one of the primary ecological forces at work throughout the world, and the low annual
mean air temperature is a significant constraint on the structure and productivity of Neotropical
mangroves.[42]

Utilizing litter traps to gather litterfall, phenological research on mangrove ecosystems revealed
that mature fruit fall was impacted by relative humidity.[43]

Due to the ecological and economic importance of the Bahia de Panama wetland, we encourage
further research on this and other mangroves in the region. Said research efforts, we believe should
be focused towards evaluating mechanisms such as stomatal response and carbon fluxes, which are
sensitive to changes in environmental factors such as salinity, humidity, and temperature.
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