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Phenology  research  handles  multifaceted  information  that needs  to be  organized  and  made  promptly
accessed  by  scientific  community.  We  propose  the  conceptual  design  and  implementation  of a  database
to store,  manage,  and  manipulate  phenological  time  series  and associated  ecological  information  and
environmental  data.  The  database  was  developed  in  the  context  of the  e-phenology  project  and  integrates
ground-based  conventional  plant  phenology  direct  observations  with  near-surface  remote  phenology
using  repeated  images  from  digital  cameras.  It also  includes  site-base  information,  sensor  derived  data
from the  study  site weather  station  and plant  ecological  traits  (e.g.,  pollination  and  dispersal  syndrome,
flower  and  fruit  color,  and  leaf  exchange  strategy)  at individual  and  species  level. We  validated  the
database  design  through  the  implementation  of  a  Web  application  that  generates  the  time  series  based
on  queries,  exemplified  in  two  case  studies  investigating:  the  relationship  between  flowering  phenology
and  local  weather;  and  the  consistency  between  leafing  patterns  derived  from  ground-based  phenology
on  leaf  flush  and  from  vegetation  image  indices  (%Green).  The  database  will  store  all  the  information
produced  in  the  e-phenology  project,  monitoring  of 12 sites  from  cerrado  savanna  to rainforest,  and  will

aggregate  the  legacy  information  of other  studies  developed  in  the  Phenology  Laboratory  (UNESP,  Rio
Claro,  Brazil)  over the  last  20  years.  We  demonstrate  that  our  database  is a powerful  tool  that  can  be
widely  used  to  manage  complex  temporal  datasets,  integrating  legacy  and  live  phenological  information
from  diverse  sources  (e.g.,  conventional,  digital  cameras,  seed  traps)  and  temporal  scales,  improving  our
capability  of  producing  scientific  and  applied  information  on  tropical  phenology.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Plant phenology, the study of recurrent life cycles events and
ts relationship to climate, is a key discipline in climate change
esearch (Schwartz, 2013). Plant phenology studies are based on

 well-defined workflow, as shown in Fig. 1. These studies deal
ith a large amount of complex data and are more challenging

n the tropics, where the species diversity is very high, and the
henological monitoring is usually continuous, involving a large

umber of marked trees, which are visited at regular intervals in
rder to observe changes on phenophases of flowers, fruits, and
eaves (d’Eç a Neves and Morellato, 2004; Morellato et al., 2000,

∗ Corresponding author.
E-mail address: gmariano@ic.unicamp.br (G.C. Mariano).

ttp://dx.doi.org/10.1016/j.ecoleng.2016.03.001
925-8574/© 2016 Elsevier B.V. All rights reserved.
2010, 2013; Staggemeier and Morellato, 2011; Frankie et al., 1974;
Williams et al., 1999; Borchert, 1983; Augspurger, 1983).

Also, the phenology data collection in the tropics is mostly
individual-based, with several individuals observed per species
over regular intervals (d’Eç a Neves and Morellato, 2004; Morellato
et al., 2010). In this scenario, the amount of information to be
handled can be very high. For instance, in the short-term phenol-
ogy study at the Atlantic rain forest conducted by Morellato et al.
(2000), they worked on four sites, and observed 46–129 species and
277–422 trees per site, six phenophases (flower buds, open flow-
ers, unripe fruits, ripe fruits, leaf flush, and leaf fall) over 17 months.
Therefore, for one given month they can totalize about 7698 obser-

vation records and a total of about 130,866 phenology data cells for
the complete study. Those records do not account for the ecological
information (three seed dispersal classes and three leaf exchange
functional groups) or climatic data.

dx.doi.org/10.1016/j.ecoleng.2016.03.001
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoleng.2016.03.001&domain=pdf
mailto:gmariano@ic.unicamp.br
dx.doi.org/10.1016/j.ecoleng.2016.03.001
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Fig. 1. Workflow of a typical on-the

Plant phenology studies are concerned with the identifica-
ion and understanding of temporal changes in phenological
vents (e.g., leafing, senescense, flowering, fruiting), known as
henophases (Morellato et al., 2000, 2010; d’Eç a Neves and
orellato, 2004). Therefore, a special feature of any phenology

nformation is that the data is temporal, i.e., continuously collected
long a given period of time.

