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Aerial view of a meandering river surrounded by tropical rainforests

and patches of savanna near Wonkén (Gran Sabana, southeast
Venezuela). An example of a pollen diagram, the usual tool to
reconstruct vegetation history, is shown at the right bottom corner.
Image: Valenti Rull.

This Research Topic commemorates the centenary of the first quantitative pollen
diagram by Lennart von Post, the founder of paleoecological palynology. The main
aim is to provide a thorough view of the use of palynology in aspects such as the
reconstruction of Quaternary vegetation and environmental changes, the role of
natural and anthropogenic drivers in the development of the Quaternary vegetation,
the shaping of present-day ecological and biogeographical patterns, the potential
application of this knowledge in biodiversity conservation and landscape restoration
and the development of new methods of pollen analysis and data management. The
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Research Topic is subdivided into four main conceptual parts, namely (1) modern
analog studies; (2) land cover estimates from pollen data; (3) vegetation dynamics
reconstructions from Europe, North and South America, Africa and Oceania; and
(4) large-scale reviews and meta-analyses. Hopefully, this Research Topic will serve
to appraise the state of the art of modern palynology and highlight the usefulness
of this discipline in long-term ecological research.

Citation: Rull, V., Montoya, E., Giesecke, T., Morris, J. L., eds. (2019). Palynology and
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Editorial on the Research Topic
Palynology and Vegetation History

This Research Topic (RT) was conceived as an homage to the Swedish geologist Lennart von Post
(1884-1951), the founder of paleoecological palynology, to commemorate the centenary of his
presentation of the first modern, quantitative pollen diagram in 1916 at the 16th Convention of
Scandinavian Naturalists, held in Kristiania (now Oslo), Norway (Nordlund, 2018). His diagram
and its interpretation were published two years later in Swedish (Von Post, 1918) and 51 years later
in English (Von Post, 1967). The centenary was celebrated during November 2016, at the Royal
Swedish Academy of Sciences in Stockholm, Sweden (Gaillard et al., 2018). Birks and Berglund
(2018) summarized the development of Quaternary pollen analysis since von Post’s foundational
work as occurring in three main phases: (i) the pioneer phase (1916-1950), the building phase
(1951-1973) and the mature phase (1974-present). At the beginning, pollen analysis was mainly
a stratigraphic tool used for dating and stratigraphic correlation but it later proved to be useful
in botanical, biogeographical and ecological research. Since then, palynology has developed into
a fundamental tool to unravel the ecological and environmental trends and changes through
the Quaternary. In particular, palynology has been instrumental for disentangling natural and
anthropogenic drivers of vegetation change, which is needed to understand past and present
patterns and processes, and also to predict potential future trends of vegetation in the face of the
ongoing climate change.

This RT aimed to provide a thorough view of the use of palynology in aspects such as the
reconstruction of Quaternary vegetation and environmental changes, the role of natural and
anthropogenic drivers in the development of the Quaternary vegetation, the shaping of present-day
ecological and biogeographical patterns, the potential application of this knowledge in biodiversity
conservation and landscape restoration and the development of new methods of pollen analysis
and data management. The papers published herein cover most of these topics, among others, as
the aims and scope were sufficiently broad to include any aspect of modern palynology and its
significance for vegetation history. These papers are grouped under four themes. The first two are
essentially methodological while the other two provide examples where pollen studies have been
applied to investigate ecological dynamics at local, regional and global scales.

MODERN ANALOG STUDIES

This section deals with studies where modern pollen assemblages have been applied to aide in
the interpretation of past records. In the first paper, Radaeski et al. used a set of standard pollen
measurements on ~70 grass species from Southern Brazil, and found a statistically significant
difference between grass pollen from forests vs. open habitat species. The authors conclude that the
size of grass pollen grains can be used to discriminate between forest and grassland vegetation in
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past pollen records. The other two studies focused on modern
pollen deposition and applications to past records. Florenzano et
al. studied the modern deposition of Olea pollen in two regions of
Italy and found that most of this pollen type was deposited locally,
within olive groves, with sharp declines outside of the cultivated
area. These results are used to infer the spatial pattern of olive
farming during the Hellenistic, Roman and Medieval periods, on
the basis of the Olea pollen preserved in archaeological sites. Yao
and Liu studied surface pollen assemblages and soil chemistry
along vegetation, edaphic and salinity gradients in the Florida
Everglades (USA). Modern pollen spectra correspond perfectly
with the vegetation types where samples have been collected. Soil
chemistry is consistent with salinity and chemical gradients at
local and regional scales.

LAND COVER ESTIMATES FROM POLLEN
DATA

In the last decades, efforts to convert pollen data into quantitative
estimates of past vegetation cover have increased, which is
reflected here by three contributions. An important prerequisite
for inferring past vegetation cover is to estimate the relative
pollen production of plants (rPPE), which require detailed
modern studies. Theuerkauf and Couwenberg introduce a
method, called ROPES, to estimate rPPE’s and plant cover from
single pollen records with reliable pollen accumulation rates
(PAR, in grains cm~2 y~1). The principle is that changes in PAR
and plant abundance are linearly related. The performance of this
method is evaluated and the ROPES advantages and limitations
are discussed. Using such or differently derived rPPE’ it is then
possibly to attempt full landscape reconstructions, which may be
achieved using the Multiple Scenario Approach (MSA) presented
by Bunting et al. which combines GIS techniques with physical
models of pollen dispersion and deposition. They applied the
MSA method to two Neolithic sites from Britain and showed
that the impact of neolithization on land cover was continuous
with no reductions during periods when archaeological evidence
suggests lower human activity. In the third paper of this section,
Carter et al. use the Landscape Reconstruction Algorithm (LRA)
to convert pollen records from Central Europe to forest cover
estimates, in order to reconstruct the history of “natural”
Holocene forests, as a guide for conservation and restoration
practices. These forests have been dominated by spruce for the
last 9000 years, which contradicts the prevailing assumption of
beech and fir dominance. These latter two species did not reach
the region until ca. 6000 cal yr BP, which opens new perspectives
for reforestation strategies.

VEGETATION DYNAMICS AND
ENVIRONMENTAL DRIVERS

This section encompasses studies on vegetation dynamics and
the associated environmental drivers, notably climate change
and anthropogenic activities, from a wide range of biomes and
geographical areas including Europe, North and South America,
Africa and Oceania.

Europe

Cheddadi et al. analyzed the response of European forests to
Holocene temperature changes and observed that fir showed
niche patterns similar to present, whereas beech and spruce
occurred at temperature values different from their current
ranges. The authors concluded that predictive models of forest
distribution should not be based only on modern thermal niches.

North America

Brunelle et al. provide a regional perspective of the Holocene
palynological studies developed by analyzing wetland records
from the Desert Southwest (USA). Pollen preservation was useful
to infer permanent vs. intermittent flood conditions, which the
authors interpret to be a proxy for winter precipitation and
moisture persistence as controlled by ENSO (El Nifio-Southern
Oscillation) activity. Therefore, variations in pollen preservation
through time can be used as a proxy for past ENSO activity.

Tropical South America

Montoya et al. present a pollen record from the Ecuadorian
Amazonia that documents the composition of premontane
Andean forests during the last glaciation, between ca. 50,000 and
20,000 cal yr BP. The decline of formerly dominant trees with
a reciprocal increase of heat-intolerant trees from higher Andean
environments (Podocarpus, Alnus, Hedyosmum) during the LGM
suggests that glacial cooling changed the composition of these
Amazon forests by downward migration of sensitive taxa.

Southern South America

Markgraf presents the very first pollen record of vegetation
dynamics from South America (Tierra del Fuego, Argentina),
published by Lennart von Post in 1929. The paper reproduces the
original diagrams showing a shift from steppe communities to
Nothofagus forests, which was interpreted in terms of a climatic
shift from warmer/drier to cooler/wetter conditions. Using pollen
and charcoal analysis, Moreno et al. evaluate the effect of
vegetation and site type on fire regimes in the Chilean Patagonia
during the last 13,000 years. Steppe fires were of high frequency
and low magnitude, whereas fires occurring in Nothofagus forests
were less frequent but more intense. Divergences between fire
histories reconstructed from either lake or bog records were
attributed to local burning of bog vegetation. Also in Patagonia,
Iglesias et al. used independent evidence for environmental,
anthropogenic and ecological change to assess the influence of
climate and human activities on Holocene vegetation dynamics.
Nothofagus-Pilgerodendron forests remained fairly stable between
9000 and 2000 cal yr BP, despite long-term changes in climate
and fire. Local forest fluctuations during the last two millennia
were attributed to greater climatic variability and human
deforestation.

Africa

Campbell et al. present a high-resolution reconstruction of
Holocene vegetation changes in a semi-arid region from
the Moroccan Atlas to gain insights on the response of
forests to environmental drivers. Climatic shifts seem to
have been more clearly recorded until ca. 4300 cal yr BP,
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when forests started to decline gradually due to increasing
pastoralism, fire and aridity. Forests significantly declined by
1300 cal yr BP due to human pressure. Githumbi et al. used
multidisciplinary paleoecological, archaeological and historical
evidence to understand environmental change and socio-
ecological interactions across the Amboseli National Park
(Kenya) during the last 5000 years. The combination of climatic
aridity and fire, together with cattle and wild animal activity, have
led to changes in woody to grass cover ratio. Especially significant
is the recent reduction of woody vegetation and the increase of
wetlands due to increasing runoft and flooding.

Oceania

McGlone et al. review the ecological dynamics of the New
Zealand conifers since the LGM, on the basis of the existing
pollen records. Conifer forests attained their maximum
development by 18,000 years ago and declined during the
Holocene, especially after the Maori settlement. The ecological
success of conifers is explained in terms of a bimodal ability to
endure climatic stress in cool/arid climates and to successfully
compete with angiosperms in warmer/wetter environments.

LARGE-SCALE REVIEWS AND
META-ANALYSES

This section includes two studies that use pollen data stored in
global databases to address large-scale issues such as continental
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forest cover trends and the potential causes of worldwide
glaciations. Regarding forests, Zanon et al. used the available
pollen records to map the evolution of forest cover on Europe
during the last 12,000 years. The general forest cover increased
in the Late Glacial-Holocene transition attaining a maximum
between 8500 and 6000 cal yr BP, followed by a general decline
due to anthropogenic deforestation. The full continental coverage
and the spatio-temporal resolution of this reconstruction make
it suitable for climatic, hydrological and geochemical modeling.
Sédnchez-Goni et al. review the paleoclimatic information
contained in long continuous deep-sea pollen records from
the European margin, particularly in relation to the interplay
among North Atlantic SST, continental ice volume, millennial-
scale variability and orbital forcing. The authors propose that
the interaction between long-term (orbital) and short-term
(millennial) climatic variability may have amplified insolation
decreases and triggered ice ages.

We hope that this RT will serve to appraise the
state of the art of modern palynology and highlight
the usefulness of our discipline in long-term ecological
research.
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This aim of this study was to distinguish grasslands from forests in southern Brazil
by analyzing Poaceae pollen grains. Through light microscopy analysis, we measured
the size of the pollen grain, pore, and annulus from 68 species of Rio Grande do
Sul. Measurements were recorded of 10 forest species and 58 grassland species,
representing all tribes of the Poaceae in Rio Grande do Sul. We measured the polar,
equatorial, pore, and annulus diameter. Results of statistical tests showed that arboreous
forest species have larger pollen grain sizes than grassland and herbaceous forest
species, and in particular there are strongly significant differences between arboreous
and grassland species. Discriminant analysis identified three distinct groups representing
each vegetation type. Through the pollen measurements we established three pollen
types: larger grains (>46 uwm), from the Bambuseae pollen type, medium-sized grains
(46-22 num), from herbaceous pollen type, and small grains (<22 um), from grassland
pollen type. The results of our compiled Poaceae pollen dataset may be applied to the
fossil pollen of Quaternary sediments.

