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ABSTRACT

The amount of biogenic carbon that may be deposited, buried and eventually preserved (sequestered) in the sediments of a tropical,
oligotrophic lake, was evaluated based on i) the temporal variation of the particulate organic carbon (POC) concentration in the su-
perficial sediments in the deep zone of Lake Alchichica, Puebla, Mexico, and ii) the POC accumulation and preservation in a
210pp-dated sediment core from the lake. In Lake Alchichica the POC concentration in the surficial sediments ranged between 12 and
60 mg POC g™ (25£12 mg POC g dry weight). The magnitude of the sedimented POC in Alchichica was high and mostly of autochtho-
nous origin. The POC concentrations recorded in the sediment core (16.6 to 31.6 mg g™ dry weight) were comparable to the concen-
tration range observed in the surface sediment samples collected during the study period, which signaled a high POC preservation
capacity in the sedimentary column of Lake Alchichica. The POC fluxes, estimated from the *!°Pb-dated sediment core, varied between
14.9 and 35.3 g m™? year! within the past century; and the maximum POC losses through diagenesis during this period were estimated
to be lower than 25%. This study concludes that deep tropical lakes, exemplified by Lake Alchichica, accumulate and preserve most of

the POC deposited, playing an important role in regional carbon balances.
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INTRODUCTION

Phytoplankton either aggregate and sink or are con-
sumed by the heterotrophs, transferring organic carbon
(OC) through the food web. One portion of the fixed OC
is oxidized within the euphotic zone and returned to the
atmosphere; on the other hand, the OC not consumed in
the euphotic zone will be eventually exported below the
thermocline and transported to the sediment as dead or-
ganisms, fecal pellets or macroscopic aggregates (>500
pm) composed of organic and inorganic detritus com-
monly known as marine or lake snow (Honjo et al., 1982;
Billett ez al., 1983; Simon et al., 2002). In addition to their
own primary production (PP), most lakes are sustained by
allochthonous OC from the watershed; as a consequence,
respiration (R) dominates over PP (Del Giorgio and Peters,
1993; Jansson et al., 2000; Duarte and Prairie 2005; all
cited in Cole et al., 2007). The particulate organic carbon
(POC) flux reaching the sediments is controlled by the ag-
gregation and disaggregation of organic compounds, mi-
crobial activity, zooplankton grazing and production of
faecal pellets, and the interaction between the aggregates
and the mineral ballast and dust (De La Rocha and Passow,
2007). POC burial in sediments can be thought of in terms
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of the balance between PP and R on land and in the oceans;
and in this way, the burial of organic matter (OM) in sed-
iments leads to net CO, removal from (and oxygen input
to) the atmosphere (Burdige, 2007). On the other hand, as
mentioned above, lakes receive large amounts of OC from
the watershed, and then these are net heterotrophic in na-
ture, emitting large quantities of CO, while, at the same
time, storing and sequestering considerable amounts of
carbon (C) received from the terrestrial environment
(Tranvik et al., 2009). Almost half of the phytoplankton
production in aquatic environments is transferred to the
bottom layers of the water column by sedimentation
(Bloesch and Uehlinger, 1990). The fate of POC in aquatic
ecosystems can be predicted by the size of the dominant
phytoplankton (Legendre, 1999). If small phytoplankton
dominates, the POC composition will lead to C recycling
in the euphotic zone through the microbial loop; if large
phytoplankton dominates, the POC composition will be
aggregated and exported to the sediment.

Most studies on POC fluxes concern the oceanic con-
tribution to the biogeochemistry of atmosphere-ocean C
fluxes, the inorganic to organic C conversion rates and the
POC sedimentation rates (Takahashi ef al., 2000). Fewer
studies deal with inland waters, and most of these have
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been carried out in temperate lakes (Callieri et al., 1986;
Punning et al., 2003) and fewer in tropical locations (Pil-
skaln, 2004). Most epicontinental aquatic systems are
small (0.012 km? on average), shallow and eutrophic, but
are important places for processing C and can influence
local and regional C balances (Cole ef al., 2007; Tranvik
et al.,2009). In Mexican lakes, Alcocer et al. (2007) stud-
ied the seasonal variation of POC in the water column of
oligotrophic Lake Alchichica, Mexico, and reported that
the concentration of the sestonic organic fraction varied
during the year from <0.1 to 4.0 mg L', with an average
of 1.0=0.7 mg L!. This range is similar to those found in
other oligotrophic and even mesotrophic lakes such as
Lake Maggiore in Italy (Bertoni and Callieri, 1981; Cal-
lieri, 1997) and Lake Dudinghausen in Germany (Selig et
al., 2006). Oseguera et al. (2010) recognized a correlation
between the dynamics of chlorophyll a (Chl @) and the ses-
ton fluxes and concluded that Chl a is a good proxy for
POCin Lake Alchichica. The dominant size of the phyto-
plankton has been related to the trophic status of lakes
(Lampert and Sommer, 1997). Small phytoplankton char-
acterizes oligotrophic lakes, whereas large phytoplankton
is more common in eutrophic systems. In spite of its olig-
otrophic status, Lake Alchichica is dominated by large (>2
pum) phytoplankton (Adame ef al., 2008) and, according
to Legendre’s model (1999), this suggests that most of the
phytoplankton would be preferentially exported, yielding
POC fluxes higher than expected for lakes of similar
trophic status. Tropical, deep maar lakes like Alchichica
seem to be underrepresented in the Tranvik et al. (2009)
paper (where tropical lakes are illustrated by an Amazon
floodplain lake). Alchichica corresponds to the basic type,
one of the five tropical lake-types mentioned by Lewis
(2010). This is a common tropical lake with numerous ex-
amples in Mexico along the Trans-Mexican Volcanic Belt
[Santa Maria del Oro in Nayarit, Los Espinos in Mi-
choacan, Atexcac in Puebla and Majahual in Veracruz (Al-
cocer and Bernal-Brooks, 2010)], and elsewhere.

