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Summary

1. The importance of data archiving, data sharing and public access to data has received consider-

able attention. Awareness is growing among scientists that collaborative databases can facilitate

these activities.

2. We provide a detailed description of the collaborative life history database developed by our

Working Group at the National Evolutionary Synthesis Center to address questions about life

history patterns and the evolution ofmortality and demographic variability in wild primates.

3. Examples from each of the seven primate species included in our database illustrate the range of

data incorporated and the challenges, decision-making processes, and criteria applied to standard-

ize data across diverse field studies. In addition to the descriptive and structuralmetadata associated

with our database, we also describe the process metadata (how the database was designed and deliv-

ered) and the technical specifications of the database.

4. Our database provides a useful model for other researchers interested in developing similar types

of databases for other organisms, while our process metadata may be helpful to other groups of

researchers interested in developing databases for other types of collaborative analyses.

Key-words: bioinformatics, data archiving, data sharing, database development, evolutionary

biology, population ecology

Introduction

The accumulation of long-term ecological data over the past

several decades, and increasing recognition of the need for

broad collaborative research efforts, present new challenges as

well as opportunities for the scientific community. The design

and curation of databases that can accommodate the complex,

dynamic data sets typical of ecological research pose a practi-

cal hurdle because of the enormous range of data that is often

involved. In some cases, these data sets are historic and not yet

digitized, but of great potential value nonetheless. More fre-

quently, the data sets are contemporary, and are completely or

partially digitized, but in non-standardized ways. Inadequacies

in the development and maintenance of these data sets may

make them largely inaccessible for the kinds of synthetic, col-

laborative analyses that many ecological questions require

(Cook et al. 2001;Michener 2006).

Incorporating data from multiple studies that span diverse

species and observational conditions into integrated databases

for comparative analyses is even more difficult to achieve

because differences in data collection and sampling methods

across studies must first be reconciled, and a standard vocabu-

lary must be developed based on common criteria. Identifying

and standardizing this vocabulary can be an arduous process

that relies on the expertise of investigators with sufficient famil-

iarity with the long-term studies to understand and explain the

nuances in their data sets (Nelson 2009). Yet, although the

benefits of archiving, sharing and increasing public access to
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biological and ecological data have received considerable

attention in the literature (e.g. Arzberger et al. 2004; Parr &

Cummings 2005; Piwowar et al. 2008; Schofield et al. 2009;

Toronto International Data Release Workshop 2009), there

are still only a small number of published examples that

describe how synthetic, integrated databases are created and

used (e.g. Ellison et al. 2006; Even, Shankaranarayanan, &

Watts 2006; Jones et al. 2008).

Here, we describe the development, design and implementa-

tion of the Primate Life History Database (PLHD), a product

of a larger collaborative endeavour jointly funded by the

National Evolutionary Synthesis Center (NESCent) and the

National Center for Ecological Analysis and Synthesis

(NCEAS). The PLHD incorporates individual, longitudinal

life history data from long-term field studies of wild primates

into a synthetic database for comparative analyses.We present

the descriptive and structural metadata associated with this

database, as well as the process metadata (i.e. a description of

how the data set was designed and delivered). In addition to

reviewing the content of the database and its underlying ratio-

nale, we discuss the criteria we employed to standardize data

from seven different field studies, and we provide examples

from the database to illustrate its design and technical specifi-

cations and the range of data included.

Our scientific motivation for the endeavour lies in our

shared interests in comparative analyses of primate life histo-

ries, and specifically, in the application of data fromwild popu-

lations to address questions about the evolutionary ecology of

life histories. Age at first reproduction, fertility, longevity and

other variables that influence both fitness and population

dynamics fluctuate in response to local ecological, social and

demographic conditions. Understanding this variability offers

insights not only into life history evolution, but also into the

conservation and management of endangered species and the

ecological impacts of global climate change (Strier et al. 2006).

Primates are long-lived compared with most other mam-

mals, and the decades of research required to document their

individual life histories make these longitudinal data irreplace-

able resources. Yet, despite widespread recognition of the

value of these data, primate researchers, like other ecologists,

often lack the expertise and resources to construct the kinds of

databases that facilitate data sharing and access, and that are

needed to protect data from the information loss that can

occur over time because of inadequate curation or mainte-

nance (Michener 2006; Jones et al. 2008). Our database pro-

vides a useful model for other researchers interested in

developing similar life history databases for other organisms.

At the same time, the description of the process by which we

developed our database may be helpful to other groups of

researchers interested in developing databases for other types

of collaborative analyses.

Materials and methods

Our collaboration involved a multi-stage process. The first stage

involved setting the agenda for the development of the PLHD

(described in Strier et al. 2006). This initial stage led to the

formation of the core collaborative group, the Working Group,

which included three sets of researchers. (i) Researchers represent-

ing seven ongoing field studies of wild primates ranging from 24

to 45 years in duration (Alberts, Altmann, Brockman, Cords,

Fedigan, Pusey, Stoinski, Strier). (ii) Two evolutionary ecologists

with a particular interest in demography (Bronikowski, Morris).

(iii) Two NESCent informatics specialists (Lapp, Liu). The

PLHD was developed by our Working Group over the course of

three 4- to 5-day meetings held at NESCent in August 2007,

January 2008 and August 2008.

