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Abstract: Conservation of biodiversity may in the future increasingly depend upon the availability of
scientific information to set suitable restoration targets. In traditional paleoecology, sediment-based pollen
provides a means to define preanthropogenic impact conditions, but problems in establishing the exact
provenance and ecologically meaningful levels of taxonomic resolution of the evidence are limiting. We
explored the extent to which the use of sedimentary ancient DNA (sedaDNA) may complement pollen data in
reconstructing past alpine environments in the tropics. We constructed a record of afro-alpine plants retrieved
from DNA preserved in sediment cores from 2 volcanic crater sites in the Albertine Rift, eastern Africa. The
record extended well beyond the onset of substantial anthropogenic effects on tropical mountains. To ensure
high-quality taxonomic inference from the sedaDNA sequences, we built an extensive DNA reference library
covering the majority of the afro-alpine flora, by sequencing DNA from taxonomically verified specimens.
Comparisons with pollen records from the same sediment cores showed that plant diversity recovered with
sedaDNA improved vegetation reconstructions based on pollen records by revealing both additional taxa and
providing increased taxonomic resolution. Furthermore, combining the 2 measures assisted in distinguishing
vegetation change at different geographic scales; sedaDNA almost exclusively reflects local vegetation, whereas
pollen can potentially originate from a wide area that in highlands in particular can span several ecozones.
Our results suggest that sedaDNA may provide information on restoration targets and the nature and magni-
tude of human-induced environmental changes, including in high conservation priority, biodiversity hotspots,
where understanding of preanthropogenic impact (or reference) conditions is highly limited.
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Uso de ADN Sedimentario Antiguo como una Herramienta Novedosa de Conservación para la Biodiversidad
Tropical de Grandes Altitudes

Resumen: La conservación de la biodiversidad en el futuro puede depender cada vez más de la disponi-
bilidad de la información cient́ıfica para establecer objetivos de restauración adecuados. En la paleoecoloǵıa
tradicional el polen hallado en sedimentos proporciona un medio para definir las condiciones de impactos
preantropogénicas, pero hay problemas en el momento de establecer su proveniencia exacta y los niveles
ecológicamente significativos de su resolución taxonómica. Exploramos el grado en el que el uso de ADN
sedimentario antiguo (ADN seda) puede complementar la información del polen en la reconstrucción de
ambientes alpinos del pasado en los trópicos. Construimos un registro de plantas afro-alpinas tomadas de
ADN preservado en núcleos sedimentarios de dos sitios de cráteres volcánicos en la Falla Albertina, al oriente
de África. El registro se extendió más allá del comienzo de los efectos antropogénicos sustanciales en las
montañas tropicales. Para asegurar la inferencia taxonómica de alta calidad de las secuencias de ADN seda,
construimos una biblioteca extensa de referencias de ADN cubriendo la mayoŕıa de la flora afro-alpina,
secuenciado el ADN de espećımenes taxonómicamente verificados. Las comparaciones con los registros de
polen de los mismos núcleos sedimentarios mostraron que la diversidad de plantas recuperada con el ADN
seda mejoró las reconstrucciones de vegetación con base en los registros de polen al revelar tanto taxones
adicionales como proporcionando una resolución taxonómica incrementada. Además, el combinar las dos
medidas ayudó a distinguir cambios en la vegetación en diferentes escalas geográficas; el ADN seda casi
siempre refleja exclusivamente la vegetación local, mientras que el polen puede originarse potencialmente
a partir de un área amplia que en las tierras altas en particular puede abarcar varias ecozonas. Nuestros
resultados sugieren que el ADN seda puede proporcionar información sobre los objetivos de restauración y la
naturaleza y magnitud de los cambios ambientales inducidos por el ser humano, incluyendo en prioridad de
alta conservación, hotspots de biodiversidad, donde entender las condiciones del impacto preantropogénico
(o su referencia) es dif́ıcil.

Palabras Clave: ADN seda, biodiversidad de grandes altitudes, Falla Albertina, metabarcoding, plantas vascu-
lares, sedimento lacustre, volcanes Virunga

Introduction

Global climate change is widely seen as a threat to the
world’s montane regions (Franzen & Molander 2012).
Nowhere is this more apparent than in the tropics (La
Sorte & Jetz 2010), where mountains provide a range
of valuable ecosystem services, including exceptionally
high levels of biodiversity (Dimitrov et al. 2012). Biodiver-
sity conservation in these tropical highland ecosystems
faces major challenges, not least of which is limited avail-
ability of scientific information (Buytaert et al. 2011). A
paucity of scientific information limits understanding of
natural variability and the nature, timing, and degree of
human impacts, including those arising from recent cli-
mate changes (Colwell et al. 2008). Ecosystem restoration
is increasingly regarded as an effective means of improv-
ing ecosystem services that have been lost or reduced as a
result of anthropogenically induced effects (Bullock et al.
2011; Higgs & Roush 2011), but limited scientific infor-
mation can also place severe restrictions on restoration
efforts (Montoya et al. 2012). In particular, the defini-
tion of suitable restoration targets is made problematic
by uncertainty over past conditions and the extent of
natural variability (MacDougall et al. 2004). Paleoecol-
ogy, generally the use of sediment-based information to
reconstruct past communities of plants and animals and
associated environmental conditions, can be of particular
relevance here as a potential source of evidence of pre-

anthropogenic impact or reference conditions (Willis &
Birks 2006).

