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Abstract

Fossil assemblages reflect the parental communities that produced them, and are in turn associated with specific environmental
conditions. Thus, climatic and environmental changes are associated with changes in both the biotic communities and the fossil as-
semblages they produce. As a consequence, the environmental reconstruction of the past relies on the interpretation of multivariate
fossil sequences that are commonly analyzed through dimensional rescaling techniques. Detrended correspondence analysis (DCA)
has proven as an excellent technique to summarize ecological changes through time with the advantage of few prior assumptions and
results that can be directly interpreted in terms of ecological turnover. In this paper we elaborate on a brief description of the technique
and the interpretation of results, using a worked example on pollen and diatom data sets from Lago Verde (Los Tuxtlas, Mexico). With
this worked example, we highlight the three basic ways in which DCA can provide useful approaches for a clear and relatively easy
interpretation of the fossil data: i) identification of the ecological space through the a priori interpretation of species ordination; ii)
localization of time slices within the ecological space defined by species, and quantification of the ecological turnover among samples;
and iii) calculation of ecological distances as a means for putting individual samples into the historical context provided by the time
frame in question.

Keywords: Ecological distance, ecological turnover, ecological baseline, pollen, diatoms, detrended correspondence analysis (DCA).

Resumen

Los arreglos de fosiles coetaneos reflejan las comunidades parentales que los produjeron, las cuales estan asociadas a su vez
con condiciones ambientales particulares. Por lo tanto, los cambios climaticos y ambientales estan inherentemente asociados con
cambios en las comunidades bioticas y en los arreglos fosiles que ellas producen. Asi, la reconstruccion de los ambientes del pasado se
basa en la interpretacion de secuencias fosiles multivariadas que son comunmente analizadas a través de técnicas de reescalamiento
multidimensional. Se ha demostrado que el analisis de correspondencia sin tendencia (DCA, por sus siglas en inglés) es una excelente
técnica para resumir cambios ecologicos a través del tiempo. La técnica requiere el cumplimiento de pocos supuestos y sus resultados
pueden ser intepretados de manera directa en términos de recambio ecologico. En este articulo, se elabora una descripcion breve de
la técnica y la interpretacion de sus resultados, presentando un ejemplo de su aplicacion usando datos de polen y diatomeas derivados
de una secuencia sedimentaria de Lago Verde (Los Tuxtlas, México). Mediante el uso de este ejemplo, se resaltan los tres mecanismos
basicos por los cuales el DCA ayuda de una manera relativamente facil y clara en la interpretacion de las secuencias fosiles: i) la
identificacion del espacio ecologico a través de una interpretacion a priori de la ordenacion de las especies; ii) la localizacion de
momentos en el tiempo dentro del espacio ecologico definido por las especies, y la cuantificacion de la distancia ecologica entre
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muestras, y iii) el cdalculo de distancias ecologicas como medio para poner muestras individuales en el contexto historico ofrecido por

la secuencia sedimentaria bajo estudio.

Palabras clave: Distancia ecologica, recambio ecologico, linea base ecoldgica, polen, diatomeas, andlisis de correspondencia

sin tendencia.

1. Introduction

Communities respond to climate and other environmental
drivers through a variety of mechanisms. Community-
level compositional and structural changes emerge from
the individualistic response of species to endogenic and
exogenic drivers (Bush, 2003). Endogenically, populations
can respond to compensatory mechanisms, random changes
in demographic rates, and genetic restructurations derived
from their own structural history (Frost et al., 1995; Adler
et al., 2007). Exogenic drivers are mostly associated
with environmental changes that are an intrinsic part of
the history of the planet. Climate and geomorphology
change at diverse time and geographic scales, generating
environmental conditions that are in turn associated
with responses of the biotic communities (Delcourt and
Delcourt, 1991). In addition, interactions with populations
of other species generate compensatory mechanisms but
at community level in this case (Frost et al., 1995). All
these processes are responsible for short and long-term
changes in community configuration, and each one of them
gains differential importance depending on the context in
which they take place (Delcourt and Delcourt, 1991; Frost
et al., 1995). Thus, when the composition and structure of
the community is studied at a particular moment in time,
many of these factors, as well as their relative importance,
can be inferred. The study of the fossil record facilitates
the reconstruction of communities through time from a
historical to millennial-scale perspective (Birks and Birks,
1980; Delcourt and Delcourt, 1991; Delcourt et al., 1983).
Within the Quaternary, microfossil arrangements are the
most common type of fossil remains, mostly corresponding
to lacustrine and marine sedimentary sequences that allow
the reconstruction of forests as well as fresh and salt water
communities (Birks and Birks, 1980; Delcourt and Delcourt,
1991; Birks, 2003).

