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Abstract Rapid advances in molecular genetic tech-

niques and the statistical analysis of genetic data have

revolutionized the way that populations of animals, plants

and microorganisms can be monitored. Genetic monitoring

is the practice of using molecular genetic markers to track

changes in the abundance, diversity or distribution of

populations, species or ecosystems over time, and to follow

adaptive and non-adaptive genetic responses to changing

external conditions. In recent years, genetic monitoring has

become a valuable tool in conservation management of

biological diversity and ecological analysis, helping to

illuminate and define cryptic and poorly understood

species and populations. Many of the detected biodiversity

declines, changes in distribution and hybridization events

have helped to drive changes in policy and management.

Because a time series of samples is necessary to detect

trends of change in genetic diversity and species compo-

sition, archiving is a critical component of genetic moni-

toring. Here we discuss the collection, development,

maintenance, and use of archives for genetic monitoring.

This includes an overview of the genetic markers that

facilitate effective monitoring, describes how tissue and

DNA can be stored, and provides guidelines for proper

practice.

Keywords Conservation � Museum DNA � Biodiversity �
Molecular markers � Biological collections

Since the origins of human societies, marine and terrestrial

plant and animal populations have been subject to a variety

of anthropogenic environmental impacts including loss of

habitat, direct exploitation and encroachment of introduced
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species (including pathogens). Impacts on biodiversity

include changes in species abundance and distribution and

loss of genetic diversity (Frankham 2005; Wright et al.

2008). Methods for assessing and monitoring these types of

changes are necessary to assure conservation and sustain-

able use of our remaining biodiversity. Various molecular

genetic techniques are now becoming affordable and reli-

able approaches in this respect (Schwartz et al. 2007).

Genetic monitoring has been defined as ‘‘quantifying

temporal changes in population genetic metrics or other

population data generated using molecular markers’’

(Schwartz et al. 2007). Integral to genetic monitoring is the

interpretation of individual and population genetic data

in the context of ecological and evolutionary processes,

particularly in human impacted environments. In addition,

genetic monitoring can provide valuable baseline infor-

mation to evaluate population responses to future global

environmental changes, such as global warming. Genetic

monitoring can be used to monitor population processes in

elusive and cryptic species that cannot be directly counted,

e.g., by using DNA obtained from feces, shed hair, feath-

ers, skin and scales (Proctor et al. 2005; Boulanger et al.

2004; Piggott et al. 2006; Prugh et al. 2005), or from hunter

kills, market products or incidental mortality (e.g., fisheries

by-catch, road-kills) (Pichler and Baker 2000; Bellinger

2003; Baker 2008). ‘‘Resurrection’’ analyses of museum-

collected specimens or other artifacts (e.g., Austin and

Melville 2006; Kelley Thomas et al. 1990; Groombridge

et al. 2000) can also provide an historical baseline for

comparison with current estimates of species abundance.

Genetic monitoring projects require a time series of

archived genetic data, either in the form of specimen tissue,

extracted DNA, or records of previously obtained genetic

information (e.g., DNA sequences or genotypic data). For

the purposes of genetic monitoring, DNA and tissue

archives are spatially and temporally explicit, intentional

collections of individuals from the population of interest,

with multiple samples obtained from each period of col-

lection. In contrast, the temporal or spatial spread of tra-

ditional historical archives is often sporadic or unknown.

Although methods of genetic monitoring have received

considerable attention, less attention has been given to the

archiving of samples required to detect trends over time.

Here we review the techniques available for generating and

maintaining tissue and DNA archives for genetic moni-

toring, discuss challenges facing archivists, geneticists, and

managers, and present a series of guidelines for archiving

material in order to facilitate genetic monitoring of wild

plants and animals. We consider archives that span both

genetic monitoring categories defined by Schwartz et al.