A weakness that characterizes much sediment-based
evidence is uncertainty over its provenance. For pollen
fixing the geographic location of parent plant(s) can be
problematic, owing to the possibility of long-distance dis-
persal of many taxa (Seppä & Bennett 2003). Additionally,
taxonomic resolution of pollen and spores is typically
low. Finer taxonomic resolution is possible with some
macrofossils, which are also local in origin (Birks & Birks
2000). Sediment-based macrofossils have recently been
used to establish the invasive histories of a selection of
plants on the Galapagos Islands (Coffey et al. 2011)—but
macrofossils can suffer from problems of preservation
and quantification, as well as identification.

Ancient DNA from sediment (sedaDNA) is a relatively
new tool that may be used to address both problems of
poor taxonomic resolution and geographic origin of the
material. Identification with fine taxonomic resolution
can be achieved for many plant groups (Taberlet et al.
2007; Sønstebø et al. 2010; Jørgensen et al. 2012a), and
at least in permafrost, its provenance is suggested to
be primarily local (Jørgensen et al. 2012a). Due to the
temperature-related degradation of DNA (Lindahl 1993;
Smith et al. 2001; Willerslev et al. 2004), paleoecological
studies employing plant sedaDNA have up to now
largely focused on relatively species-poor, high-latitude
areas (e.g., Willerslev et al. 2003; Anderson-Carpenter
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et al. 2011; Jørgensen et al. 2012a, 2012b; Parducci
et al. 2012), although recent research presents the results
of retrieval of mammal and plant DNA from herbivore
middens in hot and arid locations in Australia and South
Africa (Murray et al. 2012). Relatively little is known about
the provenance and preservation of plant sedaDNA or the
different sources of bias affecting the diversity that can be
retrieved (Jørgensen et al. 2012a; Parducci et al. 2013).
Comparisons of pollen and plant sedaDNA are rare,
having only recently been carried out in high-latitude
permafrost and lake sediments (Jørgensen et al. 2012a;
Parducci et al. 2013) and in herbivore middens (Murray
et al. 2012). The method has yet to be tested in other
environments and in particular in the biodiversity-rich,
humid tropics.

In very cold conditions, sedaDNA can potentially be
preserved up to hundreds of thousands of years (e.g.,
Willerslev et al. 2003; Willerslev et al. 2007). From a con-
servation point of view, however, such long timescales
may not always be necessary to provide baseline data
of pristine states and detect biodiversity changes. This
is because in many instances, the onset of the Anthro-
pocene, some 200 or so years ago (Crutzen 2002), effec-
tively marks the beginning of significant anthropogenic
impact conditions. For planktonic organisms, successful
retrieval of DNA from sediment cores has been carried
out in the tropics on such timescales (Epp et al. 2010;
Stoof-Leichsenring et al. 2012). In areas of high biodi-
versity in both temperate and tropical regions, sedaDNA
thus also has the potential to provide a valuable tool
for characterizing past changes in the composition of
terrestrial biota.

Here, we present a record of plants retrieved from DNA
preserved in sediments from 2 crater sites in the Virunga
volcanoes of the Albertine Rift, eastern Africa (Fig. 1). The
Albertine Rift is one of the world’s biodiversity hotspots
(Myers et al. 2000) most threatened by human pressures
(Hartter et al. 2012). The area is therefore an important
focus for conservation (Küper et al. 2004; Plumptre et al.
2007a). The Virunga volcanoes, with their marked alti-
tudinal zonation in vegetation similar to other highlands
in tropical Africa (Lind & Morrison 1974), straddle the
borders between the Democratic Republic of the Congo,
Rwanda, and Uganda (Fig. 1). Biodiversity management
is centered upon 3 adjoining national parks, each located
in a different country (Plumptre et al. 2007b). The area
contains over half of the world’s remaining mountain
gorillas (Gorilla beringei beringei) and for several years
has been associated with a high level of intervention-
based approaches to conservation (Robbins et al.
2011).

