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Abstract

he relevance of aquatic bodies on global biogeochemical cycles has been recently

highlighted. Thus, limnological research is increasingly needed to improve the models
of ecosystems functioning. We also need to face Climate and Global Change. As the infor-
mation on tropical systems is still scarce, tropical limnology is providing interesting elements
to understand ecosystem’s responses to environmental change. Particularly relevant are
long-term monitoring efforts. Here we revise recent research on tropical limnology of aquatic
ecosystems of Mexico that contribute to understand emergent and complex challenges in a
panorama of water crisis, particularly, the rise of temperature and increased eutrophication,
Our analyses showed long-term, interdisciplinary monitoring of ecosystems of the Mexican

highlands are providing novel findings that contribute to global research questions in areas
112
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like: community metabolism and carbon dioxide fluxes, physical forcing, water-level fluc-
tuations, internal proceses that affect vertical nutrient exchange, biodiversity, phytoplankton
ecology, eutrophication progressions, plankton interactions, and phytoplankton blooms. This
research contributes to the understanding of eutrophication and oligotrophication under war-
ming scenarios, as well as aims to provide elements to mitigate and adapt to the increasing
drought, and water crisis in Mexican territory.

Keywords
Tropical limnology, global change, thermal stratification, eutrophication, net heterotrophy,
long-term monitoring.

Introduction

In recent decades, the linkage of aquatic systems functioning and Climate Change has
been increasingly studied (IPCC, 2001). For example, it has been determined that chan-
ges in vertical stratification and the rise (upwelling) of water in different regions are related
to warming of the surface layer. Baseline studies to understand these processes included
research showing a strong positive relationship between the temperature of surface wa-
ter and that of the surrounding air, at regional scales (e.g., Livingstone, 2003; O'Reilly et
al., 2003). Aside from exploring the largest spatial scale possible, the access to time-se-
ries monitoring studies has been critical. For example, the study conducted by Boyce et al.
(2010) shows a trend, in the last century, of decreasing chlorophyll coverage. Their results
indicate this trend is related to the increase in surface layer temperature. They concluded
that these trends may be linked to changes in vertical stratification and water upwelling,
mainly because of elongation (or increase in depth) of surface layers, and limitation in nu-
trient supply from deep layers, as has been delineated by other studies, see Robertson
et al. (1990), Falkowski et al. (1998), Behrenfeld et al. (2006), and Martinez et al. (2009).

Epicontinental aquatic systems have been useful models to observe the impact
of global warming on the thermal characteristics of water bodies since epilimnetic tem-
perature experiences a direct and rapid response to climatic conditions (Lee et al., 2012).
Temperature also shapes the density gradient in the water column, therefore, if climatic
conditions change, epilimnetic warming would induce changes in the intensity and dura-
tion of stratification, thermal stability, and the depth of the thermocline (McCormick and
Fahnenstiel, 1999; Livingstone, 2003; Coats et al., 2006). In fact, lakes have recently been
tagged as “sentinels” of Global Climate Change because they are sensitive to climate, re-
spond quickly to change, and integrate information about changes in their watersheds
(Pham et al., 2008; Williamson et al., 2008; Adrian et al., 2009). Examples of these ob-
servable changes are evapotranspiration, infiltration, water retention by soils, surface
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and subsurface runoff, and underground recharge. The aquatic communities also expe-
rience short-term responses in this context, some examples include prokaryoplankton,
phytoplankton, and zooplankton compositional changes related to turbulence, water-level
fluctuations or nutrient availability, that frequently are related to some species blooms (e.qg.
Ramirez-Garcia et al., 2002; Ramos-Higuera et al., 2008; Jiménez-Contreras et al., 2009;
Ramos-Olvera et al., 2009; Valdespino-Castillo et al., 2014, 2017; Valeriano-Riveros et al.,
2014; Nandini et al., 2019). Yet, much research is needed to understand the water bodies
internal processes and their implications in ecosystem’s functioning.