Pollen and spores accumulate along with sediments
in depositional environments. Consequently, sedimentary
sequences in lake bottoms, oceans, bogs, etc. contain a signal
that provides insight into the dynamics of the vegetation
through time (Birks and Birks, 1980). However, the signal
provided by pollen and spores is far from perfect, mostly
because of representativity problems derived from pre- and
post-depositional factors that obscure the relationships
between taxon abundance in the fossil spectrum and
parent species. Pollination syndrome and pollen dispersal
are the main pre-depositional factors that keep the pollen-

vegetation relationship from being one-to-one (Birks and
Gordon, 1985; Bush, 1995). Whereas species pollinated by
wind usually produce large amounts of pollen to guarantee
reproductive success, insect-pollinated species allocate
more energy to produce rewards for pollinators (Birks
and Gordon, 1985). Subsequently, pollen is submitted to
differential preservation and degradation processes, causing
further preservation bias. However, it has been demonstrated
for diverse locations in the world that although imperfect,
pollen spectra are feasible tools to identify vegetation
patterns associated with biogeographic and environmental
gradients at micro to macro scales, mostly depending on
the particular environmental settings (Bush, 1991, 1995;
Rodgers and Horn, 1996; Bonnefille ef al., 1999; Correa-
Metrio et al., 2011a; Urrego et al., 2011). Thus, pollen and
spore signals offer proxies for vegetation diversity and
reflect latitudinal, altitudinal, and other gradients associated
with community composition and structure.

Sedimentary sequences also contain the signal of aquatic
organisms, such as diatoms, associated with characteristics
of the water column. The composition of the diatom
community is affected by the conditions of the water where
they live (Fritz et al., 1991; Wetzel and Likens, 2000). Even
though they are part of a broader algal community, their
siliceous body facilitates their preservation in the microfossil
assemblages, aiding in the understanding of the water level,
trophic status, and water chemistry dynamics through time.
Furthermore, given that their life cycle occurs in the water
and their remains are directly deposited in the sediment,
the diatom signal is not confounded by transport and
representativity processes (Battarbee ef al., 2001). Within
the trophic gradient, diatoms are less dominant towards the
euthrophic end of the spectrum, with species composition
revealing subtle variations in trophy within this part of the
gradient (Wetzel and Likens, 2000; Battarbee ef al., 2001).
Even though diatom communities show altitudinal and
latitudinal variability, they reflect changes in limnological
factors associated with climatic gradients rather than broad
biogeographic patterns (Fritz et al., 1991; Battarbee et al.,
2001). Thus, unlike vegetation, diatoms indicate conditions
that are more associated to processes specific to local
conditions than to broad climatic patterns. Broadly speaking,
diatoms in the fossil record reflect trophic and luminous
dynamics of the lakes, which are not necessarily associated
with regional environmental conditions. However, there is
an inherent relationship between lake trophic levels and
geologic materials and weathering rates, which are in turn
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closely associated with climate.

Conclusively, pollen and diatom records complement
each other (e.g. Lozano-Garcia et al., 2007), providing
information that leads to environmental reconstructions
at scales that range from local to regional. Both proxies
indirectly reflect biotic communities that should be governed
by ecological principles. The ecological space (sensu
niches) corresponds to the hypervolume defined by all
environmental variables that modulate the composition and
structure of biological communities (Delcourt and Delcourt,
1991; Bush, 2003; Williams and Jackson, 2007). Thus,
as environmental conditions change, fossil assemblages
reaccomodate and define a space that encompasses all the
environmental conditions experienced through the time
contained in the sedimentary sequence. In such way, it is
possible to use such space to measure the ecological changes
in terms of distances among species or samples (Hill and
Gauch, 1980; Gauch, 1982).