The 2 sites upon which the current study is based,
one a peat-forming swamp and the other a lake, are
particularly interesting for sedaDNA because both are
within the craters at the summit of neighboring volca-
noes and therefore have extremely limited catchment

areas, which enhances the likelihood that sedaDNA has
a local source. To ensure high-quality taxonomic infer-
ence from the sedaDNA sequences obtained from the
crater sites in the Virunga volcanoes, we constructed an
extensive DNA reference library covering the majority of
the afro-alpine flora by sequencing DNA in taxonomically
verified specimens. We explored the extent to which the
relatively novel method of sedaDNA may complement a
more traditional form of paleoecological (pollen) data and
can potentially contribute both to the reconstruction of
past tropical environments and to conservation efforts in
high biodiversity settings.

Methods

Coring of the crater swamp on Mt. Gahinga (1◦ 23.2′

S, 29◦ 38.7′ E, 3474 m.a.s.l.) and the crater lake on Mt.
Muhavura (1◦ 23′ S, 29◦ 40.7′ E, 4127 m.a.s.l.) is described
in McGlynn et al. (2013). We took extreme care to avoid
contamination of the sediments during the sampling pro-
cess. Cores were immediately double wrapped and sealed
for transport to the lab following retrieval on site. Slic-
ing and subsampling were performed using thoroughly
cleaned equipment, and sediment samples for DNA anal-
yses (Table 1) were collected from the interior part of
the cores to minimize contamination by exogenous plant
DNA. Samples were transferred to sterile falcon tubes
and stored at 4 ◦C until processing in the laboratory.
Development of age models for the sediment cores from
each of the sites is described in McGlynn et al. (2013). The
9.74 m core extracted from the Mt. Gahinga crater swamp
extended back to a date of circa 7800 calibrated years BP,
whereas the 2.47 m core from the Mt. Muhavura crater
lake extended back to circa 2800 calibrated years BP.
Pollen preparation and enumeration followed standard
procedures, and pollen zonations referred to in Figure 2
were defined numerically using a constrained incremen-
tal sum of squares (CONISS) cluster analysis based on
total pollen percentage data (excluding unidentified and
damaged grains; McGlynn et al. 2013).

The DNA extractions, polymerase chain reactions
(PCRs) with the trnL g and h primers to obtain the
trnL P6 loop (Taberlet et al. 2007), and sequencing with
the Roche 454 platform were carried out as outlined in
Supporting Information. Extractions and PCR setup were
performed in facilities dedicated to ancient DNA analy-
ses at the Centre for Geogenetics (University of Copen-
hagen) and the Natural History Museum (University of
Oslo). We did 2 rounds of PCRs and sequencing (result-
ing in dataset 1 and dataset 2; Supporting Information).
We did not consider the 2 obtained datasets replicates
because different PCR and sequencing protocols were
used for each. Instead, we treated them as complemen-
tary and merged the results to obtain the final taxon
list.
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Figure 1. Location of the 2 study sites in the Virunga volcanoes of the Albertine Rift, eastern Africa, and
photographs of the lake (Mt. Muhavura) and the swamp (Mt. Gahinga) sampled at the sites.

To minimize contamination, standard ancient DNA pre-
cautions were adhered to throughout the experiments
(Willerslev et al. 2004; Willerslev & Cooper 2005). Nev-
ertheless, laboratory reagents are often contaminated
by DNA from cultivated plants, which can be easily
amplified when using universal primers. For dataset 2,
one of the PCR controls showed positive amplifica-
tion, and all extraction and PCR controls were subse-
quently included in the sequencing. Post filtering (see
below), only one of the PCR controls yielded a se-
quence for which taxonomic identity could be inferred
(Pinus resinosa). This sequence was also retrieved in
one of the samples, from which it was subsequently
removed. Because clean control reactions do not nec-
essarily mean that contamination is absent (Willerslev
& Cooper 2005), we took the additional precautionary
approach of removing all sequences (with taxonomic
identity >0.95, see below) that may have resulted from
contaminant DNA (including cultivated taxa or taxa not
present in eastern Africa). This concerned the following
taxa: Amygdaloideae, Anacardiaceae, Hevea brasiliensis,
Juglandaceae, Ligustrum sp., Malvaceae, Medicago poly-
morpha, Micrandreae, Musaceae, Nolinoideae, Noteleae,
Rutaceae, Sicyos andreanus, and Triticeae (Supporting
Information).

We used the computing facilities provided by
the Norwegian Metacenter for Computational
Science (Notur) to filter and sort sequences
with programs from the OBITools package
(http://www.grenoble.prabi.fr/trac/OBITools). Filtering
was performed as described in Boessenkool et al. (2012).
Using the program Obiclean (part of the OBITools

package; Bellemain et al. 2013), we conducted an
additional cleaning step. Within each sample, only
sequences represented by >10 reads were kept in the
final dataset. For taxonomic assignment, we used the
program ecoTag (see Boessenkool et al. 2012) and
analyzed the sequences against 2 reference databases: a
local library covering the afro-alpine flora and a reference
database based on the embl standard sequences release
113. The reference database of the embl sequences was
created by in silico PCR (with the program ecoPCR;
Ficetola et al. 2010) on the embl standard sequences
(release 113) with the trnL g and trnL h primers
(5 mismatches allowed between primer and target
sequence). Only sequences identified to at least family
level with an identity over 0.95 were kept in the
dataset.