Keywords: pollen morphology, grasses, pampa, South America, Atlantic forest, bamboo pollen

INTRODUCTION

Pollen grains of the family Poaceae are widely found in Quaternary sediments of southern Brazil
(e.g., Behling et al., 2004; Macedo et al., 2007; Bauermann et al., 2008). However, the stenopalynous
nature of the pollen from this family makes it difficult to determine subfamilies and genera using
pollen data (Erdtman, 1952; Salgado-Labouriau, 1973). Consequently, low taxonomic resolution
hampers paleoecological inferences. Being mainly associated with grassland vegetation (Figure 1),
Poaceae pollen is usually interpreted as indicative of open formations. However in Rio Grande do
Sul (RS), where more than 80% of Poaceae species occupy grasslands, a significant percentage (20%)
of representatives of this family inhabit forest vegetation (Boldrini and Longhi-Wagner, 2011).
Although the Poaceae family is well represented and studied in RS, few studies have
examined the pollen representatives of this family. The few descriptions or illustrations of pollen
representatives presented in the study by Tedesco et al. (1999), which analyzed the diameter of the
pollen grains of Hemarthria altissima under different ploidy levels, noted that the average diameters
were variable, depending on the ploidy. However, the analyzed pollen grains were not acetolyzed.
Medeanic et al. (2008) illustrated images of pollen grains from nine species, while Wilberger et al.
(2004) presented images of pollen grains corresponding to three separate species. Nakamura et al.
(2010), addressing the development of anther and pollen grains in Axonopus aureus, Chloris elata,h
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FIGURE 1 | (A) Grassland vegetation of Rio Grande do Sul, “Cerro do Ouro,”
Séo Gabriel city. (B) Grassland of the coastal plain of RS, “Balneario Quintao,”
Palmares do Sul city. (C,D) Riparian forest with lignified bamboos, Gravatai city.

Eragrostis solida, Olyra humilis, Paspalum polyphyllum, and
Sucrea monophylla, found similar pollen morphology between
taxa. This excludes those grains that have been observed to
have patterns that are important for differentiation between
species of the family. Radaeski et al. (2011) described the
pollen morphology of Paspalum notatum, Paspalum plicatulum,
and Schizachyrium microstachyum. Later, Bauermann et al.
(2013) described the pollen grains of Andropogon lateralis and
Eragrostis bahiensis. Radaeski et al. (2014a) described the pollen
morphology of Eragrostis neesii, and Radaeski et al. (2014b)
contributed to the pollen description of six taxa of Poaceae, which
showed that, in general, the pollen grains are of average size, with
a monoaperture and spherical forms, and noted the identified
stenopalynous characteristic of the family.

In South America, studies have been conducted on Poaceae
pollen grains from Venezuela, Chile, Brazil, and Argentina
(Heusser, 1971; Markgraf and D’Antoni, 1978; Salgado-
Labouriau and Rinaldi, 1990). In Chile, the overlap between
dimensions of the pollen grains of some tribes made it difficult to
differentiate between tribes or subfamilies (Heusser, 1971). Thus,
further studies on the pollen grains from other taxa are needed.
Likewise, the same is true of the pollen grains of Barro Colorado
Island (Roubik and Moreno, 1991). However, analyses of many
species that are based solely on one pollen grain cannot verify the
variations in total pollen grain diameter of the species. Analyzing
pollen grains from Argentina, Markgraf and D’Antoni (1978)
observed—from other grassland species studied—the largest
diameter of pollen grain of the bamboo Chusquea culeou. Thus,
analysis of pollen grains from other forest species can provide
patterns related to vegetation from this site.

The pollen grains of many species from other regions of
the world (e.g., Europe, South America) have been analyzed by
scanning electron microscopy (SEM). Some of these species also
inhabit southern Brazil. Some studies (Table 1) have explored
the surface of the Poaceae pollen grains through SEM, which
has contributed to separation of taxonomic groups (Kéhler and
Lange, 1979; Linder and Ferguson, 1985; Chaturvedi et al., 1994,

TABLE 1 | Dataset of Poaceae analyzed species, type of microscopy used
and vegetation type.

Vegetation Microscopy Number of Reference

type type species

Grassland SEM 5 Ahmad et al., 2011
Grassland LM 2 Bauermann et al., 2013
Grassland LM/SEM 4 Chaturvedi and Datta, 2001
Grassland SEM 2 Chaturvedi et al., 1994
Grassland LM/SEM 19 Chaturvedi et al., 1998
Grassland/ LM/SEM 30 Correa et al., 2005

Forest

Grassland LM/SEM 6 Datta and Chaturvedi, 2004
Grassland/ SEM 86 Dorea, 2011

Forest

Grassland/ LM 16 Heusser, 1971

Forest

Grassland LM 160 Janetal, 2014

Grassland LM 35 Joly et al., 2007

Grassland LM/SEM 2 Kashikar and Kalkar, 2010
Grassland LM 1 Katsiotis and Forsberg, 1995
Grassland SEM 12 Kohler and Lange, 1979
Grassland LM/SEM 1 Linder and Ferguson, 1985
Grassland SEM 57 Liu et al., 2004

Grassland LM/SEM 1 Liu et al., 2005

Grassland/ SEM 19 Mander and Punyasena, 2016
Forest

Grassland SEM 12 Mander et al., 2013
Grassland SEM 12 Mander et al., 2014
Grassland/ LM 17 Markgraf and D’Antoni, 1978
Forest

Grassland LM 9 Medeanic et al., 2008
Grassland LM 3 Melhem et al., 2003
Grassland LM/SEM 45 Morgado et al., 2015
Grassland/ LM 6 Nakamura et al., 2010
Forest

Grassland LM/SEM 4 Nazir et al., 2013
Grassland LM/SEM 31 Needham et al., 2015
Grassland LM/SEM 54 Perveen and Qaiser, 2012
Grassland LM/SEM 20 Perveen, 2006

Grassland LM 3 Radaeski et al., 2011
Grassland LM 1 Radaeski et al., 2014a
Grassland LM 6 Radaeski et al., 2014b
Grassland/ LM 64 Roubik and Moreno, 1991
Forest

Grassland/ LM 49 Salgado-Labouriau and Rinaldi,
Forest 1990

Grassland LM — (fossil pollen) Schler and Behling, 2011a
Grassland LM — (fossil pollen) Schuler and Behling, 2011b
Grassland/ SEM ihl Skvarla et al., 2003

Forest

Grassland LM 1 Tedesco et al., 1999
Grassland LM 3 Wilberger et al., 2004

Datta
2006;
2011;

1998; Chaturvedi and Datta, 2001; Skvarla et al., 2003;
and Chaturvedi, 2004; Liu et al.,, 2004, 2005; Perveen,
Kashikar and Kalkar, 2010; Ahmad et al., 2011; Dorea,
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Perveen and Qaiser, 2012; Mander et al., 2013, 2014; Nazir et al.,
2013; Morgado et al., 2015; Needham et al., 2015; Mander and
Punyasena, 2016). However, other studies using light microscopy
(LM) have shown morphometric differences in the size of the
Poaceae pollen grain species (Salgado-Labouriau and Rinaldi,
1990; Katsiotis and Forsberg, 1995; Joly et al., 2007; Schiiler and
Behling, 2011a,b; Jan et al., 2014). In addition, when analyzing
large sets of palynomorphs from quaternary sediments, the use of
SEM is a difficult and time-consuming task. Thus, morphometric
datasets may be valuable for use in studies of fossil Poaceae pollen
analysis (Schiiler and Behling, 2011a,b; Jan et al., 2014).

Recently, studying pollen grains of fossil Poaceae in the
grassland ecosystems of South America, Schiiler and Behling
(2011a) discovered potential new ways to distinguish grassland
types. In their later study, Schiiler and Behling (2011b) were
able to differentiate the ecosystems present in South America.
Moreover, Jan et al. (2014) succeeded in identifying a pattern
among changes in the size of Poaceae pollen grains according
to the ploidy level and C3; and C4; metabolism, thereby
demonstrating that polyploid species have a larger pollen grain
size. C4 species are tropical and inhabit warmer and drier regions,
while temperate Poaceae species are C3 and live in humid and
cold conditions (Boldrini, 2006). C3 and C4 species are important
for paleoclimate studies because they indicate past variation in
temperature and precipitation (Schiiler and Behling, 2011a).

The aim of the study was to distinguish Poaceae pollen grains
from grassland and forest vegetation of southern Brazil. The
pollen grains of 68 species were analyzed to answer the following
questions: (1) Can Poaceae pollen grains be separated into those
of grassland species and those of forest species? (2) Do the pollen
grains of forest species differ in size according to their arboreal or
herbaceous habit?

MATERIALS AND METHODS

Collection of Botanical Material

During the field expeditions, 98 specimens of Poaceae were
obtained, anticipating the 21 taxa representatives of this family,
and some pollen material, being fertile, was selected for
extraction. To obtain hibernal and estival plants in the flowering
seasons, the samples were gathered using the transversal method
(Filgueiras et al., 1994) in winter, autumn, spring, and summer in
May, August, September, October, November, and December of
2013, as well as in January of 2014.

After collection, the plants were pressed and dehydrated.
The plants were identified by a skilled taxonomist (A. A.
Schneider). The collection of herbarium specimens was deposited
in the “Herbario do Museu de Ciéncias Naturais” from the
Universidade Luterana do Brasil (MCNU/HERULBRA), and
duplicates were deposited in the “Herbario Bruno Edgar
Irgang” from Unipampa (HBEI/UNIPAMPA). The anthers were
collected for chemical treatment of the herbarium materials from
other Poaceae species. Since some species have state-restricted
distribution, or sporadic bloom periods, samples were collected
from pollen material in accordance with information provided
by the ICN Herbarium (Figure 2, Table 2).
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FIGURE 2 | (A) Distribution of grasslands in South America highlighting the
southern region of Brazil (adapted from Eva et al., 2002). (B) Map of Rio
Grande do Sul showing the sampling sites in RS (black circles): 1. “Cerro do
Ouro,” Sdo Gabriel city; 2. Cachoeirinha city; 3. “Sitio Laranjal,” Gravatai city;
4. “Balneério Quintao,” Palmares do Sul city. Red circles indicate regions of
collection of herbarium species (see Table 2 for more details of the names of
regions).

The collection of pollen materials from a herbarium
(containing plants from different regions of the state) enabled the
authors of this study to establish an overview of the modern grass
pollen of RS. By combining the findings of this study with the
work of Hasenack et al. (2010) on the vegetation physiognomy
of the state, we were able to establish a relationship between the
pollen and the regional flora. Only 50 Poaceae species of four
subfamilies comprise forest vegetation. Thus, we considered the
selection of 10 forest species from all tribes and subfamilies for
pollen analysis to be adequate. More species of grassland (58
species) were analyzed because there are a greater number of
Poaceae species (450 species) in southern Brazil (Boldrini and
Longhi-Wagner, 2011) than forest species.

Treatment and Description of Pollen Grains
The anthers were chemically processed according to the
acetolysis methodology proposed by Erdtman (1952). After
acetolysis, using glycerinated jelly, five permanent slides were
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TABLE 2 | Information of the examined material in the Rio Grande do Sul, Brazil.

Species

Collection site-Number*

Collector

Agrostis sp. L.

Aira elegans Willd. ex Gaudin
Amphibromus quadridentulus (Doll) Swallen
Andropogon cf. lindmanii Hack.
Andropogon lateralis Nees

Aristida sp. L.

Arundinella hispida (Humb. and Bonpl. ex Willd.) Kuntze

Axonopus sp. P. Beauv

Bothriochloa laguroides (DC.) Herter
Bouteloua megapotamica (Spreng.) Kuntze
Bromus catharticus Vahl

Calamagrostis viridiflavescens (Poir.) Steud
Catapodium rigidum (L.) C.E.Hubb
Chascolytrum subaristatum(Lam.) Desv
Chloris canterae Arechav

Chusquea juergensii Hack.

Colanthelia cingulata (McClure and L.B.Sm.) McClure
Cynodon dactylon (L.) Pers

Dactylis glomerata L.

Danthonia montana Dol

Digitaria ciliares (Retz.) Koeler

Eleusine tristachya (Lam.) Lam

Elionurus candidus (Trin.) Hack.
Eragrostis bahiensis Schrad. ex Schult
Eragrostis neesii Trin

Eustachys distichophylla (Lag.) Nees
Festuca fimbriata Nees

Glyceria multiflora Steud

Guadua trinii (Nees) Nees ex Rupr
Gymnopogon spicatus (Spreng.) Kuntze
Holcus lanatus L.

Hordeum stenostachys Godr
Ichnanthus pallens (Sw.) Munro ex Benth
Imperata brasiliensis Trin

Ischaemum minus J.Presl

Leersia sp. Sol. ex Sw

Leptochloa fusca (L.) Kunth

Lithachne pauciflora (Sw.) P.Beauv
Luziola peruviana Juss. ex J.F.Gmel
Melica sp. L.

Merostachys multirameaHack
Microchloa indica(L.f.) P. Beauv
Muhlenbergia schreberid .F.Gmel

Olyra latifolial_.