Usually, plants are observed directly in the field with the naked
ye or with binoculars and the phenophases defined by the investi-
ators are visually identified and registered on paper sheets (in the
eld) and the information is inserted on digital spreadsheets (in
he laboratory) – see the workflow in Fig. 1. Later, data consistency
nalysis is performed to ensure data quality. For instance, in the
ase of temporal consistency, the plant fruiting phase must occur
fter a flowering event. Finally, it is performed a data analysis to
est pre-defined hypothesis (as exemplified in the study cases, Sec-
ion 3.3). All these steps require the use of multiple tools and are
xecuted mainly manually. This, of course, brings about all kinds of
nteroperability problems due to system mismatch, data diversity,
nd variety of user profiles. In practical situations, those steps are
ime consuming and error prone. Therefore, extracting knowledge
rom such material becomes more and more difficult as additional
ata are collected.

A suitable alternative to address these challenges relies on the
se of a conceptual design to model observation data and user
eeds with the aim of facilitating knowledge discovery. In phe-
ology, these requirements may  vary depending on the vegetation
ype and study goals. Some initiatives have been proposed for tem-
erate vegetation zones. There are some phenology information
ystems and data sets available for download or review, especially
or phenology networks dealing with legacy data sets and citizen
cience (Pan European Phenology Project PEP7251; National phe-
ology network – USA NPN2; and Nature’s Calendar.3) However, we
ere unable to find a information system for tropical phenology or

ny other database modeled to accommodate phenology patterns
erived from diverse observations techniques and also considering
cological and environmental data.
An effective way to overcome such drawbacks is by adopting
henology information systems. In general, these systems can effi-
iently deal with a large amount of observational data by using

1 http://www.pep725.eu/ (as of December 7, 2015).
2 https://www.usanpn.org/ (as of December 7, 2015)
3 http://www.naturescalendar.org.uk/home.html (as of December 7, 2015)
nd phenology data acquisition task.

database management systems, which offer a large set of tools to
support the indexing, processing, and retrieval of data (Almeida
et al., 2014, 2015). However, just a few phenology database sys-
tems and scripts are available. While those systems manage large
amounts of phenology data (Dierenbach et al., 2013), they do not
handle the complexity of information we  demand for our proposed
database (see below). For instance, we  found the Plant-Phenological
On Line Database4 offering access to phenological observations of
plant species from Central Europe, largely Germany, from about
9000 stations, covering 130 years (1880–2009), encompassing
more than 16 millions observations (Dierenbach et al., 2013), but
no ecological information is considered or included in the database.
There are some suggestions available on the USA National Phe-
nology Network (USA NPN),5 but again no scripts are available or
published.

Motivated by the benefits of a database and by the lack of appro-
priate systems, we introduce here a phenological data model to
guide the implementation of information systems dedicated to
phenology studies. The possibility of using a single tool associated
with an integrated data model in the management of different kinds
of data may  speed up the analysis process and, at the same time,
allow for handling novel and more complex searches involving their
combination that would not be possible using multiple tools. The
goal of this article is to present a database conceptual model to
be used in the construction of phenological information systems
that support plant phenology studies, specially suited for tropical
ecosystems.

The database model will be freely available for download from
the e-phenology project home page. Published data and some data
sets will be made freely available for the community in the e-
phenology homepage. Also, any data series can be made available
under request to the e-phenology project coordinators.

2. Materials and methods

This section presents the e-phenology Project, which serves as
case study for the design and implementation of a plant phenol-

ogy database to support integrative phenological studies focused
in tropical systems.

4 http://www.ppodb.de/ (as of December 7, 2015).
5 https://www.usanpn.org/ (as of December 7, 2015).
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Fig. 2. Types of data considered in the database designed in the context of the e-phenology project. (a) We present an overview of the proposed database with non-temporal
a
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nd  temporal data; (b), we present the different time scales for temporal data.