The species represented by the seven field studies are taxonomically

diverse. They include one indrid (Verreaux’s sifaka, Propithecus ver-

reauxi, research ongoing for 24 years), two New World monkeys

(white-faced capuchin, Cebus capucinus, and northern muriqui,

Brachyteles hypoxanthus, studies ongoing for 25 and 27 years, respec-

tively), two Old World monkeys (yellow baboons, Papio cynocepha-

lus, 37 years, and blue monkeys, Cercopithecus mitis, 29 years) and

two great apes (eastern chimpanzees, Pan troglodytes schweinfurthii,

45 years, and mountain gorillas, Gorilla beringei beringei, 41 years).

All populations are wild, and with a few exceptions, no provisioning

or interventions have occurred. Exceptions include veterinary inter-

vention and historical provisioning in the chimpanzee population (i.e.

almost daily from 1964 to 1967 and 1990 to 1996 for different commu-

nities, after which it was reduced and terminated altogether in 2000;

Wrangham 1974; Goodall 1986; Pusey, Wilson, & Collins 2008), vet-

erinary intervention in the gorilla population (Mudakikwa et al.

2001), occasional access to human-related foods by the blue monkeys

(Cords &Chowdhury, in press) and one instance in which researchers

rescued an infant muriqui and returned her to her mother (Nogueira

et al. 1994).

Development of the database itself occurred in two parallel

processes. One process involved intensive discussion among the

primate researchers to design a shared terminology of attributes that

would capture the relevant life history data for all seven species in a

standardized manner. The goal was to permit us to address two cen-

tral questions; one about the evolution of mortality across species

and by sex, and the other about patterns of demographic variation

across species. Decisions about which data attributes to include and

their relationships to one another were fairly straightforward, but

defining the meaning and constraints of each attribute operationally,

in ways that made biological sense for all species and that accounted

for differences among studies, required painstaking consideration. At

the same time, the informaticians conferred with the researchers to

design a database that presented the data as a series of three ‘views’,

or virtual tables that represent organized, systematic abstractions of

the underlying database. The three main views that resulted were:

Biography (Table S1, Supporting information); Fertility Intervals

(hereafter, Fertility; Table S2, Supporting information); and Study

Population (Table S3, Supporting information).

Biography includes all live-born individuals (females and males) in

our study populations, and is the core of our database. In the aggre-

gate, Biography includes data that permit us to calculate the life span

for each individual (and to identify both left-truncated and right-cen-

sored records, i.e. cases in which individuals were already alive at the

onset of observations or still alive when observations ceased, respec-

tively). Because it also includes the identity of the mother for each

individual (if known), we can use it to calculate fertility for each

mother identified in the database as well. Fertility identifies, for each

female, any interruptions in continuous observations that could have

resulted in missed live births. Together, Biography and Fertility allow

the user to determine the sequence and number of live births that each

mother experienced during her lifetime (see ‘Database content’, for

200 K. B. Strier et al.

� 2010 The Authors. Journal compilation � 2010 British Ecological Society, Methods in Ecology and Evolution, 1, 199–211



more details). The Study Population view designates a distinctive code

for each study, which is used to identify the study for each individual

in the Biography and Fertility views.

The database was populated in large batch uploads from spread-

sheet-formatted data (see below under database design). A web-

based graphical user interface was also developed to enable data

editing and entry by individual researchers and their collaborators.

This interface is flexible yet comprehensive, and allows various lev-

els of access control. For instance, while the database administra-

tors have read and write access to all of the data, other users of the

database can be limited to read-only (search) access to one or some

or all of the studies, or can be given edit privileges to one or several

studies. This arrangement allows the administrators to grant appro-

priate access to each Working Group member (i.e. each Principal

Investigator (PI) has read and write access to their own data, but

only read access to others’ data). It also allows research personnel

from each study to gain access to that study’s data (but not to data

from other studies), even if they did not participate in the working

group directly. Only the administrators can create users, and grant

study-specific read or write access.

Because all members of the Working Group would have access to

the entire database, we developed a Memorandum of Understanding

(MOU) at our first meeting (http://demo.plhdb.org). We agreed that

PIs could add their own collaborators as users of the database for the

species with which they work, but access to the entire database is cur-

rently limited to the Working Group members who have signed our

MOU.

Database content

Our intention was to have a fairly simple set of relational tables

that reflects the individual-based nature of our data. That is,

for each study, the individual animal is the unit of analysis, and

hence the set of all individual animals’ life history data com-

prise the data of interest. Biography has one row for each of the

3351 individuals across the seven studies. Each of the 17

columns pertains to a life history variable or estimates

or ranges of error of these variables (Table S1, Supporting

information).

Measuring individual (as opposed to population-level) fertil-

ity represents a special challenge in studies of wild animals,

because unlike longevity (measured as the interval between the

birth and the death or disappearance of a known individual),

individual fertility (measured, in our case, as the interval

between recorded live births) will be inaccurately estimated if

even short gaps in observation result in missed births. For this

reason, we recognized the need to identify, for each female in

each study, the periods during which we were reasonably sure

that we had captured all births, and equivalently, the periods

during which we were not able to rule out the possibility that a

birth and death of an infant had occurred during a gap in

observations. Fertility captures this information (Table S2,

Supporting information).

In addition, in Study Population, we provide information

about each study (location, species, etc.). Study Population

contains one row for each study (N = 7;Table S3, Supporting

information), identified by a unique, arbitrarily assigned num-

ber and to which all individuals represented in the other views

for each study are linked.