Panicum aquaticumPoir

Pappophorum philippianum Parodi

Parodiolyra micrantha (Kunth) Davidse and Zuloaga
Paspalum notatum Fliggé

Paspalum pauciciliatum (Parodi) Herter

Sao Francisco de Paula—5

Pinheiro Machado-6
S&o Francisco de Paula-5
Palmares do Sul-4
Cagapava do Sul-7
[tacurubi-8
Viamao-9
[tacurubi-8

Porto Alegre-10
Uruguaiana—11
Cachoeirinha—2
Pelotas-12

Porto Alegre-10
S&o Gabriel-1
Uruguaiana—11
Passo Fundo-13
Ararica-14
Gravatai-3

Porto Alegre-10
Cristal-15
Vacaria—16
Cachoeirinha—2
Porto Alegre-10
Gravatai-3

S&o Gabriel-1

Porto Alegre-10
Jaquirana-17

Dom Pedrito-18
Guaiba-19

Lagoa Vermelha—20
Caxias do Sul-21
Dom Pedrito-18
Guaiba-19
Tramandai-22
Gravatai-3

Dois Irmaos-23
Osorio-24

Tenente Portela-25
Porto Alegre-10
Sao Gabriel-1
Santa Cruz do Sul-26
Porto Alegre-10
Estrela Velha-27
Morrinhos do Sul-28

Capivari do Sul-29

S&o Francisco de Assis-30
Gravatai-3

Cagapava do Sul-7
Gravatai-3

Z. Rugolo, H. Longhi-Wagner, S. Boechat and A.M. Molina
1435

I 1. Boldrini 1143

Longhi-Wagner, Boldrini, and Miotto 2654
J. N. Radaeski

S. G. Bauermann

S. G. Bauermann

R. Trevisan and Boldrini 830

S. G. Bauermann

M. Marchi 97

H.S.A. 74

J. N. Radaeski

|. Gabino 20

J. Valls

J. N. Radaeski

J. Valls and A. Barcellos 2477

J. Valls, H. Longhi-Wagner, and A. Barcellos 3081
R. Schmidt and Ene

J. N. Radaeski

J. Valls

A. Guglieri, F. J. M. Caporal, S. Mochiutti, and M. Behling 533
B. Irgang and M. L. Porto

J. N. Radaeski

R. Setubal 235

J. N. Radaeski

J. N. Radaeski

R. Setubal 683

|. Boldrini 1636

Valls, Gongalves, Salles, and Moraes 6959
N. I. Matzembacker 2293

Boldrini, Pillar, Kafpel, and Jacques 334

K. Hagelund 3797

H. Longhi-Wagner 1560

V. Citadini 59

Waechter 1019

J. N. Radaeski

H. M. Longhi-Wagner

J. Valls et al. 4760

Valls, Lindeman, Irgang, Oliveira, and Pott 1782
Lacé

J. N. Radaeski

V. Kinupp

H.M. Longhi-Wagner and C.A.D. Welker 9757a
R. Trevisan

L. C. Mancino, T. B. Guimarées, L. R. M. Batista, and G. E.
Ferreira

E. N. Garcia 892

E. Freitas 359

J. Valls, J. Jung, and A. M. Barcellos 2151
S. G. Bauermann

J. N. Radaeski

(Continued)
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TABLE 2 | Continued

Species Collection site-Number* Collector

Paspalum urvillei Steud Palmares do Sul-4 J. N. Radaeski

Phalaris angusta Nees ex Trin Sao Lourenco do Sul-31 C. Bonilha 486

Pharus lappulaceus Aubl Gravatai-3 L. R. M. Baptista

Piptochaetium montevidense (Spreng.) Parodi Sao Gabriel-1 J. N. Radaeski

Poa bonariensis (Lam.) Kunth Vacaria-16 A. Kappel

Polypogon elongatus Kunth Torres—-32 A. Barcelos and B. Irgang 9
Schizachyrium microstachyum (Desv. ex Ham.) Roseng Cagapava do Sul-7 S. G. Bauermann

Setaria parviflora (Poir.) Kerguélen Gravatai-3 J. N. Radaeski

Spartina ciliata Brongn Cidreira-33 H. M. Longhi-Wagner and S. Leite
Sporobolus indicus (L.) R.Br Gravatai-3 J. N. Radaeski

Stipa filifolia Nees Bagé-34 H. M. Longhi-Wagner 5042

Stipa melanosperma J. Presl Sao Francisco de Paula-5 R. L. C. Bortoluzzi 816

Stipa papposa Nees Bagé-34 |. Boldrini 1177

Stipa setigera J.Presl Bagé-34 S. C. Boechat

Streptochaeta spicata Schrad. ex Nees Torres—-32 J. F. M. Valls 1055

Tridens brasiliensis (Nees ex Steud.) Parodi Cachoeira do Sul-35 J. Valls

Trachypogon filifolius (Hack.) Hitchc Quarai-36 Boldrini and Pilz187

Tripogon spicatus (Nees) Ekman Quarai-36 Boldrini, Barreto, Boechat and Pillar 279

*Numbers corresponding to the Map of Figure 2B.

created for each sample and deposited in the Laboratério de
Palinologia da ULBRA. The pollen grains were measured and
the slides mounted on the same day to prevent any changes
in pollen size (Salgado-Labouriau, 2007). Schiiler and Behling
(2011a) measured 60 pollen grains from fossil pollen samples,
but in this paper we studied modern pollen grains, measuring 25
pollen grains according to the methodology used for the study of
modern pollen grains (Erdtman, 1952; Barth and Melhem, 1988).

The morphological characteristics of the pollen grains were
observed and described by LM. A Leica CME microscope was
used for measurements and for recording images. Using a x 1000
magnification, we recorded the polar diameter (P), equatorial
diameter (E), or only the diameter (D) of spherical pollen grains,
and the thickness of the exine (Ex) in 25 randomly selected
pollen grains. In addition to the above, measurements of the
pore and annulus width of the studied species were recorded
(Figure 3). The pollen grains were then described in regard to
their pollen unit, size, symmetry, polarity, amb, type of aperture,
and ornamentation, using the terminology proposed by Barth
and Melhem (1988) and Punt et al. (2007).

Statistical Analysis

BioEstat 5.0 and PAST 3.05 software was used for the statistical
analysis. BioEstat 5.0 software was used to compile a frequency
distribution histogram of pollen grain sizes. The histogram was
then constructed from the size of the pollen grains of species
inhabiting arboreous forest, grassland, and herbaceous forest.
This program (BioEstat 5.0) was also used to determine size
differences among pollen grains from arboreous forest, grassland,
and herbaceous forest species using One-way ANOVA followed
by Tukey’s test. PAST 3.05software was used for discriminant
analysis (DA) of separate groups according to the size of the

Equatorial view

Polar view

FIGURE 3 | The parameters of a Poaceae pollen grain are considered
in the present paper. Polar diameter (P), equatorial diameter (E), pore
diameter (Pd), annulus diameter (Ad), and exine thickness (EX).

pollen grains. In DA we use the minimum, maximum, and
average size of pollen grains of all species to determine whether
they can be grouped. We used this program (PAST 3.05) also
to show the correlation between pollen grain, annulus, and pore
sizes by Pearson correlation. The Pearson’s correlation coefficient
test was used to determine the average size of the pollen grains,
the pore width, and the annulus width for all species (68 species
studied). The PAST 3.05 software was also used to construct a box
plot. The box plot shows overlapping measures and measures that
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FIGURE 4 | Pollen grains of the subfamilies Anomochlooideae, Bambusoideae, and Pharoideae. (A-E) Streptochaeta spicata: PV (A), EV (B), detail of
ornamentation (C), detail of the thickness of the exine (D), and detail of the aperture (E); (F-J) Chusquea juergensii: PV (F), EV (G), detail of ornamentation (H), detail of
the thickness of the exine (l), and detail of the aperture (J); (K-O) Olyra latifolia: PV (K), EV (L), detail of ornamentation (M), detail of the thickness of the exine (N), and
detail of the aperture (0); (P-T) Pharus lappulaceus: PV (P), EV (Q), detail of ornamentation (R), detail of the thickness of the exine (S), and detail of the aperture (T).

do not overlap. We used all the pollen grain size measurements
for the box plot (i.e., 25 measures each of 68 species = total 1700
measures).

RESULTS

Measurement of Pollen Grains
Table 3 presents the measurements of the pollen grains for the
68 species, in evolutionary order according to the GPWG (Grass
Phylogeny Working Group) classification (2001). Yet, differences
were observed in the measurements of pollen grains, pores, and
annulus. Pollen grains of species of each tribe were selected to
show the Poaceae morphological characteristics of all the tribes
of southern Brazil (Figures 4-8).

A frequency distribution histogram of the measurements of
pollen size is shown in Figure 9A. The average measurement

values were higher for arboreous forest (8% of the measurements
of these species were 50 wm). Grassland and herbaceous forest
species had lower average measurement values (16% of the forest
herbaceous species measured 27 pm, and 8% of the grassland
species measured 32 pwm). Grain size distributions showed a
Gaussian distribution for samples of arboreous forest, grassland,
and herbaceous forest species (Figures 9B-E). The Gaussian
distribution showed that ANOVA-Tukey can be applied to the
data set.

Morphometric Variation in Diameters of the

Pollen Grains, Pores, and Annulus

The ANOVA-Tukey test showed statistically significant
differences between the size of pollen grains of arboreous
forest, grassland, and herbaceous forest species (Table 4). This
difference is clear in the comparison of samples that indicate
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FIGURE 5 | Pollen grains of the subfamilies Ehrarthoideae, Danthonioideae, and Chloridoideae. (A-E) Leersia sp.: PV (A), EV (B), detail of ornamentation
(C), detail of the thickness of the exine (D), and detail of the aperture (E); (F-J) Danthonia montana: PV (F), EV (G), detail of ornamentation (H), detail of the thickness
of the exine (I), and detail of the aperture (J); (K-O) Eragrostis neesii: PV (K), EV (L), detail of ornamentation (M), detail of the thickness of the exine (N), and detail of
the aperture (0); (P-T) Chloris canterae: PV (P), EV (Q), detail of ornamentation (R), detail of the thickness of the exine (S), and detail of the aperture (T).

values (p) less than 0.01. The difference between the means of
the arboreous forest and grassland samples was large (22.1719),
while among the grassland and herbaceous forest samples the
difference was small (4.3681).

The DA test (Figure 10) determined the separation of three
groups according to the values of the variables. The DA identified
the separation of arboreous forest grassland and herbaceous
forest groups. The arboreous forest group showed the greatest
differences, and the grassland and herbaceous forest groups were
mixed.

The Pearson correlation test (Table 5) showed values that
indicate a strong relationship between the size of pollen grains
and the width of the pore (r = 0.8281). It also showed a strong
relationship between the size of pollen grains and the width of
the annulus (r = 0.8565). The diagrams of the values obtained
indicate a similarity between the size of pollen grains, the pore
width, and the width of the annulus (Figure 11).

All taxa showed monoporate apertures with annulus around
the pores, except for Pharus lappulaceus, Digitaria ciliares, and
Paspalum pauciciliatum, which showed diporate as well as the
monoporate pollen grains. However, these three species (P.
lappulaceus, D.ciliares, and P. pauciciliatum) showed only a few
diporate pollen grains; most of their pollen grains were found to
be monoporate. Nevertheless, they were unique species in terms
of having diporate pollen. In the herbaceous forest species with
diporate pollen grains, the grains measured 23-27 wm in width,
while in the grassland species with diporate pollen, the grains
measured 34-46 um in width.

Interpretation of, and Distinction between,
the Grassland and Forest Pollen Grains

In southern Brazil, 80% of Poaceae species are grassland species,
while 20% are forest species. In our data set (68 species), 85.29%
were grassland species and 14.71% were forest species. Thus,
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aperture (T).

FIGURE 6 | Pollen grains of the subfamilies Chloridoideae, Aristidoideae, and Pooideae. (A-E) Pappophorum philippianum: PV (A), EV (B), detail of
ornamentation (C), detail of the thickness of the exine (D), and detail of the aperture (E); (F-J) Aristida sp.: PV (F), EV (G), detail of ornamentation (H), detail of the
thickness of the exine (I), and detail of the aperture (J); (K-0) Chascolytrum subaristatum: PV (K), EV (L), detail of ornamentation (M), detail of the thickness of the
exine (N), and detail of the aperture (0); (P-T) Bromus catharticus: PV (P), EV (Q), detail of ornamentation (R), detail of the thickness of the exine (S), and detail of the

we analyzed the appropriate proportions of species relating to
grassland and forest vegetation in the region.