.1. The e-phenology project

The e-phenology6 is a multidisciplinary project that combines
esearch in computer science and phenology. Its main goal is to
olve theoretical and practical problems involved in the use of new
echnologies for phenological observations, to detect local environ-

ental changes, and to understand the effects of global warming
n the tropics. The project involves:

the use of new technologies for environment monitoring based
on remote monitoring phenology systems;
the creation of a protocol for a long-term phenology monitoring

program in Brazil and the integration between different disci-
plines, advancing the current knowledge of seasonal responses
within the tropics with respect to climate changes;

6 http://www.recod.ic.unicamp.br/ephenology/ (as of December 7, 2015).
• providing models, methods, and algorithms to support the analy-
sis, integration, and management of data from remote phenology
systems.

Fig. 2 presents the types of data managed in the database
designed in the context of the e-phenology project. As it can be
observed at Fig. 2(a), these data include: location data that contains
information about sites where phenological studies are conducted;
taxonomical and ecological data about species and individuals;
legacy data associated with on-the-ground observations, usually
stored in non-conventional database systems using non-standard
data insertion procedures; weather data obtained from sensors; and
image-related phenological indices and metadata extracted from
digital cameras (near-surface remote phenology).

An important feature of the e-phenology project is the acquisi-

tion of temporal data with different time scales. For example, in our
tropical study, conventional phenology observation data are usu-
ally collected once a month; the phenological indices are derived
from images taken by digital cameras every hour, on a daily basis;

http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
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Fig. 3. Overview upon data integration and time series extraction f

nd the weather data are obtained from different types of meteo-
ological sensors every 10 min, daily, as shown Fig. 2(b). Therefore,
he e-phenology project needs a database able to manage, store,
nd perform queries that integrate these heterogeneous data. Fig. 3
llustrates the integration of results between the data collected
y digital images on near-surface remote phenology observations
ith the on-the-ground observations.

.2. Study area

The core study area of the e-phenology project is a Cerrado
ensu stricto,  a savanna vegetation located at Itirapina (22◦ 10′

9.18′′ S/47◦ 52′ 16.54′′ W),  São Paulo State, Brazil (see Fig. S1 at
lectronic Supplementary Material 1 – ESM1). The cerrado stricto
ensu (Coutinho, 1978) is dominated by a discontinuous woody
omponent reaching six to seven meters high and a continuous
erbaceous layer, at some parts, the vegetation is denser, with some
rees reaching up to 12 m high (Camargo et al., 2013; Reys et al.,
013). The cerrado savanna study site is about 260 ha, 610 m alti-
ude and the regional climate is Cwa type (i.e., humid subtropical
limate) according to Köppen classification (Köppen, 1931), with a
old, dry season from April to September and a warm,  wet  season
rom October to March.

A complete metereological station were installed to collect data
n rain precipitation, humidity, wind speed, temperature, among

thers in a 18 m tower, named Phenology Tower. In mid-August
011, a digital camera was set up at the top of the Phenology tower
o take daily digital images of the cerrado vegetation (Alberton et al.,
014).
ear-surface images and on-the-ground phenological observations.

The digital hemispherical lens camera (Mobotix Q24) was con-
figured to take a daily sequence of five JPEG images (at 1280 × 960
pixels of resolution) per hour, from 6:00 to 18:00 h (UTC-3). At
the same area, on-the-ground observations have been conducted
monthly since September 2004 on 2122 individual marked trees
for changes in flowering (flower buds and open flowers or anthe-
sis), fruiting (unripe and ripe) and leafing (leaf fall and leaf flush),
a total of six phenophases.

Therefore, in our core study site, we collect in a regular basis
all the environmental, ecological, and phenological data to be inte-
grated in the proposed database.

2.3. Requirements

In this section, we present a set of requirements, which were
defined in the context of the e-phenology project, that guided the
database modeling process.

