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Abstract: Aim: The main objective of this study was to evaluate the presence of temporal
coherence of limnological variables and pairs of lakes considering four tropical lakes of the Rio Doce
State Park, using monthly data from the Long-Term Ecological Research Program (LTER) between
the years of 2004 to 2009. Methods: Subsurface data (0.5 meters) from the Carioca, Dom Helvécio,
Gambazinho, and Jacaré Lakes were used in the analysis. We estimated the temporal coherence from
the creation of time series for each of the variables. Through these series, we calculated the Pearson
correlation coeflicient between all pairs of lakes (N=6) and performed the average. We also analyzed the
correlation between the temporal coherence found for the different pairs of lakes and two predictors
of spatial patterns: proximity and exposure to climatic factors. The spatial proximity of the lake pairs
was calculated in kilometers, and the exposure to climatic factors was estimated using two metrics:
surface area and surface area/mean depth ratio. Results: The largest temporal coherence levels were
recorded for water temperature (0.97), pH (0.78), and dissolved organic carbon (DOC) (0.74).
The lowest levels were found for chlorophyll-a (0.25) and phytoplankton richness (-0.02). The average
temporal coherence was 0.58. Different from other studies, no significant correlation was found
between the synchronicity of the lake pairs and the differences in their exposure to climatic factors.
Also, no relation was found with the spatial proximity. Conclusions: Our results demonstrate the
existence of temporal coherence in tropical lakes to compatible levels with those found in temperate
regions. Our work contributes to the knowledge of how synchronicity works at different set of lakes
and climatic regions.

Keywords: synchronicity; temporal coherence; spatial heterogeneity; tropical lakes.

Resumo: Objetivo: Este estudo teve como objetivo principal avaliar a presenca de coeréncia
temporal de varidveis limnoldgicas e pares de lagos para quatro lagos tropicais da regido do Parque
Estadual do Rio Doce, utilizando dados mensais do Programa de Pesquisas Ecolégicas de Longa
Duragao (PELD) entre os anos de 2004 a 2009. Metodologia: Dados de sub-superficie (0,5 metro)
das lagoas Carioca, Dom Helvécio, Gambazinho e Jacaré foram utilizados nas andlises. N6s estimamos
a coeréncia temporal a partir da criagdo de séries temporais para cada uma das varidveis. Por meio
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dessas séries, foi calculado o coeficiente de correlagao de Pearson entre todos os pares de lagos (N=6) e
realizado a média. Nés também analisamos a correlagio entre a coeréncia temporal encontrada para
os diferentes pares de lagos e dois preditores de padroes espaciais: proximidade e exposi¢do a fatores
climaticos. A proximidade espacial dos pares de lagos foi calculada em quilémetros e a exposi¢io a
fatores climdticos foi estimada utilizando duas métricas: drea superficial e drea superficial / profundidade
média. Resultados: Os maiores niveis de coeréncia temporal foram registrados para temperatura da dgua
(0,97), pH (0,78) e carbono organico dissolvido (COD) (0,74). J4 os menores niveis foram verificados
para clorofila-a (0,25) e riqueza fitoplancténica (-0,02). A coeréncia temporal média foi de 0,58.
Diferente de outros estudos, nio foi encontrado uma correlacio significativa entre as sincronicidades
dos pares de lagos e as diferengas de suas exposicoes a fatores climdticos. Além disso, nenhuma relagao
foi encontrada com a proximidade espacial. Conclusaes: Nossos resultados demonstram a existéncia
de coeréncia temporal em lagos tropicais a niveis compativeis com aquelas encontradas em regioes
temperadas. Nosso trabalho contribui para o conhecimento de como a sincronicidade funciona em
diferentes conjuntos de lagos e regioes climdticas.

Palavras-chave: sincronicidade; coeréncia temporal; heterogeneidade espacial; lagos tropicais.

1. Introduction

Traditionally within the limnological literature,
lakes have been studied in a temporarily restricted
manner (Livingstone et al., 2010). For a few
decades now, limnologists have become more
interested in the study of lakes in a regional context
(Magnuson et al., 1990). Thus, lakes started to be
analyzed as dynamic and connected systems, instead
of spatially independent entities (Baines et al.,
2000; Caliman et al., 2010). Nevertheless, it is still
a challenge to connect time and space in the study
of lakes (Magnuson et al., 2004).