1.1. Multivariate analyses of fossil data sets

When a fossil data set is available, multivariate techniques
offer the possibility of interpreting simpler summaries of
the data to reconstruct the environmental stages reflected
by the fossil proxies (Birks and Gordon, 1985; Legendre
and Legendre, 1998; Orloci et al., 2006). Although the
interpretation of the environmental signal contained in fossil
pollen and diatom sequences can be based on individual
taxon changes, multivariate approaches are more robust
and allow the estimation of the breadth of ecological
variability (Orloci et al., 2006; Urrego et al., 2009; Correa-
Metrio et al., 2011a). Quantitative interpretations require
extensive surveys to fully understand the relationships
between microfossil and specific environmental conditions
(Birks and Gordon, 1985; Birks, 2003). These studies
lead to the calibration of the fossil signals in terms of the
variables of interest, allowing a priori interpretations of the
results derived from the analysis of fossil sequences (e.g.
Correa-Metrio et al., 2011a, 2012a). Nevertheless, these
data sets are rarely available, calling for the need of using
multidimensional rescaling, a series of techniques that offers
patterns of ecological and environmental change derived
from a posteriori interpretations (Legendre and Legendre,
1998; Correa-Metrio et al., 2010).

Principal components analysis (PCA) and correspondence
analysis (CA) are multidimensional-rescaling techniques
that have been routinely applied in paleoecological
studies (Birks and Gordon, 1985; Birks, 1986). However,
the violation of assumptions (mainly the lack of linear
response of species to environmental gradients) lead to
unbalanced ordinations that in turn cause strong biases
in the identification of environmental gradients and the
interpretation of results (Hill and Gauch, 1980; Gauch,
1982). Alternatively, multidimensional scaling (mds) and
detrended correspondence analysis (DCA) are techniques
that are relatively easy to interpret (Hill and Gauch, 1980;

Legendre and Legendre, 1998). DCA is of special interest
as it provides ordinations in spaces that are defined in
known units of standard deviation, being directly interpreted
in terms of ecological turnover (Hill and Gauch, 1980;
Gauch, 1982). DCA has yielded good results for pollen
analysis, allowing interpretation of results that go beyond
the temporal, ecological and environmental trends (e.g.
Urrego et al., 2009; Correa-Metrio ef al., 2012b; Restrepo
et al., 2012;). Because of this essential reason, our paper
focuses on the description of some technicalities of the
method, along with the development of a worked example
using pollen and diatoms from Lago Verde (see Caballero
etal., 2006; Ortega et al., 2006; Lozano-Garcia et al., 2007).

1.2. Detrended corespondence analysis: beyond the ghost
of linearity

Detrended correpondence analysis (DCA) improves
multidimensional-rescaling ordinations by reducing the arch
effect produced by other ordination techniques (Hill and
Gauch, 1980; Gauch, 1982). Once the ordination has been
produced, the axes are rescaled to decompress the extremes
of the gradient that resulted compressed because of the
aforementioned arch effect. However, this decompression
of the axes through the division of the ordination into
segments causes distortion of the variance, impeding the
interpretation of eigenvalues as variance fractions (Gauch,
1982). In this case, eigenvalues have to be interpreted as
reflecting the relative importance of the axes because the
detrending procedure corrupts the variance and prevents
percentual interpretations such as those of PCA (Legendre
and Legendre, 1998).

DCA rescaling is achieved by equalizing the average
dispersion within samples, taking their standard deviation
to one. Thus, the average species abundance profile has
a length of one, with the resulting units of the ordination
being standard deviations of ecological turnover (SD) (Hill
and Gauch, 1980; Gauch, 1982). Consequently, and in an
analogous fashion to the normal distribution (Zar, 1999),
species should appear, rise and go locally extinct within 4
SD, causing a complete ecological turnover (Gauch, 1982).
A t distribution with degrees of freedom of number of
samples minus number of taxa would offer a more precise
indication of species turnover. Unfortunately, number of
taxa in tropical environments is rarely exceeded by number
of samples, causing difficulties to define a positive sensible
number for degrees of freedom (Correa-Metrio et al., 2010).
When degrees of freedom are sensible, species turnover
would be equal to the area under the # curve enclosed within
the limits defined by the ecological distance centered in zero.

DCA produces scores for both species and samples
(Hill and Gauch, 1980). Species scores indicate the relative
position of taxa in the reduced space with respect to the
way they vary through time. The meaning of DCA axes
is then inferred evaluating the relative position of species
in terms of what is known of their distribution in modern
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environmental gradients (prior knowledge). This exercise
is purely qualitative and, like in any ordination technique,
its main goal is to define the environmental meaning of
the axes, and thus define the ecological space outlined
by the ordination axes (Legendre and Legendre, 1998).
Subsequently, the space defined by species is used to
ordinate samples. Consequently when axis scores are plotted
stratigraphically, it is possible to infer how the defined
environmental variables changed through time.

