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a b s t r a c t 

Sargassum mats in Mexican bays reduce the biodiversity of coral and seagrass nursery habitats. Three bays in 
Quintana Roo, Mexico were chosen to determine the environmental stress caused by Sargassum natans and S. 

fluitans on coral, seagrass and fish populations. For both control sites, Yal Ku Lagoon and Half Moon Bay with 
little to zero Sargassum cover, benthic communities and the physico chemical characteristics of the waters were 
not impacted. In Soliman Bay, Sargassum mats cover large areas in the shallows and shore and smother the 
seagrass and corals. Under the Sargassum mats light and dissolved oxygen levels were significantly lower. Anoxic 
conditions were found, with levels as low as 0.5 mg/L for oxygen and a 73% decrease in light. Water temperature 
was 5.2 ± 0.1 °C (mean ± SE) warmer under the Sargassum mats. By determination of weight (grams per day) 
and growth (mm per day), the stress caused by Sargassum mats in Soliman Bay caused a seven-fold decrease in 
productivity of T. testudinum compared to other sites. Taxonomic diversity was also reduced with lower biomass 
and an altered species distribution. To improve these ecosystems, pre-emptive conservation management and 
protection must be priority for future ecosystem health and biodiversity. 
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. Introduction 

The Sargasso Sea is formed by large amounts of Sargassum natans and
. fluitans and has always been considered as the source of the golden
ides of pelagic Sargassum washing up on most Caribbean coastlines.
argassum sequesters 40 to 260 million tonnes of CO 2 per year [33] .
ixty million tonnes of that net primary production per year sinks to the
eep ocean [33] . This represents 7% of the oceans’ global net transport
f CO 2 [33] , enhancing uptake of atmospheric CO 2 and ocean carbon
inks [70] . In addition to significant carbon uptake, Sargassum provides
abitats for spawning, nursery and feeding grounds [32] . Similar func-
ions are found in mangrove forests [21] , seagrass [6] and corals [7] . 

Since 2015, large mats of S. natans and S. fluitans smother Caribbean
oastlines of Mexico. The smothering began after the formation of the
mall Sargasso Sea in 2011 off the Brazilian coast [ 20 , 61 ]. Several hy-
otheses have been put forward regarding the conditions that lead to the
reation of the Small Sargasso. Global climate change might have forced
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E-mail address: ian.hendy@port.ac.uk (I.W. Hendy). 

ttps://doi.org/10.1016/j.ecochg.2021.100033 
eceived 25 March 2021; Received in revised form 13 September 2021; Accepted 4 O
vailable online 18 October 2021 
666-9005/© 2021 The Authors. Published by Elsevier Inc. This is an open access ar
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
art of the Sargasso Sea to move further south (Small Sargasso), bring-
ng the Sargassum spp. closer to the Caribbean Sea (review from [36] ).
he changes in the distribution of the Sargassum is thought to be caused
y a regime shift in changing ocean currents [ 61 , 69 ], increasing seawa-
er temperatures and abnormal winds, brought about by climate change
 13 , 28 , 36 ]. Sanchez-Rubio et al. [59] mapped long term distributional
atterns of Sargassum and found that the changing climate altered the
tlantic Multidecadal Oscillation (AMO). The AMO is the variability in

he North Atlantic sea surface temperatures over many decades. This led
o higher occurrences of Sargassum under warmer AMO events due to a
hanging global climate [59] . 

Over the last few decades, the volume of Sargassum, forming large
ats and washed up along the coastline has been steadily increasing.
he Sargassum mats arrive in Mexican shallow bays and remain for sev-
ral months each year. The mats degrade on beaches, at average vol-
mes of 2360 3 km 

− 1 [56] , creating toxic leachate. These impacts reduce
xygen availability [9] and cause high levels of hydrogen sulfide, H S
s, University of Portsmouth, Ferry Road, Portsmouth PO4 9LY, United Kingdom. 
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Fig. 1. Map illustrating country, region and site-specific scale of coastal bay localities. The area surveyed within each bay is highlighted. Many of the mangrove 
forests are established behind carbonate bedrock plateaus. A common geological feature in Caribbean Mexico. 
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Table 1 

Site specific environmental variables across the three localities (mean ± SE). 