One of the main scientific challenges of this new
approach in limnology was the creation of concepts
including multiple lakes and longer time scales.
The temporal coberence, i.e. the degree in which
different systems existing in the same geographical
area behave similarly or synchronously over time
(Magnuson et al., 1990), was one of the concepts
created and enables the identification of patterns
within a set of lakes as well as the forces that influence
their dynamics. The perception of synchronicity is
the first step for possible generalizations regarding
regional responses to changes in the climate and the
land use (Baines et al., 2000).

The application of predictive models based
on temporally synchronic characteristics can be
wide. For example, the presence of temporally
synchronous features is a prerequisite for monitoring
and conservation of lakes in countries of North
America and Europe (e.g. Swedish long-term surface
water monitoring program). In these countries,
in some regions rich in lacustrine environments,
the ecological status of waters is investigated from
a random sample under the assumption of the
presence of reference lakes from the temporal
coherence analysis (Folster et al., 2014).
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Conceptually, climatic factors act as signals,
transmitting its dynamics to the lakes within a
particular region. The lake itself would be a receptor
composed with filters that can modify the climatic
signal according to the morphometry and hydrology
present (Magnuson et al., 2004). Therefore, the
extrinsic factors (e.g. weather and wind) operate on
large spatial scales and have a homogenizing trend
in a set of lakes making them more synchronic in
their properties (Baines et al., 2000). In contrast,
the intrinsic factors such as morphometry, surface
area, species composition, and land use induce a
more idiosyncratic behavior and may lead to lower
temporal coherence (Caliman et al., 2010).

Physical variables (e.g. water temperature) tend
to be highly synchronous in a set of lakes, for being
typically more influenced by extrinsic factors.
In opposition, biological parameters frequently tend
to lower coherence values due to its dependence
on both local forces and ecological interactions.
In contrast, variations in results about temporal
coherence of chemical variables lead to different
conclusions among researchers, in particular for
carbon and nutrients (Magnuson et al., 1990;
Kratz et al., 1998; Kling et al., 2000; Pace & Cole,
2002; Zhang et al., 2010). The concentrations of
theses variables depend on an intricate balance
between extrinsic and intrinsic influences of the
lakes. Previous studies demonstrate that lakes with
similar sizes tend to be more coherent about its
variables since size can represent a greater or lesser
exposure to climatic factors (Magnuson et al., 1990;
Kratz et al., 1998). The synchronous behavior
of lake pairs can also be related to the proximity
of the lakes especially between systems that are
connected, as verified by Kling et al. (2000), and
Lansac-Toha et al. (2008).
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Most of the studies about temporal coherence
were carried out in temperate regions, with only a
few studies in the tropics (Lansac-T6ha et al., 2008;
Caliman et al., 2010; Carneiro et al., 2013).
Temperate and tropical zones present distinct
thermal amplitudes during the year reflecting marked
differences in their seasons. Hence, generalizations
about synchronicity are not certain once there are
doubts if sets of lakes existing in different regions
operate similarly.

Here we address the issue of temporal coherence
in tropical lakes. The objective of this work is to
evidence and quantify the temporal coherence of
different variables and lake pairs using data series
produced by the Long-Term Ecological Research
Program of the Rio Doce State Park — PERD of
four lakes. We analyzed a suite of limnological
variables to test the hypothesis of synchronicity
both space and time. For that, two predictors
of temporal coherence of lake pairs were also
tested: proximity and exposure to climatic factors.
Our tested lakes share the same geomorphological
and weather contexts while varying significantly
in morphometry, trophic states, size, and species
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composition being ideal systems to test the presence
of temporal coherence.

The primary expectations of our work were:
(i) presence of temporal coherence between the
studied lakes considering the variables, pairs
of lakes, and time series analyzed; (ii) stronger
synchronicity for physical and chemical variables
than for biological variables; (iii) stronger temporal
coherence for pairs of lakes that are more similar in
exposure to climatic factors; (iiii) stronger temporal
coherence for pairs of lakes closest to each other.