2.3.1. Legacy data
In practical situations, phenology researchers often do not

use conventional databases for storing their data, which usually
are stored into spreadsheets. Legacy data sets are phenologi-
cal data usually collected during a long period of time for a
determined species, population, or community and may  include

from a few hundred thousands to more the millions of entries
(Dierenbach et al., 2013). Retrieve information from those data
sets to summarize temporal patterns is time consuming and error
prone.



400 G.C. Mariano et al. / Ecological Engineering 91 (2016) 396–408

diagra

m
t
o
i
w
p

2

p
t
q
t
s
s

2

f
l
c

Fig. 4. Entity-relationship 

Requirement 1: Database modeling should support the manage-
ment of legacy data usually stored in non-conventional database
systems using non-standard data insertion procedures.

That demands the construction of domain-specific tools for data
igration and insertion. Common problems faced include exis-

ence of missing values, and the ambiguity in recording phenology
bservations, that will be indicated during the input of data and eas-
ly corrected by the user. In the context of the e-phenology project,

e have created a set of scripts for handling these data insertion
roblems.

.3.2. Temporal data
Phenological data are necessarily temporal and cyclical. In fact,

henology studies are based on identifying changes/patterns on
emporal/cyclical data. Basic phenology research aims to answer
uestions related to when (time of the year), for how long (dura-
ion), and at which amplitude (e.g., the intensity in number of
pecies and individuals) a given event has occurred at that specific
ite or region (Morellato et al., 2000, 2010).

Requirement 2: Database modeling should support the manage-
ment in terms of storage and query processing of large volumes of
temporal data.

.3.3. Data heterogeneity

Phenology studies usually rely on data of different types and

ormats. Besides the temporal data obtained on the basis of regu-
ar observations of plant phenophases (e.g., flower, fruit, and leaf
hanges), researchers relate that information to other temporal
m related to Location data.

(climate), ecological (e.g., fruit color or plant habit), taxonomic or
evolutive characteristic (phylogenetic relationship) of species.

Requirement 3: Database modeling should support the manage-
ment of ecological, taxonomic, climate, and phenological data.

2.3.4. Support of complex data query
One common practice in phenology studies is the establishment

of correlations among ecological and phenological data, and among
climate variables and phenological indices (Morellato et al., 2000,
2010; Fournier, 1974; Newstrom et al., 1994). For instance, many
researchers correlate flowering to precipitation, temperature, and
day length with the aim of verifying which one would be the prox-
imate cue for that phenophase.

Requirement 4: Database systems should support the execution of
complex queries, with the aim of extracting information that may
support complex phenological data analysis.

2.3.5. Image-related phenological indices
The near-surface remote phenology method applied in this

manuscript relies on the use of cameras to obtain images of a cer-
rado vegetation (see Fig. 3) as described by Alberton et al. (2014).
This method has been efficiently applied as multi-channel imaging
sensors to track vegetation changes over time (Richardson et al.,
2007, 2009; Alberton et al., 2014).
A region of interest (ROI) is selected in the original image and
is defined as a mask. A mask is a binary image created to delimi-
tate the ROI within the image and usually is the individual crown
of a particular species (Alberton et al., 2014) – see Fig. 3B. Color
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hannels RGB (Red, Green, and Blue) are extracted from ROIs of
igital images, and for instance, the changes in the green channel

ndicate changes over time on vegetation leaf color and therefore
eafing phenology (Alberton et al., 2014).

Further, the vegetation indices are extracted from those images
iming to encode different phenological patterns over time (Fig. 3C
nd 3D). One example of index is the Green chromatic coordinate
roadly used in phenological studies with cameras monitoring the
egetation (Richardson et al., 2007, 2009; Alberton et al., 2014).

In the case of the e-phenology project, a digital hemispherical
ens camera (Mobotix Q24) was setup at the top of the phenol-
gy tower (Alberton et al., 2014). The camera was  configured to
ake a daily sequence of five JPEG images (at 1280 × 960 pixels of
esolution) per hour, from 6:00 to 18:00 h (UTC-3).