This study identifies the role of deep, oligotrophic and
tropical inland aquatic ecosystems in POC deposition,
burial and sequestration, and their relevance to the global
C cycle and to the regional C balances by evaluating: i)
the temporal variation of the biogenic POC concentration
in the surface layers of sediments of Lake Alchichica,
Puebla, Mexico; and ii) the POC accumulation and preser-
vation in a ?!°Pb dated-sediment core from the lake.

METHODS

Study area

Alchichica is a maar lake in the endorheic Oriental
Basin, Central Mexico, at 19° 24’ N, 97° 24° W and 2345
m asl. The area displays a monsoon-type climate with two
main seasons throughout the year: i) a cold and dry season

from January to March, characterized by the lowest am-
bient temperature (= 9°C), and a monthly precipitation
less than 26 mm; and ii) a warm, rainy season from April
to December, with an average ambient temperature of
16°C and a total precipitation of 301 mm (Oseguera et al.,
2011). Large agricultural areas surround the lake.

Alchichica is one of the deepest lakes in Mexico, with
maximum and mean depths of 62 and 41 m, respectively,
and a surface area of 2.3 km?. Its basin holds 94,214,080
m?® of saline (total dissolved solids 7.2+0.1 g L™!) and al-
kaline (pH 8.7-9.2) water, dominated by sodium and chlo-
ride ions (Vilaclara et al., 1993; Filonov et al., 2006).
Since the lake is groundwater-fed with no surface inflows,
Alchichica receives no run-off POC and almost no aerial
dustfall POC (24-36 mg m2 d!) from the watershed (Os-
eguera et al., 2011). Alchichica is a warm monomictic
lake characterized by a brief circulation (turnover) period
that occurs during the cold, dry season (January-March),
and a long stratification period that takes place during the
warm, rainy season. There are three periods during the
stratification: early (April-June), well-established (July-
September) and late (October-December) stratification
(Alcocer et al., 2000). During the stratification phase, the
mixed layer depth (Z,,x) ranges between 10 and 34 m and
a clear-water phase occurs, in which the euphotic zone
(Zgy) may extend down as far as 38 m, closely coupled
with the thermocline (Adame et al., 2008) and reaching
the middle or the bottom of the metalimnion. During the
circulation period, the water column becomes turbid and
Zp decreases to13-17 m.

Lake Alchichica is oligotrophic, with annual mean Chl
a concentrations <5 pg L' (Alcocer et al., 2000). There
are three main events in phytoplankton development dur-
ing the annual cycle (Lugo et al., 2000; Oliva et al., 2001):
i) a full water column diatom bloom dominated by Cy-
clotella alchichicana (35-63 um diameter, Oliva et al.,
2006) and C. choctawhatcheeana (5-12 pm diameter,
Oliva et al., 2008) that takes place during the winter cir-
culation; ii) a spring bloom of the nitrogen-fixing
cyanobacterium Nodularia spumigena (>100 pm) in the
early stratification period; and iii) a deep chlorophyll max-
imum (DCM) that appears in the metalimnion from the
period of well-established stratification to the period of
late stratification (September-November) and that is com-
posed once again of Cyclotella spp.

Reported overall concentrations of total N (4.14+0.69
uM) and total P (0.21+0.04 uM) are typically low in the
mixed layer (Oliva et al., 2001; RamosHiguera et al.,
2008) and show spatiotemporal dynamics related to the
lake’s thermal regime: a marked epilimnetic depletion and
hypolimnetic accumulation during the stratification pe-
riod, and a high concentration of nutrients homogeneously
distributed throughout the water column as circulation
takes place.
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Sampling

We evaluated: i) the lake hydrodynamics through
measuring temperature and dissolved oxygen profiles; ii)
the POC deposition dynamics through the analysis of the
Chl a concentration in the superficial sediments of the
deep zone; and iii) the POC fluxes, and preservation
through the analysis of POC concentration within a >!°Pb-
dated sediment core. The thermal behaviour of the lake
during five years (2003-2007) was identified by measur-
ing water column temperature and dissolved oxygen pro-
files monthly in the central and deepest part of the lake.
The temporal variation of the biogenic carbon (POC) con-
centration in the surface layers of the deep sediments was
measured at the same sampling station on the same sam-
pling dates during the same period by evaluating the sed-
imentary Chl @ concentration. To analyze the POC
accumulation and preservation, a sediment core was col-
lected at 19° 24.473° N, 97° 24.096° W on 22 November
2005 at 60 m depth. Profiles of temperature and dissolved
oxygen were measured in situ with a water quality sonde
(Hydrolab DS-4/SVR-4). Surface sediments were col-
lected with an Ekman dredge (0.0225 m?) from which two
sediment aliquots (1 cm®) were obtained with a manual
corer (L=10, @=1 cm), taking care not to disturb the sur-
ficial layer. The sediment subsamples were kept frozen in
dark centrifuge tubes until analysis. Pigments were ex-
tracted from the surficial sediment by shaking with 90%
acetone at 4°C overnight. Samples were then centrifuged
(15 min, 675 g) and the supernatant was analyzed with a
10-AU fluorometer (EPA method 445.0, Arar and Collins,
1997), which was calibrated annually with pure Chl a, and
during each field trip with a solid secondary standard
(Turner Designs).