Sampling for the afro-alpine taxonomic reference li-
brary was carried out during extensive fieldwork in 2007–
2009 in Ethiopia, Kenya, Tanzania, and Uganda. When-
ever possible, 5 individuals of all species found in 100
× 100 m plots in 5 different habitat types (grasslands,
bogs, rocky outcrops, Alchemilla communities, and Den-
drosenecio forests) were collected. Leaf samples from all
5 individuals from each species found in a plot were
stored in silica for DNA preservation, and 3 individuals
were pressed. Additional sampling was carried out out-
side plots to collect as many species as possible. The
pressed material was deposited in the herbaria at the Nat-
ural History Museum (O), University of Oslo, Norway, and
the National Herbarium of Ethiopia (ETH), Addis Ababa
University, Ethiopia. The third collection was deposited
in the country of collection (East African Herbarium [EA],
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Table 1. Depth and uncalibrated ages of the sediment samples ana-
lyzed for sedaDNA, collected at the 2 study sites in the Virunga volca-
noes of the Albertine Rift, eastern Africa.

Sample Average depth (cm) Agea

MUH4 10–11 cm 10.5 1980 AD
MUH4 18–19 cm 18.5 1960 AD
MUH4 26–27 cm 26.5 1940 AD
MUH2–1 75–79 cm 77 1190 AD
MUH2–1 130–134 cm 132 300 AD
MUH2–2 160–163 cm 161.5 510 AD
MUH2–3 220–223 cm 221.5 170 BC
MUH2–4 245–248 cm 246.5 350 BC
GAH1 11–15 cm 63 1920 AD
GAH1 35–38 cm 86.5 1810 AD
GAH2 110–113 cm 111.5 1700 AD
GAH2 158–161 cm 159.5 1480 AD
GAH3 210–212 cm 211 1250 AD
GAH3 280–282 cm 281 950 AD
GAH7 640–642 cm 641 2790 BC

aAges calculated according to the age models described in McGlynn et
al. (2013) based on 9 radiocarbon dates from the Mt. Gahinga (GAH)
sediment sequence and 7 radiocarbon dates from the Mt. Muhavura
(MUH) sediment sequence.

Kenya; Sokoine University of Agriculture [SUA], Tanza-
nia; Makerere University Herbarium [MHU], Uganda). In
addition to careful identification work carried out in O
and ETH, taxonomic experts were consulted to identify
several taxonomically difficult groups. For most species,
DNA extraction was performed on 2 specimens from
different parts of the species distribution area. Details
on DNA extractions, PCRs, sequencing, and formatting
of the final database are described in the Supporting In-
formation. All sequences were compared to published
sequences with NCBI/BLAST, and phylogenetic analyses
included sequences from closely related taxa to verify the
taxonomic identity.

We compared the taxon list obtained from the
sedaDNA analysis with the pollen taxa from McGlynn et
al. (2013) that attained an abundance of >1% in at least 1
sample. We evaluated both the taxa retrieved within each
of the pollen zones recognized and the overall taxonomic
resolution reached by the 2 methods. Furthermore, we
contrasted the 2 sites (Mt. Gahinga and Mt. Muhavura),
comparing the taxa retrieved for each of the 2 meth-
ods in each of the sites for samples dating to within
the last 1000 years (comprising the most recent pollen
zones).

Results

For the afro-alpine taxonomic reference library, se-
quences covering the complete P6 loop were obtained
from 564 specimens representing 42 families, 131 genera,
and 271 species (31 specimens were identified to genus
only; see Supporting Information for a complete taxon

list). With this library, 100% of the taxa can be identified
to family, 64.1% to genus, and 24.4% to species.

DNA sequences were obtained from all but one of the
sediment samples (GAH2 110–113cm). A total of 51,157
and 14,5511 raw reads could be assigned to samples for
datasets 1 and 2, respectively. After cleaning with obi-
clean, 29,179 reads (129 unique) for dataset 1 and 70,799
reads (389 unique) for dataset 2 remained. The number
of reads remaining after each filtering step is provided in
Supporting Information. Sequences with identifications
<1.00 (but over 0.95) were checked manually against
the closest matching reference sequences. Mismatches
were in most cases due to variation in homopolymers,
a well-known sequencing error in 454 sequencing (Mar-
gulies et al. 2005; Huse et al. 2007). We consulted family-
based regional flora (the Flora of Tropical East Africa)
and unpublished local species checklists to confirm oc-
currence of taxa in our study area. For genera for which
not all the relevant species were included in the library,
we adjusted any identification to species level up to
genus level. Similarly, we were able to narrow down
some identifications based on knowledge of the local
flora.