Requirement 5: Database modeling should support the manage-
ment of image-related phenological data, which are metadata and
time series extracted from different color channels.

. Results

This section presents the proposed database model to handle
henological data, as well as implementation issues related to the

mplementation of an information system to manage these data.

.1. Database design
Given its complexity, the proposed data model was  divided into
ix modules defined according to the kind of the data managed:
ocation Data, Ecological Data, Taxonomic Data, Phenological Data,
limate Data, and Image Data. These modules are presented below.
 related to Taxonomic data.

3.1.1. Location data
The Location module refers to data associated with the posi-

tion of plant individuals. Fig. 4 presents the entitity-relationship
diagram (Elmasri and Navathe, 1999) of this module. The main
tables in this module are: Site that locates an individual within an
area (Area), and SamplingMethod that determines which sampling
method was  used to select plant individuals in the phenological
observation process.

According to the sampling method employed, the way to sam-
ple an individual changes (for example transects and parcels) (d’Eç a
Neves and Morellato, 2004). In some circumstances, it is necessary
to divide the Site into environments (Environment), and the envi-
ronments into habitats (EnvironmentHabitat). Finally, to limit the
perimeter to survey each habitat, we use the transect method (Sam-
plingMethod), which defines the exact local (Sample) where each
sampled individual is located.

For example, in the case of the e-phenology project, the col-
lected data refer to individuals (Individual) that are located within
an area (Area) situated in the Itirapina county (City) in the São Paulo
State (State) – see Fig. S1 at Electronic Supplementary Material 1
– ESM1. This Area is called Botelho and has one type of vegeta-
tion (Vegetation) and, for this reason, it has only one study site
(Site) also named Botelho. Each site uses one sampling method
(SamplingMethod), e.g., Transect. This method is applied across two
environments (Environment): East and South; and further these
environments are split into habitats (EnvironmentHabitat): bor-
der and interior. Thus, the Habitats are sampled using Transects

that identified where the individuals are located (Sample). For
instance, the East and South Borders were sampled by ten Transects
each one, while the East Interior and South Interior by eight tran-
sects each, summing up are 36 transects or sample unities where
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ndividuals can be found (Camargo et al., 2013; Alberton et al.,
014).
.1.2. Taxonomical data
The Taxonomy module includes tables that describe individuals.

ig. 5 presents the entity-relationship diagram of this module. The
 related to Ecological data.

main tables of this module are: Individual that represents all plants
within an area; and Species that represents groups of individuals of

the same biological species and that share similar features.

Associated with one species, there are quantitative data that
indicate the occurrences and the variation in space of specific fea-
tures of this species, named phytosociological (Mueller-Dombois



G.C. Mariano et al. / Ecological Engineering 91 (2016) 396–408 403

agram

a
t
e
o
c

i
v
w
t
o
t
v
i
t
(
o
a

s
o
t
p

F
a
m
b
B
M
f

ule refer to values of observations that measure the intensity of
a phenophase (Phenophase) for an individual. With the measure of
Fig. 7. Entity-relationship di

nd Ellenberg, 2013) data (Phytosociological). One example of quan-
itative data is the number of individuals per sample unit (transect),
nvironment (South or East) or by environmentHabitat (interior
r border). These data are used to assess the structure of plant
ommunities (Reys et al., 2013).

For the e-phenology project, as well as many other projects
nvolving biodiversity data, changes in the species taxonomy are
ery important. Species may  suffer taxonomic changes over time,
hich complicate the work of biologists when interested in group

he individuals, for instance, by species or genera. Many times, biol-
gists have to search up-to-date information on catalogs that record
he taxonomy associated with species, indicating common names,
ariations over time (synonyms), and authors responsible for defin-
ng the species name. It is increasing the number of initiatives
argeted to resolve the inconsistencies generated by these changes
Mira et al., 2013). In our database, we chose to track changes in tax-
nomic information over time. Both old and novel nomenclatures
re recorded. This information is stored in table Species.