Environmental variable Yal Ku Lagoon Half Moon Bay Soliman Bay 

Water depth (m) 1 to 3 1 to 4 1 to 3 
Sea surface temperature ( °C ) 29.5 ± 0.2 29 ± 0.7 29 ± 0.2 
Salinity (PSU) 34 ± 0.2 34 ± 0.4 35.1 ± 0.1 
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57] exacerbating devastation to the ecology, environment, and econ-
my [5,36,57] of the site. Earlier studies have shown how seagrass and
oral ecosystems in particular are the most affected by the Sargassum

ats [ 5 , 66 ]. In Mexico, the health of seagrass and coral reef ecosystems
lay a crucial role to coastal tourism [ 19 , 39 , 55 ], which in Quintana Roo
lone, it is worth $10 billion per year [54] 

In Mexico, seagrass meadows cover an area of 400,000 ha of coastal
aters and the standing stock of stored carbon biomass in seagrass is

stimated at 48 million tonnes [24] . This biomass supports fish pop-
lations and higher organisms in adjacent ecosystems [16] . Each year
lobal seagrass loss continues at rates estimated at 7% [71] . Losses are
ue to poor water quality from reduced UV light and dissolved oxygen
DO 2 ) levels [49] , similar to the environment caused by Sargassum mats
nd leachate. Coral reefs are also under threat from the smothering Sar-

assum mats and runoff from the degrading mats, which form a toxic
eachate, visible as dark brown in the water [9] . The impacts on coral
eefs and losses of hard coral cover cause declines in biodiversity, due to
oss of habitat complexity and connectivity [ 12 , 18 , 41 ]. Losses of hard
oral cover are often followed by an overgrowth of macroalgae, lead-
ng to an unstable state phase-shift [26] . The impacts from smothering
ats of Sargassum and toxic leachate will lead to reductions in ecosys-

em resilience and loss of function [ 9 , 58 , 64 ], due to declines of seagrass
roductivity and hard coral cover. 

Northwest of the Small Sargasso Sea we investigated the impact of
argassum mats and its leachate on the seagrass, corals, and fish distribu-
ion in Soliman Bay, 10 km north of Tulum, Quintana Roo, Mexico. We
lso compared primary production rates of the seagrass, Thalassia tes-

udinum and water quality in Soliman Bay against sites without impact
rom Sargassum, Yal Ku lagoon and Half Moon Bay, which had little to
ero smothering from Sargassum ( Fig. 1 ). Before Sargassum smothering
ccurred in Soliman Bay, seagrass and coral communities were healthy
D. Graham pers comm). We hypothesised that, (1) benthic community
tructure will have a greater diversity and abundance in areas without
argassum mats compared to areas smothered by mats in Soliman Bay,
2) Sargassum mats and its leachate will reduce light intensity and dis-
olved oxygen levels, while increasing water temperature , and (3) T.

estudinum growth rates and mass gain will be greater in sites without
argassum mats. 

. Materials and methods 

.1. Sites used in the investigation 

Three coastal shallow-water bays in Quintana Roo, Mexico were in-
estigated between June and August 2018. Site selection was deter-
ined by the presence of coral, seagrass, and different levels of Sar-
2 
assum cover (see Table 1 for environmental variables). Yal Ku lagoon
nd Half Moon Bay were control sites. In Half Moon Bay, some areas
f the strandline had beach-cast Sargassum but high wave energy im-
roved mixing of oxygen-rich water. Yal Ku lagoon ( Fig. 1 , 20.4095°
, 87.3055° W) has a 200 m-wide opening to the ocean, allowing the
xchange of water between the ocean and the lagoon. The lagoon has
enthic species including seagrass, Halodule wrightii and T. testudinum ,
nd corals, Siderastrea siderea and Agaricia spp . Sargassum was not found
n the Yal Ku lagoon. Half Moon Bay ( Fig. 1 , 20.3960° N, 87.3159° W)
lose to and South of Yal Ku lagoon is on the coast with a bay perimeter
f 1.2 km. The distance from the strandline (spring high water) to the
ringing coral reef at the outer edge of the bay is 500 m. The benthos of
he bay has a rich biodiversity with thick beds of seagrass, H. wrightii,

. testudinum and Syringodium filiforme. Coral species include S. siderea,

rbicella annularis, Porites ateroides, and Acropora palmata . Soliman Bay
 Fig. 1 , 20.2867° N, 87.3754° W) is 15 km South of the Half Moon Bay
nd Yal Ku lagoon. The bay perimeter is 2.2 km, and the distance from
he strandline to the fringing coral reef at the outer edge of the bay is
50 m. Extending away from the strandline to 200 m, there are large ar-
as of seagrass beds of H. wrightii, T. testudinum and Syringodium filiforme.

hroughout the bay, there are many habitat-forming benthic species in-
luding corals and sponges. Thick and large mats of Sargassum smother
0% of the Soliman Bay coast from May to November. The Sargassum

ats increase in mass close to shore with an estimated live volume of
970 m 

3 . Large volumes, 2000 m 

3 of decaying Sa rgassum spp. end up on
he shore forming a five-meter rotting band at the strandline, creating
xtensive toxic leachate and runoff, seen as cloudy dark brown water. 