Data standardization

We designed the relational database to permit us to address

specific questions about the evolution of primate life histories,

such as whether species and sexes age at similar rates (A.M.

Bronikowski et al., unpublished data) and whether population

growth is more sensitive to female fertility vs. infant or adult

survival (W.F. Morris et al., unpublished data). This meant

identifying the variables most critical to our analyses and then

reconciling variability in data coding, observation schedules

and confidence intervals for estimated dates to ensure that our

criteria for assigning values were uniform and comparable

across studies. Differences in the behaviour of the animals and

in logistical conditions resulted in variation in data-coding sys-

tems both within individual studies and between the studies in

the database. These sources of variation necessitated the devel-

opment of a common vocabulary, established amongWorking

Group members, which would ensure that terms were used the

same way across studies. The common vocabulary is encom-

passed by the terms defined below. These terms fall into

three different logical units: one belonging to the biographical

properties of an animal (Biography), one belonging to the

fertility properties of an animal (Fertility) and one belonging

to the study population in which the animal lives (Study

Population).

CONTENTS OF BIOGRAPHY

StudyID

Each of the different study populations, representing different

species in our database, was assigned a distinct ID code.

AnimID

Because all of the data were individual-based, and the individ-

ual was the unit of analysis in all studies, the ID of each animal

(typically an abbreviated code) in each study population was

the fundamental unit of information around which all the data

were organized. All individuals in each of the studies were

unambiguously identifiable by their distinct physical character-

istics or, in one case (sifaka), by tagged collars and ear-notches.

Habituation to human observers facilitated the recognition of

individuals. Within each study, there was a one-to-one rela-

tionship between an animal’s ID code and the identity of an

actual animal in each study population. However, AnimID

was not a unique field; animals in different studies might share

anAnimID (for instance, study 2 and study 5 both have an ani-

mal with AnimID = ‘AFR’). Consequently, it is the combina-

tion of AnimID and StudyID that produces a unique identifier

for each animal in the database.

AnimName

We included a column for the full name of each animal when-

ever these had been assigned. This was included for complete-

ness, and to enhance the ability of individual researchers to
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confirm the accuracy of all records associated with that indi-

vidual.

BirthGroup and BGCertainty

Our life history analyses were aimed primarily at species-level

differences. However, the social nature of primates in general,

and the variation in their dispersal patterns in particular, led us

to include a column for specifying the social group into which

an animal was born (BirthGroup) and the researcher’s confi-

dence in this assignment (BGCertainty). These variables will

permit us to collectively or individually evaluate whether the

group of birth contributes to life history variance.

Sex

Because many life history variables (e.g. age at maturity, dis-

persal, life span) are known to be sex-specific, we distinguished

each individual in our database by sex (M or F). Occasionally,

neonates that were born alive have died before researchers

were able to assign a sex; hence ‘U’ (for unknown) was an

allowed value in this column.

MomID

This attribute corresponds to the AnimID of an individual’s

mother, when it was known. No value was assigned for indi-

viduals whose mothers were unknown. MomID allows us, in

combination with Fertility (see below) to measure fertility for

each mother recorded in the database. Also, by associating

each individual with his or her mother’s AnimID, when

known, we can evaluate how individual survivorship (and

female fertility) relates to birth sequence and maternal age. As

is the case withAnimID,MomIDmust be used in combination

with StudyID to identify a uniquemother.

FirstBorn

Because age at first reproduction is a critical life history mar-

ker, we distinguished whether individuals were known to be

their mother’s first offspring.

Birthdate, BDMin, BDMax

Birth dates, and estimates of the range of possible dates in

which the birth could have occurred (BDMin and BDMax),

are the key to estimating individual ages, and therefore neces-

sary for all analyses of life histories. In some cases, continuity

in field personnel and cohesive grouping patterns facilitated

daily or near-daily monitoring of all subjects, and the range of

days over which Birthdate could be estimatedwas small.When

a mother was observed on sequential days, first without an

infant and subsequently with an infant, the Birthdate and

BDmax were usually recorded as occurring on the second day,

with the BDmin corresponding to either the first or second day

depending on the study. In other cases, either gaps in

observations or the tendency of individuals to travel widely

made it difficult for observers to monitor all individuals regu-

larly. Birthdate estimates in these circumstances were less pre-

cise, and the difference between BDMin and BDMax was

much greater.

SomeBirthdate entries, including those for animals thatwere

already present at the onset of observations of their population

or social group, were necessarily estimated on the basis of the

individual’s visible size or developmental characteristics. These

birthdate assignments for adults tended to have larger intervals

between BDmin and BDmax estimates than animals first seen

as immatures, because there were often few, if any, visible

differences between young,middle aged or older adult animals.

In these cases, the range of possible birth dates assigned

(BDMinandBDMax)dependedon the researchers’ confidence

in their estimates. Birth dates were estimated based on a variety

of traits in different species, including dental wear patterns at

the time of capture ⁄ tagging (used in sifaka), or visible physical

similarities with adults of known ages (used inmost studies). In

the case of females, some species exhibit visible signs of parity,

and researchers used these signs to estimate Birthdate and

BDmin and BDmax from the average (±SD) age ranges

known for nulliparous and primiparous females in their study

populations. Nonetheless, there were often still very large

ranges of possible birth dates for some individuals; by having

this information in the database, we could decide whether or

not to include particular individuals in specific analyses.