The increase in temperature is related to processes that have important ecologi-
cal effects such as: the decrease in oxygen saturation due to the increase in temperature,
or the alteration in the frequency of extreme wind/weather events (Mooij et al., 2005,
Blenckner et al., 2007). Indirectly, temperature is also related to changes in trophic struc-
ture (Gyllstrom et al., 2005; Beklioglu et al., 2007; Jeppesen et al., 2007; Meerhoff et al.,
2007), and complex interactions between temperature, nutrient recycling, and physical
forces (Jeppesen et al., 2009; Jones et al., 2010; Merino-Ibarra et al., 2021) that are of-
ten determined by the conditions of each ecosystem. Moreover, temperature increase may
determine the net metabolism of water bodies, for example by increasing respiration and
carbon exportation to the atmosphere (Guimarais et al., 2019).

There is convincing evidence that much of the variation in ecological and biogeo-
chemical functioning of natural waters is related to changes in climate (Livingstone and
Dokulil, 2001; Blenckner et al., 2007; Jones et al., 2010). As the studies are very limited
in tropical inland waters, Lake Tanganyika, East Africa, is one of the most studied tropical
systems. Its fisheries have crucial economic importance for the region. In a very paradig-
matic study, O’Reilly et al. (2003) studied the sediments of the lake and concluded climate
warming is diminishing productivity in Lake Tanganyika. By analysing C isotope records
(delta 3C) in the sediments, their results show that primary productivity in Lake Tangan-
yika, may have decreased by around 20 % (from the 1950’s to date), implying a decrease
of approximately 30 % of the fishing load (O’Reilly et al., 2003).

The problem of scale is an additional challenge to study the effects of Climate
Change on natural waters. In their study, Boyce et al. (2010) recognize that climate vari-
ability at a regional scale can induce variations on the large observed trends. Currently,
different models are used to explore system responses to Climate Change in different
regions (e.g., Peeters et al., 2002; Bell et al., 2006; Komatsu et al., 2006), and yet the vari-
ation associated with applying the models to different types of lakes receives little attention
(Jones et al., 2010).

In this context of environmental change, we will briefly explore the global warming
scenarios for Mexico. We will focus on the populated Central Highlands to frame the sce-
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narios of change of the aquatic systems on this area in the context of Climate Change.
This area concentrates recent limnological efforts in Mexico.

Mexico, Global Change and Inland Waters

The Mexican territory is currently experiencing intense transformation related to human
activities such as industry, commerce, minery, tourism, cattle raising, and agriculture. In
this chapter, we do not intend to perform a general diagnosis on anthropogenic activities;
instead, we shall briefly summarize the general scenarios of change in the panorama of
Climate Change. Additionally, some authors have stated that in general, the regional im-
pacts of global Climate Change on the functions and services of aquatic ecosystems may
be even greater than the impacts of local anthropogenic activities (O’Reilly et al., 2003).

Climate Change models for the tropics foresee increases in temperature and evapor-
transpiration, conditions that generally translate into droughts of different magnitudes.
Actually, the most likely general scenario for much of the Mexican territory is this (Hernan-
dez-Cerda & Valdez-Madero, 2004), as well as changes in the regime and magnitude of
runoff, soil moisture, and evaporation (Mendoza et al., 2004). Drought could limit nutrient
export to aquatic systems through altered weathering. And, although considerably small-
er in magnitude, atmospheric transport of nutrients like P could increase (see Paytan &
McLaughlin, 2007). The presence of extreme events could also alter the seasonality of nu-
trient export. Under a somewhat different approach, the model of Malmaeus et al. (2006)
considers that mixing, mineralization, diffusion, and bio-absorption are temperature de-
pendent. Their work highlights that lakes whose water has longer residence times will be
more sensitive to increased temperatures.