(2007). Category I encompasses the use of genetic markers

as identifiers of individuals, populations and species

for traditional population monitoring purposes. At the

individual level, genetic identification can enable estima-

tion of population abundance and vital rates within the

framework of mark-recapture models. Genetic species

identification can be used to monitor changes in distribu-

tion through occupancy modeling that incorporates detec-

tion probability (MacKenzie et al. 2006). Category II

represents the use of genetic markers to monitor changes in

population genetic parameters, e.g., amount of genetic

variation, degree of population divergence, rate of gene

flow, and effective population size (Ne). We focus on the

use of both modern and historical DNA archives for

genetic monitoring but do not discuss the use of ancient

DNA, as this has been covered elsewhere (e.g., Leonard

2008; Pääbo et al. 2004).

Construction of archives

The ability of archival time series to detect changes

depends on a combination of factors, including the gener-

ation time of the species of interest relative to the age of the

archival data, the number and distribution of individuals

sampled at each time point, the preservation of material for

DNA analysis, and the genetic marker types employed to

perform the analysis. The success of genetic monitoring

thus crucially hinges on the quality, age, and size of the

genetic archive available for the species or population of

interest.

Marker types and their utility for genetic monitoring

Genetic monitoring schemes that estimate abundance or

monitor population changes require variable genetic markers

that allow identification of individuals or population level

diversity, in order to identify changes in the abundance or

diversity of individuals or populations through time. Com-

monly used genetic marker types include mitochondrial and

chloroplast DNA, nuclear introns, microsatellites, single

nucleotide polymorphisms (SNPs) and amplified fragment

length polymorphisms. Attributes of these markers and their

utility in molecular ecology have been discussed elsewhere

(Sunnucks 2000; Morin et al. 2004; Selkoe and Toonen

2006).

The utility of different types of molecular markers for

genetic monitoring depends on the quality and quantity of

DNA available for analysis. For example, large amounts of

good quality DNA are required to amplify microsatellites

and screen for SNPs. These markers can be used to esti-

mate population size, bottlenecks and kinship and deter-

mine sex and identity (Selkoe and Toonen 2006).

Microsatellite loci are prone to amplification errors when

DNA quantity or quality is low, biasing amplification

toward shorter fragment lengths (Taberlet et al. 1999) or to
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just one allele at a locus (i.e., allelic dropout). Furthermore,

microsatellite data are often difficult to compare between

laboratories and studies when results have not been cali-

brated to published size designations, or when individuals

use different size bins for classifying loci. Inferred allele

sizes can vary from true allele sizes for a variety of reasons

(Morin et al. 2010). Some technical fixes have been pro-

posed to surmount these difficulties (McKelvey and Sch-

wartz 2005). For example, when datasets are coordinated

among laboratories, allelic size bins can be based on the

same reference dataset, fragment size names can be stan-

dardized, and all names can refer back to the smallest

fragment described by the designated laboratory and shared

among the reference datasets in all laboratories (e.g.,

Stephenson et al. 2009). Many publications detail optimal

practice protocols to avoid these common problems (e.g.,

Kendall et al. 2009; Selkoe and Toonen 2006; Morin et al.

2010; Paetkau 2003; Roon et al. 2005; Stephenson et al.

2009).

While the use of SNPs has until recently been limited by

the high cost of screening and sequencing, SNPs are con-

sidered to be easier to standardize across laboratories and

platforms and can therefore provide a more robust com-

parison of population genetic characteristics over studies

and time (Morin et al. 2004).

Mitochondrial and chloroplast markers are frequently

used in genetic monitoring projects to describe population

origins, hybrid introgression, geographical distribution of

species and population mixing (e.g., Wirgin et al. 1997;

Bowen et al. 2007; Petit et al. 1998). These markers evolve

too slowly to permit estimation of individual identity and

abundance (Category I monitoring). As they are clonally

inherited, they only represent the evolutionary history of a

single locus, therefore a limited inference of the organism

genetic history. However, they can provide estimates of

changes in species abundance and distributions through

changes in diversity and haplotype richness, as well as

mixed-stock approaches (Manel et al. 2005). They also

have the practical advantage of being present in large copy

numbers in cells, and are thus often the only markers

available for PCR amplification of highly degraded sam-

ples, (e.g., those up to 47,000 years old, Hagelberg et al.