Another advantage of DCA is the fact that the axes
have SD as units, making feasible the direct interpretation
of distance among samples in terms of ecological turnover.
Once the samples have been ordinated into the reduced
space, it is possible to calculate the Euclidean distance
among them and derive their ecological dissimilarity (Orloci
et al., 2006; Urrego et al., 2009). If Euclidean distance is
calculated between contiguous samples, it is possible to
identify periods of relative ecological and environmental
stability. This perspective can be complemented by
calculating rates of ecological change (RoC), which consist
in dividing Euclidean distances among contiguous samples
by the time elapsed between them (Urrego et al., 2009).
This estimate provides an approximation to the velocity
at which species turnover takes place. Additionally, it is
possible to calculate distance from all samples to a single
moment in time, providing an indication of when conditions
were similar to those of the reference sample (Restrepo
etal., 2012).

2. A worked example from Lago Verde
2.1. Lago Verde data set

The data set from Lago Verde offers a good opportunity
to exemplify the concepts and techniques that have been
expressed in the introduction. Lago Verde is a shallow (4.5-
m deep) maar-lake located in the northern slopes of San
Martin Volcano, Veracruz, Mexico (18°3°43°N 20°52°W,
100 masl) (Lozano-Garcia ef al., 2010). Three parallel
sediment cores were retrieved from the central part of the
lake using a piston corer. Sediments have been extensively
analyzed for pollen, diatoms and geochemistry, and results
have been published elsewhere (Caballero et al., 2006;
Ortega et al., 2006; Lozano-Garcia et al., 2007, 2010;
Ruiz-Fernandez et al., 2007).. Here we use the pollen and
diatoms records of Lago Verde (Caballero et al., 2006;
Lozano-Garcia ef al., 2007) to derive ecological changes
through two DCA analyses performed independently on
each data set. We present data for the last 2100 years with
CE and BCE refering to “common era” and “before common
era”, respectively. All data processing was performed using
R (R Development Core Team, 2009), especially packages
“vegan” (Oksanen et al., 2009) and “paleoMAS” (Correa-
Metrio et al., 2011D).

2.2. Lago Verde detrended corresponde analysis: Pollen
and diatoms

DCAs on pollen and diatoms produced results that
were consistent with the nature of the processes and
conditions that each proxy reflects. Given their short life
cycle and the annual succession process that restructures
algal populations, diatom communities rapidly change
responding to alterations of the environment (Battarbee
et al., 2001). On the other hand, vegetation response to
environmental changes is much slower, with the extreme
case of trees that can live for centuries, and therefore delay
the response of the vegetation to environmental changes
(Hartshorn, 1978). In fact, from the pollen record of the
Yucatan Peninsula, it has been estimated that vegetation
of the area lags environmental changes by ~100 years
(Hillesheim et al., 2005). In Lago Verde, diatoms reached
a maximum axis length of almost 4 SD (a complete species
turnover), whereas pollen maximum was attained at 2.6 SD
(Table 1). This clearly exemplifies the higher capacity of
the algal community to respond to environmental drivers
through species turnover promoted by very short life cycles
(Battarbee et al., 2001; Wetzel and Likens, 2000).

The ecological space as defined by species arrangement in
the reduced biplot suggests that axes have environmentally-
associated distributions along axes 1 and 2 (for species
environmental associations see Lozano-Garcia and
Martinez, 1990; Lozano-Garcia et al., 2007, 2010). For
pollen, taxa associated with open forest (e.g. Amarantahceae,
Ambrosia, Asteraceae, Poaceae) attained high DCA axis 1
scores (Figure 1). However, taxa that are characteristic
of forested areas at different successional stages (e.g.
Alchornea, Fabaceae, Cecropia, Lonchocarpus, Moraceae)
obtained low and almost always negative DCA axis 1 scores
(Figure 1). Additionally, taxa that are distributed in the
higher elevations of the region (4/nus, Pinus, and Quercus;
Rzedowski, 2006) were ordinated at the positive end of
axis 1, probably reflecting higher dominance of these taxa
during times of open vegetation caused by wind transport of
pollen grains. This provides additional evidence of this axis
representing vegetation cover going from closed canopies to
open vegetation from the negative to the positive extremes
of the axis. Regarding axis 2, there is a successional
gradient evidenced by secondary forest and pioneer species
(Cecropia, Piper, Trema) ordinated in the lower part of the
axis, and primary forest species (e.g. Celtis, Lonchocarpus,
Moraceae) attaining positive scores (Figure 1).