The box plot of data sets relating to different Poaceae
vegetation (arboreous forest, grassland, and herbaceous forest)
showed pollen grains of different size ranges (Figure 12). The
pollen grains of arboreous forest species were larger than those
of grassland and herbaceous forest species. The pollen grains of
grassland species and herbaceous forest species were found to
be of similar size. However, the pollen of the grassland species
had a lower minimum size than that of the forest herbaceous
species. Three pollen types could be separated based on pollen
grain size (Table 6). The Bambuseae pollen type was found to
have pollen grains larger than 46 pumin width. Pollen grains that
vary in size between 22 and 46 um are of the herbaceous pollen

type; these pollen grains belong to either grassland or herbaceous
forest species. The grassland pollen type has small pollen grains,
measuring less than 22 um.

DISCUSSION

Based on measurements of pollen grains, previous studies have
allowed scholars to distinguish between Poaceae pollen grains
of South American ecosystems, and also to show the trends in
pollen grain size among C3 and C4 Poaceae species (Schiiler and
Behling, 2011a,b; Jan et al., 2014). In this work, it was possible
to distinguish the Poaceae pollen grains relating to grassland
and forest species of southern Brazil. Jan et al. (2014) analyzed
a large data set with species from various locations around the
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FIGURE 7 | Pollen grains of the subfamilies Pooideae and Panicoideae. (A-E) Melica sp.: PV (A), EV (B), detail of ornamentation (C), detail of the thickness of
the exine (D), and detail of the aperture (E); (F-J) Hordeum stenostachys: PV (F), EV (G), detail of ornamentation (H), detail of the thickness of the exine (1), and detail
of the aperture (J); (K-0) Piptochaetium montevidense: PV (K), EV (L), detail of ornamentation (M), detail of the thickness of the exine (N), and detail of the aperture

(0); (P-T) Paspalum urvillei: PV (P), EV (Q), detail of ornamentation (R), detail of the thickness of the exine (S), and detail of the aperture (T).

world. In our work we wanted to analyze the variability within
one ecosystem; therefore, we chose to analyze a large set of data
relating to only one region (southern Brazil).

Studies of Poaceae pollen grains have revealed a strong
correlation between size of pollen grain, pore, and annulus
(Skvarla et al., 2003; Joly et al., 2007; Schiiler and Behling,
2011a,b; Jan et al, 2014). The results of our own study also
showed a relationship between size of pollen, pore, and annulus,
as determined through correlation analysis.

Analysis of the Poaceae pollen of the plants deposited in the
herbarium provided a description of the variation in pollen grain
size of species that occur in different regions of the state of
RS. According to the results, relating pollen data to information
on the current vegetation of RS, the main variations in size of
Poaceae pollen grains in the state (Figure 13) could be mapped.

Taking into account the vegetation types that are based on more
representative genera from different regions (Hasenack et al,
2010), we can assign to regions the probable main pollen types
occurring in different locations. Thus, the northern half of RS
seems to be composed of larger pollen grains. We also found
a reduction in size toward the southern half of the state, where
the concentration of smaller pollen grains can be associated with
the western part of RS, especially in the region of grassland with
shallow soils (where the range of diameters for pollen grains is
22-34 um).

Forest Vegetation

Pollen grains of forest Poaceae species showed distinctions
between species. Arboreous species showed larger pollen grains
than herbaceous species. The pollen grain size of the arboreous
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the aperture (J).
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FIGURE 8 | Pollen grains of the subfamily Panicoideae. (A-E) Schizachyrium microstachyum: PV (A), EV (B), detail of ornamentation (C), detail of the thickness
of the exine (D), and detail of the aperture (E); (F-J) Arundinella hispida: PV (F), EV (G), detail of ornamentation (H), detail of the thickness of the exine (l), and detail of
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FIGURE 9 | Frequency distribution histogram of the pollen size measurements (A). Gaussian distribution of size measurements of pollen grains of arboreous
species (B), grassland species (C), herbaceous forest species (D), and all species studied (E). F, frequency; S, pollen grain size.

species ranged from medium to large, while that of the
herbaceous species ranged from small to medium. The pollen
grains of arboreous Poaceae species showed a tendency toward
larger sizes (Markgraf and D’Antoni, 1978; Salgado-Labouriau

and Rinaldi, 1990). The differently sized grains of pollen forest
species may be related to the small wind flow inside the
forests and may also be influenced by pollination (Dérea, 2011).
Some variations in the size of the pollen grains of modern
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TABLE 4 | Significances between the size of pollen grains of forest
arboreous, grassland, and forest herbaceous species obtained with
ANOVA-Tukey.

Poaceae species has already been reported in South America. In
Venezuela, larger pollen grains have already been reported to be
related to the Bambusoideae and Pooideae subfamilies (Salgado-

Labouriau and Rinaldi, 1990). However, in southern Brazil, we

Sources of DF Sum of Mean squares
variation squares (variances) are able to differentiate at the level of tribes deter.m.mu.lg t'he
Bambuseae pollen type. The Bambuseae pollen type is indicative
Treatments 2 5066+03 253e+03 of arboreal grasses and humid regions (Schmidt and and Longhi-
error 1672 450e+03  26.924 Wagner, 2009).
F= 939.0160
o) = <0.0001 TABLE 5 | Pearson correlation coefficient values showing the strength of
Mean (arboreal forest pollen 53.0800 relationship among the pore, annulus and size of the pollen grain.
grains)
Mean (grassland pollen grains) ~ 30.9081 Pore- Pore-pollen Annulus-pollen
Mean (herbaceous forest 26.5400 annulus grain grain
pollen grains)
) n= 68 68 68
Tukey: Diference S (P)
r (Pearson) = 0.9257 0.8281 0.8565
Means (arboreal 221719 58.4142 <0.01 IC 95% 0.88-0.95 0.73-0.89 0.78-0.91
forest-grassland) °= : : ST SO
0/, — —|
Means (arboreal 265400  56.0297 <001 1C99% = 0.86-0.96 0.70-0.91 0.74-0.92
forest-herbaceous forest) R2 = 0.8569 0.6858 0.7336
Means 4.3681 13.8690 <0.01 t= 19.8779 12.0019 13.4797
(grassland-herbaceous forest) (o) = <0.0001 <0.0001 <0.0001
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ANOVA - Tukey Diference Sum of squares (p)
Means (arboreal forest grassland) 221719 58.4142 <0.01
Means (arboreal forest herbaceous forest) 26.5400 56.0297 <0.01
Means (grassland - herbaceous forest) 4.3681 13.8690 <0.01

FIGURE 10 | Discriminant analysis of the pollen grain size ordination of the 68 Poaceae species.
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Grassland Vegetation

Pollen grains of grassland species are smaller than those of
arboreous forest species and similar to those of herbaceous
forest species. These results make it possible to identify the
herbaceous pollen type. The smaller size of pollen grains in
grassland species allows identification of the grassland pollen
type. The small and medium sizes of pollen grains of grassland
Poaceae species correspond to previous data relating to South
American species (Heusser, 1971; Markgraf and D’Antoni, 1978;
Salgado-Labouriau and Rinaldi, 1990; Melhem et al,, 2003;
Correa et al, 2005; Bauermann et al., 2013; Radaeski et al.,
2014a,b) and species from other regions of the world (Joly
et al., 2007; Jan et al., 2014; Morgado et al., 2015). The small
size of pollen grains of grassland species can also be related to
the type of dispersion involved, since grassland species produce

more pollen than forest species (Radaeski and Bauermann,
2016).

Exine

Many studies have revealed differences in the exine sculpture
of Poaceae pollen grains. Such differences are evident through
the use of SEM, which allows adequate analysis of the surface
(Kohler and Lange, 1979; Linder and Ferguson, 1985; Chaturvedi
et al,, 1994, 1998; Chaturvedi and Datta, 2001; Skvarla et al.,
2003; Datta and Chaturvedi, 2004; Liu et al., 2004, 2005; Perveen,
2006; Kashikar and Kalkar, 2010; Ahmad et al., 2011; Dorea,
2011; Perveen and Qaiser, 2012; Mander et al., 2013, 2014; Nazir
et al., 2013; Morgado et al., 2015; Needham et al., 2015; Mander
and Punyasena, 2016). Light microscopy is used to study the
fossil pollen of Quaternary sediments at smaller magnifications
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(x400); SEM is not suitable for such study. Thus, data pollen
measures seem to be more suitable to use in comparison with
fossil pollen.

The thin exine of the Poaceae pollen grains is a remarkable
characteristic, not exceeding 2pm in thickness and having
equivalent sexine and nexine values. Because of this thin layer,
many pollen grains—especially the larger ones—may display
small changes in their spherical shape owing to the flattening of
the pollen grain. This often provides the impression of pollen
grains with prolate or oblate forms. However, these shapes
are easily observed in crushed pollen grains, for when the
non-deformed (used as parameters) pollen grains are examined,

Tl cconsmmie ain poon] mnss o Wi s wiran ke it oap s Suses v o S St s

BO -+ v

Size (um)

O e v

Arboreous forest Grassland Herbaceous forest

Size of pollen grain  Pollen type
> 46 ym Bambuseae
46 22 um Herbaceous
<22 um Grassland

FIGURE 12 | Chart box plot of the diameters of the pollen grains. The
bold horizontal line within the box represents the median. The box shows 50%
of the interquartile range, and whiskers the total variation.

their spherical form—characteristic of the Poaceae family—is
noted.

The surface of the exine of Poaceae pollen grains, when
viewed by SEM, exhibits several variations among species (Dorea,
2011). However, when observed under light microscopy, the
pollen surface exhibits a tectate exine with columellae and
spinulose ornamentation. The variations in the surface of the
exine observed by SEM cannot be observed by light microscopy.
To identify the pollen grains (from pollen records) involving
smaller increases, mainly occurring in Quaternary sediments, the
ornamentation is often not observed. With a magnification of
%400, much ornamentation of the studied taxa is not visible
(Schiiler and Behling, 2011a,b), for the ornamentation is often
interpreted as psilate, scabrate, or microrreticulate surfaces.
However, under higher (SEM) magnifications, the sculptured
grain surfaces may be evident (Chaturvedi et al., 1998; Liu et al,,
2004; Dorea, 2011; Mander et al., 2013).

CONCLUSIONS

Using a data set of 68 species, we found that types of
vegetation can be distinguished according to Poaceae pollen
grains. The size of pollen grains of arboreous forest Poaceae
species differs from that of grassland and herbaceous forest
species. The pollen grains of forest species of arboreal
habit are larger than those of forest species of herbaceous
habit. Through measurements and statistical analysis, we
found that these Poaceae species exhibit variation in the
size of pollen grains in species inhabiting arboreous forest,
grassland, and herbaceous forest. Thus, three pollen types
were identified: Bambuseae, herbaceous, and grassland pollen
types.

Grassland and forest vegetation may be distinguished by
examining Poaceae pollen grains from southern Brazil. Thus,
the dynamics of the grassland and forest vegetation during the
Pleistocene and Holocene periods can be demonstrated based on
Poaceae pollen grains. Also, pollen characterization by vegetation

TABLE 6 | Pollen measures and establishment of pollen types.