1989). We summarize the comparative advantages of dif-

ferent marker types in Table 1.

Intentional genetic archives

Tissue archives

In recent years, collection of animal tissues for the dedi-

cated purpose of genetic sampling has increased, motivated

by the difficulty of obtaining adequate genetic material

from museum collections and a growing demand for

genetic analyses to complement traditional taxonomic

approaches to species identification. Such archives are

collected for a variety of purposes, most recently for

DNA taxonomic studies (e.g., the Barcode of Life project,

Hajibabaei et al. 2005), management of protected species

(e.g., sea turtles and cetaceans) and for monitoring and

experimental manipulation of domesticated animals and

plants (Baxevanis 2003).

For genetic archives there is a direct relationship

between the cost of specimen preservation and the quality

of the preserved DNA. A summary of common preserva-

tion techniques is given in Table 2. One of the most

widespread and affordable means of storing tissue is in a

high-concentration ethanol solution ([70%) or in a lysis

buffer containing EDTA. Concentrated ethanol minimizes

water content (which can hydrolyze DNA if it is acidic),

while lysis buffer is thought to protect DNA from degra-

dation during DNA extraction by chelating the metal ions

that are required for most DNA degradation processes

(Kilpatrick 2001). Storage of tissue in ethanol preserves

DNA for future monitoring purposes, but does not preserve

other components of the living biochemistry of tissues,

including RNA and proteins. Storage at -80�C preserves

good quality DNA indefinitely by halting DNA degrada-

tion, but permanent frozen storage presents logistical

disadvantages. For example, accessing samples requires

the DNA-degrading practice of thawing and sometimes

re-freezing. Thawing can also occur during power outages

or freezer malfunctions. A combination of low temperature

and ethanol storage helps prevent degradation during

thaws.

Cryogenic storage (-196�C) is traditionally the ‘gold

standard’ for long-term tissue storage. These archives

preserve tissue biochemistry as well as DNA, providing the

maximum amount of information on species taxonomy,

geography, genetic history, life history, diseases, parasites

and the state of the species’ environment. As such they

provide a valuable insight into the status of the species

in its environment at the time of collection and represent

the ideal storage method for monitoring the biochemistry

and genetics of wildlife populations. However, this

approach, like others, preserves a finite amount of tissue,

which can be depleted through repeated sampling for

analysis (see ‘‘Access protocols and guidelines’’).

The rewards of cryogenically archiving tissue are high

in the long term, as they provide good quality genomic

material for an indefinite period. However, these archives

are labor intensive to set up, take substantial space and

energy to maintain, and require a backup to prevent loss of

data during power failure. Funding limitations prevent

most institutions and agencies from creating to maintaining

such archives (e.g., Edwards et al. 2005) despite their

obvious advantages.
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Most animal and plant tissues may also be preserved by

freeze drying using liquid nitrogen (Leboeuf et al. 2008;

Murphy et al. 2000), or by using silica beads or some other

desiccant (e.g., blotting blood or tissue onto filter paper) at

room temperature (Murphy et al. 2000; Wasser et al. 1997).

Rapid freezing can disrupt the cellular ultra-structure of the

tissue, while silica beads are often easier to transport in the

field than liquid nitrogen. Optimal drying methods vary

with field conditions, the species of interest and the plan-

ned use of the sample (see Prendini et al. 2002). DNA can

be effectively and inexpensively preserved by drying tissue

onto a fixation matrix: a number of these are now com-

mercially available (usually with salts added to bind PCR

inhibitors, e.g., Smith and Burgoyne 2004; Makowski et al.

1998). Archiving dried tissues holds distinct advantages

where the number of samples collected is large relative to

available archival space or energy. Some fixation methods

possess advantages for field collection where access to

specimens is time-restricted (i.e., samples can be quickly

rubbed onto paper). However, the long-term ([25 years)

prospects for DNA amplification of dried tissue are

unknown, and its use for other biochemical analyses (e.g.,

RNA or toxicology) is limited.