2. Material and Methods
2.1. Study area

The State Park of Rio Doce-PERD is located
in the middle course of the Rio Doce watershed
in southeastern Brazil. It is a Conservation
Unit comprising a complex lacustrine system of
42 lakes (Latini & Petrere, 2004) — 14% of the,
approximately, 300 water bodies found in the
region. Here, four lakes were analyzed: (1) Carioca,
(2) Dom Helvécio, (3) Gambazinho, and (4) Jacaré.
The first three located inside the park and the last
on its surrounding (Figure 1).
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Imagery: Ikonos - 05/01/2007
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Figure 1. The spatial location of study area. (A) The Rio Doce State Park (PERD) and its surroundings. The lakes
of the region with an area greater than 10 ha are represented in blue (n = 300). Our analyzed lakes are shown in
purple. They are numbered as (1) Carioca Lake; (2) Dom Helvécio Lake; (3) Gambazinho Lake; and (4) Jacaré Lake;
(B) The location of our study site in the SE portion of the Minas Gerais state.
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The climate of the region is classified as humid
subtropical (Nimer, 1989), with two distinct
seasons: a wet season, with higher temperatures
between October to March and a dry one, with
cooler temperatures between April and September.
The precipitation and mean monthly temperature of
Ipatinga, located 40 kilometers from the studied lakes,
exemplifies this pattern (Figure 2). The meteorological
data were provided by the Integrated Environmental
Data System (SINDA/INPE).

The (1) Carioca Lake is a small natural lake
surrounded by Atlantic forest. This lake presents
a surface area of 0.14 km? a maximum depth of
11.8 meters, and a mean depth of 4.76 meters
(Bezerra-Neto et al., 2010). It is a mesotrophic
and warm-monomictic lake, with a short period
of circulation during the winter (June to August)
(Henry & Barbosa, 1989).

The (2) Dom Helvécio Lake, is one of
the largest and deepest natural lakes in Brazil
(Tundisi & Saijo, 1997). The lake shows a complex
dendritic form, with a surface area of 5.27 km?, a
maximum depth of 39.2 meters, and a mean depth
of 11.3 meters (Bezerra-Neto & Pinto-Coelho,
2008). It is classified as an oligo-mesotrophic and
warm-monomictic lake, with a circulation period

between May and August (Maia-Barbosa etal., 2010).
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Moreover, the (3) Gambazinho Lake has a
simple morphometry — similar to the Carioca
Lake. The lake exhibits a surface area of 0.09 km?, a
maximum depth of 10.3 meters, and a mean depth
of 4.56 meters (Bezerra-Neto, not published data).
Additionally, it is an oligotrophic and polimictic
lake, with several thermal stratification events
during the year.

Finally, the (4) Jacaré Lake is surrounded by
a monoculture of Eucalyptus sp. besides minor
domestic sewage entries in its waters from a local
fisheries club. The lake displays a surface area of
1.2 km? a maximum depth of 9.4 meters, and
a mean depth of 3.6 meters (Bezerra-Neto, not
published data). Furthermore, it is considered an
oligo-mesotrophic and warm-monomictic lake
(Brandiao et al., 2012). Table 1 summarizes the
above information.

2.2. Variables and sampling

Data of the lakes were obtained from the
database of the Brazilian Long-Term Ecological
Research Program (LTER) site 4 (PELD / CNPq)
between 2004 and 2009. These six years were selected
for presenting a more complete compilation of data
compared with previous years. We analyzed nine
limnological variables for synchronicity — including
physical, chemical, and biological variables. Table 2
summarizes the used variables, their categories, and
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Figure 2. Climate Diagram of the region of Ipatinga between the years of 2004 to 2009.
Table 1. Characteristics of the four lakes selected for this study.
. . A . Zmax z Circulation A:Z
Lake Latitude Longitude (Km?) Trophic status (m) (m) patterns (mx10)

Carioca 19°45’'S  42°37'W 0.14  Mesotrophic 11.8 4.76 Warm- monomictic 29
DomHelvécio 19°46'S  42°35'W 5.27  Oligo-mesotrophic 39.2 11.3 Warm-monomictic  46.6
Gambazinho  19°47'S ~ 42°34'W 0.09  Oligotrophic 10.3 4.56 Polimictic 2
Jacaré 19°48'S  42°38'W 1.20  Oligo-mesotrophic 9.4 3.6 Warm-monomictic  33.8

Notes: Definitions are as follow: A= Surface area, Zmax = maximum depth, z= mean depth; A: z = surface

area/ mean depth ratio.
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the length of record used in the temporal coherence
analysis. The variables were selected according
to (1) the availability in the database and (2) the
presence of more complete time series.