.2. Seagrass thalassia testudinum growth and mass measurements in 
he three bays 

Measurements of T. testudinum primary productivity was modeled
n methods provided by the Caribbean Coastal Marine Productivity net-
ork [11] . Eight permanent quadrats (0.20 m x 0.20 m) were anchored

nto the sand in Soliman Bay, and five each in the Yal Ku and Half Moon
ay localities. Within the quadrats 38 (Yal Ku), 56 (Half Moon Bay) and
9 (Soliman Bay) seagrass leaves were used to measure leaf growth rate
y puncturing the leaf at the base (where the white sheath begins) and
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Fig. 2. An illustration highlighting the method for assessing growth of Thalassia testudinum. A , bundle of blades highlighted with, 1, a puncture mark on youngest 
blade; 2, a puncture mark on growing blade; 3, a puncture mark on old blade - the reference cut for the whole bundle; 4, white sheath; and 5, bundle. The distance 
between 1 and 3 and 2–3 are measurements for growth. B, a puncture mark visible on a young T. testudinum blade. C, a puncture mark visible on an old, seagrass 
blade. Red dotted lines indicate where all blades in the bundle were cut. 
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easuring the position of the puncture after several days ( Fig. 2 A). Due
o changes in visibility and high wave energy, three quadrats from Soli-
an Bay and Yal Ku lagoon, and four quadrats from Half Moon Bay
ere recovered after 11 and 12 days respectively. Thalassia testudinum

hoots were also collected at the same time for the leaf growth rate. 
The seagrass leaves were washed and cleaned free of epiphytes. Each

hoot contained two to three T. testudinum leaves. Since the oldest leaves
o not grow when punctured [35] they were used as a comparative base-
ine for growth with the younger blades ( Fig. 2 B and Fig. 2 C). Bundles
ere cut at the old leaf puncture marks and the younger leaves were cut
t their puncture mark. The distance between the two cuts were consid-
red the new growth (measurements taken in millimeters). All leaves
ere sun-exposed air dried for 5 days until visibly dry and remaining at
 constant weight. 

Dry weight mass (g) growth of T. testudinum in each quadrat was
eighed using a Ohaus PA224 Analytical Balance. Since not all the

eaves within the quadrat were punctured, we multiplied the growth
y the ratio of collected bundles and then divided it by the num-
er of punctured blades to get an approximation for the growth in
he whole quadrat. All seagrass data were collected using Permit #

GPA/DGVS/05,809/17. To compare levels of dissolved oxygen in each
ite (DO 2 mg L) a HQ30d portable multi ‐parameter meter was used
LDO101, accuracy: ± 0.1 mg/L. HACH, Manchester, UK). 

.3. Community composition investigations in Soliman Bay 

Within the three bays investigated, Soliman bay was the only bay
ith a thick layer of Sargassum with leachate, visible as dark brown
3 
ater (see Fig. 1 ). In total, six transects were conducted. Areas under
he Sargassum mats and adjacent to the mats, three transects (165 m
ong) running parallel to the strandline were conducted at 20 m, 40 m,
nd 60 m distance from the shore. Community composition investiga-
ions were carried out with 12, 1 m 

2 quadrats along the transect. In
hree transects in areas more than 100 m ( > 100 m) from the Sargas-

um mats, 10, 1 m 

2 quadrats were surveyed. All species were identified
o their lowest taxonomic classification. Benthic species, algae, seagrass
nd corals were quantified as a percent of a 1 m 

2 sampling area. Fish
pecies richness and abundance observations were conducted using un-
erwater visual census and quantified as abundance m 

3 along each of
he 165 m transects. Species were grouped into one of four broad taxo-
omic groups (from this point forward defined as ‘groups’): algae; sea-
rass; corals; fish. 

.4. Algal physiology 

In order to determine the photosynthesis and respiration of the Sar-

assum mat, the thalli of Sargassum fluitans were incubated for 30 min
n 50 mL closed- airtight oxygen chambers ( n = 5). Incubations were
onducted under natural light and dark conditions [53] . To correct for
etabolism effects by other organisms, reference incubations without

lgae were conducted. Incubations were repeated in two different days.
uring the first day, incubations were at 13:00 h with a natural irra-
iance level of 2173 μmol m 

− 2 s − 1 (High PAR). The second day the
ncubations were started at 10:00 h with a natural irradiance level
f 1524 μmol m 

− 2 s − 1 (Low PAR). Irradiance was measured with a
uantitherm PAR/Temperature Sensor with a QTP1 probe (resolution:
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 μmol m 

− 2 s − 1 , 0.02 °C, respectively. Hansatech, Norfolk, UK). The
hambers were used to determine gross photosynthesis (PG) and respi-
ation (R). To measure respiration, chambers ( n = 5) were covered with
luminium foil. The concentration of dissolved oxygen (O 2 mg L − 1 ) and
emperature ( °C) were measured before and after the incubations using
 HQ30D flexi oxygen meter (Hach Environmental). Primary production
as calculated following Naumann et al. [45] . 

.5. Water quality measurements in Soliman bay 

Water temperature ( °C) and light intensity (lx) measurements were
ade under the Sargassum mats, leachate (as defined by dark brown
ater) and surrounding areas, using two HOBO Pendant® Tempera-

ure/Light 64 K Data Loggers ( ± 0.5 °C, 1 min intervals). Light intensity
easurements were also recorded (30 cm below the water surface) at
0 m, 40 m, and 60 m from the shore using a HOBO UA ‐002 ‐64 Pendant
emp/Light data logger (accuracy: 0.47 °C, resolution: 0.1 °C. Tempcon,
rundel, UK). 