An unlimited source of genetic material for analysis can

be provided through cellular tissue cultures. Cell culture

techniques are routinely used in cancer and drug discovery

studies (e.g., ATCC Global Bioresource Center). However,

the utility of such approaches for genetic monitoring pro-

jects is currently limited by the technical challenge of

culturing, along with the cost of subsequent cryogenic

storage. Presently only a few institutions routinely use this

approach to preserve cells from endangered wildlife (e.g.,

the ‘Frozen Zoo’1 of the San Diego Zoo).

DNA archives

By comparison to tissue storage, there are few definitive

studies regarding the optimal storage conditions for

extracted DNA, as optimum conditions vary with each

laboratory environment and species product being

archived. There are however, a number of suggested best

practice guidelines (e.g., Prendini et al. 2002; Morin et al.

2010). DNA for genetic monitoring is commonly stored

dry, or in a neutral pH buffer with chelating agents such as

EDTA which sequesters excess positively charged ions,

and is often kept at low temperatures (e.g., -20�C). Dry

storage requires that DNA be protected from heat, moisture

Table 1 Comparison of various marker types of use in genetic monitoring

Marker type Variability #

Loci

Ease of

optimization

Comparability

between studies

Range of

available

analyses

References

Mitochondrial and chloroplast

DNA sequence, e.g.,

control region,

cytochrome oxidase 1

? ? ??? ??? A1, A2, A3

B1, B2

Sunnucks (2000),

Schwartz et al. (2007)

Multilocus nuclear

AFLP: Amplified Fragment

Length Polymorphisms

?? ?? ?? ? A1

B1, B2, B4, B5, B6

Mariette et al. (2002),

Sunnucks (2000),

Schwartz et al. (2007)

Microsatellite arrays:

Hyper-variable,

co-dominant markers

??? ?? ? ? A1

B1, B2, B4, B5, B6, B7

Schwartz et al. (2007),

Selkoe and Toonen

(2006), Sunnucks (2000)

SNP: Co-dominant Single

nucleotide

polymorphisms

??? ?? ?? ??/??? A1

B1, B2, B4, B5, B6, B7

Morin et al. (2004),

Schwartz et al. (2007),

Sunnucks (2000)

Genomic sequences or

Reduced Representation

Shotgun Sequencing

??? ??? N/A ??? A1, A2, A3

B1, B2, B3, B4, B5,

B6, B7

Allendorf et al. (2010)

Allozyme: Single locus

nuclear protein

? ?? ? ??? A1, A2

B1, B2, B4, B5

Jorde and Ryman (1996),

Sunnucks (2000),

Palm et al. (2003),

Schwartz et al. (2007)

? (low), ?? (medium), ??? (high). Range of available analyses for genetic monitoring. (A) Species level: hybridization (A1), changes in

distribution (A2), identification of pathogens or parasites (A3). (B) Population and individual level: genetic diversity (B1), mixture proportions

(B2), measurement of adaptive change (B3), effective population size (B4), population structure and dispersal (B5), population abundance (B6),

vital rates, e.g., survival (B7)

1 http://www.sandiegozoo.org/conservation/science/at_the_zoo/the_

frozen_zoo/.
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and UV light. Protection is enhanced by the presence of the

sugar trehalose (Smith and Morin 2005), which is thought

to form hydrogen bonds, enhancing DNA stability and thus

slowing degradation. If these conditions can be maintained,

it is an affordable approach that requires minimum storage

space and energy requirements to maintain. Lower tem-

peratures slow the rate of buffered DNA degradation.

However, the long-term preservation potential for DNA

extractions is not yet well understood, and more studies of

the effects of preservation types on DNA quality will

surely benefit the field.