From the DNA analyses, 14 and 22 taxa were identified
from Mt. Gahinga and Mt. Muhavura, respectively (Fig. 2
& Supporting Information). The level of identification
varied from species to family, and individual taxa were
found in 1–6 of the samples. At both sites, the number
of detected taxa declined with sample age—a trend most
pronounced at Mt. Gahinga, where 9 taxa were recovered
from the youngest sample compared with just 1 or 2 taxa
from the older samples. In addition to vascular plants,
for which the trnL g and h primers are designed, we also
recovered several bryophyte taxa (e.g., Andreaea nitida,
Breutelia sp., Sphagnum sp.) and 1 algae (Closterium
sp.).

Strong differences could be observed between the
taxonomic diversity inferred from the DNA and from
the pollen data (Fig. 2). Overall, more taxa were recov-
ered from pollen and these include many montane forest
species, such as Podocarpus sp., Celtis sp., and Olea
sp. However, the taxa inferred from the DNA are not
a subset of those recovered from pollen: several taxa
were detected on the basis of the DNA analyses only,
for example, Callitriche sp., Veronica sp., Gnaphalieae,
Iridaceae, and Ranunculus sp. (Table 2). Furthermore,
for some families (particularly Cyperaceae, Ericaceae, and
Poaceae), the DNA results reached a higher taxonomic
resolution than was possible for the pollen (Table 2).

The taxa inferred from DNA reflected mostly local veg-
etation growing proximate to the lake or the swamp (per-
sonal observation G.M., M.P.). Given the altitude of the
sites, only 3 taxa (Fabaceae, Morella sp., and Podocarpus
sp.) were unlikely to be from local-growing parent plants.
By contrast, the potential source area for much of the
pollen was large, as indicated by the contributions to
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*Acalypha sp.
*Alchemilla sp.
*Amaranthaceae/
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*Capparaceae
*Celastraceae
*Celtis sp.
Combretum sp.
*Cyperaceae
*Dendrosenecio sp.
*Dodonaea sp.
*Ericaceae
*Euphorbia sp.
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*Olea sp.
*Phyllanthus sp.
*Poaceae
*Podocarpus sp.
Polyscias sp.
*Prunus sp.
*Rapanea sp.
*Rumex sp.
*Solanum sp.
*Terminalia sp.
*Trilepisium sp.
Typha sp.
*Urticaceae

Acalypha sp.
Alchemilla sp.
Allophylus sp.
Amaranthaceae/
   Chenopodiaceae
Artemisia sp.
Asteraceae
Capparaceae
Caryophyllaceae
Celastraceae
Celtis sp.
Clutia sp.
Croton sp.
Cussonia sp.
Cyathea
Cyperaceae
Dendrosenecio sp.
Dodonaea sp.
Ericaceae
Euphorbia sp.

Hagenia sp.
Hypericum sp.
Lobelia sp.
Macaranga sp.
Maesa sp.
Morella sp.
Nuxia sp.
Olea sp.
Phyllanthus sp.
Poaceae
Podocarpus sp.
Polyscias sp.
Prunus sp.
Rapanea sp.
Rumex sp.
Solanum sp.
Sphagnum sp.
Trema sp.
Trilepisium sp.
Typha sp.
Urticaceae

Pollen data

GPZ3
*Acalypha sp.
*Alchemilla sp.
*Amaranthaceae/
  Chenopodiaceae
Apiaceae
*Asteraceae
*Capparaceae
*Celastraceae
*Celtis sp.
*Cyperaceae

*Dendrosenecio sp. 
*Dodonaea sp.
*Ericaceae
*Euphorbia sp.
*Hagenia sp.
*Hypericum sp.
Macaranga sp.
*Morella sp.
*Olea sp.
*Phyllanthus sp.
*Poaceae

*Podocarpus sp. 
*Prunus sp.
*Rapanea sp.
*Rumex sp.
*Solanum sp.
Sphagnum sp.
*Terminalia sp.
Trema sp.
*Trilepisium sp.
*Urticaceae
Vernonia sp.

GPZ1
Acalypha sp.
Celastraceae
Celtis sp.
Cyperaceae
Ericaceae
Euphorbia sp.
Lobelia sp.
Maesa sp.

Morella sp.
Myrsine sp.
Olea sp.
Poaceae
Podocarpus sp.
Polyscias sp.
Rapanea sp.
Trema sp.
Urticaceae

GPZ2
Acalypha sp.
Alchemilla sp.
Apiaceae
Asteraceae
Capparaceae
Celastraceae
Celtis sp.
Cyperaceae
Dendrosenecio sp.
Dodonaea sp.