Extra measurements were taken in the thickest part of the sargassum

at at 8 m, 4 m and zero m from the first clean area in the open ocean
o shore. The depth of the mat using a transect tape (cm thickness) and
O 2 levels using a HQ30D flexi oxygen meter (Hach Environmental)
ere recorded ( n = 3). 

.6. Statistical analyses 

Within Soliman Bay species grouped into four groups, algae, sea-
rass, and corals (% m 

2 ) and numbers of fish per m 

3 in transects 20 m,
0 m, 60 m and > 100 m from the strandline in areas under the Sargas-

um mats and adjacent to the mats were examined using non-parametric
ultivariate techniques contained in PRIMER 7 (PrimerE Ltd: Plymouth
outines in Multivariate Ecological Research, Version 7). All PRIMER 7

ests were based on square root transformed data in S17 Bray Curtis
imilarity matrices [15] with 9999 permutations or raw data and Type
II sums of squares were used to calculate P -values due to the unbal-
nced design. The groups under the Sargassum mats and adjacent areas
ere tested for similarities using a permutational multivariate analy-

is of variance (PERMANOVA) main test. A PERMANOVA posthoc pair-
ise test examined similarities between groups using the variables of

ransects under the Sargassum mats or adjacent to them with areas and
pecies abundance as factors. 

To discriminate between the effects established by PERMANOVA,
 non-metric multidimensional scaling (nMDS) plot was visually ex-
lored [4] to examine patterns of species distribution within Soliman
ay in the areas under the Sargassum mats and adjacent to the mats.
pecies under the Sargassum mats and in adjacent areas in Soliman Bay
ere assessed using Pearson rank correlation coefficients. Correlations
f species R = 0.5 for the nMDS were plotted for visualization of results
s an ordination. Pearson’s correlation coefficient measures the strength
nd direction of the association between the species. An nMDS ordina-
ion identified the species within groups that best explain variation be-
ween areas and determine species distribution that contributed most
o differences between areas. Species distributions were plotted using
ubble plots for visualization. Differences between areas were also ex-
mined using an analysis of similarities (ANOSIM) test, analogous to a
ne-way ANOVA. 

Similarity percentage analysis (SIMPER) was employed to examine
roups within areas under the Sargassum mats and adjacent to the mats.
he contribution of the groups in each area was visualised using bar
raphs, highlighting community evenness between areas in Soliman
ay. 

Using parametric tests contained within MINITAB (MINITAB Inc ®,
ersion 17.3.1), t-tests were used to examine differences of light inten-
ity (lux) and temperature. A One-way ANOVA was used to examine
elationships with light intensity (lux) at 20 m, 40 m, and 60 m under
4 
he Sargassum mats; to examine Sargassum mat depth and oxygen con-
ent (O 2 mg L − 1 ), and to examine differences of seagrass growth mm
 

− 1 and mass g d − 1 between localities. Values of seagrass tissue growth
nd mass between the three localities were visualized using Box Plots.
ecause of the unbalanced design, a Levene’s test was used to check for
qual variance ( P ≥ 0.05). 

A Two-way ANOVA was used to examine differences between days
ith different intensity of Active Radiation (PAR) and the photosyn-

hetic ability of Sargassum spp. with oxygen flux (O 2 mg L − 1 h − 1 cm 

− 2 )
n Soliman Bay. 

All count data were square-root transformed, and all measurement
ata were log-transformed, with the suitability of the transformations
crutinized by examining residuals. Post-hoc pairwise Tukey HSD com-
arison tests separated values into distinct subsets in all ANOVAs. 

. Results 

.1. Seagrass productivity in Yal Ku, Half Moon Bay and Soliman Bay 

Growth rate (mm.d − 1 ) of the seagrass, T. testudinum , was signifi-
antly greater in the Half Moon Bay and Yal Ku lagoon compared to
oliman Bay, with 5 ± 0.2 mm d − 1 ( n = 119, mean ± SE), 7 ± 0.3 mm d − 1

 n = 35, mean ± SE) and 2.9 ± 0.1 mm d − 1 ( n = 42, mean ± SE), respec-
ively ( Fig. 3 A, One-way ANOVA, sites vs. growth rate: F 2,193 = 32.2,
 ≤ 0.001). Mass gained was also greater in Half Moon Bay and Yal Ku
agoon compared to Soliman Bay, 0.07 ± 0.01 g d − 1 ( n = 4, mean ± SE),
.03 ± 0.01 g d − 1 ( n = 3, mean ± SE) and 0.01 ± 0.004 g d − 1 ( n = 3,
ean ± SE) respectively ( Fig. 3 B, One-way ANOVA, sites vs. mass gain:
 2,7 = 15.2, p ≤ 0.01). The interquartile ranges of T. testudinum growth
ates per day and mass gained per day were lower in Soliman Bay. 