BDDist

In a further effort to increase precision in birth date estimates,

we assigned a birthdate distribution (BDDist) of Normal (N)

when we considered the most likely birthdate to be closer to

Birthdate than to BDMin or BDMax, and of Uniform (U)

when any birthdate between BDMin and BDMax (including

Birthdate) was equally likely. A normal distribution of the esti-

mated birthdate was assigned if BDMin and BDMax repre-

sented ±2 SD from the most likely Birthdate. Uniform

distributions were assigned if the probability distribution was

truncated at either BDMin or BDMax. For example, a new

infant observed after a 30-day gap in observation of its mother

would result in the infant’s BDMin on the last day its mother

had been observed and a BDMax 30 days later when it was

first observed. Based on the infant’s size and development

upon first observation relative to other known infants in the

study population, the researcher may have had good reasons

to estimate the infant’s Birthdate at either the midpoint of

BDMin and BDMax, or else closer to either BDMin or

BDMax. If estimated at the midpoint, then BDDist could be

either Normal or Uniform, but if not at the midpoint, the

BDDist would necessarily be assigned asUniform.

Entrydate and Entrytype

Identifying the date at which individuals entered their respec-

tive study populations allowed us to differentiate uncensored

observations from left-truncated observations for survival

analyses. Individuals were considered to enter their respective
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study populations at the time at which they could be individu-

ally identified and close observations on them began. In most

cases, this corresponded to their birth. However, some indivi-

duals immigrated into the study populations some time after

their birth, and in these cases Entrydate corresponded to immi-

gration date (or to confirmed AnimID via tagging in sifaka).

Finally, all studies included individuals that were present at the

onset of the study itself or when close observations were

initiated on new groups in the study population; in these cases,

Entrydate corresponded to the onset of the study or the

individual’s inclusion in the study population.

Entrytype specified each of the four possible ways in which a

subject could have entered the study population: birth (B);

immigration (I); start of confirmed AnimID (C) and initiation

of close observation (O). Although births and immigrations

were easily assigned, investigators differed in their designations

of C and O. For example, in some cases an animal had been

recognizable and familiar to the researchers based on occa-

sional or opportunistic sightings before close observation

began. In most cases, these animals only entered the database

when they immigrated (I) into one of the established study

groups. However, in other cases, they entered the database

because systematic observations were initiated on their group;

in this case, either C or O could have been used. Each

researcher described her assignments of C and ⁄or O in their

User’s documentation, but these entry types are functionally

equivalent in terms of analyses, and should be treated as such

by database users.

Departdate and DepartdateError

The last date on which an animal was observed in the study

population is the Departdate. However, not all animals were

equally visible to observers on a daily basis, and observation

schedules varied across the different studies and over time and

between groups within studies. To capture the variation in the

reliability ofDepartdates between andwithin thedifferent stud-

ies, we calculated the DepartdateError, which reflects the time

between Departdate (last date observed) and the first time that

an animal was confirmed missing (e.g. when observations

resumed and all individuals present could be expected to be

re-encountered). DepartdateError was expressed as a fraction

of a year (number of days divided by number of days in a year),

andwas>0whenever the number of days betweenDepartdate

and retrospective confirmed missing date was >15 days. In

some studies, members of the study population did not live in

cohesive groups,making it difficult to specify an expected lag to

re-sighting and a corresponding DepartdateError. In cases

when DepartdateError could not be calculated, its value was

missing.

Departtype

Similar to Entrytype, we distinguished fourDeparttypes: death

(D); emigration (E); permanent disappearance (P) and the end

of observation (O), which means that the individual was still

present at the most recent census date. Observations of deaths

and the recovery of identifiable corpses in most primate habi-

tats are extremely rare, but we nonetheless required strong cir-

cumstantial evidence, such as visibly poor health or other

mortality risks, or violations of population-specific behaviour

patterns, before assigning D. For example, the sudden perma-

nent disappearance of an animal of the typically non-dispers-

ing sex for that population could have been assigned a

Departtype of D, even in the absence of a corpse or other cir-

cumstantial evidence. If the animal that disappeared was a

member of the dispersing sex, then D was allowed when the

disappearance occurred before the youngest known dispersal

age in that population, subject to the researchers’ expert opin-

ion. Additional information, such as locations associated with

high risk, were also considered when assigning D in the

absence of observed death or identifiable corpse.

D was never assigned based solely on inferred risks associ-

ated with age, and E was never assigned solely on the basis of

the disappearance of an individual at the appropriate age and

sex for dispersal. To assign E, researchers had to be confident

that the individual had emigrated even if its subsequent fate

was not known. All disappearances that could not be attrib-

uted to D or E were assigned P in the database. In demo-

graphic analyses, P, E and O all function to signal right-

censored observations. The four types of Departtypes are

equivalent to Stoptype in Fertility.

CONTENTS OF Fert i l i t y

StudyID

SeeBiography.

AnimID

SeeBiography.