Individuals are characterized by both a habit (Habit) and by a
trata (Strata). A habit defines the type of a plant, for instance, tree
r shrub. The Strata represents the vertical position of the plant in
he vegetation. For example, the strata of a creeping non-woody
lant is understory and the habit is called herbaceous.

Table Method stores the kind of on-the-ground observations.
or example, data can be collected using a qualitative method to
ssess the presence or absence of phenophase or the researcher
ay  use a semi-quantitative method that assigns a different num-

er for a phenophase, depending on its intensity (Fournier, 1974;
encke and Morellato, 2002; Morellato et al., 2010; d’Eç a Neves and

orellato, 2004) or a quantitative method storing the number of

ruits or flowers (Camargo et al., 2013).
 related to Phenological data.

3.1.3. Ecological data
The Ecology module includes the tables that store features of

both individuals and species (Fig. 6). The main tables of this module
are: Leaf, Flower,  and Fruit. These data are usually used to identify
and classify species and individuals.

Other tables in this module describe the pollination (Pollina-
tion) and dispersal (Dispersal) modes or syndromes for different
species. The pollination process requires different pollinator agents
(Pollinator), such as animals or wind. For each pollinator agent,
there is a correspondent designation, for example, for animals the
pollination model is zoophily. Several pollination model (Pollina-
tionModelSpecie) can be associated with a single species.

Similarly, dispersal modes or syndromes occur in several ways.
Usually, they also depend on disperse agents (Disperser). For exam-
ple, the dispersal mode involving animals is called zoochory.
Species can also have several dispersal agents (DispersalModel-
Specie).

3.1.4. Phenological data
The Phenology module includes the tables that contain data

related to on-the-ground plant phenology observations (Fig. 7). The
main table is DataPhenology,  which stores phenological data upon
individuals.

The phenological data observations can vary over days, months,
or years, which define time series. The stored information changes
depending on the sampling method used in the phenological
research. For the e-phenology project, data managed in this mod-
intensity some statistics values can be computed and stored in table
DataCycle for future analysis.
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.1.5. Climate data
The Climate module includes tables related to the monitoring

f temporal environmental data (Fig. 8). The main table is Weath-
rData, which contains data collected by various sensors installed
ithin an area of study.

At the e-phenology core study area, the Phenology tower has
 complete weather station with nine different sensors (Sensor)
nstalled to collect weather data. Examples include moisture, air
nd soil temperature, and raingauge sensors (SensorType).

.1.6. Image-related data
This module includes the tables that store data related to images

btained by digital cameras. The main table is Image that records
ata about the camera, date, hour, and the path of an image (Fig. 9).

Near-surface phenology studies rely on the use of cameras
Camera) to obtain digital images of the vegetation. Later, features
FeatureVector) are extracted from those images aiming at encod-
ng different phenological patterns over time (Alberton et al., 2014;

orres et al., 2013; Almeida et al., 2013, 2013). One example is the
verage green (Descriptor) associated with the regions of interest
ROIs), usually defined in masks (ImageMaskSpecie)  – see Fig. 3 and
Alberton et al., 2014).
m related to Climate data.

3.2. Implementation issues

This section provides an overview on typical queries, as well as
employed technologies used to implement and validate the pro-
posed data model.

3.2.1. Typical queries
Typical queries are classified into two  groups: single and com-

plex queries. Single queries are related to results obtained from a
single table. In this case, the results are obtained by using com-
mon  Relational Algebra operators (Elmasri and Navathe, 1999).
One example is “Show all records related to species.” Such query
requires only the use of a selection operation that retrieves all
records of table Species. Complex queries, in turn, involve multi-
ple tables. One example of complex query is “Show the properties
of the flowers, fruits, and leaves of all species.” In this case, the
result combines information from the Species,  Flower,  Fruit, and Leaf
tables.
In the context of the e-phenology project, most of the queries
involve to summarize temporal data into phenological variables.
Data on phenophases, individuals, and species are then related to
data that vary over time, such as climate data. One example of
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emporal query is “Which individuals have phenophase leaf flush-
ng intensity grater than 0, from September of 2005 until September
f 2007?” To process this query, it is necessary to perform join oper-
tions involving the tables Individuals,  Species, Phenophases, and
ataPhenology.