Size of pollen
grain

Pollen type

Species included

>46 um Bambuseae

46-22 um Herbaceous

Chusquea juergensii, Colanthelia cingulata, Guadua trinii, Merostachys multiramea

Streptochaeta spicata, Lithachne pauciflora, Olyra latifolia, Parodiolyra micrantha, Pharus lappulaceus,

Leersia sp., Luziola peruviana, Danthonia montana, Eleusine tristachya, Eragrostis bahiensis,
Muhlenbergia schreberi, Tridens brasiliensis, Bouteloua megapotamica, Chloris canterae, Cynodon
dactylon, Eustachys distichophylla, Gymnopogon spicatus, Microchloa indica, Spartina ciliata,
Pappophorum philippianum, Aristida sp., Agrostis sp., Amphibromus quadridentulus, Calamagrostis
viridiflavescens, Catapodium rigidum, Dactylis glomerata, Festuca fimbriata, Glyceria multiflora, Holcus
lanatus, Poa bonariensis, Phalaris angusta, Polypogon elongatus, Bromus catharticus, Melica sp.,
Hordeum stenostachys, Piptochaetium montevidense, Stipa filifolia, Stipa melanosperma, Stipa
papposa, Stipa setigera, Axonopus sp., Digitaria ciliares, Ichnanthus pallens, Panicum aquaticum,
Paspalum notatum, Paspalum pauciciliatum, Paspalum urvillei, Setaria parvifiora, Andropogon lateralis,
Andropogon cf. lindmanii, Bothriochloa laguroides, Elionurus candidus, Imperata brasiliensis,
Ischaemum minus, Schizachyrium microstachyum, Trachypogon filifolius

<22m Grassland

Eragrostis neesii, Leptochloa fusca, Sporobolus indicus, Tripogon spicatus, Aira elegans, Chascolytrum

subaristatum, Steinchisma hians, Arundinella hispida
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l Forests

Grasslands

Grassland with “Barba-de-bode” (29-31 pm)

Grassland with “Espinilho” (26-37 um)

Grassland with shallow soils (22-34 um)

Grassland with sandy (29-35 um)

Grassland mixed of “andropogoneas” and “compostas” (29-33 ym)
Grassland grassy (27-33 um)

Grassland shrub (31-32 um)

Grassland mixed of eastern crystalline (25-37 uym)

Grassland of the coast (29-35 pm)
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FIGURE 13 | Main changes in the average size of the Poaceae pollen grains in the different regions of Rio Grande do Sul, according to the vegetation
physiognomies in RS (adapted from Hasenack et al., 2010).
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Rita Fornaciari®?*, Rita Messora 2 and Laura Arru?
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Modern pollen spectra are an invaluable reference tool for palecenvironmental and
cultural landscape reconstructions, but the importance of knowing the pollen rain
released from orchards remains underexplored. In particular, the role of cultivated trees is
in past and current agrarian landscapes has not been fully investigated. Here, we present
a pollen analysis of 70 surface soil samples taken from 12 olive groves in Basilicata and
Tuscany, two regions of Italy that exemplify this cultivation in the Mediterranean basin.
This study was carried out to assess the representativeness of Olea pollen in modern
cultivations. Although many variables can influence the amount of pollen observed in
soils, it was clear that most of the pollen was deposited below the trees in the olive
groves. A rapid decline in the olive pollen percentages (c. 85% on average) was found
when comparing samples taken from IN vs. OUT of each grove. The mean percentages
of Olea pollen obtained from the archeological sites close to the studied orchards suggest
that olive groves were established far from the Roman farmhouses of Tuscany. Further
south, in the core of the Mediterranean basin, the cultivation of Olea trees was likely
situated ~500-1,000 m from the rural sites in Basilicata, and dated from the Hellenistic
to the Medieval period.

Keywords: Olea europaea L., pollen, surface soil, archeological site, Basilicata, Tuscany, Roman landscape

INTRODUCTION

The olive tree is an important marker of the Mediterranean cultural landscapes. Molecular,
archaeobotanical, and paleoenvironmental data are acknowledged as essential for reconstructing
the history of the domesticated olive tree (Zohary and Hopf, 2000; Newton et al., 2014). Together
with the walnut and chestnut trees, the present geographical distribution of genetic diversity in Olea
europaea L. was perhaps more influenced by human activities than by its natural migration and
colonization (Bottema and Woldring, 1990; Baldoni et al., 2006), a view confirmed by the frequent
recovery of this pollen in the deposits from archeological sites (Mercuri et al., 2013). Accordingly,
Olea pollen may be regarded as an indicator of human presence and activity in a certain
area. However, the species includes both wild and domesticated subspecies (O. europaea L. ssp.
sylvestris and O. europaea L. ssp. europaea, respectively) that have quite similar pollen morphology
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(Roselli, 1979; Ribeiro et al., 2012; Messora et al., 2017).
Another problem arises from the fact that O. europaea is an
evergreen xerophilous tree, whose growth is promoted by a
warming climate (Moriondo et al., 2013). Recent studies have
demonstrated that a seasonal analysis is required to establish
robust relationships between the Mediterranean climate and olive
development (Aguilera et al., 2015); therefore, an increasing
trend in the pollen curves may have ambiguous significance
in the diagrams from the Mediterranean Holocene records.
Palynologists have concluded that Olea pollen may be considered
both a proxy of warming and drought conditions, as well as
the product of a fruit-bearing plant dispersed and cultivated by
humans. High percentages of this pollen recovered in the spectra
from archeological sites, or from human-influenced off-sites, can
reasonably result from a process of cultivation. However, it is not
clear how much “high” may be the percentage of Olea pollen in
modern agrarian landscapes. Today, Olea pollen is common and
among the most abundant airborne pollen in the Mediterranean
countries (e.g., Galan et al., 2004; Ziello et al., 2012; Mercuri,
2015). In aerobiology, volumetric spore traps were placed in olive
groves to study the phenology and the delayed pollination season
of olive groves located at higher altitudes (in SE Spain: Aguilera
and Valenzuela, 2012). Nevertheless, the amount of pollen that
fell to the ground and was trapped in sediments below olive trees
and near modern groves has not yet been systematically assessed.

In this paper, we discuss the representativeness of Olea pollen
in surface soil samples taken from modern Italian olive groves,
with the aim of contributing to the interpretation of past pollen
spectra. To our best knowledge, this is the first study of surface
soil sediments from this widespread type of crop cultivation. This
is somewhat surprising, considering that knowledge of current
pollen rain may be the best reference tool for understanding
and reconstructing the environments and agrosystems of the
past (e.g., Cafellas-Bolta et al., 2009; Fall, 2012; Davis et al.,
2013). Since most pollen-based landscape reconstructions are
based on sophisticated quantitative pollen analyses and modeling
estimates, this paper instead proposes a basic observational test
to provide much-needed reference data for the complex and
fragmented Mediterranean landscapes during the late Holocene.
This simpler approach can improve our understanding of the
historical development of Mediterranean cultural landscapes.
The same methodology, but applied in a different approach,
was used by Vermoere et al. (2003) to compare the modern
and subfossil pollen assemblages through “modern analogs” and
multivariate statistics in their study of an “olive landscape” in SW
Turkey (Sagalassos).

Today, most of the total area with olive groves is estimated to
lie in the Mediterranean basin, with the highest olive production
quantities occurring in Spain and Italy (FAOSTAT, 2017;
Figure 1). The focus of our palynological research is centered on
the olive plantations located in Italy, a country extraordinarily
rich of agroforestry traditions and olive cultivars of the central
Mediterranean basin (Riihl et al., 2011). Such cultivation is
widespread in the central-southern regions and the islands where
the local environmental conditions are most favorable to olive
growth. For our study, we selected Tuscany and Basilicata, two
of the most productive agrarian regions in Italy, with large olive

groves in their territories (Pisante et al., 2009; Figure 2). These
regions couple modern plantations, characterized by different
cultivars, with an impressive record of archeological sites
preserving evidence of long-term agricultural activity carried out
for millennia (Florenzano, 2013; Vaccaro et al., 2013; Bowes et al.,
2015). Therefore, we have the opportunity to directly compare
past (archeological) and present (olive grove) pollen spectra from
the same areas. The results should be useful for assessing the
significance of this pollen and tree in the late Holocene history of
these two regions, which can serve as an exemplar for the entire
peninsula.

MATERIALS AND METHODS
Pollen Sampling and Study Areas

Surface soils were collected from 12 olive groves: five were
located in Basilicata (B1-5, cultivated along the Bradano River,
in the province of Matera) and seven in Tuscany (T1-7, grown
in the commune of Cinigiano, in the province of Grosseto;
Figure 2). These two regions have quite heterogeneous soil
structures, ranging from alluvial soils along the rivers to marine-
origin sandy-gravel deposits in the hinterlands (Pieri et al., 1996;
Costantini and Righini, 2002).

The climate of the two regions has a typical Mediterranean
seasonality, with rainy winters and dry summers, but with
regional differences depending on the latitude and elevation. In
Basilicata, the climate is influenced by both the hydrographic
basin of the Bradano River and the Ionian Sea, while in Tuscany
it is by the warm current from the Tyrrhenian Sea (mean annual
temperatures from both regions: from 13 to 16°C; mean annual
rainfall: from 300 to 700 mm. Data from regional meteorological
archives of Archivio Meteo Storico).

Mediterranean vegetation characterizes the two regions,
although mesophilous plant associations are also distributed in
the studied areas. In Basilicata, broadleaved deciduous forests are
the dominant vegetation communities of the inner lands, whereas
Pinus halepensis Mill. forest are spread along the coast (Blasi,
2010). A widespread occurrence of woodlands composed of
evergreen sclerophylls and broadleaf deciduous trees and shrubs
characterize the southern Tuscany vegetation (Selvi, 2010). Some
pine tree stands (Pinus nigra J. F. Arnold, P. pinaster Aiton,
P. pinea L., and P. halepensis) now cover this territory after
being reforested over the last two centuries (Ciabatti et al., 2009).
The olive groves include different cultivars, commonly organized
in mixed plantations of variable size and expansion (Figure 3).
In this study, each olive grove was selected to be the farthest
away possible from other groves in the same area (Florenzano
et al., 2011). However, in Basilicata and Tuscany olive groves
account approximately for c. 11% of the Italian territory planted
with olive trees, and the density of these tree cultivations is
so high that they often color and characterize the landscape of
these two regions (from ISTAT—National Institute of Statistics
2011: Basilicata: 31.350 ha, and Toscana: 97.241 ha of olive
orchards).

Two samples were taken from the center of each plantation
(IN), and four samples from the peripheral positions (OUT),
at a distance of c. 250-500 and 1,000m depending on
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FIGURE 1 | Distribution map showing the production quantities by country, estimated in tons of olives (in the legend) redrawn from FAOSTAT database for 2017.
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FIGURE 2 | Map of Italy showing the locations of the 12 olive groves studied in Basilicata (B, Southern Italy) and Tuscany (T, Central Italy). The cultivars of Olea
europaea L. ssp. europaea cultivated in these olive groves are reported at the right (B) and left (T) of the map. The labels of the olive groves (B1-5, and T1-7) follows
the list embedded in the Figure 2 graphic.

geomorphologic and anthropogenic limits, but always along the  of the surface soils. One of the IN samples was picked up
SE and the NW transects. according to the method of sampling “by pinches” (e.g., used

A total of 70 samples were collected from bare ground—not  in forensic palynology; Horrocks et al., 1998; Bryant and Jones,
covered by grass—“by cutting” out an c. 2-cm thick portion  2006): soil sub-samples were taken from several points over
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FIGURE 3 | Surface pollen samples taken from the olive groves located in Basilicata (B) and Tuscany (T), Italy; the geographical coordinates, size of the plantation,
and type of sampling are shown. a, maximum length; b, maximum width; IN, samples taken from the center of the olive groves; OUT, peripheral samples. The olive
grove extent is that for the sampling year (2010 for Basilicata, 2011-13 for Tuscany). Bottom left: the model of pollen sampling in the olive groves.

a c. 1 m? area, mixed, and put into a single small plastic  June in the western and central Mediterranean (Fornaciari

bag per sample. Since the pollination of different cultivated et al., 2000; Osborne et al., 2000), the samples were collected
crops occurs at different periods, normally between April and  in the spring or summer seasons, ie., immediately before
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(early April) or after (July) the blooming periods of the olive
trees.

Reference Data from Archeological

Literature

Data from the archeological layers were obtained from the
pollen analyses of 12 sites located in Basilicata (BI-VII)
and in Tuscany (TI-V)—as part of multidisciplinary research
carried out by independent projects (for list and references
see Table 1)—and selected to compare the presence of Olea
in modern and past pollen spectra. The archeological sites
were mainly rural settlements and farmhouses belonging to
different cultural periods, from Hellenistic to Medieval in
Basilicata, and from the Augustean Roman age in Tuscany.
The chronology of the sites was mainly determined by their
archeological materials (e.g., pottery), and to a lesser extent
by radiocarbon dates and layer correlations. Based on both
the pollen data and archeological evidences, environmental
reconstructions emphasize the importance of oliviculture in the
past economies of these lands (Florenzano, 2013; Bowes et al.,
2017). In Basilicata, the Greek and Roman settlements were
characterized by well-developed economic activities, including
agricultural and pastoral practices (Florenzano and Mercuri,
2012). An organized road network and an efficient irrigation and
drainage system characterized this land (Carter and Prieto, 2011).
After a period of crisis linked to the fall of the Roman Empire
(ca. 4-11th century AD), agricultural practices resumed during
the Medieval period, and included olive cultivations within
the monastic communities (Sogliani and Marchetta, 2010). In
Tuscany, the archaeobotanical and archeological data point
to a phase of intensive land use in the late Republican/early
Imperial date (ca. Ist century BC/1st century AD). Along

with the significant presence of cereals, the grape vines, and
olives attest to the importance of Mediterranean crops in
rural contexts, which were small and mainly occupied on a
temporary/short-period basis (Rattighieri et al.,, 2013; Bowes
et al., 2015).

