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Abstract

Wetlands provide multiple ecosystem services, such as carbon
sequestration both in living biomass and in the soil. In México, most
studies have been done in coastal wetlands, mainly mangroves, and for
this reason information on continental wetlands is scarce. Two research
questions were answered: how much carbon is stored in the biomass and
in the soil of a continental wetland; and which is the spatial structure and
distribution of the dominant plant species. The study site is a floating
wetland in the eastern part of lake Cuitzeo where field work was carried
out during 2017 and 2018. Following a transect, six points were selected
and aerial biomass was harvested in one-square-meter plots and a soil
profile was excavated. Carbon content was analyzed from samples of the
dominant species and apparent density and carbon stored in the soil was
determined. Satellite imagery was analyzed to obtain the total area of the
wetland during the period 2003-2017 and the area damaged by fires was
calculated. Aerial biomass of the dominant species ranged from 5 770
kg/m=2 to 2 495 kg/m=2. The substrate contains 92 617 tons of carbon. The

cover of invasive species Phragmites australis increased by 10 % with
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respect to the total wetland area from 2010 to 2017. Two major fires were
detected, the largest in 2016 that covered 242 ha of the total of 535 ha.

Keywords: Carbon sequestration, ecosystem services, hydrophytes,

cattail, sedges, fire, conservation, floating wetland.

Resumen

Los humedales brindan numerosos servicios ecosistémicos, como la
captura de carbono en la biomasa viva y en el suelo. En México, la mayoria
de los estudios se ha centrado en humedales costeros, principalmente
manglares, por lo que la informacion sobre humedales continentales aln
es escasa. Se abordaron dos preguntas de investigacion: écomo es la
estructura espacial y la distribucién de las especies vegetales dominantes
y sus cambios en el tiempo?, écuanto carbono almacena la biomasa aérea
y el suelo del humedal continental? Esta informacion es basica para iniciar
estudios mas detallados en estos sistemas poco estudiados. Ademas, el
sitio de estudio es un humedal flotante, uno de los tipos de humedales
menos estudiados en México; se encuentra en el oriente del lago de
Cuitzeo. La vegetacidon se estudid a través de imagenes aéreas y se
corroboré en un transecto. En estas imagenes se marcaron seis puntos
de muestreo, en los que se cosechd la biomasa aérea vegetal en parcelas
de metro cuadrado y se tomé un perfil de suelo. Se analizé el contenido
de carbono de las especies dominantes, y se determinaron la densidad
aparente y el carbono almacenado en el suelo. Se cuantificaron los
cambios en el area total del humedal en 14 afos y se midid el area
afectada por incendios. La biomasa aérea de las especies dominantes
vario entre 5 770 y 2 495 kg/m2. El sustrato del humedal contiene 92 617

toneladas de carbono. Se detectd que la especie invasora Phragmites
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australis ha aumentado su cobertura a 10 % del area total del humedal
de 2010 a 2017. Se identificaron dos grandes incendios; el mayor, en
2016, cubrid 242 ha del total de 535 hectareas.

Palabras clave: captura de carbono, servicios ecosistémicos, vegetaciéon

emergente, tule, espadafa, fuego, conservacion, tembladera.
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Introduction

Wetlands are intermediate ecosystems between land and aquatic
environments, distinguished by soil saturated by either fresh or salt
water. These soils are dominated by anaerobic processes and biota made
of vascular plants which are adapted to these environments, among which
macrophytes stand out (Reddy & De-Laune, 2008; Landgrave & Moreno-
Casasola, 2012; van der Valk, 2012; Smardon, 2014). Their
characteristics are mainly determined by water amount, source and
duration (hydrology) and by wetland landform (geomorphology) (van der
Valk, 2012). Flooding slows the oxygen diffusion rate and modifies
chemical and biological processes from an aerobic and oxidation state to

an anaerobic and reduced state (Fiedler, Vepraskas, & Richardson, 2007).
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This favors carbon accumulation due to the changes brought about in
microorganisms as the quantity of aerobic microbes and the propagation
of facultative organisms and obligate anaerobes is reduced (Reddy & De-
Laune, 2008)

Wetlands are excellent for carbon sequestration due to their high
accumulation and low decomposition biomass rates. According to Mitsch
and Gosselink (2015) wetlands store an estimated 530 Pg of carbon
worldwide, approximately 75 % of the carbon in the atmosphere. Among
the various kinds of wetlands, peat bogs store the greatest proportion,
about 89 Pg due to the organic matter stored as peat in the soil (Paige &
Baird, 2016). In the face of the current environmental crisis, the amount
of carbon stored in different types of wetlands should be determined,

given their significant contribution to carbon sequestration.