Some other complex queries that are of interest in the context
f the e-phenology project are:

“If there is a variation in the green channel of vegetation images,
is this related to the period of species flushing new leaves on-the-
ground?”;
“If there is a variation of red channel (extracted from the RGB
standard), can this be related to the period of species leaf fall?”;
“When the leaf flushing phenophase begins for a particular

species, also is there an increasing in the precipitation rate? What
about the temperature variation?”;
“Does the peak of leaf flushing coincide with the highest average
values observed for the green channel?”
related to Image-related data.

• “When is the peak of the a phenophase intensity for individuals
of a particular species?”;

• “How long is a phenophase cycle for individuals of a particular
species?”.

3.2.2. Technologies
Databases are managed, manipulated, and organized by a

Database Management System (DBMS). A DBMS is a computer pro-
gram responsible for managing one or more databases and handling
users’ requests regarding the maintenance of the data stored in
these databases (Date, 2004). The DBMS chosen to implement the
database for phenology studies was the PostgreSQL.

Regarding the implementation of the queries, we developed a
Web application to facilitate the visualization and interaction of
phenology experts with the database. We  selected some queries

of interest from e-phenology project and we implemented these
queries using Script Query Language (SQL) and Java (application
programming language). To implement the interface and display
the results of queries, we used Java Server Faces (JSF), which
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Fig. 10. Visualizing on-the-ground phenological data. (a) The graphs shows the percentage of individuals of species Xylopia aromatica with Flower and Flower Bud phenophases
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ver  months between 08/01/2005 and 12/31/2008 and highlights in red the ava
nvironment (East and South Data) showed in (b). (For interpretation of the refe
rticle.)

ncludes several interface components. SQL scripts for the phenol-
gy database creation and guidelines to install and perform the web
pplication with the database can be found at http://www.recod.
c.unicamp.br/ephenology/ (as of December 7, 2015) in menu item
esources. Recall that stored data can be exported to different for-
ats (e.g., XLS, PDF, CSV, and XML) and manipulated in different

ools such as information visualization systems.

.3. Case studies

This section provides an overview on case studies conducted to
alidate the proposed database model. The case studies consider
he use of a database containing about a million and a half records
elated to on-the-ground observations from 2004 up to December
013, phenology series of camera images and different features of
ur data set. Both studies were conducted in the context of the
-phenology project at our core cerrado study area (see Section

.2).

We have been developing a Web  application that accesses
he database, performs queries, and presents the results in user-
riendly interfaces. More details regarding the presentation of
 filters that allow for visualizing on-the-ground phenological data separated by
s to color in this figure legend, the reader is referred to the web  version of this

retrieved data in the case studies are described in the Electronic
Supplementary Material (ESM2 and ESM3).

3.3.1. Case study 1 – correlation among on-the-ground
observations and climate data

Phenology studies seek to establish the correlation among on-
the-ground observations and climate variables based mainly on
long-term series analysis. We  take as example the work by Camargo
et al. (2011) and we  demonstrate how the database can support and
facilitate similar analysis. More specifically, we  are interested here
in exporting and visualizing data that allow to correlate climate
data such as temperature and precipitation with the occurrence of
individuals flowering in a defined period of time and in two differ-
ent environments. A step-by-step description concerning the use
of the tool (and performed queries) for this case study is available
in the Electronic Supplementary Material ESM2.

Fig. 10(a) shows the screenshot with the percentage of indi-

viduals of species Xylopia aromatica with Flower and Flower Bud
phenophases with the correspondent abiotic variables data for
the period between 08/01/2005 and 12/31/2008 (Camargo et al.,
2011). In order to compare on-the-ground data of the individuals

http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
http://www.recod.ic.unicamp.br/ephenology/
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Fig. 11. Comparing on-the-ground phenological data with vegetation image indices. One can see, on the left, the phenophase intensity over months for species Aspidosperma
t  from
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omentosum in (a) and Miconia rubiginosa in (b), and on the right, the green scores
ctober, 2011) on the left graph refers to the period where there are more individual
eriod  for individuals (masks) of each species. (For interpretation of the references 

ituated at different environments (such as East and South), filters
re available (highlighted in red) and the query result is presented
n Fig. 10(b).