Pollen Analysis
An amount of 2-5g of wet weight per sample of surface soil
sediment was treated for pollen extraction (Florenzano et al.,
2012). Lycopodium spores were added for the calculation of
pollen concentration (expressed in pollen grains per gram = p/g).
The method involves deflocculation with Na-pyrophosphate
10%, sieving with nylon filter of 7pum mesh, carbonate
dissolution with HCI 10%, acetolysis (Erdtman, 1960) to remove
part of the organic substance, enrichment with heavy liquid (Na-
metatungstate hydrate) to concentrate the pollen with flotation,
dissolution of silicates with HF 40%. The residues were mounted
in slides, fixed in glycerol jelly and sealed with paraffin. Pollen
counts (up to about 500 pollen grains per sample) were carried
out under 400x with a light microscope. For the purpose of
this research, we counted only Olea, Pinus, and the number of
total pollen grains in the Pollen Sum. Olea was identified as
trizonocolpate-colporate pollen with reticulate exine, and a polar
axis of ~20 pm. Pinus is a high pollen producing tree, and has a
saccatae pollen with a maximum diameter of c. 70 pm in many
species (e.g., P. nigra—Accorsi et al., 1983; Pinus pinea— Accorsi
et al,, 1978; Desprat et al.,, 2015). As Pinus was an important
component of some pollen spectra, obtaining the pine values
helped us assess the underestimation of Olea pollen in several
olive groves.

Pollen values reported in the Results section below are the
mean pollen concentrations or percentages calculated from the

TABLE 1 | Percentage of Olea pollen from the archeological sites close to the modern olive groves studied in this paper, and relevant references.

Archeological site (label and name) Archeological chronology Number of pollen samples Olea % Main references
Mean Max

BASILICATA

B I - Pizzica H 5 2.5 11.8 Florenzano and Mercuri, 2012

B II - Fattoria Fabrizio H 10 2.6 4.6 Florenzano et al., 2013;
Florenzano, 2014

B Il - Pantanello R 12 0.4 2.1 Florenzano and Mercuri, 2012,
2017

B IV - Sant’Angelo Vecchio H-R 27 1.9 13.1 Florenzano, 2016

B V - Difesa San Biagio H 9 0.7 1.8 Mercuri et al., 2010

B VI - Miglionico M 10 0.8 2.4 Florenzano, 2013

B VII - Altojanni M 7 1.6 6.5 Mercuri et al., 2010

TUSCANY

T I - San Martino R 8 <01 0.2 Rattighieri et al., 2013

T II - Colle Massari R 4 0.2 0.4 Bowes et al., 2015, 2017

T Il - Podere Terrato R 11 <01 0.4 Bowes et al., 2015, 2017

T IV - Case Nuove R 15 0.1 1.0 Vaccaro et al., 2013

TV - Poggio dell’ Amore R 5 0.1 0.3 Bowes et al., 2015, 2017

The detailed pollen analyses are reported in Florenzano (2013) (Basilicata) and Rattighieri (2016) (Tuscany). H, Hellenistic; R, Roman; M, Medieval.
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average data of the two (IN) or four (OUT) pollen samples per
olive grove.

Pollen Data Elaboration

Data were imported into Microsoft Excel 2013 and used to
make the graphs. Data elaborations show the trends of olive
pollen deposition at three distances from their source (IN,
500 and 1,000m). Their linear trends were based on the
coefficient of determination (R?) by using linear analysis tools.
Principal component analysis (PCA) was performed, by using the
XLSTAT 2014 software, to display the distribution of the samples
(variables) with respect to Olea, Pinus, and the total pollen from
other taxa observed in the samples.

RESULTS

The pollen analysis from surface soils (Table2) shows that
the total pollen concentrations are always significant, ranging
from min. c. 20,000 p/g (B5, higher IN than OUT) to max.
c. 130,000 p/g (T2, higher OUT than IN). One half of the
samples IN contains higher total concentrations than OUT.
The total pollen concentrations are higher in Tuscany than
in Basilicata (73,138 vs. 40,137 p/g on average), possibly
reflecting the different soil composition and richness of organic
matter.

The mean percentage of Olea pollen in the samples was similar
between the two regions (T = 29.8% vs. B = 29.3%). The IN
samples had significant percentages of Olea, from 8% in B4 to
58% in B1, but only three olive groves showed Olea at >50% for
the IN spectra (B1, B5, and T4). In five IN samples, Olea occurred
at <20% (B2, B3, B4; T2, T7); these values, however, reached to
30-40% when Pinus was excluded from the counts. The highest
Olea percentages came from the sites B1 (IN: c. 58%) and T4 (IN:
c. 53%). However, the more extensive olive groves (B5 and T3;
Figure 3) had lower values (IN: c. 51% in B5, and c. 23% in T3).
This indicated that an evident relationship was lacking between

the size and representativeness of Olea pollen taken from the
center of an olive grove.

The presence of Olea strongly decreased for OUT, at 500 m (2-
9%), whereas Olea values were more variable for OUT at 1,000 m
(Table 2; Figure 4). In some cases (B2, B4), an increase in Olea
percentage is observed reflecting the pollen rain from other olive
trees/groves growing in the area.

The PCA (Figure 5) allowed for the comparison of pollen
spectra and sites, and separated them along the distance and
composition features. In the sectors III and II, the IN samples—
taken from the center of olive groves—are concentrated with the
highest Olea percentages; moreover, samples with a significant
presence of Pinus are concentrated in sector II. By contrast, most
of the OUT samples taken at 500 m and 1,000 m from the groves
center, were plotted in the sectors I and IV; hence this revealed
that other taxa influenced these spectra.

DISCUSSION

The Representativeness of Olea in the
Olive Orchards

As expected, Olea pollen was consistently present in the pollen
spectra from the olive groves. Generally, we know that pollen
released from trees is transported, in part, by wind through the
canopy, and partly is trapped by the foliage and eventually falls
by gravity in the wood (McKibbin, 2006). The local signal and
the anemophilous pollination are predictive of a good amount
of Olea pollen grains in and around the groves. Although this
pollen is one of the main components in the airborne pollen
rain of Mediterranean countries, the yearly percentage of Olea
pollen is not usually reported, and so direct comparison between
such aerobiological data and soil pollen spectra is not possible
(Ziello et al., 2012). Data from airborne pollen monitoring by
the station of Matera (years 2005-2006, by ARPAB) suggested
that Olea pollen is generally less represented in the air than
in the surface soil layers (Florenzano et al, 2011), a pattern

TABLE 2 | Results of the pollen analyses: concentration (p/g = pollen per gram) of all the pollen grains found in the soil surface samples, and the percentages of Olea

pollen counted in the IN and OUT samples of each plantation.

Olive grove Total pollen concentration (p/g) Olea pollen (%)
Label Number of pollen samples Total IN ouT IN 500 m 1,000 m Mean
B1 6 31,620 25,337 34,761 58.4 7.6 4.4 23.5
B2 6 71,746 40,002 87,617 1.1 1.5 6.4 6.3
B3 6 22,338 20,746 23,134 18.7 2.8 / 9.1
B4 6 55,097 75,992 44,649 7.6 2.1 4.0 4.6
B5 6 19,884 27,200 16,226 50.9 4.0 3.1 19.3
T 6 73,450 123,290 48,531 26.6 3.4 2.2 10.7
T2 6 127,836 72,232 164,905 13.2 1.6 / 4.6
T3 6 49,154 42,804 52,329 22.8 9.0 5.3 12.4
T4 6 79,093 99,066 65,777 52.8 2.3 / 23.2
5 6 31,844 32,720 30,968 28.6 4.0 / 16.3
6 4 45,146 43,968 46,323 48.6 2.1 / 25.3
T7 6 105,441 229,453 43,435 16.2 1.9 1.1 6.4
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also evident for Prunus orchards (Mercuri, 2015). The pollen
of Olea was c. 7-11% of the yearly pollen rain, while, in our
study, it was 13% on average in the IN and OUT surface soil
samples of the B-groves (this value was calculated from the
Table 2 data). Nevertheless, we found that Olea pollen had very
variable percentages (2-58%) depending on the IN and OUT
point locations of sampling. We found that, in general, the
highest values of Olea pollen were recorded in those samples
taken from the center of the plantation but no relationship
between the size of the olive groves and the amount of olive pollen
accumulated in these IN samples. We estimated that the highest
values observed in the IN samples, from Bl and T4, sharply
dropped from c. 58-53 to c. 5% at 500 m. Hence, Olea pollen

could be estimated to decrease by 61-96% in the first few hundred
meters from its source. Accordingly, Adams-Groom et al. (2017)
showed that most pollen from isolated trees [Carpinus betulus
L., Cedrus atlantica (Endl.) Manetti ex Carriére, Juglans nigra L.,
and Platanus acerifolia (Aiton) Willd.] was deposited beneath the
canopy (range 63-94%), following an exponentially decreasing
curve. An exponential decline was also observed in Vitis pollen as
function of its distance away from the vineyard edge: Vitis pollen
can be detected within vineyard soils, but rapidly reaches very low
concentrations (<0.1%) or disappears altogether in soils outside
vineyards (Turner and Brown, 2004). In the surface soil pollen-
deposition patterns of hornbeam, cedar, walnut, and plane pollen,
the tailing-off began at the outer edge of the canopy; the amount
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of pollen deposited at 50m was <2.6% and at 100m it was
<0.2% of total deposition in the samples for any tree (Adams-
Groom et al., 2017). Bunting (2002), who studied modern pollen
deposition in and around woodlands, by using moss polsters
and surface sediments from small lakes, also found that local
woody pollen percentages generally reached background levels
of <100m from the woodland edge. The rapid decline of tree
pollen grains with distance is reported from additional studies
(e.g., Brostrom et al., 2005), which often remark on the 100-m
threshold from the woodland edge for the dramatic decrease of
tree pollen (Tinsley and Smith, 1974).

The slope of imaginary lines connecting each percentage
value at the IN and 500m sampling sites was negative for
each olive grove we considered. This confirms a substantial
decrease of pollen deposition at 500 m (Figure 4A). Farther,
however, the percentages remain fairly constant, or even increase
in the samples taken at 1,000 m sites, and thus inconsistent with
the previous one (Figure 4B). A plausible explanation for this
result is that the great density of olive groves in the studied
areas (mentioned above) caused an abundant pollen emission
of airborne pollen in the relevant sampled areas. Many factors
likely contributed to the variability of Olea pollen percentages in
our samples. For example, aerobiological data report that olive-
growing areas act as good Olea pollen sources but give contribute
differently to the airborne pollen rain depending on the prevalent
wind direction and the size of groves (Hernandez-Ceballos et al.,
2012). Besides the extent of olive groves, the tree size- and age-
distributions, the gap between the sampling date and the start
of the pollination period (April), the tree density and canopy
closure, the abundance of overrepresented pollen from other
taxa in the pollen spectra (Pinus), the occurrence of particular
agricultural practices (e.g., plowing), and the spread of olive
groves or the presence of wild olive specimens in the same area,
are all variables capable of influencing our olive grove spectra.

The Pollen Evidence of Past Olive Groves

near Archeological Sites

Our results obtained from the modern pollen spectra may help
to interpret spectra from archeological sites (Table 3). The mean
percentages of olive pollen from the archeological sites located in
Basilicata suggest that the olive groves were c. 500 m in distance
from BI, BIIL, BIV, and BVI], yet > 500 m from BIII, BV, and
BVI. According to these data, oliviculture was one of the most
relevant features of the past landscape and economy of Basilicata
(Florenzano, 2013). Although Mediterranean vegetation was
prevalent in southern Italy, the influence of wild olive does
not seem to have had significant incidence in the past spectra
from this region: according to the archeological and historical
literature, olive cultivation was spread since the 7-6th century
BC and favored by the Greek colonization. From that period
onward, this crop has largely influenced the agrarian system of
this territory (van der Mersch, 1994; De Siena, 2001).

The archeological sites located in Tuscany always had very low
Olea pollen values (<0.2%), suggesting that the olive groves were
not distributed within 1,000 m of the Roman farmhouses of the
Cinigiano district. This is due, in part, to the fact that the sites

TABLE 3 | Percentage of Olea pollen from the archeological sites of Basilicata and
Tuscany, in relation to the distance from the center of an olive grove.