We estimated surficial sediment POC from sedimen-
tary chlorophyll a concentration, which represents the
phototrophic carbon reaching the surficial sediments. This
calculation does not consider other sources of carbon
(e.g., zooplankton) to the sediments so our values should
be considered as the minimum POC concentration ex-
ported to the sediments. However, a recent sediment-trap
study on Lake Alchichica (Oseguera et al., 2011) showed
that most (>90%) POC reaching the deep sediments is of
phytoplanktonic origin, so our estimates must be quite
close to the actual POC values. Chl a is commonly used
to estimate phytoplankton biomass (Chang et al., 2003).
POC was estimated through the POC:Chl a ratio (Cho and
Azam, 1990) in the surficial sediments. In the present
study we used four POC:Chl « ratios (one ratio for each
one of the four hydrodynamic periods of the lake), with
the following values based on Velasco ef al. (2011) and
Oseguera et al. (2010): 119 for the circulation phase (Jan-
uary to March); 215 during the period of early stratifica-
tion (April to June), 112 during the period of
well-established stratification (July to September), and 83

during the late stratification period (October to Decem-
ber). The carbon concentrations, originally calculated as
mg C cm® of surficial sediment, were transformed to mg
C per gram of dry sediment using the following equation:

mg C g! sediment=(mg C cm) / (eq. 1)
[(1 - porosity) x (sediment density)] '

Porosity was assumed to lie within a range of 74-88%
and the density within a range of 1.2-1.5 g cm™ on a wet-
weight basis. These values were obtained from the literature
(Koegler, 1967) for sediments characterized by values
within the range of 2.5-6.5% organic carbon and 3-6% car-
bonate content. The sediment core was collected with a
UWITEC™ gravity corer (9 cm inner diameter) in Novem-
ber 2005. No evidence of sediment disturbance (sediment
cracks, gas bubbles, infaunal burrows) was seen. The sed-
iment core was extruded and subsampled at 1-cm intervals
(with the exception of the two uppermost layers, which
were each 1.5 cm thick). The sediments were freeze-dried
and ground with a mortar and pestle for further analysis.
The POC content of the sediment core was estimated by
the Walkey-Black method (Loring and Rantala, 1992), in
which an aliquot of 0.5 g of dry sediments was treated with
10 ml of a mixture of K,Cr,0,+Ag,SO,+H,SO, to oxidize
the organic matter present in the sample. The oxidant mix-
ture that was not consumed was back-titrated with
Fe(NH,),(SO,), (El Rayis, 1985). Concentrations are re-
ported as percentages on a dry weight basis (d.w.). Repli-
cates of the sediment sample analyses (n=6) yielded a
variation coefficient of 4%. 2!Pb activities for sediment
core dating were obtained by measuring the derived 2!°Po
daughter products, assuming secular equilibrium between
the two isotopes (Schell and Nevissi, 1983; Sanchez-
Cabeza et al., 1998). Sediment aliquots (0.3 g) were spiked
with 2Po as yield tracer, and digested in Savillex™ PFA
containers, in a 5:4:1 mixture of HNO,;+HCI+HF on a hot-
plate (150-180°C) overnight. The residue was converted to
a chloride salt by repeated evaporation with 12 M HC]l, then
dissolved in 0.5 M HCI with 2.5 g of H;BO,, and 0.2 g of
ascorbic acid were added to the solution. Po isotopes were
deposited on a spinning Ag disc (Hamilton and Smith,
1986) and the activity measured by a-spectrometry using
ORTEC silicon surface barrier detectors coupled to a PC
running under Maestro™ data acquisition software. Blanks
were run in parallel to correct for any contamination. Ac-
curacy and precision of the 2°Po method were determined
through replicate analyses of the standard reference mate-
rial IAEA-300 and were determined to be 99% and 4.6%,
respectively. The uncertainty in the 2'°Pb data, estimated
through quadratic uncertainty propagation, was less than
5% in all cases. The >'°Pb chronology for the Alchichica
core was constructed with the Constant Flux-CF model
(Robbins, 1978; Sanchez-Cabeza and Ruiz-Fernandez,
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2012), which assumes a constant rate of supply of fallout
219PD irrespective of any changes in the sedimentation rate.
210Pp data are reported on a dry weight basis.

The simple rate model for organic decomposition pro-
posed by Middelburg (1989) was used to model POC con-
centration in time, assuming constant input and the
steady-state diagenetic process during the period repre-
sented by the 2'°Pb-derived chronology based on the fol-
lowing equation:

G=G,e 321 (eq. 2)

where G, is the metabolizable organic component of POC
deposited at time t, and G, represents the degradable ele-
ment concentration at the sediment surface, which was
chosen to provide general correspondence between the
model and the measured non-metabolizable POC concen-
trations (the vertical asymptote of the POC profile).