‘‘Endless DNA’’—whole genome amplification

Some of the problems of access and limitations of long-

term tissue storage can be overcome by whole genome

amplification (WGA). An archive of WGA can provide a

long-term source of ‘endless DNA’, which can be sampled

repeatedly with no depletion risk. WGA acts to increase the

quantity of DNA using a high-processively DNA poly-

merase with multiple-strand displacement amplification

(e.g., Dean et al. 2002) or through ligation-mediated PCR.

This latter technique is preferred when available samples

are small, and/or degraded since it is specialized to amplify

DNA from short fragments (Hughes 2005). There are no

data regarding the long-term quality of such archives, but

storage at -20�C in a protective EDTA buffer, or dry and

protected from light, are currently preferred methods.

Disadvantages of this approach depend on the amplifica-

tion protocol employed, but can include slight degradation

of the genetic information (e.g., SNP error rates slightly

increased, Teo et al. 2008) and short length amplified

Table 2 Merits of archival preservation for genetic monitoring research

Tissue preservation Markers DNA

quality

Energy efficiency

(space/electricity)

Ease of

use in

field

Repeat use

impact on

sample quality

Notes

Formalin M, short lsats - ??? N/A N/A Special protocols required

Drying (air, silica) M, C, lsats for

some species

? ??? N/A N/A Historical specimens available,

some parts preserve DNA

reasonably well (e.g., fish scales,

bone, hair). Access to existing

collections limited

[70% Ethanol M, C, N, lsats,

SNP

?? ??? ?? ?? DNA slowly becomes acidified

unless ethanol is replaced or

buffered, other biochemical

information from tissue degrades

(i.e., enzymes, proteins,

pathogens)

Saturated salt solution

with Dimethyl

sulfoxide (DMSO)

M, C, N, lsats,

SNP

?? ??? ?? ?? Good DNA preservation reported

for birds, mammals and

invertebrates. Variable among

taxa and studies

Freezing (-20 to -80�C) M, C, N, lsats,

SNP

?? ?? ? ?

Nitrogen preservation

(-196�C)

M, C, N, lsats,

SNP

??? ? - ?

DNA preservation

DNA extraction in

EDTA/TE buffer,

storage

at -20�C

M, C, N, lsats,

SNP

??? ?? ? ?

DNA extraction, dried,

bound to nuclease-

inhibiting substrate

M, C, N, lsats,

SNP

?? ??? ??? ?? DNA may degrade if improperly

preserved, exposed to heat or UV

WGA in EDTA/TE

buffer, storage at

-80�C

M, C, N, lsats,

SNP

?? ? ? ?

WGA dried M, C, N, lsats,

SNP

?? ??? ?? ?? DNA degrades if improperly

preserved, exposed to heat or UV

- (poor), ? (low), ?? (medium), ??? (high). Markers: M (mtDNA), C (cpDNA), lsat (microsatellites), N (nuclear sequences), SNP (Single

nucleotide polymorphism). WGA whole genome amplification, mtDNA mitochondrial DNA, cpDNA chloroplast DNA, SNP single nucleotide

polymorphism, TE Tris–EDTA, EDTA ethylenediaminetetraacetic acid
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fragments. However, this approach can produce high

molecular weight DNA ([10 kilo-bases in length) from

genomic samples of size *1 ng (although a minimum of

10 ng is recommended). As synthetic DNA, WGA is not

subject to the Convention on International Trade in

Endangered Species (CITES) restrictions on international

exchange (Bowen and Avise 1994). This facilitates genetic

monitoring projects where the populations or species of

interest are internationally distributed, or when research

laboratories are not within the endemic range (Janecka

et al. 2006; Baker 2008). However the Nagoya Protocol

on Access to Genetic Resources, recently adopted to the

Convention on Biological Diversity (Secretariat of the

CBD 2011; http://www.cbd.int), will most likely affect

the international transfer and use of WGA.