Startdate and Stopdate

The most difficult task in constructing Fertility was the devel-

opment of standardized criteria for what constituted suffi-

ciently continuous observations of a female to merit inclusion

of that period, vs. gaps in observations that would be long

enough to have possibly resulted in amissed birth record. Each

row in Fertility corresponded to one uninterrupted period of

observation on a female (an interval during which no possible

births would have been missed). Each female for which at least

one such uninterrupted period was obtained was represented

by one ormore rows in Fertility. In addition to the variation in

the observation schedules for each study, some of the primates

in our database are elusive and impossible to monitor on a

daily basis. Each of the primatologists provided detailed docu-

mentation about the criteria they applied.

Starttype and Stoptype

See Entrytype and Departype in Biography; these correspond

to Starttype and Stoptype in Fertility, where they defined the
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beginning and end of each uninterrupted period of observation

during which no possible births would have been missed, as

described above.

CONTENTS OF Study Populat ion

StudyID

SeeBiography.

Commonname

We used the names most commonly used in the literature for

each species, although we recognize that conventions on com-

mon names differ regarding the use of English vs. indigenous

names in different parts of the world.

Sciname

We provided the scientific names for each species, as their

Latin genus and species names. Although taxonomic assign-

ments of some of the species in our database are undergoing

reassessment, we used the scientific names identified by each PI

as the best current designation. Subspecies designations were

included in some cases to distinguish recognized biogeographi-

cal variants.

SiteID

Each study population in the database was identified by the

name of the park or reserve in which it occurs and by which it

is known in the current literature.

Owners

Name(s) of individual(s) and ⁄or organization(s) that control
access to the data. Owners were either the principal investiga-

tors or the designated representatives of the study populations’

research groups. Owners were included to identify the key con-

tact individuals for the life history data from each study popu-

lation.

Latitude ⁄Longitude

Because SiteIDs have the potential to changewith new political

or conservation initiatives, we included the latitudinal and lon-

gitudinal coordinates for each study site. These coordinates

were given in degrees, to the nearest thousandth.

Design and deployment of the database and
user interface

We designed the database on the premise that the common

vocabulary developed by the Working Group and the three

views corresponding to the logical units would serve as a well-

defined standard interface, both for accepting and delivering

data to and from the database, and for programming user-fac-

ing applications. We implemented the standard interface as

three database views, one corresponding to each of the three

logical units of the terminology (Biography, Fertility and Study

Population) that sit on top of a physical, normalized data

model. The attributes of each view are the terms that comprise

the respective logical unit of our terminology. Database views,

by definition, present the data for browsing, querying and

retrieval; we also made them support the full set of CRUD

(Create, Retrieve, Update, Delete) data manipulation opera-

tions by implementing code that executes within the database

server (called ‘stored procedures’) and translates between the

underlying normalized data model and the standard interface

views.

The physical data model powering the three database views

essentially follows a third normal form model of the logical

entities represented by the common vocabulary in the database

(for a description and discussion of relational database normal

forms, see Date 2004; Kent 1983). Specifically, the normalized

entities include: Individual (the individual animal); Individ-

ual_Relationship (parent-child links between individuals);

Study (a population of individuals); Site (the geographic site of

a study); Observation (biographical events of a given type at a

specified time, such as birth, death or emigration) and Record-

ingPeriod (a period of time that starts and ends with an obser-

vation, such as the observed fertility interval of a female

individual). Furthermore, the normalized model includes two

additional tables, CVTerm and CVTerm_Relationship, which

hold a controlled vocabulary designating the specific type and

meaning of the data stored in each row of various tables, such

as the type of observation (in table Observation), or the type of

relationship (in table Individual_Relationship). The CVTerm_

Relationship table relates terms to super-classes that allow a

client application, such as the web application we developed,

to obtain the allowable terms (types) for a particular super-

class. This in turn allows the application to validate input

data for allowable types, for instance, the types of start

dates and end dates of biographies and fertility intervals. For

example, ‘permanent_disappearance’ is a term designating the

type of an observation, and is one of the subtypes of the

super-class ‘end_of_recording’, but not a subtype of ‘start_

of_recording’. The web application uses this to offer

‘permanent_disappearance’ as an option only for end dates

but not for start dates.

The database was implemented in the PostgreSQL relational

database engine, which is an open-source and freely available.

We wrote stored procedures in the PL ⁄pgSQL database pro-

gramming language, natively supported by PostgreSQL, to

encapsulate the necessary business logic behind look-up, create

and update data operations in an application programming

interface (API). The API enables client code to obtain a record

by supplying identifying attributes (such as AnimID and Stud-

yID for an individual), and a parameter that dictates whether

theAPIwill simply try to locate and return the record, to create

it first if it cannot find it, or to update it first if it can find it. The

database views combine data from several tables in the under-

lying model, making the data from some tables appear multi-

ple times (called ‘de-normalization’ in database theory). Thus,
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the views cannot directly allow data manipulation operations

(create, update and delete). We therefore used a combination

of the PostgreSQL-specific capability of ‘rules’ and standard

database triggers to support these operations. The PostgreSQL

rules re-route data manipulation operations executed against

the database views to PL ⁄pgSQL stored procedures that use

the PL ⁄pgSQLAPI described above. To facilitate bulk import

of spreadsheet-formatted data, we implemented tables specifi-

cally designated for this purpose; these tables mirror the

spreadsheet templates agreed upon by the scientists of the

Working Group. The COPY FROM command, which is built

into PostgreSQL, populates a destination table from the rows

of an input data file in spreadsheet comma seperated values

(CSV) format. We then wrote PL ⁄pgSQL database triggers to

intercept incoming rows of data and re-route them through the

PL ⁄pgSQLAPI to the physical normalized relational tables.