Distance Olea pollen (%)
Modern olive groves Archeological sites
BASILICATA
IN 7.6-68.7 No sites
500m 1.5-7.6 25B1),26BI),1.9BIV), 1.6 (BVI)
>500m <15 0.4 (B1I),0.7 (BV), 0.8 (B VI
TUSCANY
IN 13.2-68.8 No sites
500m 16-9 No sites
>500m <16 <O (ML T, 02(TH),0.1(TNTV)

The estimated distance was based on the results obtained from the soil samples of the
modern olive groves. The labels of the archeological sites (B I-VIl, and T I-V) follow the list
in Table 1.

were small facilities, mainly used seasonally to process cereals,
or for animal husbandry, so that herbaceous crops cultivated
for food and fodder especially influenced the pollen spectra.
However, the low values of Olea pollen are recurrent in these sites
of Tuscany. Although the Roman agriculture was intensive and
complex, we can conclude that oliviculture was not a landscape
feature of this region at that time.

A net of off-sites helps to reconstruct the history of this plant
in the Italian peninsula. In southern Italy, many off-site records
contain Olea pollen dating back to the early Holocene (Pergusa
lake and Gorgo Basso in Sicily: Sadori and Narcisi, 2001; Tinner
et al.,, 2009; Lago di Trifoglietti in Calabria: Joannin et al., 2012).
Afterwards, the fairly continuous curve of Olea begins at c. 6500
cal BP during the mid-Holocene (Lago Salso and Lago Alimini
Piccolo in Apulia: Di Rita and Magri, 2009; Di Rita et al., 2011;
Lago Battaglia: Caroli and Caldara, 2007). From c. 3,600 cal
BP onward, Olea curves increase in Lago Alimini Piccolo and
Lago di Pergusa (c. 20% in both sites), but also increasing in
Lago Battaglia at c. 3,100 and 2,600 cal BP. Similarly, in central
Italy, some off-site cores show the occurrence of Olea during
the early Holocene (Lago dell’Accesa in Tuscany: Drescher-
Schneider et al., 2007), with its continuous presence from c. 7,300
to 7,000 cal BP also at Lago del Greppo (Vescovi et al., 2010). In
Tuscany, at Lago di Massaciuccoli (Mariotti Lippi et al., 2007),
Olea pollen is present in traces amounts, and found only in the
layers dating to the Roman Age; also elsewhere in the region, Olea
was discontinuously recorded in low amount (Mariotti Lippi
et al., 2015; Mariotti Lippi in verbis). Then, at c. 2,800-2,700
cal BP, Olea increased together with Juglans and Castanea, and
with cereals and other anthropogenic indicators, thus clearly
showing the development of cultural/agrarian systems (at Lago
di Vico, Lago dell’Accesa and Lago Battaglia: Magri and Sadori,
1999; Caroli and Caldara, 2007; Drescher-Schneider et al., 2007).
These data show the general chronological trend of olive pollen
from traces to high percentages in the Holocene off-sites (e.g.,
Lago Alimini Piccolo), but the meaning of Olea presence in the
off-site and on-site cores is different (Mercuri et al., 2013). We
must remember that these records are from areas that lie within
the distribution of wild olive trees. In lake records, where we
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cannot expect the growth of olive trees at the sampling locations,
the presence of pollen from these trees does not strictly mean
that they were cultivated. The high amounts of Olea in these
records (>2%) may be evidence of (mixed) wild stands that
occurred besides the plantations in the area (as regional pollen
rain is recorded in off-sites); hence, the significance of this pollen
requires careful consideration of the chronology and proximity
of archeological sites to the off-site.

CONCLUSIONS

Our data show that olive trees can depict a significant picture in
pollen spectra, and that their highest percentages are evidence of
the local presence of cultivations in a given area. Low percentages
of Olea pollen may be interpreted as being the result of long-
distance transport, while percentages of >2% may indicate the
presence of plantations at least 1,000m from the sampling
point(s).

Olea pollen from modern olive groves provides a reference-
tool that is useful for paleoenvironmental reconstructions (as
generally attested: Davis et al., 2013), and it is important to
know the role of olive cultivation in the development of cultural
landscapes. As mentioned above, the significance of olive pollen
in past spectra is sometimes controversial, since the presence
of wild trees enlarge the signal of the species, and the warming
phases have a role in spreading olive trees in the Mediterranean
landscapes.

The transformation of natural to human-influenced
environments (Zanchetta et al., 2013; Mercuri and Sadori,
2014), from the local to trans-regional spatial scales (Mercuri,
2014), may be tracked by observing the presence and trends of
Olea both in and near the archeological sites. Our work suggests
the cultivation of olive trees has been a long-time activity along
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Changes in Modern Pollen
Assemblages and Soil Geochemistry
along Coastal Environmental
Gradients in the Everglades of South
Florida

Qiang Yao* and Kam-biu Liu

Department of Oceanography and Coastal Sciences, College of the Coast and Environment, Louisiana State University,
Baton Rouge, LA, United States

This study aims to document the changes in modern pollen assemblages and
soil elemental chemistry along broad edaphic, hydrological, and salinity gradients,
including a previously undocumented secondary environmental gradient, in a vast
mangrove-dominated wetland region in the Everglades, South Florida. Twenty-five soil
surface samples were collected along an interior wetland transect and an estuarine
mangrove transect across coastal zones in the Everglades National Park and subjected
to palynological and XRF analyses. Modern pollen spectra from the sampling sites
were classified into five a priori groups—wet prairie, pineland, inland mangroves,
coastal mangroves, and fringe mangroves, based on the five vegetation types and
sub-environments from which they were collected. Discriminant analysis shows that all
(100%) of the samples are correctly classified into their a priori groups. On a broad scale,
the modern pollen assemblages in surface samples collected from different vegetation
types reflect the primary environmental gradient in the Florida Coastal Everglades. A
distinct salinity and chemical gradient is also recorded in the XRF results, and the
complexity of these gradients is captured at both regional and local scales. At the regional
scale, concentrations of all the elements increase from terrestrial toward coastal sites. At
the local scale, XRF results show a progressive decrease in most chemical concentrations
and in the CI/Br and Ca/Ti ratios away from the Shark River Slough at each individual
site, suggesting that a secondary fluvial/tidal gradient also exists locally as a function of
the distance from the river, the main carrier of these chemicals. This study provides new
evidence to show that tidal flooding from the Shark River Estuary is directly related to
the nutrient availability in the surrounding mangrove forests. These data will deepen our
understanding of the environmental drivers behind the vegetation zonation in the region,
especially in the mangrove ecosystems, and fill a gap in the pollen data network for the
Everglades.

Keywords: surface pollen assemblages, coastal environmental gradients, shark river slough, Everglades National
Park, x-ray fluorescence (XRF), mangroves
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INTRODUCTION

Delineating the interface between the land and the sea, the
coastal zone is marked by environmental gradients as defined
by elevation, soil, hydrology, and salinity. Most of the coastal
ecosystems are influenced by a primary environmental gradient
as a function of distance away from the sea. In some cases,
particularly along estuaries, a secondary environmental gradient
may also occur as a function of distance away from the
river. Superimposed on these environmental gradients are biotic
gradients, as defined by a land-to-sea array of vegetation
communities. Pollen analysis and X-ray fluorescence (XRF)
analysis have been used in paleoecological studies to reconstruct
the Holocene history of vegetation changes in the coastal
wetlands of the southeastern U.S. (Willard et al., 2001; Donders
et al., 2005; van Soelen et al., 2010, 2012; Yao et al., 2015; Yao
and Liu, 2017). However, with few exceptions (e.g., Willard et al.,
2001), these reconstructions are not supported by surface samples
documenting the changes in modern pollen assemblages and soil
chemistry along various environmental gradients in these coastal
wetland sites, particularly along the secondary environmental
gradient in estuarine wetlands.

The Everglades, situated at the southern tip of the Florida
peninsula, contain the largest freshwater marshes and contiguous
mangrove swamps in North America drained by sloughs and
estuaries along hundreds of miles of shoreline (Lodge, 2010).
Since the early twentieth century, anthropogenic activities
(agriculture and urbanization) have dramatically reduced the
seasonality of freshwater flow (Light and Dineen, 1994) and
have affected the surface and groundwater flows throughout
the Everglades (Saha et al., 2012). In order to provide
essential baseline data for the restoration of the hydrological
conditions of the Everglades, numerous studies are being
conducted along the coastal zones in the Everglades National
Park (ENP) to understand the long-term ecological processes
and developmental history of these natural wetlands. Recent
paleoecological studies from the region suggest that the
vegetation shifts in wetland communities during the middle and
late Holocene are closely associated with the regional and global-
scale climatic phenomena such as position of the Intertropical
Convergence Zone (ITCZ) (Donders et al., 2005), the state of
the North Atlantic Oscillation (NAO) (Willard and Cronin,
2007; Bernhardt and Willard, 2009), and the Holocene sea-
level rise (Yao et al., 2015; Yao and Liu, 2017). To produce
accurate results using fossil pollen analysis, it is important
to understand how the modern vegetation and environmental
gradients are represented in the modern pollen rain of the study
area. In the Everglades National Park, few such studies have
been conducted. Willard et al. (2001) documented the modern
pollen rain from wetland sub-environments in the Florida
Everglades and the results show that they have distinctive surface
pollen assemblages. Their study, which focuses on the freshwater
wetlands and more inland communities, also suggests that pollen
record is useful for reconstructing past hydrologic and edaphic
changes in the Everglades. More importantly, although estuarine
mangroves are the dominant mangrove types in the Everglades,
most studies only focus on the primary environmental gradient

between coastal and inland sites (Chen and Twilley, 1999a,b;
Willard et al., 2001; Castaiieda-Moya et al., 2010, 2013). Modern
pollen assemblages and soil chemistry along the secondary
environmental gradient away from the river has been overlooked
in the research literature from the Everglades.

Here we present the results of palynological and XRF analyses
on 25 soil surface samples collected from two transects in the
Everglades. Our study focuses on the mangrove-dominated,
more clearly marine-influenced wetlands in the southern and
southwestern tip of the Everglades, especially the primary
and secondary environmental gradients along the Shark River
Estuary, where the slow-flowing freshwater originated from
Lake Okeechobee meets the saltwater being pushed up by tides
from the Gulf of Mexico. The main research questions we seek
to answer are: (1) how are coastal environmental gradients
expressed in an estuarine environment that encompasses a
variety of vegetation communities from pineland and wet prairie
to different mangrove ecosystems? (2) As the Shark River is the
main conduit in the transportation of chemical nutrients, does a
secondary environmental gradient exist in mangrove dominated
coastal wetlands, as a function of distance away from the river?
Here we present data that relate soil salinity and geochemistry
to modern pollen assemblages across that gradient. Data from
this study can provide useful baselines for monitoring future
environmental changes relating to ongoing disturbance from
rising sea-level, hurricanes, and anthropogenic activities.

STUDY REGION AND STUDY SITES

The study region (~600,000 ha) lies between 25°24’06” and
25°21'10” N latitude, and between 80°36'02” and 81°06'53.6” W
longitude (Figure 1). Tides are semi-diurnal with >0.5 m mean
tidal amplitude (Wanless et al.,, 1994). During the wet season,
water overflowing Lake Okeechobee from the rainfall results in
a southward sheet flow along a gentle slope of ~3 cm/km into the
Shark River Slough (SRS) (Lodge, 2010). The water entering SRS
flows through long-hydroperiod prairie sloughs into mangrove
swamps at the river estuary and then into Whitewater Bay or the
Gulf of Mexico along the southwestern coast of the Everglades.
However, these densely vegetated wetlands are phosphate-limited
(Castaneda-Moya et al., 2010), where the limited nutrient is
supplied by the Gulf of Mexico, rather than the upper watershed
(Chen and Twilley, 1999a,b). The study region is also frequently
impacted by hurricanes. The sedimentary record revealed that at
least 6 paleo-hurricanes made direct landfall at the Shark River
Estuary during the past 3000 years (Yao et al., 2015). Instrumental
record documented 17 hurricanes near the study area since the
nineteenth century (NOAA, 2016), the most recent one being
Hurricane Wilma in 2005, a category 3 hurricane that caused
massive mangrove mortality and deposited a 10-cm thick storm
deposit at the mouth of the SRS (Castafieda-Moya et al., 2010;
Yao et al., 2015).