Collection of archives

Sampling strategies and timeframes

Sampling strategies reflect a trade-off between efforts to

collect tissue samples from the maximum possible number

of individuals across the geographic range of the popula-

tion, and the accessibility of these individuals and samples

for collection. Collection methods vary greatly depending

on the species of interest and its general accessibility. Non-

invasive field collections, e.g., hair, scat or shed feathers,

can be developed in the absence of sightings of the species

in question, which can be advantageous where the species

is rare, cryptic or dangerous to handle. Although these

collections are low-cost relative to invasive sampling

strategies, they require careful storage in the field, as they

are subject to rapid degradation after separating from the

animal. Storage measures should minimize moisture,

exposure to UV radiation, and may also be preserved by

addition of preservative agents. Minimally invasive field

collections of e.g., blood or biopsy samples, provide larger

quantities of higher quality DNA, but are usually more

limited in number and distribution due to the additional

costs of collection. When planning a comprehensive sur-

vey, it is recommended that an initial pilot project be

carried out to identify potential problems with handling and

preservation (Morin et al. 2010).

In general, the more individuals that can be sampled and

the more regions surveyed, the better for subsequent

analysis of abundance. Exhaustive surveys are rarely pos-

sible in the wild, so it is usually more useful to know

instead what the minimum survey sizes should be in order

to provide the degree of precision required for the param-

eters being monitored. Simulations suggest that genetic

samples of 10–60% of the total population may be required

to detect biologically realistic changes in abundance and

effective population size (an increase or decrease of 10%

per generation) for populations of 100–500 individuals,

although this number will vary with organism life history,

the extent of population change and the time period over

which monitoring is performed (Tallmon et al. 2010).

Appropriate time frames for sample collection depend on

organism life history regimes, most notably the degree of

generational overlap and average generation time. Typi-

cally, sampling timeframes are influenced by ease of col-

lection which may vary by season, geographical range,

type of sampling and availability of funding. A web-based

initiative to provide tailored genetic monitoring advice for

managers can be found at http://www.alaska.fws.gov/

gem/mainPage_1.htm; Stetz et al. (in press).

Development and maintenance of archives

Techniques of laboratory inventory management

Laboratory inventory management systems (LIMS) are a

framework for recording comprehensive inventories of

archival holdings. This framework facilitates archiving and

accessing samples, associates samples with ancillary data

(e.g., sample type, collection times and locations), and

monitors their progress through analytical stages via reg-

ular user input. Many LIMS are commercially available,

and a few are open source. The most successful to date are

those which can allow networking between inventories

from other institutions and holdings without substantial

time and investment in re-coding data, e.g., the universal

online LIMS integrated into the Barcode of Life project

(http://www.barcodinglife.org/). This is an important con-

sideration when choosing LIMS software.

Access protocols and guidelines

Access protocols are commonly used, as they enable

resource-limited archivists to balance the cost of protecting

collections from depletion and preparing and sending

material to individuals requesting access, against the ben-

efit of providing access to further the advancement of

biological science. Many institutions and museums only

allow institutionally based researchers access to specimens,

and usually only those with funded research projects of

demonstrable scientific value. In addition to these mini-

mum requirements, restrictions are based on the number,

rarity and replace-ability of the samples requested, and

availability of alternative sources of material to the

researcher. Implementing the Nagoya Protocol on Access

to Genetic Resources (Secretariat of the CBD 2011;

http://www.cbd.int) will also require further development

of national and international legal arrangements with
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respect to access to genetic and other biological diversity

(Krusar 2011).

Ease of access depends on the archive type and storage

conditions; for example it might be possible to sub-sample

from dried to ethanol-preserved samples without affecting

the quality of the archived tissue, while repeatedly accessing

frozen samples may increase tissue and DNA degradation as

a result of repeated thawing and re-freezing (e.g., Ohsako

et al. 1997). Curators usually consider these factors and make

access decisions on a case-by-case basis, particularly when

samples are rare and/or depleted. Nearly all archives request

that acknowledgements be published in literature arising

from use of the collections, and that genetic sequence data be

submitted to a public-access repository such as GenBank.