Even though wetlands cover a relatively small area of the
continental mass, the primary productivity of these systems is nearly as
high as that of tropical forests (Mitsch et al., 2013; Reddy & De-Laune,
2008). Nevertheless, wetlands are subject to different types of
disturbances brought about by increasing urbanization, changes in land
use for different agricultural activities and the propagation of invasive
species for commercial purposes (Brinson & Malvarez, 2002; van Asselen,
Verburg, Vermaat, & Janse, 2013). This has caused the loss of more than
60 % of wetlands worldwide (Davidson, 2014) and, for Mexico in
particular, Landgrave and Moreno-Casasola (2012) reported the loss of

62 % of domestic wetlands.

Specifically, in lake Cuitzeo, our study site, in addition to grazing
there are other more severe kinds of disturbances such as natural or
induced fires. Although fire is a tool to eliminate undesirable vegetation

(Nyman & Chabreck, 1995), it causes hypoxia (Rolletschek, Rolletschek,
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Hartzendorf, & Kohl, 2000), modifies community structure and diversity
(Martin & Kirkman, 2009; Watts, Kobsiar, & Snyder, 2012; Kotze, 2013)
and nutrient dynamics of the ecosystem (Schmalzer & Hinkle, 1992;
Laubhan, 1995; Kotze, 2013).

Most wetlands in Mexico are coastal due to biogeographical reasons
(Olmsted, 1993). Different studies have been conducted in recent years
on the plant structure of wetlands and forest wetlands on the Mexican
coast, and their value as regards carbon sequestration. These papers have
focused mainly on mangroves. This is the first study undertaken to
quantify plant biomass production in a floating continental wetland in
Mexico, conducted to measure carbon deposits. To begin, the wetland
plant species were identified and the area, in percentage, covered by
them was estimated. Estimates were also made of the amount of carbon
contributed by the aerial biomass of the plant community and of the
carbon sequestered in this biomass. Moreover, the fires occurring in the
wetlands from 2003 to 2017 were identified and the fluctuations in total

wetland area during this period were also measured.

Materials and methods

The study was conducted in the largest wetland area, that is also in the
best condition of conservation, located to the east of lake Cuitzeo (Figure
1). The lake is located 34 km to the north of the city of Morelia at 19° 53’
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15" north and 100° 50’ 20" east, and 1820 masl, with sub-humid
temperate climate and summer rainfalls. It is the second larges lake in
Mexico, and covers approximately 420 kg? with an average depth of 0.67
m. The lake is fed by surface flows from the Rio Grande, Queréndaro and
Zinapécuaro rivers, and also by rainfall and springs located within and
around the lake. A few decades ago the lake was one continuous body of
water but is now fragmented into three water masses as a consequence
of the construction of federal highway 43, the Morelia-Salamanca toll-
road and an embankment of 2 500 ha which was built to prevent flooding
and to be used for agricultural purposes. This has caused the central-
eastern section of the lake to shrink and resulted in increased
concentrations of nutrients that flow into it with the waste waters from
the Rio Grande which flows in from the city of Morelia (Cram, Galicia, &
Alcantara, 2010). The predominant hydrophyte emerging species belong
to the Typha, Scirpus, Cyperus y Eleocharis species (Rojas & Novelo,
1995).
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Figure 1. A) State of Michoacan, Mexico B) Location of the Cuitzeo lake
in the western highland C) The lake is divided into three water masses
by federal highway 43, the Morelia-Salamanca toll road and a 2 500 ha
embankment used for agricultural purposes; D) the floating wetland in

the best condition of conservation on the Cuitzeo lake.

To determine field samples, points were selected on an East-West
transect parallel to the Atlacomulco-Morelia road in the southern most
section of the wetland (Figure 1). A baseline was drawn between 50 and
100 m from the road into the wetland to establish six sampling points
approximately every 300 m along this transect to identify the plants.