The four lakes were sampled monthly at a fixed
point in the limnetic region during 2004 and 2009.
The data for temperature, pH, and dissolved oxygen
were obtained by profiles using multiparameter probe
Horiba U22 (Enviro Equipament Inc.). For the other
variables, the samples were collected at four different
depths determined by Secchi disk. In both cases, only
sub-surface data (0.5 meters) were considered.

In each lake, water samples were collected with
a van Dorn bottle (3 liters) for analysis of total
phosphorus (TP), total nitrogen (TN), dissolved
organic carbon (DOC), colored dissolved organic
catbon (CDOM), and chlorophyll-a (Chl-a).
Unfiltered samples for TN and TP were frozen and
analyzed in the laboratory following Mackereth et al.
(1978) and Golterman et al. (1978).

Samples for Chl-a were filtered with Schleicher
& Schuell GF 52-C filters and analyzed using the
extraction technique in acetone 90% according
to Lorenzen (1967). For DOC and CDOM,
the samples were filtered using 0.7um filters
(Whatman GF/F). The concentrations of
DOC (mg.L"!) were determined by high-temperature
catalytic oxidation method using the total carbon

analyzer Shimadzu TOC 5000 (Shimadzu Inc.).
The detection limit of the analysis process was
0.05 mgC.L". The spectrophotometric absorbance
(m™) of CDOM in the water was determined
with the spectrophotometer UV-1700 Shimadzu
(Shimadzu Inc.), using quartz cuvettes of 5 cm and
using Milli-Q water as the reference (blank).
Phytoplankton richness was accessed through
the number of species identified by qualitative
samplings, performed with vertical and horizontal
throws using a 20um mesh plankton net and fixed
with 4% formaldehyde, as well as quantitative
samplings, collected with Van Dorn bottles and
fixed with lugol. Table 3 presents the descriptive
statistics of the variables measured for the four lakes.

2.3. The temporal coberence analysis

For each variable, a matrix of month/lake was
generated. Using these matrices, we calculated the
Pearson correlation coeflicient between all pairs of
lakes (N=6) and performed the average to provide
a measurement of the temporal coherence of the
different variables and the distinct pairs of lakes.
The level of temporal coherence was recognized as
being the magnitude of the mean correlation.

Some assumptions should be tested in order
to use time series as evidence of synchronicity,
namely: randomized time series should display

Table 2. Physical, chemical and biological variables included in the study.

Type of variable Variable Units Length of record (years)
Physical Water temperature °C 6
Dissolved organic carbon (DOC) mg/L 4.5
Colored dissolved organic matter (CDOM) m-! 3.5
Chemical Dissolved oxygen mg/L 6
pH 6
Total phosphorus ug/L 4.5
Total nitrogen ug/L 4.5
) ) Chlorophyll-a ug/L 6
Biol |
1oogica Phytoplankton richness 4

Table 3. Descriptive statistics of the limnological variables measured at Carioca, Dom Helvécio, Gambazinho, and

Jacaré Lakes.

Lake
Variable Carioca Dom Helvécio Gambazinho Jacaré

Mean Range N Mean Range N Mean Range N Mean Range N
Water temperature 274 219-32 71 281 235-31.8 70 287 22933 72 276 224-32 69
DOC 6.3 6.0-120 49 52 13-132 49 46 22-115 45 6.1 21-141 47
CDOM 6.3 3.6-10.1 38 3.1 1.3-58 40 25 1.0-47 39 43 24-88 40
Dissolved oxygen 8.6 1320 70 88 28188 70 8.1 22-11.7 72 82 05165 71
pH 6.2 46-98 70 6.3 48-85 70 6.1 26-95 72 6.3 4793 71
Total phosphorus 18 7.8-39.3 52 154 55413 52 13.7 29-346 51 195 6.8-50.1 51
Total nitrogen 432 48-1642.6 52 408 95.5-9145 52 334 34.9-765.6 53 400.9 51-1310.2 51
Chlorophyll-a 293 7-80.2 68 14 0.8-31 68 152 43414 69 163 59-374 68
Phytoplankton richness 24 7.0-37 46 27 11.0-45 47 10 4.0-35 46 22 3.0-44 44
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correlations centered on zero to support the null
hypothesis; Pearson and Spearman correlations
should generate similar results independently
of the data distribution; the exclusion of the
maximum values of the time series should not
change the values of the correlations substantially
(Caliman et al., 2010). All assumptions were
tested, and we decided to present only the Pearson
correlation values.