An excellent example of a Material Transfer Agreement

protocol was developed by the Southwest Fisheries Science

Center Cetacean and Marine Turtle Archive (La Jolla, USA,

http://www.swfsc.noaa.gov/textblock.aspx?Division=PRD

&ParentMenuId=229&id=12498). The facility has estab-

lished a loans committee to discuss requests for genetic

samples. This considers written proposals from qualified

investigators and bases lending decisions on the importance

of the study objectives, quality of experimental design,

technical feasibility and sample availability. Once loans

have been agreed to, the recipients must confirm in writing

that they will provide all sequence or genotype data once

manuscripts have been accepted for publication. They must

also provide annual reports on research progress, cite

accession numbers in all publications, provide the center

with reprints of manuscripts, use specimens only for the

proposed research, and not distribute these samples to oth-

ers. In this way a balance is struck between the logistic

difficulties of providing access to archival data, and the

scientific and conservation benefits of enabling public

access to collections. It should be noted that since most

access protocols are not yet legally binding, they are often

subject to non-compliance after samples have been sent. The

content of access protocols may change when countries

adopt the Convention on Biological Diversity0s Nagoya

Protocol as it requires parties to take ‘appropriate, effective

and proportionate legislative, administrative or policy

measures’ to ensure that genetic resources utilized within

their jurisdiction have been accessed in accordance with the

legislation and requirements of the party that provided them.

This agreement creates a need for national legislation within

both the provider and the user country, but as yet only a few

countries have drafted national legislation on such access

and benefit sharing (Morgera and Tsioumani 2011).

Data ownership

An archive is often developed through the efforts of many

individual sample collectors. We advise clarifying the

property rights of such collectors with regard to subsequent

usage of these samples, either through a signed agreement or

memorandum of understanding when the specimen is added

to the archive. Otherwise, subsequent usage of archived

information may require lengthy consultation with multiple

collectors. The delays associated with negotiating permis-

sions and acknowledgements may prevent inclusion of some

samples/data in projects with limited time frames. Large-

scale projects (such as Genome 10 K, http://www.genome

10k.org) therefore usually attempt to negotiate this in

advance (e.g., Haussler et al. 2009). These considerations are

particularly pertinent to genetic monitoring projects, as

analyses of archival data are expected to occur for many

years post collection, when members of the original research

team may have retired or died and details of collection rights

are less clearly recalled.

Institutional, public, and research archives: retiring

your collection?

DNA archives are normally subject to the intellectual and

physical property rights of the collectors, or the institutions

they work for. Many individual researchers have amassed

invaluable private collections of samples, the fate of which

is uncertain. A few central repositories have been estab-

lished for private collections: two prominent examples

include the ATCC global bio-resource center (a centralized

collection of cell lines) and the Ocean Genomic Legacy (a

repository for donated tissue samples, htpp://www.oglf.org).

Museums often accept donations of collections if they are

well labeled and preserved, but may not have appropriate

facilities for storage or resources for loans and distribution.

Large repositories that have been archived on-line and are

able to offer reasonable access protocols represent a good

target for donations, as they can provide the best infra-

structure for making samples available to other researchers

wishing to conduct genetic monitoring.

Archives of genetic metadata

Primary genetic datasets arising from genetic monitoring

efforts and analyses (e.g., microsatellite allele sizes and

bins, DNA sequence data and chromatograms, and unph-

ased allelic data) are necessary for accurate comparisons

between studies and to provide a baseline for future mon-

itoring efforts. Most journals publishing articles describing

new DNA sequence data require that these data are made

available on the open-access GenBank database (htpp://

www.ncbi.nlm.nih.gov). We recommend that any genetic

monitoring data lodged in this repository provide detailed

information on geographic collection localities (not cur-

rently a mandatory requirement of sequence submission on
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GenBank) and ecological habitat data, where available, to