The additional POC concentration not attributable to
steady-state degradation is defined as excess POC The
fluxes of excess POC to the sediments were estimated
based on POC concentrations corrected for the degradative
loss that occurred with time. This approach allows the role
of diagenesis on the POC sedimentary record to be taken
into account in order to distinguish whether the system is
at steady state or has been affected by environmental
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changes (e.g., changes in mass sedimentation rates or in-
creased delivery of POC to the sediments). The POC lost
to degradation for any sample deposited t years ago (C,.)
was estimated as in Zimmerman and Canuel (2002):

Clost—t:Cm(o)_CM (eq 3)

where C,,,, is the initial POC concentration measured in
the surface layer of the core, and C,, denotes the POC con-
centrations derived by the Middelburg model for each
layer of the core, representing the POC content that should
be accumulated in the sediment core under steady state
conditions.

The degradation-corrected concentration (C,,,,) for a
sample of concentration C,,, is expressed as:
Ccon—t:Cmt+Closl-t (eq 4)

where C,, represents the metabolizable organic content at
time t.

RESULTS

Lake hydrodynamics

Lake hydrodynamics were similar across the five
years (Fig. 1), displaying the warm monomixis pattern
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Fig. 1. Depth-time diagram of isotherms (°C) in Lake Alchichica.
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previously described by Alcocer et al. (2000). The lake
mixes in winter when the epilimnion temperature drops
to 14.5+0.3°C. As the lake stratifies, the epilimnetic water
warms in spring (17.8+1.5°C), reaching its highest tem-
perature in summer (18.7+1.5°C), and cools again in au-
tumn (16.7£1.6°C). Hypolimnetic temperature was
homogeneous through the stratification season with an av-
erage of 14.5+0.2°C. There were no significant (one-way
ANOVA test; P>0.05) interannual differences in water
temperatures during the period of study (2003-2007).
The dissolved oxygen (DO) concentration (Fig. 2) was
low (3.7£1.5 mg L!; 51+£21% saturation) at the beginning
of the circulation period as a result of the mixture of the
well-oxygenated epilimnetic with the anoxic hypolimnetic
waters. Throughout the circulation period the DO concen-
tration was 5.3+1.0 mg L' (72+14% saturation). Epilim-
netic DO concentrations were high (6.3+0.8 mg L), close
to saturation (91+14%). Hypolimnetic DO concentrations
fell as soon as the lake stratified and reached total anoxia
from July to December, as previously observed by Alco-
cer et al. (2008). Tropical warm monomictic lakes com-
monly display an anoxic hypolimnion; the warmer
hypolimnetic waters have DO concentrations lower than
those in temperate lakes, leading to a rapid development
of anoxic conditions (Lewis, 2002). No significant (one-
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way ANOVA test; P>0.05) interannual differences were
observed for the DO content in the water column during
the study (2003-2007).

Particulate organic carbon deposition

The Chl a extracted from the surface sediments in
Lake Alchichica derives mostly from the sedimentation
of the diatom Cyclotella alchichicana (>35 pm) that rep-
resents up to 98% of the total phytoplankton biomass
being exported below the thermocline (Ardiles et al.,
2011). The estimated POC concentration in the surficial
sediment ranged between 12 and 60 mg POC g d.w.
(Fig. 3) with an average value of 25+12 mg POC g ' d.w.
(n=116); the annual average concentrations are shown in
Tab. 1. There were no significant interannual (2003-2007)
differences (one-way ANOVA test; P>0.05) in estimated
POC concentrations in the sediments; however, the esti-
mated POC concentration in the early stratification phase
was significantly higher (one-way ANOVA test; P<0.05)
than the estimated POC concentrations in the other phases.
The POC accumulates during the early stratification period
as a result of the sinking diatoms produced in the bloom
that takes place during the mixing phase (Fig. 3). Oseguera
et al. (2011) found a similar seasonal pattern of the total
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Fig. 2. Depth-time diagram of isopleths of dissolved oxygen (mg L") in Lake Alchichica.
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particulate matter flux in this lake, with higher fluxes re-
lated to the end of the diatom bloom.

Radioisotope dating

The sedimentation rates in the Alchichica sediment
core were estimated from the radioactive disequilibrium
of 21Pb. Total >'°Pb activities (*'°Pb,,) ranged from
3.72+0.11 to 89.07+2.67 Bq kg''; supported 2!°Pb
(*'°Pb,,,) was calculated as the average *'°Pb,,, concentra-
tions between 54 and 62 cm depth (4.65+0.42 Bq kg™)
and the excess 2!°Pb activities (*'°Pb,,.) were calculated as
the difference between *'°Pb,, and *'°Pb,,,. The *'°Pb,. ac-
tivities decreased with depth. A slight departure from the
typical exponential decay curve was recorded between the
surface and 12 cm depth (Fig. 4a), suggesting that accre-
tion may not have been constant through time.