Additionally, we investigated the relationship
between the synchronicity of the pairs of lakes and
two possible predictors of temporal coherence:
proximity and exposure to climatic factors. The
spatial proximity of the lake pairs was calculated in
kilometers considering the straight-line distance from
one lake to the other. The exposure to climatic factors
was estimated using two metrics: surface area and
surface area/mean depth ratio, and for each lake pair, a
‘between-site’ difference was measured. The differences
were standardized by attributing a unit value for the

40

biggest number (Dom Helvécio Lake) and expressing
the others lakes as decimal fractions of the group
maximum; the ‘between-site’ differences were taken
from the final numbers. Finally, the Pearson correlation
coefficient was calculated between the temporal
coherence of the pairs of lakes and each one of the
predictors (e.g. George et al., 2000). The presence
of normality and the absence of outliers were
checked. All analyses were performed in R program
(R Development Core Team, 2015).

3. Results
3.1. Temporal coberence of the variables

In the four lakes of the PERD, all variables
varied through time both within and among the
years exhibiting different interannual patterns
and degrees of synchronicity as exemplified by
three variables (water temperature, pH, and
chlorophyll-a, Figure 3). The average temporal
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Figure 3. Time series of water temperature, pH, and chlorophyll-a illustrating different degrees of temporal coherence.
Notes: The synchronicity for the variables is: water temperature= 0.97; pH= 0.78; chlorophyll-a= 0.25.
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coherence was 0.58, considering all the variables and
all pairs of lakes. The results showed considerable
differences in the correlations between physical,
chemical and biological variables (Figure 4).
The largest value was recorded for water temperature
(0.97) and the lowest for phytoplankton richness
(-0.02). Overall, the physical and chemical variables
presented stronger positive correlations compared
with the biological ones.

Regarding individual correlations (Table 4),
the variable ‘water temperature’(N=67) presented
the highest values, ranging from 0.96, p<0.001
(Carioca/ Dom Helvécio), to 0.98, p<0.001 (Dom
Helvécio/ Gambazinho and Gambazinho/Jacaré).

Concerning the chemical variables, the parameter
‘DOC’ (N=38) exhibited moderate to high correlation
values, from a minimum of 0.65, p<0.001 (Dom
Helvécio/ Gambazinho) to a maximum of 0.79,
p<0.001 (Carioca/Jacaré). The ‘dissolved oxygen’
(N=68) also showed moderate to high correlations,

0.5

0.0

Correlation

-0.5 - Biological Chemical Physical

Variables

Figure 4. Distribution of correlation values for the
physical, chemical, and biological variables studied.

but with a greater amplitude of values from
0.59, p<0.001 (Carioca/Jacaré) to 0.84, p<0.001
(Carioca/Dom Helvécio). In contrast, the CDOM’
(N=36) presented more moderate correlations
varying from 0.44, p<0.05 (Gambazinho/Jacaré)
to 0.73, p<0.001 (Carioca/Dom Helvécio).
Additionally, the pH’ (N=68) presented correlations
that fluctuated from a minimum of 0.72,
p<0.001 (Carioca/Gambazinho) to a maximum of
0.84, p<0.001 (Gambazinho/Jacaré). The parameter
‘total phosphorous’(N=47) presented correlations
varying from 0.36, p<0.05 (Carioca/Jacaré) to
0.74, p<0.001 (Dom Helvécio/Gambazinho),
and the ‘total nitrogen’ ranged from 0.59,
p<0.001 (Dom Helvécio/ Jacaré) to 0.77, p<0.001
(Gambazinho/Jacaré).

The biological parameters ‘chl-a’ and
‘phytoplankton richness’, exhibited correlation
values much lower than the physical and chemical
variables, being often not significant (i.e. p 20.05).
Only three pairs of lakes exhibited significant
correlations for chl-a: Dom Helvécio/ Gambazinho
(r=0.28, p<0.05), Dom Helvécio/ Jacaré
(r=0.24, p<0.05) and Carioca/ Gambazinho
(r=0.65, p<0.001). For phytoplankton richness,
none of the correlations were significant. From the
correlations, the temporal coherence of each variable
was calculated by average; their values are expressed

in Table 5.
3.2. Temporal coberence of the lake pairs

The temporal coherence for the pairs of lakes is
consistent for all the pairings, 7.e. small amplitude
of values. The pair ‘Carioca/Gambazinho’ had
the highest temporal coherence value (0.63),
followed by Dom Helvécio/Jacaré (0.61),

Table 4. Pearson correlation (r) of the different variables for each pair of lakes.