Table 1. Detrended correspondence analysis results for pollen and diatoms
from Lago Verde (Los Tuxtlas, Mexico).

DCA Axis 1 Axis 2 Axis 3 Axis 4
Pollen eigenvalue 0.477 0.248 0.1 0.093
Pollen axis length 2.653 2.117 1.422 1.498
Diatom eigenvalue 0.68 0.45 0.282 0.21

Diatom axis length 3.988 3.069 2.302 1.891
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In terms of diatoms, the ecological space seems to be
clearly divided too, providing further evidence of the utility
of DCA for interpreting ecological and environmental signals
from lacustrine sedimentary sequences (see Caballero et al.,
2006, for species environmental associations). According
to species distribution, diatom-DCA axis 1 reflected water
column depth (Figure 1). Diatom species associated
with deep waters (e.g. genus Aulacoseria and Synedra
delicatissima) were ordinated on the negative part of DCA
axis 1, whereas shallow-water species (e.g. Gomphonema,
Navicula mutica, Hantzschia amphioxys) were ordinated
over the positive side of the same axis. Diatom-DCA
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axis 2 in turn seemed to be associated with trophic level
(Figure 1), with meso-eutrophic species (Aulacoseria spp.)
obtaining negative scores. Species that have wide ecological
tolerances but that generally prefer lower trophic level
waters (e.g. small Fragilaria sensu lato) or that have an
ecological advantage when nutrients become limiting (e.g.
Cyclotella spp.) obtained positive DCA axis 2 scores.
Given the clear association of DCA axes with the
ecological space reflected by both pollen and diatoms, it is
possible to stratigraphically draw axes scores to provide a
simplified picture of environmental changes through time.
For Lago Verde, axis 1 of both pollen and diatom DCA

< i
|
E B
™ - |
|
|
F. construegs oF. pinnata !
o N : oCyclops
(2] 1
5 e ’ ”C stelligéra Na. aff arvengis
- pseudostelligera 31 N
~ - A NarPinima oNa. atomus
2:) F. brevistriatal £ capuchlnal i paolea Na mirfuscyla
e N hibja mphioXys,°
= F. copstruenso gmp Iora Na aff r1utlca°
S O e N.-amphibioidés- pinnulare. spp
® F brevistridta Ach..minutissima©
A S Gomphone a‘spp.
Iz capucma
v TA. muzanensi ;° ) °N- subacifularis
o
C. m hini
Ao e neneghiniana
o~ |
' °Synedra delicatissima
T T T T T T T
-3 -2 -1 0 1 2 3
Diatom DCA Axis 1
N 4465 ! D
o |
1331 1
4 |
~ y 199
1045 873 !
EZ e o 1
3 1582, 1623 1 4§
< Oe, 80 349
(@] 01607 4 4.2 768" ®
o i
p 838l POTg%e5s6
S ‘ 001 641,2
o -828 466
5 1808 w 198.220‘.1998
~ ()
a 17841512 *19%3 | 7572 1988
I
o re7ae, D,
' ® ®e 1921 !
1718 o 1664 I
1957 1
|
I
T T T T
-1 0 1 2

Diatom DCA Axis 1

Figure 1. Detrended correspondence analysis (DCA) of pollen and diatom fossil records from Lago Verde. A) DCA ordination of Lago Verde pollen taxa
(in circles), with the green box presenting the ecological space occupied by samples (green crosses); shade code: open vegetation (yellow), primary forest
(green), secondary forest (blue). B) DCA ordination of Lago Verde diatoms (in circles), with the blue box presenting the ecological space occupied by
samples (grey crosses), shade code: shallow water (yellow), deep water (blue), meso-eutrophic conditions (green); diatom genus code: A. Aulacoseira, C.
Cyclotella, F. Fragilaria, H. Hantzschia, N. Nitzschia, Na. Navicula. C) Zoom of the green box shown in panel A, showing the ordination of samples in
the defined ecological space; positive ages are Common Era (CE) and negative ages are Before Common Era (BCE). D) Zoom of the blue box shown in
panel B, showing the ordination of samples in the defined ecological space; positive ages are Common Era (CE) and negative ages are Before Common

Era (BCE).
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portraits a broad picture of the environmental history of the
area (Figure 2). A clear-cut distinction in the conditions of
the area was marked by the contrasting scores before and
after the period between 850 and 900 CE. Whereas before
this period DCA suggests the dominance of rather open
vegetation and low lake levels, after it and until ~1900
CE the area was characterized by closed canopy forests
and relatively deep water columns. According to previous
interpretations of the pollen and diatom signal (Lozano-
Garcia et al., 2007, 2010), the Maya Drought (Hodell
etal., 1995,2001) marked an inflection point regarding the
environmental conditions of the area.