The Alchichica sediment record provided a
geochronology of 104.24+6.8 years up to 35 cm depth. The
sediment accumulation rate (SAR) varied along the core
from 0.16 to 0.39 cm year!, and the mass accumulation
rate (MAR) from 0.06 to 0.11 g cm™ year'; and both SAR
and MAR showed a decreasing trend from 14 cm depth
upwards (i.e., 1969, Fig. 4b).

Core particulate organic carbon content and fluxes

The POC concentrations in the sediment core ranged
from 16.6 to 31.6 mg g 1. The POC sediment concentration

profile displayed important deviations from the typical ex-
ponential decay trend (organic carbon diagenetic profiles)
above 12 cm depth and below 40 cm depth (Fig. 5). This
pattern might result from variations in sediment texture
or sediment bulk density due to compaction; however the
sediments in the Alchichica were clayey (grain size was
homogenous along the core) and therefore the variations
in POC concentration are unrelated to changes in grain-
size distribution. The POC concentrations were also plot-
ted as a function of the cumulative weight of the sediment
(g em?, Fig. 5) with the purpose of removing the com-
paction effect on the sediment (Robbins, 1978). The re-
sulting profile produced the same pattern as that

Tab. 1. Particulate organic carbon concentration in the surficial
sediments of the deep region of Lake Alchichica.

POC concentration
(mg POC g! d.w. of sediment)

Year Mean Min Max N
2003 22+10 12 44 24
2004 25+14 14 60 24
2005 25+11 14 44 22
2006 20+17 12 54 22
2007 24x11 13 51 24

POC, particulate organic carbon; d.w., dry weight.

70

60

50

40 -

30 A

POC (mg g™

20 A

10 1

2003 2004

JIFMAMJJA'S'O'ND|J'FMA'MJ'J'A'S'TOND[J'FMAMJ'J'A'S'O'N'D|J'F'MAMJ'I'A'S'O'N'D[J ' FIMAMJI'J'A'S'TO'N'D

2005 2006 2007

Fig. 3. POC concentration (mg g ' d.w.) in the surficial sediments of the deep region of Lake Alchichica.
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previously described, indicating that the effect of com-
paction on POC concentration depth profile is negligible.
Thus, the changes observed in the POC profile suggest
that POC input or degradation might not have been con-
stant with time along the core. The measured and modeled
POC concentrations are shown in Tab. 2. Although the
Middelburg model partially described the POC concen-
trations recorded in the core (Fig. 6a), an important devi-
ation of the expected POC concentrations was observed
between the surface of the core and 7 cm depth (from the
early 1980s to the most recent years); this suggests a re-
duction in the POC supply to the system in this segment
of the record, indicating that the POC concentrations
found cannot be accounted for in terms of steady POC
input and a time-dependent decomposition along the en-
tire core. In consequence, this segment of the core was
modelled separately from the rest of the POC concentra-
tion depth profile. Within the POC concentration depth
profile two segments were considered, where significant
exponential trends with depth were observed (Student’s
t-test; P<0.05): segment A, from the surface to 7 cm depth,
n=6, r=0.86; and segment B, from 14 to 32 c¢cm depth,
n=27, r=0.83. The intermediate segment (7 to 14 cm
depth) was excluded since it did not conform to any of the
trends observed.

The upper part of the sediment core (segment A) is

a ?1%Pb,.. (Bq kg™)

0 10 20 30 40 50 60 70 80 90

Depth (cm)

now reasonably well described by the Middelburg model
(Fig. 6b), and the differences between the measured and
the modeled POC are generally below 3%, except at the
surface layer of the core where the POC concentration is
14% lower than the predicted value. In the lower part of
the core (segment B) the POC concentrations measured
in most of the sediment layers (Fig. 6¢) are slightly higher
than the modeled ones (maximum difference 36%). The
differences between the measured and modeled POC con-
centrations in segment A suggested that the POC record
is mostly the result of diagenetic processes and minor
fluctuations in POC deposition. In contrast, section B
showed POC in excess of that which can be attributed to
steady-state degradation, which might be the result of an
increase in the delivery of organic matter to the sediment,
or might be attributable to enhanced organic matter
preservation due to higher sediment MAR or decreased
bottom-water dissolved oxygen concentration. The POC
losses through diagenesis (POC measured/POC corrected)
were estimated to be <11% in segment A and <25% in
segment B, which means that the sediments have pre-
served more than 89% and 75%, respectively, of the POC
deposited in each segment.

The modeled fluxes of POC to the sediment were cal-
culated as the product of the corrected POC concentration
reported above and the 2!°Pb-derived sediment mass accu-

b CF-model derived accumulation rates

0.0 0.1 0.2 0.3 0.4 0.5

2002
1992 1
1982 1
1972 +
1962 1
1952 1
1942 -
1932 -
1922 1
1912 -
1902 1

—O—MAR —®—SAR

Fig. 4. a) Excess 2'°Pb activities in the core. b) ?!°Pb-derived sediment accumulation rate (SAR, in cm year ') and mass accumulation

rates (MAR, in g cm2 year ™).
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mulation rate (g cm= year™) for each layer of the core.
Thus, the POC flux varied between 14.9 and 25.6 g m™
year~! for segment A, and between 20.1 and 35.3 g m™
year~! for segment B. Since annual rates of POC accumu-
lation are related to the trophic condition of the lake, but