Ericaceae
Euphorbia sp.
Hagenia sp.
Hypericum sp.
Maesa sp.
Nuxia sp.
Olea sp.
Phyllanthus sp.
Poaceae
Podocarpus sp.
Polyscias

Prunus sp.
Pteridium sp.
Rapanea sp.
Solanum sp.
Sphagnum sp.
Trema sp.
Trilepisium sp.
Typha sp.
Urticaceae

Pollen data
Alchemilla sp.
Breutelia sp. 

*Gnaphalieae
Lobelia sp.

Senecioneae

Alchemilla sp.
Andreaea sp.
Asteraceae
Avenella flexuosa
Breutelia sp.

Callitriche sp.
Galium sp.
*Gnaphalieae
Lobelia sp.

Morella sp.
Poa sp.
Ranunculus oreophytes
Senecioneae

Alchemilla sp.
Avenella flexuosa
Breutelia sp.
Callitriche sp.
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Figure 2. Sediment stratigraphy (based on Troels-Smith’s (1955) classification, as described in Aaby and Berglund
(1986)), pollen taxa with abundance over 1% (in green), and DNA taxa (in red) found in cores from (a) the Mt.
Gahinga crater swamp and (b) the Mt. Muhavura crater lake. For the DNA samples, the location on the core is
indicated by the solid red rectangles, where the height of the rectangle reflects the number of centimeters
incorporated in the samples (GPZ, Mt. Gahinga pollen zone; MPZ, Mt. Muhavura pollen zone [McGlynn et al.
2013]).

enumerated pollen from species known to be present in
forest at lower altitudes than the sample sites. This differ-
ence in size of the potential contributing areas between
DNA and pollen was also apparent when comparing the
diversity recovered from the past 1000 years between
the 2 sites (Fig. 2). For the DNA, only 2 out of 26 taxa
were detected in the sediments from both Mt. Gahinga
and Mt. Muhavura, whereas for pollen 26 out of 34 taxa
were recovered from both sites. Finally, DNA and pollen
differed in taxonomic resolution; 71% and 22% of taxa
were identified to species or genus level for the DNA
and pollen analyses, respectively, whereas the remainder
were identified to family level.

Discussion

The successful retrieval of authentic sedaDNA from sedi-
ment cores from 2 crater sites associated with the Alber-
tine Rift testifies to the preservation of DNA in such sam-
ples up to, but not limited to, almost 5000 years old. Such
long-term preservation is at least partly due to the main-
tenance of relatively cool temperatures at high altitudes
in the humid tropics. The diversity recovered from sedi-

ment samples tended to decline with sample age, thereby
conforming to the known postmortem, temporal degra-
dation of DNA. For the Mt. Muhavura lake sediments,
however, this drop is seen after circa 1700 years, whereas
in the deposits from the Mt. Gahinga swamp, all but the
youngest samples had 1 or 2 taxa only. This difference
may be due to the more acidic sedimentary environments
of peat-forming swamps compared with lakes, which can
accelerate DNA decay (Lindahl 1993). The potential for
sedaDNA to infer past plant diversity in more acidic wet-
land environments close to the equator thus seems lim-
ited to <100 years, whereas in high-altitude lake systems,
this extends to a few thousand years. Even under acidic
conditions, however, reconstructions of past variations in
wetland vegetation based on sedaDNA data would appear
to have the potential to extend far beyond monitoring-
based records, which in many parts of central Africa at
best date to only the last decade or so.

Relatively detailed reconstructions of past plant com-
munity composition are an essential component of
meaningful restoration targets (Sanchez et al. 2013).
Plant diversity recovered through sedaDNA may comple-
ment vegetation reconstruction from pollen records by
revealing additional taxa such as Callitriche sp.,
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Table 2. Taxonomic resolution of taxa identified by DNA and pollen
analysis from the sediment samples collected at the 2 study sites in the
Virunga volcanoes of the Albertine Rift, eastern Africa.a

Family sedaDNA Pollen

Asteraceae Asteraceae Asteraceae
Gnaphalieaeb Artemisia sp.
Senecioneaeb Dendrosenecio sp.

Vernonia sp.
Brassicaceae Brassicaceaeb

Campanulaceae Lobelia sp. Lobelia sp.
Caryophyllaceae Caryophyllaceae Caryophyllaceae
Cyperaceae Cypereaeb Cyperaceae

Isolepis sp.b

Ericaceae Erica sp.b Ericaceae
Eriocaulaceae Eriocaulon

schimperib

Fabaceae Fabaceaeb

Gentianaceae Swertia sp.b

Hypericaceae Hypericum sp. Hypericum sp.
Iridaceae Iridaceaeb

Myricaceae Morella sp. Morella sp.
Plantaginaceae Callitriche sp.b

Veronica sp.b

Poaceae Poaceae Poaceae
Avenella

flexuosab

Poeae∗
Podocarpaceae Podocarpus sp. Podocarpus sp.
Ranunculaceae Ranunculus

oreophytusb

Rosaceae Alchemilla sp. Alchemilla sp.
Hagenia sp.
Prunus sp.