Aerial plant biomass samples were collected from one square meter at
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each point in the month of June 2017. The substrate profile down to the
water below the floating mass was also determined in January 2018, and
the plants present were collected in May 2018. Dry weight and total
carbon percentage for each aerial biomass sample was measured as
described below. Substrate samples were measured to obtain apparent

density, organic-matter content and sequestered carbon.

Substrate carbon sequestration was defined as the amount of
organic carbon stored in an area unit and known depth multiplied by
apparent density. Core samples of 1000 cm3 were obtained from the
floating substrate every 10 cm. Each core was left to dry at ambient
temperature to eliminate excess water and was then dried in an oven at
80 °C until constant weight was achieved. Afterwards apparent density

was calculated as follows:

drysoilweight(g)x100

DA
plgem®) = cilindervolume(cm3)

The percentage of organic matter (OM) was measured with a muffle
furnace (Thermolyne, Thermoscientific Co., USA). Six 20 g samples were
taken from the soil and placed in the furnace for 4 hours at 550 °C
(Hoogsteen, Lantinga, Bakker, Groot, & Tittonell, 2015).

The carbon in the substrate was determined by combustion and
colorimetric detection using a total carbon analyzer (UIC-COULOMETRICS
mod. 50120, Chicago, USA) (Huffman, 1997). Carbon storage was
calculated by multiplying CC by AD and substrate volume from the

wetland.
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Using the same colorimetric technique, total carbon (TC) for each
plant species was measured from three samples. Dry aerial biomass
carbon content was estimated for each dominant species on the basis of
the dry biomass per square meter multiplied, for P. australis, by the area
covered by this species. Since Typha spp.and S. americanus intermingle
in different proportions in the wetlands, biomass was estimated by genus,
assuming that the total area not covered by P australis was occupied by
individuals of either one of these two genera, thus obtaining two estimates

for total carbon.

Wetland area changes and fire-affected areas were recorded and
quantified from satellite images by photointerpretation using the Google
Earth Pro software, which includes images for the study site from 2003
until 2017, at different seasons of the year. Thus, the incidence and extent
of fires may be underestimated in this work. Polygonal sections of the
total wetland area and of the areas we were able to identify as affected
by fire were measured in the images. Dominant plant species in areas not
affected by fire were identified in the images, and this was corroborated

by field trips using geo-referenced checkpoints.

Results

Our results show that the Cuitzeo lake wetlands are a surface made up of

a substrate of organic material floating on a body of water approximately
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one meter in depth. The organic material of the substrate is in different
phases of decay and the substrate is not in contact with any parent rock;
therefore, it has no mineral components. From the cores taken it was
determined that the substrate profile presented various characteristics at
different depths, from the surface (0 cm) to the deepest section (55 cm;
Figure 2). The greatest number of thin roots and other greenery is found
in the first 7 cm. From 7-13 cm there is a reduction in thin roots, but this
layer contains a high proportion of rhizomes and, on visual examination,
the organic matter of this section was in a state of greater decay. From
23-55 cm deep, the degree of decomposition of roots and organic material
was the greatest. It is not possible to determine the origin of this material
due to its level of decay. There are no roots in the area adjacent to the
water and this section has a clay-like texture. All live plant species thrive

on this wetland substrate and contribute continuously to its formation.
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. 0-7 cm. Layer with high root density, fibers
<« » and plant material with low decomposition
levels. Dark brown color.

. 7-13 cm. Layer with few roots, plant material
/ “shows an intermediate level of
decomposition. Dark brown color.

13-23 cm. Layer with rhizomes and a layer of
carbon clearly visible. Brown-redish color.

14

\ 23-44 cm. Layer with deep roots and salt
[« »precipitates.

44-55. Layer with few inorganic sediments,
high content of organic fibers.

|

Figure 2. Morphological description of the profile of the floating wetland
substrate showing a composition of organic material at different stages

of decay.

On the average, 96 % of the Cuitzeo lake wetland substrate is made
up of organic material as shown by ignition analysis. Average apparent
density was 0.13 £+ 0.04 g/cm3. Average organic carbon content was 26
+ 0.75 kg C/m™ at a depth of 50 cm. For the entire 552 ha wetland, a
total of 92,617 tons of carbon in the substrate was calculated. (Table 1).