also vary considerably according to the size and the sed- ’ —_ . 0 e
imentation rate of the lake, small lakes might have higher 5| @ Comulative mass % 10 9%
POC accumulation rates than large ones, either due to their & 20 | 1oss
generally higher ratio of lake watershed area to lake vol- 0l %ﬂ 5
ume (Mulholland and Elwood, 1982; Downing et al., _ o . 0 ;; e
2008) or because they have higher sediment fluxes. E 5] 8 ., W [P
E * 5.0 E L 1955:’E
DISCUSSION 35.) . E
a v 60 E | 1944
Cole et al. (2007) suggested that small lakes contribute " °
to carbon sequestration by storing carbon in the sediments 1 s . 8 e [ 5
that reflects not only the lake productivity but also the sed- 8 > 30 1922
imentary accumulation rates and preservation capacity. Our 0 ? T L jon1
findings show that Lake Alchichica deposits, buries, se- 556
questers and preserves amounts of POC that are large com- ¥ 5 0 s w3 w s
pared with those in other lakes of similar or even higher yoc ey
trophic status, considering that — in contrast to Lake Fig. 5. POC concentration profile in the Lake Alchichica core

as a function of depth (in cm) and of mass depth (cumulative

Alchichica, whose POC is mostly autochthonous — most ‘ )
weight, in g cm™).

lakes receive a large amount of allochthonous POC from

Tab. 2. Modeled particulate organic carbon fluxes for the Alchichica sediment core.

Depth POC” POC-modeled’ POC-lost* POC-corrected® POC flux”
(cm) (mgg'dw) (mgg'dw.) (mgg'dw.) (mgg'dw) (gm?y")
Segment A
0.0-1.5 26.3 30.6 -4.2 26.3 14.9
1.5-3.0 25.7 26.4 0.0 25.7 18.3
3.0-4.0 26.3 25.5 0.8 27.1 24.0
4.0-5.0 25.7 24.8 1.5 27.2 254
5.0-6.0 24.0 243 2.1 26.1 254
6.0-7.0 23.5 23.5 2.8 26.3 25.6
Segment B
14.0-15.0 30.3 24.6 -0.3 30.3 333
15.0-16.0 31.6 24.4 0.0 31.6 34.8
16.0-17.0 29.2 24.1 0.2 29.4 32.6
17.0-18.0 29.9 23.9 0.5 30.4 335
18.0-19.0 30.4 23.6 0.8 31.2 342
19.0-20.0 29.7 23.4 1.0 30.7 33.7
20.0-21.0 31.0 23.1 1.3 323 353
21.0-22.0 27.1 22.9 1.5 28.7 31.2
22.0-23.0 27.1 22.6 1.7 28.8 31.2
23.0-24.0 249 22.4 1.9 26.8 28.8
24.0-25.0 24.1 22.3 2.1 26.2 28.2
25.0-26.0 30.2 22.1 2.3 32.5 34.7
26.0-27.0 22.4 21.9 2.5 25.0 26.2
27.0-28.0 24.8 21.7 2.7 27.5 28.6
28.0-29.0 16.6 21.5 2.9 19.4 20.1
29.0-30.0 21.0 21.4 3.0 24.0 24.6
30.0-31.0 21.5 21.2 32 24.7 25.1
31.0-32.0 21.0 21.0 34 24.4 24.4

POC, particulate organic carbon; “measured POC concentrations; “modelled POC concentrations according to Middelburg (1989); *estimated POC
concentration lost through mineralization according to Zimmerman and Canuel (2002); Sestimated POC concentrations before mineralization, "estimated
from corrected POC concentrations and mass accumulation rates; d.w., dry weight.
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the watershed. The concentration of recently sedimented
POC in Lake Alchichica is similar or higher (range: 12-60
mg C g! d.w. or 1.2-6.0% OC) to that in some other olig-
otrophic (e.g., Lake Laja 1.2-9.9%; Urrutia et al., 2002) or
even mesotrophic (e.g., Lake Kinneret 1.5-3.9% OC; Sobek
et al., 2011; Delta do Paraiba do Sul 0.1-4.5%; Sobrinho
da Silva et al., 2011) and eutrophic (e.g., Lake Metztitlan
0.5-2.6% POC; Fernandez, 2004; Lake San Pablo 4+2.4%;
Gunkel, 2003) water bodies. However, most of the olig-
otrophic lakes displaying large concentrations of sedi-
mented POC receive high inputs of dissolved (or colloidal)
alochthonous organic matter — or even freshly fallen tree
leaves — from the watershed, which flocculate and settle
onto the sediment (von Wachenfeldt and Tranvik, 2008).
By contrast, the POC found in the sediment traps close
(3 m) to the bottom of Lake Alchichica is mostly (>90%)
autochthonous, consisting of phytoplankton cells and
amorphous organic matter (Oseguera et al., 2011).