Rubiaceae Galium sp.b

Solanaceae Solanum sp. Solanum sp.

aMosses are not included in this table because they do not produce
pollen.
bTaxa only identified by DNA analysis.

Gnaphalieae, Iridaceae, and Ranunculus sp. The absence
of these taxa (even at family level) in the pollen records
may reflect taphonomic processes because the current
presence of these taxa at the site was noticed during
fieldwork. Incorporating the analysis of sedaDNA may
also improve vegetation records based on tropical lake
sediments by increasing taxonomic resolution, as has
been the case for polar-based research (Sønstebø et al.
2010; Jørgensen et al. 2012a; Parducci et al. 2013). This
is particularly valuable for large and diverse families such
as Poaceae and Ericaceae, with high representation in
alpine environments. However, for certain families, the
taxonomic resolution is limited when using short DNA
markers such as the P6 loop in this study (e.g., Asteraceae,
Cyperaceae), and additional family-specific markers are
needed.

Combining pollen and sedaDNA data may help distin-
guish vegetation change at different geographic scales.
In treeless alpine environments, the pollen signal is of-
ten dominated by distal wind-dispersed pollen, whereas

local pollen production is low (Birks & Birks 2000). Dis-
tinguishing local versus regional pollen is a particularly
pertinent issue in relation to pollen types that cannot
be identified to a low taxonomic level. For example,
Poaceae, Ericaceae, and Cyperaceae are all represented
by afro-alpine and ericaceous vegetation types growing
close to the Virunga crater sites (Fig. 2), but they could
also (at least in part) be derived from a larger region.
By contrast, sedaDNA is thought to be primarily local
in origin: DNA from taxa located long distances from
the site of deposition was not found in sedaDNA anal-
yses of permafrost (Jørgensen et al. 2012a), and it has
proved extremely difficult to extract chloroplast DNA
directly from pollen (Parducci et al. 2005). In particular,
the lack of DNA from, for example, Olea and Celtis in
samples from parts of the cores that were dominated by
pollen from these taxa (see figs. 6 and 7 in McGlynn
et al. 2013) supports the assumed local origin of plant
sedaDNA. However, pollen cannot be entirely excluded
as a source for sedaDNA, as is proven by our observation
of Podocarpus sp., Morella sp., and Fabaceae DNA, all of
which are likely to be from forest trees growing outside
the craters and at some distance below the rims.

The pollen records from the 2 sites were highly con-
gruent, particularly for the last 1000 years (GPZ3 and
MPZ2, Fig. 2): vegetational changes mostly reflected vari-
ation in montane forest vegetation, whereas little change
is observed in the afro-alpine vegetation (McGlynn et
al. 2013). In contrast, there was much less overlap in
taxa represented at the 2 sites based on sedaDNA data,
which would appear to reflect more closely the differ-
ences in conditions in the 2 craters. Thus, whereas the
longer and steeper walls of the crater at Mt. Gahinga are
characterized by dense stands of afro-alpine vegetation
(particularly Dendrosenecio and Lobelia), more open,
herbaceous vegetation is present on the relatively nar-
row, exposed rim of the crater at Mt. Muhavura (Fig. 1).

The reference DNA library we developed was essential
for achieving reliable, high taxonomic resolution from
sedaDNA. Large public databases such as GenBank con-
tain errors in both sequences and taxonomy (e.g., Harris
2003), which can lead to spurious taxonomic inferences
of the DNA data. Nevertheless, such large databases are
needed to identify taxa missing in the local library. Local
libraries allow stringent control to minimize errors, such
as sequencing multiple specimens and ensuring appropri-
ate expertise for taxonomic identification. Furthermore,
local libraries restrict the number of plant species that
are potentially represented in the data and thus increase
taxonomic resolution of short DNA sequences (Taberlet
et al. 2007; Sønstebø et al. 2010). Even though generating
and curating local libraries is time-consuming and finan-
cially costly, such libraries are extremely valuable and
open up research opportunities for many years to come.

We conducted the first plant sedaDNA analysis from
an alpine region in the tropics and found that there
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is a promising role for sedaDNA to complement vege-
tation reconstructions from traditional paleoecological
data sources in high conservation priority areas and
biodiversity hotspots. This is especially the case where
records of ecologically meaningful long-term variations
in the composition of biological communities and as-
sociated environmental information are difficult to ac-
quire or simply unavailable, as is the case for many
parts of the humid tropics in Africa, including the most
biodiversity-rich and vulnerable areas. The successful re-
trieval of DNA from low-pH conditions that characterize
Mt. Gahinga is particularly promising from a conserva-
tion point of view (especially given the higher number
of taxa identified in the most recent samples) because
many wetlands in central Africa have undergone exten-
sive anthropogenic modification over the last 6 decades
(Chapman et al. 2001), and the pace of change has
quickened over the last circa 10 years (Maclean et al.
2011). Detailed inventories of preimpact ecological con-
ditions are only very rarely available (Junk 2002). One
consequence of increased exploitation is a wave of in-
troduced and invasive taxa rolling through wetlands of
many African countries (Howard & Chege 2007), while
a dearth of detailed baseline ecological information ren-
ders establishing and then mitigating the impacts virtually
impossible.