Table 1. Aerial biomass and carbon values of the dominant species as

well as carbon content in the substrate.
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Average @ Dry aerial Aerial Dry aerial | Carbon in
carbon biomass biomass biomass in the
(%) (kg/ha) carbon the wetland | wetland
(kg/ha) (ton) (ton)
P. australis 42 5770 2423 280 118*
Typha spp. 39 3840 1498 1933 754%*
S. 40 2495 998 1256 502%*
americanus
Soil 26 92617
Maximum 93489
total (Typha
spp.)
Miminum 93237
total (S.
americanus)

* of aerial biomass.

The four dominant species were Typha domingensis, Typha latifolia,

Schoenoplectus americanus and Phragmites australis. Biomass for the

first two species was calculated jointly because their leaves cannot be

distinguished from one another. P. australis was the species with the

driest biomass per hectare, accounting for 5770 kg, followed by Typha

spp. with 3840 kg and S. americanus with 2495 kg. Carbon concentration

was similar among the species, 42, 39 and 40 %, respectively.
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The substrate contains 26 % of carbon, that the substrate has a
density of 33.6 kg/m3, therefore, there are 92 617 tons or carbon in the
entire wetland substrate. With respect to the total of carbon, taking into
account dry aerial biomass, we were able to obtain two estimates. Carbon
content both in the substrate and in P. australis was the same in the two
estimates. A maximum estimate of 93 489 tons can be made for Typha
spp. (given that the individuals of this genus accumulate more biomass

per area unit than those of S. americanus) and a minimum of 93 237 tons.

Fluctuations in the total area of the wetlands were detected from
2003 to 2017. According to historical records in 2006 the wetland area
was nearly 10 % smaller than the one recorded in November 2017.
Nevertheless, an analysis through time shows a slight upward trend in the
size of the wetland area which went from 533 ha to 552 ha during this
period (Figure 3). Moreover, eight fire events were identified for the nine
years for which records for fires exist. The fire in 2010 caused damage to
35 % of the area. However, the largest fire recorded in 2016 covered an
area of 45 %. Photointerpretation of satellite images also allowed us to
identify that almost 10 % of the wetland area is covered by Phragmites
australis, and between 2010 and 2017 the area covered by this species

increased from only 3 ha to more than 70 ha.
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Figure 3. Total area and area damaged by fire in the eastern section of
the Cuitzeo lake wetlands from 2003-2017.

As regards the floristic description of the wetland, four dominant
species of emerging hydrophytes were identified: Typha dominguensis
Pers., Typha latifolia L., Schoenoplectus americanus Pers. and Phragmites
australis (Cav.) Trin & Steud., either in association or by themselves. In
addition, three subordinate species of lesser dominance were identified
which are found in association with the ones mentioned above. The latter
are an emerging hydrophyte, Hydrocotyle verticilata Thunb. var.
Triradiata (Rich.), and two tolerant subacquatic species, Eleocharys

montevidensis Kunth. andJuncus arcticus Willd.
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Discussion

From the study conducted on the Cuitzeo lake wetland it was found that
the live plants grow on a substrate of organic matter in different stages
of decomposition, which floats freely and entirely on a body of water. The
general structure of the wetland consists of a surface layer of intertwined
roots next to a peat layer the depth of which is determined by the depth
of the roots adjacent to the water. It is in this layer where, according to
different studies, most of the processes relating to microorganisms such
as nutrient and metal uptake, increased denitrification rates and plant
phosphorous absorption occur (Jacobs & Harrison, 2014; Masters, 2012;
Yeh, Yeh, & Chang, 2015). This is important because lake Cuitzeo is fed
continuously by the Rio Grande, which carries sewage from the city of
Morelia, therefore continuously pouring phosphates and nitrates which are
byproducts of agricultural, urban and industrial wastes (Conagua & CEAC,
2009).

The slight expansion of the wetlands into the lake shown by the
examination of the images may be a consequence of the nutrient-rich
effluents of the Rio Grande entering the lake and from rainfall, since the
contraction and expansion of wetlands is a product of fluctuations in the
hydroperiod (Mitsch & Gosselink, 2015). The construction of the two roads

crossing the lake, the river effluents and the dumping into the lake of
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different types of waste has resulted in creating different conditions in the
three sections it is divided. The central-eastern section where the
wetlands are found receives effluents that are controlled by the weirs of
the Atapaneo water-treatment plant and therefore the level is maintained
with no significant changes. However, on regular fieldtrips to the lake in
the months of November and December 2017 and January 2018 we were
unable to enter the wetland because the water level had risen as a result

of the heavy and unusual rains which occurred during these months.