Together, these components allowed us to present the data

within the database so that it was fully compliant with the ter-

minology and the logical units that were agreed upon and

understood by the Working Group scientists. At the same

time, our approach utilizes the database engine’s capabilities of

enforcing basic constraints on the data and preventing data

redundancy through a normalized relational model. It also

provides an API for client application programmers, which

encapsulates the business logic of data look-up and manipula-

tion within the database itself, guaranteeing that all client

access passes through the same business logic.

Our approach also allows those participants of theWorking

Group who are comfortable with desktop database tools, such

as MS Access, to connect directly to the database and browse,

query, and manipulate the data in the tool of their choice. In

addition to supporting direct access, we constructed a web-

based user interface application that supports browsing all

rows of all tables to which the user is granted access. It also

supports adding to and editing biography and fertility observa-

tion records, as well as building custom queries and download-

ing the results as reports for subsequent import into analysis

programs. Viewing and editing privileges are controlled by the

user authorization module described above, and granted on a

per-study basis. Only users with administrative privileges can

add users and change user privileges.

The web application was implemented in the Java program-

ming language using the Spring application framework and

Hibernate for mapping application data objects to records in

the relational database (for links, see http://demo.plhdb.org/

jsp/about.jsp). This mapping fully utilizes the database view

API described above, and hence is agnostic to the actual physi-

cal data model being used. The web application also utilizes

the controlled vocabulary term component of the database to

provide values for the input fields about biographical events

(such as Entrytype, or DepartType, as described above), and

at the same time restricts input to those terms that are valid for

a given event type (e.g. Immigration is not permitted for a

DepartType, whereas Emigration is permitted).

The schema definition and all other source code, including

the PL ⁄PgSQL database code, and the source code for the web

application are freely available under GNUPublic License (see

http://www.gnu.org/licenses/gpl.html). In addition, we have

created a live instance of the database and application at

http://demo.plhdb.org, which is populated with representative

sample records from each study represented among theWork-

ing Group participants. All source code can be downloaded or

browsed at http://github.com/plhdb/plhdb or http://sf.net/

projects/plhdb.

Use of the database

One of the immediate analytical goals for the database was the

construction of life tables and the analysis of ages at death. An

ideal individual was one for whom Birthdate was known to

within a fraction of a year, Entrytype was birth, Sex was deter-

mined, and Departdate was known to within a fraction of a

year. This was true for the majority of data. Individuals of

unknown sex were excluded from these analyses, but because

most of these were animals that died within a few days of birth,

their exclusion would impact our calculations of infant mortal-

ity. Similarly, individuals who were present as adults when

observations began could have a several year difference

between their Birthdate minimum and maximum, resulting in

a wide age range at death even if Departdate was known pre-

cisely andDeparttype was death.

Below, we provide a few examples of how the database, as

shown in Tables 1 and 2 and live at http://demo.plhdb.org,

can be used to calculate three standard life history parameters:

Age at first reproduction; Lifetime reproductive success of

females; and Interbirth interval.

AGE AT FIRST REPRODUCTION

Determining a female’s age at first reproduction is facilitated

by the ‘FirstBorn’, ‘MomID’, and ‘StudyID’ columns in

Biography (Table 1). We first pull out the first-born offspring

(indicated by ‘Y’ in ‘FirstBorn’) for eachmother for whom this

record exists, then find the mother’s date of birth by searching

for her entry in Biography, and finally compute her age as the

difference between the birth date of her firstborn offspring and

her own birth date. For example, we can see that Ani-

mID = BRAH in StudyID = 1 (born on 14 August 1993)

was 3292 days (9Æ01 years) old when her firstborn offspring,

AnimID = BRL-J, was born (on 19 August 2002). Note that

age at first reproduction can be determined entirely from data

in Biography, without reference to Fertility. In this example,

the birthdates of both BRAH and BRL-J were known to be

within 0–2 days, as indicated by BDMin and BDMax. Includ-

ing the ranges of possible birthdates in the database permits

researchers to evaluate whether or not to include all individuals

in particular analyses.

L IFETIME REPRODUCTIVE SUCCESS

One life history component we would often like to know is a

female’s lifetime reproductive success.We can easily determine

all known live-born offspring of a female by searching for all

entries for that female in the ‘MomID’ column of Biography.
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Table 2. Sample data fromPLHD Fertility
1