Dissolved oxygen (DO 2 mg L − 1 ) was greater from Half Moon Bay and
al Ku lagoon, compared with Soliman Bay, with 8.9 ± 0.01 DO 2 mg L − 1 

 n = 18, mean ± SE), 9 ± 0.02 DO 2 mg L − 1 ( n = 18, mean ± SE) and 4.9
 0.7 DO 2 mg L − 1 ( n = 18, mean ± SE) respectively ( Fig. 3 C, One-way
NOVA, sites vs. DO 2 : F 2,51 = 31.4, p ≤ 0.001). 

.2. Spatial variation of macrobenthos in Soliman Bay 

Biota within the quadrats ( n = 66) in Soliman Bay corresponded to 4
roups ( Table 2 ). Groups in areas under the Sargassum mats and leachate
ompared with areas next to the Sargassum mats had different composi-
ions (PERMANOVA main test: F 6,216 = 18.3, p ≤ 0.001, Table 3 ). 

Non-metric dimensional scaling (nMDS) confirmed the separation of
he groups between areas under the Sargassum mats and adjacent to the
ats within Soliman Bay ( Fig. 4 A) (ANOSIM (R: 0.5, p ≤ 0.01). A greater

requency of quadrats under the Sargassum mats contained macroalgae
 Fig. 4 B and C). Two groups, algae and seagrass were found only in areas
nder the Sargassum and comparisons of their abundance in those areas
ere not significantly different (PERMANOVA pairwise test: t = 5.2, P
 0.05). Seagrass, algae, corals, and fish were found in areas adjacent

o the Sargassum mats in Soliman Bay and were significantly different
n their abundances (PERMANOVA main test: area vs. species abun-
ance, F 1,43 = 6.6, p ≤ ≤ 0.001). Comparisons of abundances between
ll groups in areas adjacent the Sargassum were significantly different
PERMANOVA pairwise tests: t = 1.9 to 3.8, P ≤ 0.001). 

In areas under the Sargassum mats, contained attached algae and
ecaying seagrass, and the percent contribution was 70.3% and 29.7%
espectively (SIMPER analysis). Algae, seagrass, fish, and corals were
ound in areas adjacent to the Sargassum mats, and the percent contri-
ution was 11.2%, 45.3%, 27.6%, and 15.9% respectively ( Fig. 5 A). A
otal of 20 species from four groups were found in areas adjacent to the
argassum mats in Soliman Bay. A total of 7 species from two groups,
eagrass and algae were found in areas under the Sargassum mats and
eachate in Soliman Bay. The community structure in areas away from
he Sargassum had greater evenness and species richness ( Fig. 5 B and
). 
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Fig. 3. Box plots illustrating interquartile ranges of, A. seagrass growth rate mm per day from three Mexican bays, One-way ANOVA, sites vs. growth rate–
F 2, 193 = 32.2, p ≤ 0.001. B. seagrass mass gain grams per day from three Mexican bays, One-way ANOVA, sites vs. mass gain–F 2, 7 = 15.2, p ≤ 0.01. C. Dissolved 
oxygen recordings mg per litre from three Mexican bays, One-way ANOVA, sites vs. DO 2 –F 2, 51 = 31.4, p ≤ 0.001 (mean ± SE). ∗ Letters above bars = Tukey’s pairwise 
comparison tests. 

Fig. 4. Non-metric multidimensional scaling (nMDS) plot illustrating A, differences in distribution of groups from areas under the Sargassum mats and in adjacent 
areas in Soliman Bay (ANOSIM: R : 0.5, p ≤ 0.01). B , vectors based on Pearson correlation ( R ) values = 0.50, illustrating the group most associated to each area. C, 

the size of the bubble symbol is proportional to the percentage surface area of algae, seagrass and corals, and abundance of fish within areas (see key for details). 

5 
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Fig. 5. A , community contribution (%) of organisms from one of four groups in quadrats ( n = 36) (m 

2 ) from areas under the Sargassum mats and in areas adjacent 
to the Sargassum mats in Soliman Bay. B , community evenness of species under the Sargassum mats, illustrating a high dominance with a rapid decline, and C , 
community evenness of species adjacent the Sargassum mats, illustrating a greater community evenness compared to areas under the Sargassum . 
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.3. Light, temperature, and dissolved oxygen availability in Soliman Bay 

rom Sargassum 

Light intensity (measured at 30 cm below the water surface over two
ays, a high PAR and low PAR day) expressed as lux, was lower in areas
f the thick Sargassum canopy and leachate, 13,553 ± 2863.7 lx ( n = 213,
ean ± SE). Areas adjacent to the Sargassum mats within Soliman Bay
ad higher lux values, with 42,468 ± 4194.1 lx ( n = 111, mean ± SE)
 Fig. 6 A, Paired t-test, lux vs. area: P ≤ 0.001). Water temperature was
.1 ± 0.1 °C (mean ± SE) warmer under the Sargassum mats, compared
o adjacent areas in Soliman Bay, 33.5 ± 0.1 °C ( n = 240, mean ± SE)
nd 28.7 ± 0.1 °C ( n = 111, mean ± SE) respectively ( Fig. 6 A, t-test,
ater temperature (°C) vs. area: P ≤ 0.001). 