Apparently, before 800 CE the territory was heavily
occupied by people, who maintained a regime of heavy
disturbances over the forest (Lozano-Garcia et al., 2007).
Human abandonment of the area has been reported as
taking place between 750 and 900 CE (Santley and Arnold
I11, 1996), coinciding with the inflection point of DCA
axis 1 for both proxies. After human abandonment, the
disturbance regime probably returned to the natural cycle,
allowing the recovery of the forest which acquired a more
closed character. These dynamics seem to have been
clearly captured by the pollen-DCA axis 1, which suggests
a transition from relatively open vegetation before the
inflection point to more closed canopies towards the present.
Diatom-DCA axis 1 followed a pattern that resembled
that of pollen-based analysis, showing low and high lake
stands before and after the Maya drought, respectively. Low
hydric regulation of the basin is likely to have occurred
under conditions of low vegetation cover, leading to the

2000
>
2000
w

1500
1500

1000
1000

Age (years CE)
Age (years CE)

500
500

-1 0 1 2 -1.0-0.5 0.0 0.5 1.0 1.5
Scores DCA Axis 1 Scores DCA Axis 2
Figure 2. Stratigraphic plot of DCA scores of axis 1 (Panel A) and axis 2
(Panel B) for Lago Verde pollen (green) and diatoms (blue). Age in years
Common Era (CE).

dominance of the diatom spectrum by species associated
with shallow environments. Conversely, after the Maya
drought, vegetation recovery probably helped to regulate
lake levels, maintaining relatively high stands throughout
the year. It is remarkable that from 1900 CE to present,
DCA axis 1 scores of both proxies surged back, probably
reflecting modern human recolonization.

Even though a possible scenario for the interpretation of
axis 2 for both proxies was envisaged, its variability through
time does not seem as straightforward as that of axis 1.
Pollen-DCA axis 2 suggests the dominance of rather pioneer
and secondary forests throughout most of the record, except
for two short periods (between 1500 and 1650 CE, and 1800
and present). High pollen accumulation rates were evident at
Lago Verde between 1400 and 1850 CE, and because human
abandonment occurred 600 years earlier, this change is most
likely associated with climate changes (Lozano-Garcia et
al., 2007). This period coincided with the Little Ice Age
(LIA) and was characterized by a warmer and wetter climate
that resulted in higher ecosystem productivity. The peak
of high pollen-DCA axis 2 scores between 1500 and 1650
was nested within this period, suggesting that even though
productivity increased as climate changed, compositional
change towards more mature forests lagged climate.
Accordingly, that lag was of ~100 years, a magnitude that
has also been reported for other locations of the Yucatan
Peninsula (Hillesheim ef al., 2005).

Diatom-DCA axis 2 evidenced a change in the trophic
level of the lake with positive scores dominating before 50
CE, and the period between 800 and 1400 CE. According
to our prior interpretation of diatom-axis 2, these periods
would be associated with rather eutrophic conditions,
whereas the rest of the time would have been dominated
by mesotrophy. This interpretation seems at odds with the
expectation of a higher lake trophy during times of high
human impact, and less trophy during times of vegetation
recovery (Caballero et al., 2006). However, it is remarkable
that the scores follow a pattern of changes that reflected the
most important climatic events of the last 1500 years, these
being the Medieval Warm Period and the Little Ice Age
(Mann et al., 2009). It is highly likely that other factors apart
from lake trophy confounded the signal of this axis, but what
is clear is the rapidity at which diatom respond to climatic
changes at short and long term. Another possibility is that
higher temperatures during the Medieval Warm Period in the
northern Hemisphere (Mann et al., 2009) promoted higher
lake trophy through an acceleration of nutrient cycles in
warmer waters.