StudyID AnimID Startdate Starttype Stopdate Stoptype

1 BM 17-Apr-06 B 17-Dec-08 O

1 BR 25-Jun-83 O 16-Jul-84 O

1 BR 28-Jun-86 C 17-Dec-08 O

1 BRAH 14-Aug-93 B 26-Jan-99 E

1 BRE 29-May-99 B 10-Apr-02 D

1 BRIS 20-Sep-89 B 13-Nov-95 E

1 BRN 20-Jul-02 B 20-Apr-04 D

1 NY 25-Jun-83 O 16-Jul-84 O

1 NY 28-Jun-86 C 17-Dec-08 O

2 ALT 1-Aug-71 O 21-May-76 D

2 DOT 21-Jun-73 B 31-Dec-89 O

2 DOT 1-Jan-96 O 25-Feb-01 D

2 DUD 5-Jul-83 B 31-Dec-89 O

2 DUD 8-Jun-90 O 5-Jul-90 O

2 DUD 2-Jan-95 O 17-Jan-95 O

2 DUD 1-Jan-96 O 18-Jun-05 D

2 NUT 17-Aug-95 B 26-Dec-06 O

2 PRU 31-Jan-82 B 3-Jul-04 D

3 Ambo 8-Feb-05 B 28-Nov-06 D

3 Blaz 8-Jun-97 O 31-Dec-08 O

3 Diam 8-Jun-97 O 31-Dec-08 O

3 Rose 25-Jan-80 C 11-Apr-81 O

4 AQ 21-Apr-92 B 25-Jun-03 D

4 DM 15-Nov-72 B 31-Jan-92 E

4 FLO 15-May-63 C 21-Aug-72 D

4 JO 23-Jul-80 I 11-Feb-81 O

4 JO 17-Nov-81 C 25-Mar-84 O

4 JO 11-Sep-85 C 23-Sep-85 P

4 MB 15-Aug-63 C 19-Sep-75 D

4 SW 15-Sep-71 I 31-Dec-08 O

5 AFR 30-Apr-00 B 31-Dec-08 O

5 MAG 30-Jun-80 B 17-Jun-97 O

5 MAG 29-Sep-98 O 31-Dec-08 O

6 80 15-Jul-85 B 15-Sep-08 D

6 86 15-Jul-85 B 15-Dec-08 O

7 CARM 25-Mar-90 O 1-Jul-91 O

7 CARM 1-Feb-92 O 1-Oct-95 O

7 CARM 1-Dec-95 O 15-Jul-96 D

7 CT– 2-Aug-99 B 1-Oct-99 O

7 CT– 1-Jan-00 O 1-Aug-00 O

7 CT– 1-Jan-01 O 1-Sep-04 O

7 CT– 1-Jan-04 O 31-Dec-08 O

7 DARK 15-Jan-97 I 1-Aug-97 O

7 DARK 1-Jan-98 O 27-May-98 P

7 KATH 25-Mar-90 O 1-Jul-91 O

7 KATH 1-Feb-92 O 1-Oct-95 O

7 KATH 1-Dec-95 O 1-Aug-96 O

7 KATH 1-Dec-96 O 1-Aug-97 O

7 KATH 1-Jan-98 O 1-Oct-99 O

7 KATH 1-Jan-00 O 1-Aug-00 O

7 KATH 1-Jan-01 O 1-Sep-04 O

7 KATH 1-Jan-05 O 31-Dec-08 O

7 MAYO 2-May-98 B 1-Oct-99 O

7 MAYO 1-Jan-00 O 1-Aug-00 O

7 MAYO 1-Jan-01 O 15-Jul-04 D

1The rows in this table represent a subset of data from the

Primate Life History Database (PLHD) Fertility, and were

selected to illustrate the range of variation in entries. For exam-

ple, we show cases in which a female’s fertility was monitored

from her birth to death without interruptions (e.g. StudyID = 2,

AnimID = PRU) or with interruptions (e.g. StudyID = 7, Ani-

mID = MAYO).
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But for those offspring to represent all of the female’s offspring

requires that she be born and die during the study and that her

fertility be observed throughout her entire lifetime. This will

not be true if the female’s reproductive period: (i) was right-

censored (i.e. observation of her reproduction ended before

she died); (ii) was left-censored (i.e. the beginning portion of

her reproductively mature period was not observed) or (iii)

includes intermediate gaps.

Right-censoring of reproduction occurs for animals still

alive at the most recent census date (indicated by a Departtype

of ‘O’ and a Departdate at the most recent census date for a

study), such as AnimID = BR in Study 1 orMAG in Study 5,

who may still give birth to more offspring in the future. Left-

censoring of reproduction occurs for females who were present

at the beginning of the study and were judged to have been old

enough at that time that they might have given birth to off-

spring before the study began. One example is Ani-

mID = Rose in Study 3, whose ‘Start Type’ in Fertility is ‘C’.

Another example is AnimID = FLO in Study 4. None of

FLO’s five offspring in Biography are listed as her firstborn

because it could not be determined whether she had given birth

prior to her entry into the study. Note that FLO has a wide

range of possible birth dates, as is frequently true of individuals

such as FLO,who entered the study as an adult with confirmed

AnimID and Entrytype = C, and of individuals, such as Ani-

mID = DARK in Study 7, who entered the study by immi-

gration (Entrytype = I).

Finally, lifetime reproductive success cannot be determined

with certainty for females with gaps during which their fertility

was not observed, as indicated by multiple entries for a female

in Fertility (e.g. AnimID = KATH in Study 7). An example

of a female whose entire reproductive output is captured in the

database is AnimID = 80 in Study 6, who was born and died

during the study, has an identified firstborn (80–1), and has a

single entry in Fertility that begins with her birth and endswith

her death (Table 2).