In areas of the leachate , at 20 m, 40 m, and 60 m from the Sargassum

ats lux values increased. The leachate became less visible with distance
nd lux was 6217 ± 833 lx ( n = 516, mean ± SE), 5208 ± 752.7 lx
 n = 654, mean ± SE) and 19,285 ± 2769.7 lx ( n = 245, mean ± SE)
espectively ( Fig. 6 B, One-way ANOVA, distance from Sargassum (m)
s. lux: F 2,1412 = 30.3, p ≤ 0.001). A 73 % reduction in light was found
n areas with leachate vs. clearer water. 

The amount of oxygen flux varied between days due to light inten-
ities in the water column. Day one had a high PAR (time of incubation
3:00 h), and day two had a low PAR (time of incubation 10:00 h). The
et and gross photosynthesis ( p n and p g ) on day one was greater. Oxygen
uxes calculated for p n , 10.9 ± 0.8 O 2 mg L − 1 h − 1 cm 

− 2 ( n = 5, mean ±
E) and p g , 13.9 ± 0.3 O 2 mg L − 1 h − 1 cm 

− 2 ( n = 5, mean ± SE), compared
o day 2 differed with p n , 5.7 ± 1.6 O 2 mg L − 1 h − 1 cm 

− 2 ( n = 5, mean ±
E) and p g , 7.6 ± 1.6 O 2 mg L − 1 h − 1 cm 

− 2 ( n = 5, mean ± SE), respec-
ively ( Fig. 7 ). In dark conditions, a post-hoc pairwise test highlighted
o significant difference with oxygen flux, -3 ± 0.9 O 2 mg L − 1 h − 1 cm 

− 2 

A  

6 
 n = 5, mean ± SE) and -2 ± 0.2 O 2 mg L − 1 h − 1 cm 

− 2 ( n = 5, mean ± SE)
or day one and day two, respectively ( Fig. 7 , Two-way ANOVA, Oxygen
ux vs. day: F 1,26 = 10.5, p ≤ 0.01 and Oxygen flux vs. photosynthesis
rocess: F 2,26 = 58, p ≤ 0.001). 

From the middle of the Sargassum mat to the ocean-facing edge the
at thickness varied between 36.7 ± 3.5 cm ( n = 3, mean ± SE) to
3 ± 5.7 cm ( n = 3, mean ± SE) (One-way ANOVA, Sargassum mat
hickness vs. area: F 2,6 = 3.9, p ≥ 0.05). Levels of dissolved oxygen (O 2 
g L − 1 ) at 8 m and 4 m from the ocean-facing edge were recorded at
.5 ± 0.05 O 2 mg L − 1 ( n = 3, mean ± SE) and 1.4 ± 0.2 O 2 mg L − 1

 n = 3, mean ± SE) respectively. Dissolved oxygen at the ocean-facing
dge of the Sargassum mat was significantly different to levels further
nto the Sargassum mat, measured 8.5 ± 0.2 O 2 mg L − 1 ( n = 3, mean ±
E) (dissolved oxygen vs. area: F 2, 6 = 181.4, p ≤ 0.001). 

. Discussion 

In this study we found that considerable quantities of Sargassum mats
n Mexican coastal bays, Quintana Roo, create a trophic collapse of the
ora and fauna. We found a distinct change from a high habitat com-
lexity leading to reduced complexity and evenness, evidenced by the
even-fold decrease of Thalassia testudinum productivity and reduced
bundance of coral bommies, with increases and high dominance of at-
ached algae covering areas of the benthos in areas under the Sargas-

um mats. Analysis revealed that these impacts lead to reduced trophic
evels in Soliman Bay. Corals and seagrass are ecosystem engineers
 14 , 50 ]. amongst their many benefits they provide habitat and struc-
ure for many organisms, particularly juvenile and vulnerable species
42] , therefore reductions of these groups lead to losses of biodiversity.
 well-established habitat complexity with interconnected habitat mo-
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Fig. 6. Light intensity (lux) m 