We found seven species in the wetland, in contrast with 12
described by Rojas and Novelo (1995). This may be due to the increasing
problem brought about by polluted waters that feed the lake and the
expansion of the human settlements on its shores. Another relevant
finding was the expansion of P. australis which in 2010 covered 3 ha and
in 2017 covered 50 ha. Proliferation of this species has been well
documented for both coastal and continental wetlands as a response to
various disturbances, including greater concentrations of nutrients
(Chambers, Meyerson, & Saltonstall, 1999; Uddin & Robbinson, 2018),
with the concomitant losses in biodiversity (Chambers et al., 1999;
Minchinton, Simpson, & Bertness, 2006). This study serves to highlight
the importance of understanding how these floating wetlands are formed
in the highland lakes of Mexico, since they play other important roles such

as in carbon sequestration, even though their biodiversity may be low.

The examination of satellite images provided, on the one hand,
information on the behavior of native and invasive species; and on the
other, the fire images may provide an insight into the resilience of the
system. Even though the origin of the fires, whether natural or induced,
is unknown, the fact that there were signs of fire on almost all the satellite

images provides evidence that these are a common occurrence at the site.
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The study conducted by Escutia-Lara, Lara-Cabrera and Lindig-Cisneros
(2009), which assessed the effect of fires on hydrophyte dynamics in La
Mintzita, Michoacan, is an important precedent regarding the effect of fire
on the structure and composition of wetlands, suggesting that such events
have a positive effect by reducing the cover of the dominant species such
as T. dominguensis and S. americanus and reducing competition, which
in turn foster the expansion and proliferation of native species and as a
consequence promote diversity. It should be noted that this phenomenon
has been recorded for various cattail wetlands such as those in Chiapas

(Rincdn, 2014) and Veracruz (Moreno-Casasola, pers. comm.)

In this study, apparent density (0.13 g/cm3) and organic matter (96
%) values in the wetland substrate are similar to those reported for
wetlands with organic soils. According to Mitsch and Gosselink (2015) the
apparent density of organic soils ranges from 0.2-0.3 g/cm?3, but peat
bogs may have lower values due to their high porousness. As regards
carbon sequestration in the substrate, the values obtained of 168 + 10
Mg C/hal, are similar to the highest one reported by Hernandez and
Moreno-Casasola (2018) in the soil of tropical forests (150-650 Mg C ha-
1). These results fall within the ranges of the sequestered carbon reported
in studies conducted in tropical peat bogs in Southeast Asia with values
151.6 £ 36 and below those reported in swamps in Indonesia of 1752 +
401 Mg-C ha'! (Hergoualc'h & Verchot, 2011; Saragi-Sasmito,
Murdiyarso, June, & Sasmito, 2019). As alredy mentioned, unlike the
carbon stored in the substrate, carbon stored in the vegetation is
considerably less, but still important because of its role in carbon wetland
dynamics (Bedard-Haughn et al., 2006).

It is well known that great amounts of carbon worldwide,

approximately 530 pgC, are sequestered in wetlands (Mitsch & Gosselink
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2015) and a large amount is found on the surface or soils of peat bogs
(Saragi-Sasmito et al., 2019). This study is the first of its kind for the
western region of Mexico and provides evidence of the potential of
continental wetlands to store carbon, mainly in the soil Hernandez y
Moreno-Casasola (2018). However, there are various factors which may
turn a wetland from a carbon sink into a source of carbon, such as changes
in soil temperature (Christensen et al., 2003), the depth of the body of
water (Moore, Roulet, & Waddington, 1998; Hirano et al., 2007) and the
chemical composition and amount of the organic matter (Christensen et
al., 2003).

Recently great importance is being given, in Mexico and worldwide,
to blue carbon, which is the one stored in coastal and marine ecosystems
such as mangroves and seagrass beds. However, there are large bogs in
both highland and coastal regions where freshwater wetlands dominate.
This paper contributes to highlight the importance of increasing research
focusing on freshwater wetlands. In the particular case of the wetland in
our study, conservation measures should be taken to preserve its
hydrophyte vegetation, reduce induced fires, ensure proper management
as regards the hydrological dynamics of the lake and the quality of the
water flowing into it. The Cuitzeo lake should be proposed as a RAMSAR
site in order to contribute to its sustainable management and

conservation.
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