INTERBIRTH INTERVAL

Like lifetime reproductive success, determining the interval

between successive births requires information from both

Biography and Fertility. We first sort Biography by ‘StudyID’,

‘MomID’, and ‘BirthDate’, in that order. All of the recorded

offspring of a female will now appear in birth order as a group

of successive rows in Biographywith the same entry in the ‘Mo-

mID’ column. But to be sure that adjacent rows represent suc-

cessive siblings, we must first check to see that the two

offspring were born in the same fertility interval for the mother

(otherwise, additional offspringmight have been born during a

period when the mother’s fertility was not being observed, and

thus be missing from Biography). We determine this by search-

ing over all rows for the mother (by her AnimID) in Fertility,

checking to see if the birthdates of both offspring are after the

‘Startdate’ and before the ‘Stopdate’ of the same fertility inter-

val. If so, then the interbirth interval is simply the difference

between the birth dates of the two (now confirmed to be succes-

sive) offspring. An example of two successive offspring are

BRS and BRE from Study 1, who were born during their

mother’s (BR’s) second fertility interval (Table 2). The interval

between their births is 1056 days or 2Æ89 years. In contrast, we

cannot reliably compute an interbirth interval using the birth

dates of DRO and DEL from Study 2, even though they are

the two offspring of DUD with the closest birth dates in

Biography, because they were not born during the same fertility

interval for DUD (DRO was born in DUD’s first interval in

Fertility, but DELwas born during a period whenDUD’s fer-

tility was not being intensively monitored; that is, it does not

fall into any ofDUD’s fertility intervals in Fertility).

Discussion

The major strength of the PLHD resides in the high quality

data that result from the development of the common vocabu-

lary for the various data types, and the consequent standardi-

zation of variable data from multiple long-term field studies.

The result is a truly comparative database, in which terms are

defined by common criteria across disparate species and stud-

ies. Comparative databases with well-defined common vocab-

ularies are now well-developed and heavily used in genomics

research, and these often represent large-scale collaborative

efforts. However, such collaborative efforts to develop com-

mon vocabularies and shared databases are relatively unusual

for studies of life history and behaviour (Nelson 2009). A com-

mon vocabulary and standardization are necessary for com-

parative analyses that focus on questions pertaining to the

actual variation in primate life histories instead of on the

potential sources of error that can arise when divergent data

sets without such stringent standardization are compared.

The design of the PLHD facilitates routine updates and

management of the data that populate the current database.

Currently, our Working Group members have agreed that we

will notify the rest of the group whenever we update our data,

which we can do at any time although annual updates are

probablymost useful. TheDepartdate associated with any ani-

mal for which Departtype = O corresponds to the last date

on which data for that individual were updated, making it easy

to keep track of updates.

The PLHD also has the potential to expand with compara-

ble life history data from additional studies over time, provided

that the data are individual-based and can conform to the com-

mon vocabulary that we have developed. For example, the cri-

teria we established for the continuity of observations in

Fertility may be prohibitive for researchers whose data rely

almost exclusively on annual censuses, unless the study species

are exclusively and narrowly seasonal breeders, as is the case

for the sifaka in our database. Nonetheless, researchers work-

ing on other populations or taxa may find our Biography view

to be a model for organizing data. The minimal criteria for

conforming to the model are identifiable individuals censused

repeatedly in a study population. Even data collected during

single annual censuses can conform to thismodel.

The structure of both Fertility and Biography can be

adapted with some minor adjustments to address different

kinds of questions for different kinds of animals. For example,
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Fertility is designed to identify gaps in observations or other

circumstances that affect the probability of detecting an event

during a particular time period for a particular animal. In

demographic studies, these will usually be fertility events, but

the general approach could be extended to other types of

events. Similarly, although the structure of Biography is best

suited for species that produce a single young with each birth,

species that routinely produce litters can be accommodated by

assigning each individual a separate row, similar to our treat-

ment of the occasional cases of twins in the PLHD. Among

animals that rear their young in crèches or dens, the number of

live births may not be known and the closest equivalent to our

criterion of ‘live birth’ for inclusion in the database might

be ‘emerging young’. Communal rearing could present a

greater challenge if mother–offspring relationships cannot be

assigned as reliably as they can for animals that typically

produce single offspring. Additional columns could be

included to differentiate individuals within and between litters

in these cases.

The creation of the PLHD represents an essential positive

response to the increasingly important challenge of developing

collaborative models of data sharing. Such models must

encourage researchers to share their data with others in a

manner that enhances scientific progress, but at the same time

protects the researchers’ interests and their ability to continue

to obtain funding for their research. This is particularly impor-

tant in the case of long-term field data that require decades to

collect. For these types of data, continued funding (typically

awarded in 3–5 year increments atmost) depends heavily upon

the researchers’ ability to argue for the novelty and uniqueness

of the hypotheses they will be able to test (and hence on their

ability to restrict access to their unpublished data). Thus, two

important components of promoting a ‘culture’ of collabora-

tion between data producers and data users (e.g. The Toronto

Statement; Toronto International Data Release Workshop

2009) will be (i) recognizing that it will be important for data

producers to maintain some control over access to the data

they produce, and (ii) commitments on the part of funding

agencies to both data producers and data users to provide

long-term support of the databases themselves.

The longitudinal ecological data that comprise the PLHD

have taken decades to accumulate. The PLHD provides a

secure repository for the preservation and management of

these irreplaceable data. Preserving these data for posterity is

not only important for endangered species, but also for all pop-

ulations whose ecosystems are under increasing pressures from

encroaching human activities and are being altered by global

climate change.
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Table S1.Biography structure, with each variable, content, and coding

options.

Table S2. Fertility structure, with each variable, content, and coding
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Table S3. Study Population structure, with each variable, content, and
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