facilitate comparison between studies and subsequent mon-

itoring. It is also extremely useful to make available primary

data generated for microsatellites or SNPs. Many evolu-

tionary genetic journals and funding bodies now require that

these data be made available upon publication (e.g., UK

Research Councils, the US National Science Foundation

and National Institutes of Health, Costello 2009; Howe

et al. 2008). Public archiving of genetic metadata is facili-

tated by multi-disciplinary data repositories such as DRYAD

(http://www.datadryad.org) and DataOne (https://www.data

one.org). Several major evolutionary and ecological journals

have agreed to a Joint Data Archiving Policy whereby data

used in each article submitted for publication must be

archived with sufficient detail that the results can be re-cre-

ated elsewhere (http://www.datadryad.org/jdap, Whitlock

et al. 2010). Exceptions are granted with discretion, since

there are some cases where detailed geo-spatial information

on wildlife abundance could increase the threats to that

species or population (e.g., through hunting and poaching).

Table 3 General guidelines for the collection and maintenance of an archive for genetic monitoring

Project

Stage

Considerations Recommendations References

Study

design

Species distribution; longevity; accessibility;

timeframe of survey

Careful planning of sample strategy in

order to survey as widely as possible

across the geographic distribution of

species. Consider sample sizes in

relation to the type of genetic

monitoring to be performed. Consider

sampling times in relation to the

average generation time of the species

of interest

Felsenstein (2006), Ryman et al.

(2006), Larsson et al. (2009),

Tallmon et al. (2010), Morin

et al. (2010)

Sample

collection

Type of sample; size of sample; storage and

transport in field

Ethanol storage for tissue samples. If

drying samples, keep free from

moisture, contamination and UV light.

Use preservatives where appropriate,

e.g., for scat

Prendini et al. (2002). Also see

Table 1

Sample

archiving

Type of sample; storage space and funding;

markers of interest; time-frame of study

Store tissue as appropriate for marker

types of particular interest, e.g., in liquid

nitrogen (maximal usage of samples),

stored at -80�C, stored in ethanol,

dried. Consider degrading impacts of

freeze-thawing in storage protocol.

Consider Whole Genome Amplification

for samples which will be regularly used

and shared with collaborators. Store

DNA dry or in a neutral pH buffer.

Provide Memoranda of Understanding

and access protocols, in order to clarify

relationship of collectors to the archive

collection, and to control usage of

materials by interested researchers

Prendini et al. (2002), Morin et al.

(2010), Hughes (2005)

Data

generation

Type of survey e.g., abundance, population

structure, species ID

Thoroughly evaluate error at each stage of

data generation. Make markers

independently replicable and directly

comparable between studies where

possible e.g., DNA sequence data. If

microsatellites, provide open access to

raw data, and calibrate allelic size bins

by comparison with a widely used

reference dataset

Morin et al. (2010). Also see

Table 2

Data

archiving

Permanently associated with sample archive in

order to allow for future replication or

updates. Comparable between independent

studies and over time

Database data with a laboratory inventory

management system. Lodge DNA data

in GenBank and primary data as open

access datasets in appropriate repository

e.g., DRYAD and DataOne

See http://www.barcodinglife.org,

http://www.ncbi.nlm.nih.gov and

http://www.dataone.org
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The value of archives—into the future

The proper archiving of geographic and temporal data

associated with each archival sample is crucial for current

and future monitoring efforts (Table 3). Furthermore cur-

rent efforts to extract DNA can provide only one of the

many pieces of information we are able to obtain from

samples in the future; RNA, proteins and other cellular

material are all potentially available for the future if the

best preservation methods are employed today. How we

choose our samples, store them and allow access to them

now dictates the standard of the science that we are able to

achieve in the future (e.g., Haussler et al. 2009). It also

determines our power to detect changes in population

distribution and size for endangered and threatened species,

and ultimately to provide the best conservation manage-

ment advice for protecting those species. Bridging the gap

between history and the present will continue to become

easier with the development of protocols to non-invasively

collect DNA, repair damaged DNA and amplify whole

genomes from small samples. Future genomic and con-

servation initiatives are critically dependent on the archives

of today.
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