.3.2. Case study 2 – correlation among on-the-ground
bservations and vegetation image indices

The objective of this case study is to demonstrate how the pro-
osed database can be used to validate the green color channel
ime series with on-the-ground observations of leaf flushing of the
errado using with example two species Aspidosperma tomento-
um and Miconia rubiginosa.  The first steps are described in the
lectronic Supplementary Material ESM3.

The typical obtained result is illustrated in Fig. 11(a) where one
an see, on the left, the amount of individuals of species A. tomen-
osum leafing per month for the year 2011 and, on the right, the
aily average green scores for tree masks (e.g., Aspidosperma 7,
spidosperma 5, Aspidosperma 20)  of the same species.

Another example is presented in Fig. 11(b), where on the left,
he graph shows the amount of individuals of species M.  rubigi-

osa leafing per month for the year 2011 and, on the right, the daily
verage green scores for six masks (e.g., Miconia 6, Miconia 4, Mico-
ia 34,  Miconia 32,  Miconia 28,  Miconia 24).  Similar results have
een reported in (Alberton et al., 2014).
 digital images for masks of species. The highlighted region (between August and
ing. On the right, we can see the daily average green values for the same highlighted
or in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

Our study is the pioneer to offer a comprehensive database
model to handle phenological data and associated ecological and
abiotic information especially suited for tropic vegetation. The pro-
posed database successfully integrates plant based phenological
observation, ecological characteristics at individual and species
level such as pollination or dispersal syndrome, flower and fruit
color, leaf exchange strategy, and many other plants attributes. The
database also incorporates site-base information of local environ-
ment and weather (soil type, temperature, precipitation, PAR, etc.),
essential for the interpretation of phenological patterns. Inves-
tigators can easily store, organize, and manage all phenological,
ecological, and environmental data derived from their research, and
summarize results in a faster and more accurate way.

The two case studies presented confirm the expectations about
the requirements to the database modeling process and demon-
strate the wide potential to solve the e-phenology project questions
and any other general query for phenology studies. In those
examples the database integrated and allowed to retrieve data of

different types and scales that can be read for further analyses. The
validation based on our core study site, supported the application
in the e-phenology project, comprising additionally four sites: two
sites (Cerrado and Atlantic rainforest) with near-surface remote



4 al Eng

p
c
t
t
i
g

P
f
c
d
a
p
i
m
s
d
t
a

d
i
f
d
c

A

F
t
L
C
a
r
w
(
#

f
d

A

t
0

R

A

A

A

A

08 G.C. Mariano et al. / Ecologic

henology monitoring by digital cameras associated in complete
arbon flux towers; one cerrado campo sujo site with a phenology
ower; and one mountain range site with on-the-ground observa-
ions, and six phenology towers monitoring systems distributed
n a attitudinal gradient (e.g., campo rupestre, cerrado, altitudinal,
rassland).

The database has started with data from the e-phenology
roject, but it was designed to be fed by phenology information
rom several study sites across the tropics. In a different way of
urrent databases, the proposed one is dynamic, holding legacy
atasets but allowing the input of new data with no storage limit
nd has advantages as: an easy and fast way to integrate and access
henological, climatic and ecological data; minimizing errors dur-

ng data manipulation. Therefore, we proposed a powerful database
odel that can be widely used to manage complex temporal data

ets, integrating legacy and live phenological information from
iverse sources (e.g., conventional, digital cameras, seed traps) and
emporal scales, improving our capability of producing scientific
nd applied information on tropical phenology.

Future work will consider the extension of the proposed
atabase model to support data series derived from satellite

magery. We  also plan to support series from digital images taken
rom Unmanned Aerial Vehicles (UAVs) in a similar way our
atabase supports the entrance of data series derived from fixed
ameras.
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