Pairs of lakes

Variable Car/Dom Car/Gamb CarlJac Dom/Gamb Dom/Jac Gamb/Jac N
r p r p r p r p r P r p

Water temperature  0.96 <0.001 0.97 <0.001 0.97 <0.001 0.98 <0.001 0.97 <0.001 0.98 <0.001 67
DOC 0.7 <0.001 0.74 <0.001 0.79 <0.001 0.65 <0.001 0.76 <0.001 0.78 <0.001 38
CDOM 0.73 <0.001 0.45 <0.05 0.59 <0.001 0.51 <0.05 0.62 <0.001 0.44 <0.05 36
Dissolved oxygen 0.84 <0.001 0.64 <0.001 0.59 <0.001 0.8 <0.001 0.76 <0.001 0.77 <0.001 68
pH 0.75 <0.001 0.72 <0.001 0.79 <0.001 0.77 <0.001 0.81 <0.001 0.84 <0.001 68
Total phosphurus 042 <0.05 046 <0.05 0.36 <0.05 0.74 <0.001 0.54 <0.001 0.58 <0.001 47
Total nitrogen 0.62 <0.001 0.76 <0.001 0.65 <0.001 0.7 <0.001 0.59 <0.001 0.77 <0.001 50
Chlorophyll-a 0.15 NS 065 <0.001 0.09 NS 0.28 <0.05 0.24 <0.05 0.07 NS 66
Prvioplankton 12 NS 027 NS 0 NS 005 NS 0 NS 02 NS 39

Notes: Definitions are as follow: p= probability; N=number of samples; NS=not significant. Pairs of lakes:
Car/Dom: Carioca/ Dom Helvécio; Car/Gamb: Carioca/ Gambazinho; Car/Jac: Carioca/Jacaré; Dom/Gamb:
Dom Helvécio/ Gambazinho; Dom/Jac: Dom Helvécio/ Jacaré; Gamb/Jac; Gambazinho/Jacaré.
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Table 5. Temporal coherence recorded for the different
variables.

Variable Temporal coherence
Water temperature 0.97
pH 0.78
DOC 0.74
Dissolved oxygen 0.73
TN 0.68
CDOM 0.56
TP 0.52
Chl-a 0.25
Phytoplankton richness -0.02

Table 6. Temporal coherence recorded for the lake pairs.

Pairs of lake Temporal

coherence
Carioca — Gambazinho 0.63
Dom Helvécio — Jacaré 0.61
Dom Helvécio — Gambazinho 0.60
Carioca — Dom Helvécio 0.56
Gambazinho — Jacaré 0.56
Carioca — Jacaré 0.54

Dom Helvécio/Gambazinho (0.60), Carioca/ Dom
Helvécio (0.56), Gambazinho/Jacaré (0.56), and
Carioca/Jacaré (0.54) (Table 6).

3.3. Predictors of temporal coberence

The geographical distance of each lake pair was
6.2 kilometers (km) for Carioca/Gambazinho,
6.5 km for Dom Helvécio/Jacaré, 1.7 km for
Dom Helvécio/ Gambazinho, 3.6 km for
Carioca/DomHelvécio, 7.9kmforGambazinho/Jacaré,
and 6.7 for Carioca/Jacaré. No significant correlation
was found between the distance of the lake pairs
and their temporal coherences (-0.37, p> 0.05).
Additionally, considering the exposure to climatic
factors, the temporal coherence values did not
present a significant correlation with the standardized
differences of the surface areas (r=-0.05, p>0.05) and
the surface area/mean depth ratios (r=-0.59, p>0.05).
Nevertheless, a moderate negative trend can be
noticed.

4. Discussion

This study was based on a time scale of
approximately six years and considered a maximum
of 70 observations per lake, according to the variable
analyzed. The average temporal coherence between
the four lakes of the Rio Doce State Park was
‘low’ (0.58) taking into account a set of physical,
chemical, and biological variables. Such value
was lower than expected, considering that the
analyzed lakes share the same geomorphological
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context (Pflug, 1969), and climatic conditions.
The explanation for the temporal coherence found
may be associated with the length of record used in
the analysis. Lower time scales can underestimate
the evaluation of the temporal coherence compared
with larger time scales (Baines et al., 2000).
Furthermore, coherence analysis is influenced by
the number and types of variables included in the
study (Magnuson et al., 2006). In our case, we
selected a set of nine limnological variables, most
being chemical ones. Thus, the results should be
interpreted carefully.