2 and water temperature ( °C) readings measured at 30 cm below the water surface in areas under the Sargassum and adjacent areas 
in Soliman Bay. A, Area vs. lux and temperature ( °C), Paired t-tests: P ≤ 0.001 and P ≤ 0.001 respectively. Temperature = blue dots B, distance from Sargassum (m) 
vs. lux, One-way ANOVA: F 2, 1412 = 30.3, p ≤ 0.001. Mean ± SE. Letters above the bars = Tukey’s pairwise test. . 
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aics will enable greater protection for vulnerable organisms [60] . The
ncrease of niches provides a healthy ecosystem improving trophic sub-
idies and complex food webs [ 46 , 52 ]. Greater trophic levels within a
ood web drive the ecological structure through more interactions and
ransfer of energy [52] . The presence of Sargassum mats in Mexico im-
act food webs, alter the benthic structure and create changes through-
ut the ecosystem [58] . Other authors report on reduced species interac-
ions and abundance due to impacts from Sargassum [ 5 , 57 , 58 , 66 ]. These
osses are becoming more common in Mexico [ 37 , 68 ] with declines in
abitat functionality and trophic diversity [17] . Sargassum blooms in
exico lead to losses of nursery habitats, coupled with high fish mortal-

ties and coastal dead zones [34] . This is the first study to detail direct
7 
mpacts to seagrass productivity due to decaying Sargassum mats and
eachate. 

Before the smothering and stranding of Sargassum in Soliman Bay
he water was clear, with less algal cover coupled with minimal damage
o corals and sea fans (D. Graham pers comm). In areas under and close
o the Sargassum mats in Soliman Bay, there were dead seagrass beds
overed in algae. The presence of seagrasses in the areas not affected by
argassum mats supported greater trophic complexity than areas found
n the impacted sites. This has also been reported from temperate sea-
rass meadows [72] . Seven species of hard corals and eleven species of
sh were observed in areas away from the Sargassum mats. Additionally,
he areas further away from the Sargassum mats had a lower cover of al-
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Table 2 

Species from quadrats identified within areas under the Sargassum 

mats and areas adjacent to the Sargassum mats in Soliman Bay. Note, 
fish species were categorized into one broad group, but trophic guilds 
ranged from herbivores to invertivores. 

Group Species 

Algae Acetabularia caliculus 

Caulerpa spp . 
Chaetomorpha spp . 
Dasycladus vermicularis 

Dictyota spp . 
Eucheuma spp . 
Halimeda spp . 
Halophilia minor 

Laurencia spp . 
Penicillus spp . 
Udotea spp . 

Seagrass Syringodium filiforme 

Thalassia testudinum 

Coral Agaricia agaricites 

Madracis mirabilis 

Orbicella annularis 

Porites astreoides 

Siderastrea radians 

Siderastrea siderea 

Stephanocoenia intersepta 

Fish Abudefduf saxatilis 

Acanthurus bahianus 

Chaetodon capistratus 

Haemulon flavolineatum 

Halichoeres bivittatus 

Labrisomus guppyi 

Microspathodon chrysurus 

Stegastes adustus 

Stegastes fasciolatus 

Stegastes leucostictus 

Thalassoma bifasciatum 

Table 3 

Results from the PERMANOVA Pairwise tests, examining differences 
and similarities between areas under Sargassum mats and adjacent to 
the mats in Soliman Bay. 

Area Meters from strandline t - value Significance 

Sargassum mat 20 vs. 40 0.7 ≥ 0.05 
20 vs. 60 1.9 ≥ 0.05 
40 vs. 60 1.7 ≥ 0.05 

Adjacent 20 vs. 40 0.9 ≥ 0.05 
20 vs. 60 0.4 ≥ 0.05 
40 vs. 60 0.8 ≥ 0.05 
20 vs. > 100 1.5 ≥ 0.05 
40 vs. > 100 1.7 ≤ 0.05 
60 vs. > 100 1.2 ≥ 0.05 

Both 20 vs. A.20 4.3 ≤ 0.001 
20 vs. A.40 2.4 ≤ 0.01 
20 vs. A.60 4.3 ≤ 0.001 
40 vs. A.20 4.3 ≤ 0.001 
40 vs. A.40 2.2 ≤ 0.05 
60 vs. A.20 3.7 ≤ 0.001 
60 vs. A.40 1.8 ≤ 0.05 
60 vs. A.60 3.7 ≤ 0.001 
20 vs. A > 100 6.3 ≤ 0.001 
40 vs. A > 100 7.5 ≤ 0.001 
60 vs. A > 100 6.7 ≤ 0.001 

A = adjacent to the mats. 

g  

b  

h  

t
 

e  

d  

Fig. 7. Differences of oxygen flux. A, oxygen flux measurements over two days 
using chambers ( n = 5 O 2 mg L − 1 h − 1 cm 

− 2 ) during daytime with high and 
low Photosynthetically Active Radiation (PAR) (Two-way ANOVA, day vs. oxy- 
gen flux–F 1, 26 = 10.5, p ≤ 0.01 and photosynthesis vs. oxygen flux–F 2, 26 = 58, 
p ≤ 0.001). B, Oxygen measurements under the Sargassum mat at different dis- 
tances from the Sargassum /ocean edge (One-way ANOVA, Sargassum mat thick- 
ness vs. area–F 2, 6 = 3.9, p ≥ 0.05, and dissolved oxygen vs. area–F 2, 6 = 181.4, 
p ≤ 0.001). Mean ± SE. Letters above the bars = Tukey’s pairwise test. 
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ae, and the community structure was healthier. The increase of sessile
enthic organisms created a greater habitat complexity, which supports
igh densities of species richness and biomass with an improved ecosys-
em resilience [ 8 , 23 , 48 ]. 