Even under certain limitations, most atmospheric general circulation models based
on Mexican territory, project different percentage decreases of precipitation in Mexico. For
example, in the regionalized precipitation panorama for the period 2070-2099, a drier con-
dition is expected, mainly in the Baja California Peninsula and in northwest and central
Mexico (in terms of the percentage of average annual accumulated rainfall [see Martinez
& Fernandez, 2004]).

The 2023 drought monitor of INEGI (Mexican National Institute of Statistics, Geog-
raphy, and Informatics [www.inegi.org.mx]) integrates a time-series collection of climatic
information of the Mexican territory. By comparing drought indicators through space and
time, users of this platform may learn about the recent high-water vulnerability accross the
Central and Northern regions of the country. The drought indications depict heterogeneity
in time, with a non-periodical distribution (Fig. 1; Conagua, 2023). Statistically, the States
with the highest drought index are Durango, Chihuahua, and Coahuila. In the second or-
der, Nuevo Ledn, Zacatecas, San Luis Potosi, Aguascalientes, and Guanajuato, located in
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the Central Highlands. The central region of Mexico depicts the highest population density
and experiences relevant pressure over agriculture soils, rivers, reservoirs, and aquifers.

Figure 1. Percentage of Mexican Territory Afected by Drought through Time. Darker Colors
(Towards Red and Brown) Depict the Highest Drought Intensity. Source: Modified from
Monitor de Sequia en México, Conagua.

Emerging Lessons Learned from Long-term Monitoring in Mexican Inland Waters.
Case of study: Comunity Metabolism Monitoring in Valle de Bravo Reservoir

Long-term monitoring of freshwater in Mexico includes only a few study cases, such as
the more-than-two-decades interdisciplinary monitoring of Lake Alchichica (a soda, crater
lake), and interdisciplinary monitoring of the Amanalco-Valle de Bravo Basin. The Valle de
Bravo reservoir is also subject of remote sensing monitoring coupled with field work sam-
pling (Arias-Rodriguez et al., 2020). As relevant research efforts comprehend the limnology
of Lake Chapala (e.g., Moncayo-Estrada et al., 2012), and those of the Patzcuaro lake
(Ramirez-Herrejon et al., 2014), Zimapan reservoir (Bravo-Inclan et al., 2008), and Laja ri-
vers (e.g., Mercado-Silva et al., 2006) in previous decades, long-term research efforts are
still scarce for Mexican inland waters. Next, we will describe Valle de Bravo with more de-
tail, as the first case of study.

Valle de Bravo (VB) is the last vase of the Cutzamala System, a system that in-
terconnects seven reservoirs and a treatment plant and supplies close to 25 % of the
freshwater suply to the superpopulated Central Mexican Highlands (including Mexico City
and Toluca, see e.g., Ramirez-Zierold et al., 2010). A long-term monitoring of VB and its
tributaries has taken place in the last two decades, by an academia-society partnership
(see Nuestro lago, science divulgation series [Merino-lbarra & Monroy-Rios, 2004]). VB
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behaves as a warm monomictic water body that has experienced drastic changes in water
level in the last decade due to its management (fluctuations up to 10 m). Extraction and in-
jection of water between the reservoirs of the Cutzamala system respond to urban water
requirements. These water level fluctuations (WLF) affect tourism and all user’s activities,
as well as ecological structure and are related to drought conditions. For example, WLF
have been related to changes in the plankton composition (Ramirez-Garcia et al., 2002;
Valdespino-Castillo et al., 2014; Valeriano-Riveros et al., 2014; Nandini et al., 2019), and
to community metabolism (Valdespino-Castillo et al., 2014; Guimarais et al., 2019), and
biogeochemical N and P cycling (Barjau et al., 2022). In summary, in the warm season of
the year (typically stratified during the warmest part of the year, from March to October),
mixing events have occured; these convey exchange of water (and nutrients) between the
mixed surface layer and deeper layers, affecting reservoir’s biota.