2.3. Ecological change and baselines in water and forests

Ecological change and its associated rates clearly
depicted a history that is consistent with the interpretation
of the DCA scores. In terms of total ecological change
between samples, diatoms and pollen seem to tell the
same story, although diatom-based distances are larger
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than those calculated based on pollen (Figure 3a). This
result can be easily explained by the higher motility of the
diatom community and their faster tracking of climate. In
both communities, the most important ecological changes
took place at the inception of the periods of relatively
homogeneous conditions that have been identified for
the area. The most important change occurred ~850 CE
when, according to our interpretations and previously
published results, human abandonment of the area took
place. Ecological changes of ~1.5 and ~3 SD for pollen and
diatoms, respectively, indicated the inception of a period
dominated by communities with a species turnover of
more than 50 % and almost 100 % for pollen and diatoms,
respectively. The inception of the LIA marked the beginning
of an environmental instability period that extended from
~1500 to ~1700 CE, with the return of relatively stable
conditions being marked by low ecological distances. These
200 years probably represent the amount of time necessary
for biotic communities to accommodate and stabilize with
new colder and wetter conditions that characterized the LIA.
The last part of the record was marked by high ecological
change, which was probably promoted by 20™-century to
modern human disturbances associated with recolonization
of the area.

In terms of the velocity at which ecological change

took place, differences among periods of high ecological
turnover were remarkable (Figure 3). The three periods
that were characterized by high ecological change of the
water community showed velocities that seemed inversely
proportional to the extent of the unstable period. Whereas
the period that marked the highest community turnover
was characterized by relatively low velocity of ecological
change, the last century showed an all-time high velocity and
the LIA nested rates were in the middle (Figure 3). A similar
pattern was shown by pollen-derived change velocities,
although RoC for the last century and LIA showed similar
values. Interestingly, pollen-derived ecological change
seem to reflect the two cold pulses that occurred during
the LIA (Figure 3b), suggesting that each of those coolings
played a significant role at promoting ecological changes
in the region. Overall, whereas communities composition
and structure are probably modeled by the total amount of
ecological turnover, extinction risks and the importance of
sudden changes are better understood by examining the
rates at which it happens. Thus, both approaches provide
important hints regarding climatic and ecological history.
Distance of the most recent sample of both pollen
and diatoms (age 2001 CE) to the fossil assemblages
suggests that the forest and the aquatic community that
occupy the area today are relatively novel. In other words,
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the ecological space defined by the history reflected in
pollen and diatom fossil assemblages suggest that modern
communities were not present in the area during the last
2100 years, at least with the same composition and structure
they have today. The most dissimilar time for both proxies
took place between human abandonment at ~800 CE and
1970 CE, when distances over 1 SD were reflected by both
proxies (Figure 3). Human abandonment was probably
the most important event that took place in the area in the
recent past, and it led to communities that according to the
DCA-based distances had compositions that differed at least
50 % from modern. Pervasive human influence is likely the
cause of the ecosystems before 800 CE of being more alike
to modern ones than those from between 800 and 1970 CE.
The trend between 1970 and 2001 CE probably reflects the
conjunction of 20" century human recolonization with the
unprecedented warming that has taken place during the last
40 years (Burrows ef al., 2011).

3. Conclusions

Dimensional rescaling through DCA provides a
useful means to derive the ecological space reflected by
fossil sequences of biotic proxies. Once the ecological
space is defined by the arrangement of the species, it is
relatively easy to infer ecological changes through time
and derive metrics for the relative species turnover of
communities. Our worked example from Lago Verde offers
an illustration of inferred changes and their associated rates
converge with interpretations of the record that have been
previously published. Even though DCA is a relatively
easy and practical tool to understand the environmental and
ecological processes evidenced in fossil records, it still has
to be supported by taxon-level interpretations. Ideally, DCA
results should also be accompanied by physical proxies to
fully understand the relationships between environmental
and ecological changes. Overall, the use of DCA allows the
definition of three important aspects of paleoecological and
paleoclimatic studies: i) the quantitative definition of the
ecological and climatic envelopes defined by community
dynamics reflected in the pollen proxies at the time scale
of study; ii) the quantification of changes through time and
the speed at which those changes take place; and iii) the
construction of a context for communities from a given
moment in time (e.g. modern communities) in terms of
all the possible assemblages revealed by the available
fossil information. The application of the techniques here
exemplified is not unique to pollen and diatoms, but to any
fossil data set composed of proxies that have the ability to
reflect changes at community level.
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