With reduced trophic subsidies the flow of energy through the
cosystem will be disrupted, leading to a trophic collapse. These re-
uctions lead to top-down changes in community structure [ 10 , 58 ], as
8 
een with the high dominance of algal growth, with impacted seagrass
eds in areas under the Sargassum mats in Soliman Bay. The change in
eagrass community structure resulted in more generalist species, dis-
lacing the specialist species [58] , such as the increase in algal cover-
ge and communities found in this study. The loss of T. testudinum and
oral will lead to greater impacts from storm events due to resuspension
f sediments and coastal erosion [66] . Impact to seagrass habitats will
lso reduce carbon sequestration [47] . Reductions of carbon drawdown
ill decrease the transport of organic matter [ 2 , 48 ] and protection for

uvenile fish [ 43 , 44 ] and invertebrates [ 38 , 72 ]. 
Seagrass loss also decreases ecological stability [27] . Toxic leachate

rom decaying Sargassum can reduce DO 2 levels to 1.0 mg L − 1 and pH to
.4 [ 5 , 40 , 66 ]. Marine species have an optimum zone of tolerance [30] .
hus, due to the degraded environmental conditions caused by the Sar-

assum mats, occurrences of dead or moribund fish will increase. This
s common with decomposing Sargassum [57] . Reduced pH exacerbates
osses to the ecosystem structure and function, particularly to coral reefs.
 reduced pH can also decrease species richness by more than 20%. Sun-
ay et al., [63] found declines of coral biodiversity and reduced habitat
omplexity of up to 30% due to reduced pH. As the water quality deteri-
rates, this will reduce the settlement of coral larvae. Antonio-Martínez
t al., [5] found Acropora palmata coral larvae had reduced dispersal
nd modified swimming behavior when exposed to Sargassum leachate
5] . This explains the absence of corals in areas close to the Sargassum

ats and leachate. Rodríguez-Martínez et al., [57] noted 80 species of
ead fish and invertebrates along the Mexican Caribbean coastline, in-
luding the keystone algivorous urchin Diadema antillarum [9] . These
ortalities were due to the smothering effect of the Sargassum mats and

eachate [57] . 
The Sargassum mats in Soliman Bay reduced the light intensity and

ecreased dissolved O 2 to levels fatal to organisms. The reduced O 2 was
ikely due to microbial respiration [3] . High levels of dissolved O 2 are
ital for marine organism health and productivity. When levels fall be-
ow 4 mg L − 1 marine organism metabolisms are affected. When lev-
ls drop below 2 mg L − 1 high mortalities of fish and crustaceans occur
 25 , 67 ]. We found low O 2 levels in areas under the Sargassum mats in
oliman Bay with readings less than 1 mg L − 1 , which can be fatal to
arine organisms. Studies in the Gulf of Mexico found that dissolved

xygen below 3.5 mg L − 1 causes losses of more than 80% of coral cover
29] . Combined with respiration from decomposition, we found that
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ater temperature was more than 4.5°C warmer under the Sargassum

ats. The increase in temperature will also reduce dissolved O 2 [25] .
ncreased temperatures will reduce the biomass of taxonomic groups
nd reduce the transfer of energy between trophic levels in a food web
64] . In the adjacent land-locked mangrove forests of Soliman Bay, an
xtreme change in temperature is dealt with by resident fish popula-
ions. The fish can seek environmental buffering provided by the shade
f the mangrove tree canopy. The fish become less stressed [22] . The
eaward side of Soliman Bay is an open system and mobile fauna can
eek areas away from the Sargassum mats, but only if they do not become
rapped under the Sargassum canopy. 

Environmental impacts reduce the growth and biomass of seagrass
 57 , 62 , 66 ]. Losses of seagrasses have consequences for coastal produc-
ivity if atmospheric CO 2 sequestration rates and carbon sinks decline
 2 , 47 ]. As a result, declining provisions of essential coastal ecosystem
ervices will ensue ([ 65 , 31 ]). These impacts lead to economic losses in
uintana Roo, due to declines in tourism [ 19 , 39 , 54 , 55 ]. 

. Conclusion 

The Mexican tourist industry depends on healthy and functioning
oastal marine ecosystems. Management priorities should focus on min-
mizing coastal impact from Sargassum stranding and smothering. Aca-
emic institutions, stakeholders, NGOs and local municipalities should
ork together to mitigate these impacts. Damage to the structure and

unction of seagrass beds and coral reefs compromise the community
tructure [1] . These changes alter species distributions [51] , taxonomic
iversity, biomass, and productivity. Rapid solutions are required to pre-
ent further ecological, environmental, and economic losses to amelio-
ate impacts. 
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