Opverall, the synchronicity patterns between the
lakes Carioca, Dom Helvécio, Gambazinho, and
Jacaré were similar to those found in temperate
lakes (Magnuson et al., 1990; Kratz et al.,
1998; Baines et al., 2000; Benson et al., 2000;
George etal., 2000; Arnott et al., 2003) as well as in
other tropical lakes (Caliman et al., 2010). In all the
cases, the physical variables showed higher temporal
coherence rates than the chemical variables, and the
latter presented higher coherence values than the
biological variables.

Regarding the individual parameters, we
expected that some variables would present a higher
synchronicity, e.g. water temperature, which showed
to be highly coherent in studies made in temperate
and boreal lakes (Baines et al., 2000; Benson et al.,
2000; Arnott et al., 2003). Benson et al. (2000),
studying the temporal coherence of the water
temperature in different depths and different lake
districts, found a high similarity in the patterns
of the surface and epilimnetic temperature of the
lakes. Therefore, a significant portion of the climatic
signal would be transmitted to the upper layers
of lakes (Benson et al., 2000). Nevertheless, the
temporal coherence for ‘water temperature’ found
here (0.97) was higher than expected, given the
lower annual thermal amplitude experienced by
tropical lakes compared to temperate systems
(Caliman et al., 2010).

Several studies have indicated a strong
connection between some chemical variables
and climatic factors (e.g. Magnuson et al., 1990;
Kratz et al., 1998; Arnott et al., 2003; Folster et al.,
2005; Palmer et al., 2014). Hence, the moderate to
high values of temporal coherence of ‘pH’ (0.78)
and ‘dissolved oxygen’ (0.73) were not surprising.
The former could be explained by the levels of
carbon dioxide present in the atmospheric air and
its equilibrium with the lacustrine environments.
The latter could be an expression of the natural
gas exchanges between water bodies and the
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atmosphere, the action of winds causing turbulences
at the layers of air present above the lakes, and
indirectly the solar radiation. Biotic influences are
known to lower the temporal coherence of ‘pH’ and
‘dissolved oxygen’. Changes in the photosynthetic
activities in the lake systems continually modify
the values of dissolved oxygen and carbon dioxide
in waters. One possible explanation for the low
expression of the biotic influence on our results
would be the moderate phytoplankton productivity
present in the lakes of PERD (e.g. Tundisi & Saijo,
1997) and the use of subsurface data (0.5 meters).

Remarkably, we found a moderate to high
synchronicity for ‘DOC (0.74), even without a
direct hydrological connection between the lakes.
Our results support the current understanding
that climatic factors have a great role in the
regional dynamics of carbon in lake districts
(e.g. Kling et al., 2000; Pace & Cole, 2002;
Zhang et al., 2010). Probably, the allochthonous
‘DOC’ is considerably influenced by regional
rainfalls, which export organic carbon to the
lakes. In opposition, the autochthonous ‘DOC’ is
produced by the primary producers of the systems
being, possibly, one of the main intrinsic influences
of dissimilarities. The parameter ‘CDOM’, i.e.
the ‘DOC’ fraction that absorbs light in the
ultraviolet and visible range (Kirk, 1994), presented
a lower temporal coherence (0.56). The ‘CDOM’
concentration influence the availability of light and
heat in the aquatic environment, hence affecting the
thermal structure of lakes, which may change the
dynamics of similarity. This result suggests that the
factors that control the variability of CDOM and
DOC are different despite the proximity of the lakes.
The total solar radiation can be the defining climatic
factor of the synchronic fraction of ‘CDOM’, due to
its important action in the photobleaching process
in lakes (Moran & Zepp, 1997). However, our
analyses indicate that the intrinsic factors are the
main responsible for the patterns of this variable.

The temporal coherence values for nutrients, 7e.
TNand TP (0.68 and 0.52, respectively) were similar
to the average correlations found in previous studies
in lake districts of temperate regions (Soranno etal.,
1999; George et al., 2000). In contrast, our results
are contradictory with the very low coherence values
for nutrients and carbon for the northern Wisconsin
lakes (Kratz etal., 1998). Kratz et al. (1998) justified
such low coherence values by the minor importance
of runoff to their studied lakes.