The long-term monitoring effort in the last two decades has contributed to the knowledge
of the effects of Climate Change over tropical waters. Recent studies show that these effects
are related to: a) community metabolism and carbon emmision to the atmosphere (Gui-
marais et al., 2019), and b) related to internal functioning, particularly to vertical heat and
nutrient flux (Merino-Ibarra et al., 2021).

When VB water level is low, the frequency of the mixing increases due to bounda-
ry mixing, related to the geomorphology of the reservoir and the daily-wind regime of VB.
Thus, whole-column or partial mixing may occur even in months when stratifi-
cation typically occurs (e.g., Merino et al., 2003; Valdespino-Castillo et al., 2014). The
mixing events promote the oxidation of organic matter in this eutrophic to hipertrophic
system. By studying the photosynthesis:respiration ratio at ecosystem scale, Guimara-
is et al. (2019) detected that, over a decade of observations, net heterotrophy prevailed.
Their results show that increase in the reservoirs’ temperature was directly, and significant-
ly related to ecosystem respiration. The estimation of carbon released to the atmosphere
corresponded, in average, to 3.29 g C m2 d*. This value lies within the range of carbon
released to the atmosphere by aquatic systems, considering the global average. Other
conclusions of this work highlight the need of long-term monitoring in tropical systems, in
order to generate better models on the role of continental waters on global carbon cycling.

Vertical Nutrient Exchange in a Warming Scenario

Nutrient concentration in surface waters is the result of allochtonous inputs, as well as of
internal processes. While as nutrient runoff has been measured for decades in a large
number of limnological studies, the processes governing nutrient inputs through vertical
mixing remain obscure for the most part. This knowledge gap is a relevant handicap to fu-
lly understand the biogeochemistry and ecology of large-scale inland and ocean waters.
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Recent research in VB has been useful to study these processes in a warming scenario
(Merino-Ibarra et al., 2021). These authors studied heat budgets to assess vertical nutrient
transport within the reservoir for more than two decades. They revealed that internal waves
can cause vertical transport of heat and nutrients without breaking the stratification. Their
results show that as a result of mixing, the hipolimnetic temperature increases (in the ran-
ge of 0.009-0.028°C day?). By estimating a water and nutrient balance, the authors built a
physical-biogeochemical model to estimate vertical exchange between the epilimnion and
the hypolimnion. The results of these balances during stratification show progressive hy-
polimnetic warming (Fig. 2a), and also that vertical exchange (and nutrient recycling) can
increase up to fivefold when VB water level drops over 12 m in depth (Fig. 2b). Altogether,
these efforts provide novel strategies to understand and to model eutrophication and oli-
gotrophication in natural waters in a warming scenario.

a)
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L, 0024 e
® —
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Figure 2. Hypolimnetic Water Warming and Water Level Relationship in VB: a) Hypolimnetic Temperature
Variation during Each Stratification Period Sampled from 2001 to 2021 [The Slopes of the Regressions
Were Used to Assess the Mean Hypolimmnetic Warming Rate for Each of the Stratifications], and b) Mean
Hypolimnetic Temperature Increase Rate During Each Annual Stratification Period Plotted Against the Mean

Water Level Throughout 2001-2018. Modified from Merino-Ibarra et al., 2021.
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Case of study: Lakes of the Mexican Central Highlands, Perspectives
in a Panorama of Climate Change

As meteorological data has provided evidence of a recent regional warming trend (e.g.,
since 2000 sensu Caballero et al., 2016; or during 1966 to 2018 sensu Alcocer et al.,
2022), paleolimnological data and phytoplankton studies have evidenced the ecological
changes in different lakes of the Mexican highlands.