A combination of three interrelated characteristics most
likely explains the high POC concentrations in Lake
Alchichica sediments: i) the larger size of the dominant
phytoplankton; ii) the anoxic hypolimnion; and iii) the
scarce benthic biota. Although there are only few studies
available on this topic, these factors are expected to be
shared by deep, tropical lakes, which, like Alchichica, turn
out to be warm monomictic according to Lewis (1996). Di-
verse factors diminish or prevent POC oxidation in the
water column, favoring its accumulation in the sediment.
Among these are anoxia, the refractory nature of some or-
ganic compounds, and the amount of carbon deposited

(Betts and Holland, 1991; Hedges et al., 1999). The POC
accumulation rate in the sediment depends on the amount
of autochthonous and alochthonous supplies, the oxidation
rate of the organic matter (respiratory rate), the lake mor-
phometry, and its trophic status (Mullholland and Elwood,
1982). Velasco et al. (2011) found that as a consequence of
the dominance of the phytoplankton biomass by C.
alchichicana, the phytoplankton fluxes were higher than
those measured in other oligotrophic and mesotrophic
lakes. An important proportion of the phytoplankton bio-
mass in Lake Alchichica is rapidly exported below the ther-
mocline (sedimentation velocity=4 m day'; Alcocer et al.,
2008), favouring its accumulation in the sediments. The rel-
atively cold (~14.5°C all year round) and anoxic (half of
the year) deep waters promote the accumulation of sedi-
mented POC. Adame et al. (2008) calculated the amount
of oxygen required to oxidize the phytoplanktonic biomass
(transformed to POC) that reaches the hypolimnion of Lake
Alchichica from the onset of stratification onwards, show-
ing a high DO deficit (i.e., it would require an extra 2560
to 2930 tonnes of DO to totally oxidize the phytoplanktonic
POC reaching the hypolimnion). These data explained the
prompt development of hypolimnetic anoxia. Anoxia in the
bottom layer starts as early as April, and the hypolimnion
becomes completely anoxic in June. Once the hypolimnion
becomes anoxic, the remineralization of organic matter
(sediment respiration) slows down, leading to its accumu-
lation (Schultz and Zabel, 2006).

The rapid development and long duration of anoxic
hypolimnetic conditions are common features of tropical,

a POC (mg g) b POC (mg g') ¢ POC (mg g)
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
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Fig. 6. Time-dependent particulate organic carbon concentrations in Alchichica sediment core [measured (®) vs modeled (:3)]. a) The
whole sediment core, from 1902-2001. b) Segment A, for the period 1986-2001. ¢) Segment B, for the period 1920-1979. See text for

further explanation.
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deep, warm-monomictic lakes, even those with low pri-
mary productivity. Mixing coincides with the hemi-
spheric winter and, in contrast to temperate lakes, the
mixing season may be as short as one month or six weeks
(Lewis, 1996). The combination of a lower oxygen in-
ventory in the hypolimnion (higher hypolimnetic temper-
atures) and higher oxygen consumption rates (higher
microbial activity) leads to a substantially lower expected
duration of the persistence of oxygen in the hypolimnion
(Lewis, 2002). Deep benthic fauna in Lake Alchichica is
rare, most probably as a result of the extended anoxic pe-
riod (8-9 months). Two species have been found: one os-
tracod (Candona patzcuaro) and one chironomid
(Chironomus stigmaterus). The ostracod has been found
at low densities (285+271 org m2) and remains inactive
most of the year (8-9 months) (Hernandez et al., 2010).
The chironomid occurs only during the oxygenated pe-
riod (3-4 months), and also in low numbers (90+£252 org
m2). Consequently, it is to be expected that only small
quantities of POC are incorporated into the detrital ben-
thic food chain. Both factors — the anoxic conditions and
the very limited occurrence of benthic fauna — suggest
that most POC reaching the lake bottom is buried and
thus sequestered. The estimated POC concentrations
recorded in the sediment core (16.6 to 31.6 mg g! d.w.)
are of the same order of magnitude as those found in
other oligotrophic lakes, such as some of the English
lakes [e.g., Wastwater=58.6 mg g!; Thirlmere=88.4 mg
¢!, Buttermere=57.3 mg g'; Ennerdale Water=58.3 mg
g”!; Crummock Water=43.2 mg g' (Gorham et al.,
1974)]. They also fell within the range of POC concen-
trations observed in the surface sediments (12-60 mg C
g! d.w.), indicating high POC preservation in the sedi-
mentary column; this is corroborated by the low values
of POC loss by diagenesis that were observed downcore
(<11% in section A and <25% in section B). The esti-
mated POC concentrations in segment B were higher than
in segment A, perhaps as a result of the following: i) an
increased delivery of organic matter to the sediment, ei-
ther by enhanced primary productivity in the lake or by
sediment focusing from the redistribution of shallow-
water (littoral) sediment OC to deeper parts of the lake;
or ii) enhanced organic matter preservation due either to
decreased dissolved oxygen concentrations in the bottom
water (Lee, 1992); and/or higher sediment mass accumu-
lation rates (SAR; Henrichs and Reeburgh, 1987). High
SAR may be partly controlled by increased primary pro-
ductivity and might also favor the preservation of organic
matter by reducing the exposure of POC to dissolved
oxygen in the water column, and can therefore contribute
to higher concentrations of carbon in sediments.