The biological variables, ‘chl-a’ and ‘phytoplankton
richness’, presented low values of temporal coherence
(0.25 and -0.02, respectively). Such low values
were expected as phytoplankton dynamics of near
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lacustrine systems are disconnected, because intrinsic
factors act locally (Baines etal., 2000). Furthermore,
chlorophyll-a represents an indirect measurement
of the concentration of phytoplankton present in
a lake, which also explains the low values found.
However, we found an individual exception, i.e.
evidence of moderate similarities between the lakes
Carioca and Gambazinho for chl-a (r=0.65, p<0.001).

Considering the lakes Carioca and Gambazinho,
both differ in their trophic states as well as
in their circulation patterns, despite showing
similar morphometrics. Additionally, the two
lakes present distinct top predators and trophic
chains, influencing in different ways the history
of the phytoplankton biomass of these two
systems (Pinto-Coelho et al., 2008). The Carioca
Lake has exotic species of piscivorous fish, a
significant development of invertebrate predators
(Chaoboridae larvae), and a higher biomass
concentration of primary producers, probably
resulting from an ‘inverted trophic cascade’
(Pinto-Coelho et al., 2008). In contrast, the
Gambazinho Lake has no exotic fish and this pattern
for the food chain does not apply. Even with the
potential importance of local factors for the control
of biological variables, our results show that climate
factors should not be ignored. The shared variations
between lakes Carioca and Gambazinho for chl-a
suggest the presence of common regional controls.
Kent et al. (2007) pointed out that the existence
of simple food chains in lakes may assist in the
lower obscuration of the climate signal for biotic
parameters. In the case of the two lakes highlighted,
although the top predators are different, both have
simple food chains with a small number of fish
species and a low variety of phytoplankton and
zooplankton communities (Pinto-Coelho et al.,
2008). Nevertheless, it is possible that some local
drivers are strongly influenced by regional signals,
especially considering subsurface data. An example
would be the concentration of nutrients controlled
by precipitation and verified by Baines et al. (2000)
as essential for the interannual dynamics of chl-a in
their study area.

Ranking the temporal coherence values in
decreasing order, the pairs seem to follow the
expectations considering the exposure to climatic
factors: higher values between lakes with similar sizes
(Carioca/ Gambazinho and Dom Helvécio/ Jacaré)
and lower between lakes with more distinct
sizes (Carioca/ Jacaré and Gambazinho/ Jacaré).
However, our results showed a small amplitude
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of values. The absence of significant correlations
between the temporal coherences of the lake pairs
and predictors may be a reflection of this resembling
values. Our results differ from others studies that
evidenced a clear negative relationship between
distance and synchronicity (Kling et al., 2000;
Lansac-To6ha etal., 2008), and between exposure to
climatic factors and synchronicity (Magnuson etal.,
1990; Kratz et al., 1998; George et al., 2000).
However, the set of lakes used in this study
present unique characteristics: the lakes closest
to each other (Dom Helvécio / Gambazinho and
Dom Helvécio / Carioca) are the ones that show
the greatest differences in size, and the lakes farthest
from each other (Gambazinho / Jacaré and Carioca
/ Jacaré) also present large differences in their
dimensions. The two predictors analyzed seem to
mix their influences on the four lakes losing strength
individually, not having one that imposes a stronger
pattern. This may explain why no clear spatial
pattern were found for the lake pairs in our work.

5. Conclusions

The four tropical lakes analyzed showed common
behavioral patterns considering both variables and
pairs of lakes. As predicted, physical and chemical
variables presented stronger synchronicities when
compared to biological variables. Nevertheless,
the temporal coherence of the lake pairs was not
correlated with the spatial proximity and the
exposure to climatic factors. The present work did
not use several years of data or an expressive set
of lakes. Thus, generalizations are still difficult.
Further investigations are needed to determine
which extrinsic factors are more relevant about
the variables analyzed. Moreover, it is essential
to determine if our results are consistent when
considering a higher number of parameters, larger
temporal/ spatial scales, and different water depths.
The patterns found are close to those present in
temperate regions and are essential to increase the
understanding about the synchronic behavior of
lake systems in different environments, by including
more data from tropical regions. We need to expand
our knowledge about the dynamics of tropical
aquatic ecosystems at the landscape level, especially
considering the context of climate change. For this,
we reiterate the importance of an effort to reanalyze
data series produced from long-term monitoring
programs especially in tropical areas.
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