In the Alberca de Tacambaro lake, sediments and phytoplankton (2008 to 2011) were
studied to investigate the effects of “El Nifio” Southern Oscillation (ENSO). The results shown
by Caballero et al. (2016), revealed changes in the hydrological cycle of the lake. A longer
circulation period originated a relatively longer period of deoxygenation of the water column
due to oxydation of a high organic matter load during warmer conditions. In consecuence,
this low-oxygen mixing period was significantly correlated to lower diatom diversity. Their re-
sults agree with the impacts of extreme climatic conditions associated to large-scale climatic
oscillations like ENSO or the Pacific Decadal Oscillation (e.g., Wachnicka et al., 2013). Sedi-
ment changes were also correlated with the ENSO oscillation in the paleolimnological study
reported by Ortega et al. (2021). Further evidence of changes in the phytoplankton compo-
sition related to Climate Change has also been reported in Lake Alchichica.

Lake Alchichica represents one of the few tropical lakes where long-term monitoring
has occurred in Mexican territory. The results of this research have enlightened our unders-
tanding of protozooplankton, phytoplankton, zooplankton, hydrology, and biogeochemistry
(e.g., Alcocer et al., 2000, 2007; Oliva et al., 2001, 2009; Ramos-Higuera et al., 2008; Ra-
mos-Olvera et al., 2009). Alchichica is the largest of the Axalapascos lakes in the Cuenca
Central, in the Mexican Highlands. This area is exposed to intense industrial and agricultu-
ral development. In a recent analysis of two decades of observations, Alcocer et al. (2020)
showed the lake’s water temperature rose from 1993 to 2003 and remained similar until
2013. Phytoplankton time series analyses also showed that as the temperature Increased,
large-size phytoplankton (represented by the diatom Cyclotella alchichicana) abundance
and biomass increased. In contrast, small-size phytoplankton as well as adult copepods de-
creased. The author concluded increase in temperature could have favoured the large-size
over the small-size phytoplankton. And also affected zooplakton, negatively affecting cala-
noid copepods physiology and diminish the copepods’ food resource because large size
phytoplankton was favored.

In the lakes of the Cuenca Oriental, Mexican highlands, planktonic dynamics and in
particular, modifications in the annual pattern of blooms have been observed. Particularly cri-
tical are Lake Alchichica’s blooms, related to the cyanobacteria Nodularia affine spumigena
(e.g., Macek et al., 2009). The occurrence of these blooms in Alchichica has been related
to the increase in surface temperature and nutrient availability (Oliva et al., 2009) which
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has effects on community structure and dynamics (Macek et al., 1994, 2009). The idea that
Lake Alchichica may be sensitive to climatic fluctuations through changes in its mixing-stra-
tification regime was explored in sedimentary cores by Caballero et al. (2003), however the
favoring of diatom silica dissolution limits the potential for paleolimnological studies.

Being located in a region that may become hotter and drier, rapid responses to chan-
ges in climate are very likely to occur in lakes of the Mexican highlands. Under warming
conditions of the Central Highlands of Mexico, conditions such as increase in epilimnion
temperature, changes in thickness of the mixed layer, greater intensity and duration of stra-
tification, and effects on vertical water exchange which may occur in a warming scenario,
leading to oligotrophication should be studied. Moreover, diverse studies show that many
aguatic systems have responded similarly to warming climate, regardless of their dimen-
sions (see Adrian et al., 2009, and Williamson et al., 2009).

The wind regime appears to be an important source of supplementary energy (sen-
su Margalef, 1983) to aquatic systems. Therefore, if regional wind pattern is modified, the
dynamics of biogeochemical processes, in particular nutrient recycling, could change sig-
nificantly. It has been shown that the cold fronts (called “Nortes” in Mexico) may influence
the dynamics of the mixed layer of the Gulf of Mexico (Villanueva et al., 2010) and can pro-
mote the vertical exchange of water to supply the nutrients that feed the production of the
layer mixed. Its effect on the Mexican epicontinental bodies is still a subject of exploration,
as are the possible changes in its frequency or intensity in Climate change scenarios (see
CCA, 2011). If the frequency and intensity of these events increase, the stability of the
stratification could be affected in water bodies, and the vertical exchange of water as well
as the input of nutrients to the surface could be promoted. In this case, the effect of these
meteorological phenomena could act against those that accentuate stratification (increa-
sed air temperature and greater drought).