The field of sedaDNA is still in its infancy, and further
studies are needed to explore some of the limitations of
the method for conservation applications. Specifically,
it is still unclear how different sources of bias may af-
fect the taxa recovered. Such sources include variation
in DNA preservation, divergence in the primer-binding
site, sequence lengths differing between species (PCR
tends to preferentially amplify shorter DNA regions), and
the effect of the composition of the extract (including
contaminant DNA; Boessenkool et al. 2012; Jørgensen et
al. 2012a; Parducci et al. 2013). Until we have a better
understanding of the different sources of bias affecting
sedaDNA, these vegetation assemblages should be recon-
structed conservatively and regarded as revealing a subset
of the diversity only; sedaDNA may be most powerful as
a tool for environmental reconstruction when used in
combination with other sediment-based remains. Due to
the biases, it is also currently not possible to analyze
DNA sequence data quantitatively for inferring past plant
abundance, as can be done with pollen records (but see
Yoccoz et al. 2012 for modern plant sedDNA). Further-
more, the temporal precision of sedaDNA in lake sedi-
ments needs to be addressed: DNA leaching is thought
to be unlikely in lake sediments (Anderson-Carpenter
et al. 2011), but it has not been tested experimentally.
With new studies addressing these current uncertain-
ties, and the ongoing improvements in next-generation
sequencing, we expect the range of environments and
research questions where sedaDNA is an appropriate tool
to continue to expand.
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2008. Global warming, elevational range shifts, and lowland biotic
attrition in the wet tropics. Science 322:258–261.

Crutzen, P. J. 2002. Geology of mankind. Nature 415:23.
Dimitrov, D., D. Nogués-Bravo, and N. Scharff. 2012. Why do tropical

mountains support exceptionally high biodiversity? The Eastern Arc
mountains and the drivers of Saintpaulia diversity. Public Library of
Science ONE 7:e48908. DOI:10.1371/journal.pone.0048908.

Epp, L. S., K. R. Stoof, M. H. Trauth, and R. Tiedemann. 2010. Historical
genetics on a sediment core from a Kenyan lake: intraspecific geno-
type turnover in a tropical rotifer is related to past environmental
changes. Journal of Paleolimnology 43:939–954.

Ficetola, G. F., E. Coissac, S. Zundel, T. Riaz, W. Shehzad, J.
Bessière, P. Taberlet, and F. Pompanon. 2010. An in silico ap-
proach for the evaluation of DNA barcodes. BMC Genomics 11:
434–443.

Franzen, M., and M. Molander. 2012. How threatened are alpine envi-
ronments? A cross taxonomic study. Biodiversity and Conservation
21:517–526.

Harris, J. D. 2003. Can you bank on GenBank? Trends in Ecology &
Evolution 18:317–319.

Hartter, J., M. D. Stampone, S. J. Ryan, K. Kirner, C. A. Chapman, and
A. Goldman. 2012. Patterns and perceptions of climate change in
a biodiversity conservation hotspot. Public Library of Science ONE
7:e32408. DOI:10.1371/journal.pone.0032408.

Higgs, E. S., and W. M. Roush. 2011. Restoring remote ecosystems.
Restoration Ecology 19:553–558.

Howard, G. W., and F. W. Chege. 2007. Invasions by plants in the
inland waters and wetlands of Africa. Pages 193–208 in F. Gherardi,
editor. Biological invaders in inland waters: profiles, distribution,
and threats. Invading Nature: Springer Series in Invasion Ecology,
Volume 2. Springer, Dordrecht, The Netherlands.

Huse, S., J. Huber, H. Morrison, M. Sogin, and D. Welch. 2007. Accu-
racy and quality of massively parallel DNA pyrosequencing. Genome
Biology 8:R143. DOI:10.1186/gb-2007-8-7-r143.

Jørgensen, T., et al. 2012a. A comparative study of ancient sedimen-
tary DNA, pollen and macrofossils from permafrost sediments of
northern Siberia reveals long-term vegetational stability. Molecular
Ecology 21:1989–2003.

Jørgensen, T., et al. 2012b. Islands in the ice: detecting past vege-
tation on Greenlandic nunataks using historical records and sedi-
mentary ancient DNA meta-barcoding. Molecular Ecology 21:1980–
1988.

Junk, W. J. 2002. Long-term environmental trends and the fu-
ture of tropical wetlands. Environmental Conservation 29:414–
435.
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