The SAR values found at Lake Alchichica are compa-
rable with those found in other oligotrophic lakes such as
South Lake in the Adirondack Mountains (0.2 cm year™;

David and Mitchell, 1985), ten lakes in the sub-Arctic re-
gion of Quebec (0.075-0.30 cm year!, Lucotte et al.,
1995), and three deep basin lakes (>70 m depth) in New
Zealand (0.14-0.23 cm year'; Trolle ef al., 2008). They
also fell within the typical range of SAR values estimated
by Webb and Webb (1988) for small lakes (0.02-0.3 cm
year ). According to the 2!°Pb-derived chronology of the
MAR and SAR, the Alchichica core recorded a decreasing
sediment supply since the early 1970s, which might ex-
plain the smaller POC concentrations found in segment
A. The POC fluxes estimated for Lake Alchichica fall
within the range reported by Mulholland and Elwood
(1982) for POC burial rates in small (<100 km?), olig-
otrophic and meso-eutrophic lakes (3-128 and 11-198 g
m? year!, respectively), and are slightly lower than the
mean burial rate estimated for small lakes (72 g m™
year ') by Dean and Gorham (1998). The comparatively
higher POC fluxes estimated for the oldest segment of the
core (before the 1980s) could be a consequence of a higher
primary production in the past; in addition, the lower POC
fluxes in the most recent segment of the core, might also
be related to the reduction in the fluxes of organic detritus
from a former littoral zone (i.e., sediment focusing) char-
acterized by the presence of macrophytes and benthic
algae that are no longer present owing to the lowering of
the water level of Lake Alchichica. This lowering is doc-
umented by aerial photographs taken in 1974 and 1995
(Alcocer and Escobar-Briones, 2007) and photographs
taken during fieldwork in 1979 (Caballero et al., 2003).

Previous studies elsewhere (Lyons et al., 1994; Tran-
vik et al., 2009; Yu et al., 2009) have already discussed
the importance of saline lake sediments in preserving or-
ganic matter, although their preservation mechanisms are
still poorly understood. High rates of organic matter
preservation in sediments have been related to high pro-
ductivity in the surface waters, high sedimentation rates,
stratification of the lake water column leading to low or
zero dissolved oxygen in the bottom water (Hedges and
Keil, 1995), and the predominance of clays in the sedi-
ment in which organic matter is sorbed (Yu et al., 2009).
All these conditions are met in Lake Alchichica and,
therefore, might explain the high amount of POC buried
in the sedimentary column, which accounts for an inven-
tory of 2.5 kg m2 accumulated during the past 104 years
(35 cm depth). POC fluxes estimated from the Alchichica
sediment core are comparable to values reported for small
oligotrophic lakes with low accumulation rates (generally
<40 g C m2year!) and for eutrophic lakes with higher
accumulation rates, usually >30 g C m? year ' and up to
>100 g C m2 year! (Mulholland and Elwood, 1982). In
this way, Lake Alchichica acts as a carbon sink in the re-
gion, and other similar tropical lakes should be re-evalu-
ated with regard to the role they might play in the global
carbon cycle.
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CONCLUSIONS

Estimated POC concentrations in the surficial sedi-
ments of the deep zone of Lake Alchichica average
25+12 mg POC g d.w. (12-60 mg POC g!' d.w.). These
values are higher than those reported from other lakes
of equivalent or even higher trophic status. In contrast
to other oligotrophic lakes, which typically receive large
inputs of allochthonous POC from the watershed as
mentioned by Tranvik ef al. (2009), the estimated POC
in the sediments of Alchichica is autochthonous, deriv-
ing from the phytoplankton sedimentation. On an annual
basis, higher estimated POC accumulation in the sedi-
ments occurs during the early stratification period, as a
result of the sedimentation of the winter diatom bloom
that had occurred during the circulation period. The
219pp-derived geochronology obtained from the core
showed variable sediment accumulation rates during the
past ~104.2+6.8 years. These accumulation rates range
from 0.16 to 0.39 cm year!, with the lower values
recorded in the uppermost layers of the core, starting in
the early 1970s. The POC concentrations found in the
most recent layers of the core (younger than 1980)
showed lower values than those found in the previous
decades, although the POC concentration depth distri-
bution observed in both periods recorded in the core is
mostly the result of post-depositional diagenesis. The
retrospective analysis of POC input to the sediments in-
dicated that the POC fluxes estimated for the last 20
years (14.9 to 25.6 g m2year!) are diminishing in com-
parison with the previous 84 years recorded in the core
(20.1 to 35.3 g m2year!), most probably owing to the
reduced transport of littoral organic debris promoted by
the current lower water levels of the lake. Taking into
account that the maximum degradative loss estimated
for the POC profile along the core was 25%, this study
concludes that the deep zone of Lake Alchichica has a
high capacity to preserve the POC buried in the sedi-
ments. The large amount of POC sequestered in the sed-
iments can be explained by the rapid development of
hypolimnetic anoxia and its long duration, the scarcity
of benthic fauna, and a relatively large amount of POC
derived from the export of large phytoplankton.

Our findings modify the perception that tropical, olig-
otrophic lakes are unimportant for carbon deposition, bur-
ial and sequestration, and the data demonstrate the role
these lakes play in regional carbon balances. We conclude
that, independently of the lake’s trophic status (i.e., the
magnitude of primary production), the phytoplankton size
could be relevant for carbon capture and export processes.
This study of Lake Alchichica suggests that deep, tropical
lakes that develop anoxic hypolimnia over extended pe-
riods, may tend to accumulate and eventually sequester
the POC deposited, and therefore may play an important
role in regional carbon balances.
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