Increasing Eutrophication in Mexican Inland Waters

Limnological work has been reporting a global trend of increasing eutrophication and
phytoplankton blooms (e.g., Pearl & Huisman 2008).

The information of Mexican ecosystems regarding eutrophication and phytoplankton
blooms is heterogeneous and disperse. An useful effort to gather limnological experiences
in the country took place in 2014, when more than 300 studies participated in the National
Congress of Limnology, held in Mexico City. The presented studies focused on freshwater sys-
tems, such as lakes, rivers, reservoirs, wetlands, and groundwater. The abstract Conference
book shows numerous studies that document signs of eutrophication in Mexican waters.

However, a comprehensive survey of nutrients concentration and eutrophication in-
dicators in inland waters of Central Mexico is still needed. The map on Figure 3 sumarizes
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the concentration of total phosphorus (TP) in aquatic systems of Central Mexico. In this
exploration (Neri-Guzman, in press), 51 studies of water systems of Central Mexico were
considered. When data were grouped into different categories, 72.55 % of the samples were

in the range >3 um of TP (Fig. 3), which corresponds to eutrophy and hypereutrophy (sensu
Carlson and Simpson, 1996).

Figure 3. Total Phosphorus (uM) in Water Systems of Central Mexico.
Dark Blue Sample Color Indicates TP Concentration>3 pum.
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Table 1. Limnological Parameters Summarized per State in Central Mexico

(Modified from Neri-Guzman, in Press).

Mexican
exica SD Chl-a TP ™ BOD5 CDO TSS
State
(m) (mg m3) (mg L™
Mexico City | 0.11 - 0.53 81-1320 | 0.37-10.65 [1.27-46.69 9-102 169.4 8 - 140
Mexico City
- Estado de | 0.32-0.63 549-6.1 | 8.03-28.61 | 1.11-453 NA NA NA
México
Estado | 35 39 1.12-29.2 |0.0002 - 0.32 NA 2 14 NA
de México
Hidalgo 1.44 -2 6.43-57.9 | 0.07-13.59 |2.18-31.9 | 1.6-20.34 |10.7-107 | 43.5- 353.33
Jalisco NA NA 04-231 NA 19-25 | 2.18-76 59.5
Jalisco - NA NA 0.62 1.34 6.36 46.92 NA
Michoacan
Michoacan | 0.15 - 1.3 2.2-120 0.029 - 2 22 | 5.82-229 [283 -748 53.68
Morelos | 0.09-520 | 0.04->100 0.003-5.5 NA 30.02 88.94 NA
Puebla NA 02-22 0.02 - 0.05 NA NA NA NA
Puebla 1\ 1o Total NA NA NA NA NA NA
-Tlaxcala
Tlaxcala 0.08-0.2 NA NA NA NA NA NA
0.0002 -
Overall | 0.08-520 | 0.04->1000 ooy [L11-46.69 16-229 |2.18-748 8 - 353

SD (Secchi Disk Depth), Chl-a (chlorophyll a), TP (Total Phosphorus), TN (Total Nitrogen), BOD (Biologiccal
Oxygen Demand), CDO (Chemical Oxygen Demand), NA (Not Available), and TSS (Total Suspended Solids).

In the exploration of water bodies of Central Mexico, Neri-Guzman (in press) suma-
rized the parameters considered to calculate the trophic state index (sensu Carlson and
Simpson, 1996), per state. The integrated conditions indicate that most of the studied wa-
ter bodies have reached conditions of eutrophy and hypertrophy (Table 1 and Table 2).
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Table 2. Indication of Trophic State (Sensu Carlson and Simpson, 1996),
Shown per State in Central Mexico (Modified from Neri-Guzman, in Press).

Mexican State TSI SD TSI Chl-a TSI TP Trophic State

Mexico City 69.15 - 91.80 73.70 - 101 89.48 -137.96 Eutrophic -
Hypertrophic

Mexico City ) i i Eutrophic -
 Estado de Mexico | 66:65 - 76.42 69.90 - 70.10 133.89 - 152.22 Hypertrophic
Estado de México 40.31 - 77.35 31.71 - 63.70 0-87.38 Mesotrophic -
Hypertrophic
Hidalgo 50 - 54.74 48.85 - 70.41 65.45 - 141.48 Mesotrophic -
Hypertrophic
Jalisco NA NA 90.60 - 115.91 Hypertrophic
Jalisco - Michoacan NA NA 96.93 Hypertrophic
Michoacan 56.22 - 87.33 38.33 - 77.56 52.74 - 113.83 Mesotrophic -
Hypertrophic
Morelos 36.24 - 94.70 0->75.77 20 - 128.42 Oligotrophic -
Hypertrophic
Puebla NA NA 47.37 - 60.60 Mesotrophic -
Hypertrophic

Puebla - Tlaxcala NA NA NA NA

Tlaxcala 83.20 - 96.40 NA NA Hypertrophic
Overall 36.24 - 96.40 0-101 0-152.22 Mesotrophic -
Hypertrophic

TSI (Trophic State Index), SD (Secchi Disk Depth), Chl-a (Chlorophyll a), TP (Total Phosphorus), and NA
(Not Available).

In the abstract collection of the 2014 National Congress of Limnology of Mexico,
thesis and published studies, the study of cyanobacteria and other planktonic microbes
that form massive blooms was frequent. Some examples of events of massive blooms
listed on the book include: Valle de Bravo Reservoir, lakes of Central Mexico such as Zi-
rahuén, Atexcac, Alchichica, Lake Texcoco, and Lake Chapultepec, as well as the coastal
systems Pom-Atasta and Palizada del Este, in the Gulf of Mexico litoral.

One of the main challenges for Mexican freshwater ecosystems is related to the growth
and toxicity of cyanobacteria. Among other phytoplankton species, cyanobacteria are the
main biological agents related to blooms, and their development and ecological success is
reported to benefit from warmer temperature (Pearl and Huisman, 2008). Recent studies on
tropical limnology are contributing to the global understanding on the diversity, physiology,
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and ecology of cyanobacteria and lake’s microbiota. Some of these studies reveal a re-
markable diversity in our territory, that includes in most cases, uncharacterized specia (e.g.,
Becerra et al., 2020; Carmona et al., 2023). The toxic potential of some freshwater cyano-
bacteria and their impacts on different trophic levels has been also addressed, for example
by Vasconcelos et al. (2010), Mendoza et al. (2012), Alillo-Sanchez et al. (2014), Pineda et
al. (2019), and Avila-Torres et al. (2023). Deep characterizations, such as genomic or me-
tabolomic, of bloom forming plankters are still pending, in order to better understand the
metabolic and ecological particularities of these organisms.

Conclusions

In this mini review, we summarize some emerging findings of tropical limnology, focused
on the studies of aquatic systems of Mexico that contribute to the global understanding
of the effects of Climate Change on aquatic systems. Long-term, interdisciplinary moni-
toring of ecosystems of the Mexican highlands are providing integrated approaches of
community metabolism and carbon dioxide fluxes, physical forcing, water-level fluctua-
tions, internal proceses that affect vertical nutrient exchange, biodiversity, phytoplankton
ecology, eutrophication progressions, plankton interactions, phytoplankton blooms, and
paleolimnological reconstruction, among others. Altogether, this research aims to contribu-
te to the understanding of eutrophication and oligotrophication under warming scenarios.
Increased drought risk, and water crisis in the Mexican territory highlight the relevance of
interdisciplinary monitoring in inland waters of Mexico.

We also conclude that biogeochemical and chemical insights, as well as ecologi-
cal studies based on long-time monitoring, are crucial to better understand ecosystems
functions and responses. With this knowledge we will have more efficient toolboxes to mi-
tigate and adapt to the environmental change we are facing.
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