At the regional scale, the coastal vegetation in the Everglades
is arranged in well-defined floristic zones parallel to the coast,
with mixed mangrove stands near the coast giving way to
brackish marshes (graminoid-mangrove mixtures) and then
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FIGURE 1 | (A) Location of surface sample sites in the Everglades National Park, South Florida, in relation to the vegetation map according to FCE LTER (2018).
Colored circles indicate locations of the individual samples along the inland-to-coast transect. Stars indicate sites along the estuarine mangrove transect where
multiple samples were taken at each site. Sample numbers correspond to Site IDs described in Table 1. (B) Aerial photos of sites SRS-4, SRS-5, and SRS-6, and
SRM showing locations of individual samples (colored dots). Note the massive mortality of mangroves caused by Hurricane Wilma (2005) evident at site SRM. The
vegetation map and aerial photos in this figure was retrieved from FCE LTER. Copyright permission has been acquired.

freshwater marshes further inland (Ross et al., 2000). This
distinct vegetation gradient is the result of varying tolerances
of mangroves (Rhizophora mangle, Avicennia germinans,
Laguncularia racemosa, and Conocarpus erectus—a mangrove
associate) and coastal wetland plants (e.g., Cladium jamaicense
and Spartina alterniflora) to environmental parameters such
as substrate, hydrology, and salinity (Ross et al., 2000; Lodge,
2010; Yao et al.,, 2015). Within our study region, we recognize
five major vegetation types that are controlled by the primary
(inland-to-coast) environmental gradient according to elevation,
soil, hydrology, and salinity, as follows.

Pineland

Pinelands lie in the vicinity of the wet prairie mosaic, and their
substrates typically consist of sand and rocks (Willard et al.,
2001). They grow in the higher grounds, thereby having short
hydroperiod and burned frequently (Platt, 1999). Pine savannahs
in the ENP are dominated by Pinus, Quercus, and containing
Burseraceae, Poaceae, Asteraceae, and subtropical hammocks.
Such areas are also present in the interior region of the Everglades
(e.g., Lostman’s Pines and Raccoon Point regions of Big Cypress
National Preserve; Doren et al., 1993; Willard et al., 2001; Schmitz
et al., 2002; Bernhardt and Willard, 2009; Hanan et al., 2010).

Wet Prairie

Wet prairies occupy most of the interior region in the Everglades
and are the driest marsh type in the Everglades (Gleason
and Stone, 1994; Lodge, 2010). Wet prairies typically have
hydroperiods of less than 12 months and are thus dry seasonally,
tending to burn more than once a decade, and even every 1-2

years if adjacent to pine savannas (Platt, 1999; Schmitz et al., 2002;
Slocum et al., 2003).

Marl forming periphyton is a common component of wet
prairies and is responsible for calcite marl deposits on the
limestone terrain (Willard et al., 2001). Patches of well-developed
cypress forests, pinelands, and inland mangroves are common
sub-environments that lie within the wet prairie mosaics. Cypress
forests can be found in deep depressions, thereby having a long
hydroperiod resulting in thick peat accumulation (up to 2m)
(Duever et al., 1984). Such wetlands are found from the northern
Everglades to the Shark River Slough, Whitewater Bay, Cape
Sable, and Florida Bay (Gleason and Stone, 1994; Lodge, 2010).

Inland Mangrove Forests

The coastal area of the ENP, from Naples to Florida Bay, is
covered by ~15,000 ha of dense mangrove forests consisting
of R. mangle, A. germinans, L. racemosa, and C. erectus
(Simard et al., 2006; Lodge, 2010). In our study area, all these
mangrove species can be found and they form unique sub-
mangrove habitats along the primary environmental gradient.
Based on their composition and relative distance to the ocean,
we categorize these mangrove forests into three groups, which
are inland mangrove forests, coastal mangrove forests, and
fringe mangrove forests. Inland mangrove forests occur in the
innermost zone of the mangrove ecosystem and constitute a
broad ecotone between the zones of marine and freshwater
influences. This vegetation zone has very low salinity (<5
ppt) and is characterized by graminoid-mangrove mixtures
consisting of sawgrass marsh and dwarf mixed mangrove stands
(Castaneda-Moya, 2010). Conocarpus, a mangrove associate
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growing in slightly fresher and inland environments (Hogarth,
2007; Urrego et al., 2010), dominates inland mangrove forests.

Coastal Mangrove Forests

Across the graminoid-mangrove ecotone, areas that receive
more marine influences are characterized by coastal mangrove
forests. A clear zonation pattern can be observed within this
vegetation zone. Rhizophora trees are found in areas closer
to the shoreline, because they have unique aerial roots which
allow them to colonize sites with an unstable substrate and
direct tidal influence (Hogarth, 2007). Moving further inland,
Avicennia typically colonizes highly saline environments. They
have pneumatophores that supply oxygen to the underground
roots in anaerobic sediments. Laguncularia, often lacking special
root adaptations, occurs in the interior of the coastal mangrove
forest, followed by Conocarpus in the upland transitional areas
adjunct to inland mangrove forests (Hogarth, 2007).

Fringe Mangrove Forests

Fringe mangrove forests in the Everglades grow as a relatively
thin fringe along the coasts facing directly toward the Gulf of
Mexico and the Atlantic Ocean. They are directly exposed to
tides and waves, as well as storm surges and strong winds.
Therefore, Rhizophora is usually the dominant species in fringe
mangrove forests. Typically, because the mangroves growing in
fringe mangrove forests are flushed daily by tides, they are not
as tall and productive as coastal mangrove forests growing in
more inland and upstream areas. However, because the limited
nutrients in the coastal Everglades are supplied by the Gulf of
Mexico through tides, waves, and storms (Castaneda-Moya et al.,
2010), fringe mangrove forests contain the tallest mangrove trees,
and the tree height decreases toward coastal and inland mangrove
forests (Table 1) (Chen and Twilley, 1999a,b; Simard et al., 2006).

MATERIALS AND METHODS

Surface Samples and Sampled Coastal

Sub-environments

In this study, we collected 25 surface samples along two primary
transects in the Everglades—an inland-to-coast transect across
major ecosystems from pinelands to wetlands along the main
road in the Everglades National Park (ENP), and an estuarine
transect through mangrove-dominated communities along the
Shark River Slough (Table1, Figurel). The two transects
parallel distinct primary coastal environmental gradients and cut
across major vegetation communities. The surface samples were
collected by pushing a small shovel into the ground to collect
up to 5cm of upper materials. After removing plant litter, roots,
and algae on the surface of the samples, the very top layer of the
sediments was used for pollen and geochemical analyses.

Interior Wetland Transect (Samples 1-7)

The inland transect follows a clear edaphic and hydrological
gradient from inland to coast and encompasses a variety of
vegetation types. It starts from a wet prairie close to the entrance
of ENP, through patches of pineland and cypress forest, and then
ends in a patch of inland mangrove forest. Patches of mixed

mangrove and inland mangrove forests can be found along the
ecotone between wet prairies and coastal mangrove swamps.

Samples 1, 3, 4, and 6 were taken from prairies outside the
woodland habitats but adjacent to the park entrance marsh
(EM), Rock Reef Pass (RRP), Mohagony Hammock (MHE), and
Nine Mile Pond (NMP), respectively, along the main park road
(Figure 1, Table 1). Vegetation at these four sampling locations
is typical of wet prairies consisting of mainly sawgrass marsh
(C. jamaicense) and willow thickets (Salix), with Sagittaria and
Typha in more open areas (Slocum et al., 2003). Vegetation at
RRP (#3) is dominated by bald cypress (Taxodium distichum),
with other bottomland hardwood species (e.g., Acer, Fraxinus,
Annona) forming the subcanopy, and Utricularia, Eleocharis,
ferns, and Asteraceae present in the understory.

Sample 2 was taken at Long Pine Key (LPK) within patches
of pineland surrounded by wet prairies (Figure 1, Table 1).
Distinctive from the herbaceous wetlands of the surrounding
area, LPK sits directly on the limestone bedrock that is marginally
higher than the surrounding landscape, allowing the area to drain
properly and support more diverse, upland plants. Vegetation at
LPK is dominated by Pinus elliottii var densa, Quercus virginiana,
graminoids, and saw palmettos.

Samples 5 and 7 were taken at Paurotis Pond (PP) and
Coot Bay (CB) amid patches of mixed mangrove and inland
mangrove forests along the wet prairie-mangrove ecotone
(Figure 1, Table 1). Vegetation at PP consists of a mixture
of Rhizophora, Laguncularia, Avicennia, and some bottomland
hardwood species. Vegetation at CB contains mainly Conocarpus,
a mangrove associate species typically found in more inland and
upland areas adjacent to coastal mangrove forests.

Estuarine Mangrove Transect (Samples 8-25)

The estuarine transect follows the channel of SRS, the largest
freshwater outlet in the Everglades (Lodge, 2010), and parallels
a unique hydrological and salinity gradient controlled by
the interaction between tidal activities and river discharge
(Castaneda-Moya, 2010). This transect consists of four main
study sites (SRM, SRS-6, SRS-5, and SRS-4) extending from
the mouth of the SRS to about 18 km upstream. Within each
site, surface samples were taken along a secondary transect
perpendicular to the river (Figure 1) to capture the secondary
environmental gradients as a function of the distance away from
the river, which transports not only water but also chemicals from
the watershed to the sea (Chen and Twilley, 1999a,b; Castafieda-
Moya et al., 2010). A total of 18 samples were collected from
the four main study sites. Data for nutrient availability at all
sites along the estuarine mangrove transect and salinity data
for site SRS-4, SRS-5, and SRS-6 were retrieved from long-term
monitoring studies conducted by our collaborators (Castafieda-
Moya, 2010; Castanieda-Moya et al., 2010, 2013). Salinity data for
site SRM were measured during our field expeditions. Canopy
height data at all sites along this transect were retrieved from
Simard et al. (2006).

Samples 8 and 9 were taken at SRS-4 (Table 1, Figure 1),
located at ~18.2km upstream from the mouth of the estuary.
Due to its most inland location, site SRS-4 has the lowest
salinity along the estuarine transect as it is mainly influenced by
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TABLE 1 | Surface sample sites in the Everglades National Park, South Florida.

Map ID  Sample ID GPS Salinity (ppt) N:P Canopy height  Vegetation type Site description

1 EM 25°24'06", \ \ \ Wet prairie Cladium/Eleocharis marsh close to pine savanna,
—80°36'02" marl forming

2 LPK 25°25/02", \ \ \ Pine savannah Tall, sparse pineland imbedded in marl prairies,
—80°39'58” frequent fire

3 RRP 25°24/35", \ \ \ Tall cypress Tall cypress surrounded by dense Cladium marsh
—80°47'05"

4 MHE 25°20'27", \ \ \ Wet prairie Scrub cypress surrounded by dense Cladium
—80°48'51" marsh, marl forming

5 PP 25°17'17", \ \ <3m Mixed mangroves Scrub Rhizophora, Laguncularia, Avicennia, and
—80°47'53" hardwood forest

6 NMP 25°14'36" \ \ \ Wet prairie Eleocharis marsh, associate with Cladium, marl
—80°48'19” forming

7 CB 25°10'51” \ \ <5m Inland mangroves Conocarpus forest near brackish marsh
—80°53'57"

8 SRS4-1 25°24'35” 46 +£1.1 105 <5m Inland mangroves Scrub Rhizophora >60%, Laguncularia
—80°57'51” >Conocarpus, no Avicennia

9 SRS4-2 25°24/32 46£1.1 105 <bm Inland mangroves Cladium marsh behind the mangrove forest, about
—80°57/43" 200m from the river

10 SRS5-1 25°22'37" 20.8 £ 3.1 46 8-10m Coastal mangroves  Tall Rhizophora >80%, few Laguncularia and
—-81°01'57" Avicennia, No Conocarpus

11 SRS5-2 25°22'35" 20.8 + 3.1 46 8-10m Coastal mangroves  Tall Rhizophora >80%, few Laguncularia and
—81°01/53" Avicennia, No Conocarpus

12 SRS5-3 25°22'33" 20.8 + 3.1 46 8-10m Ecotone Ecotone between tall Rhizophora forest and
—-81°01'52" Cladium marsh

13 SRS5-4 25°22/33" 20.8 £ 3.1 46 8-10m Brackish marsh Cladium marsh behind the mangrove fringe, about
—81°01/51” 200m from the river

14 SRS6-1 25°21'53" 27+26 28 >10m Coastal mangroves  Laguncularia >40%, Rhizophora >25%, Avicennia
—81°04'40" >25%, No Conocarpus

15 SRS6-2 25°21'52" 27 +£2.6 28 >10m Coastal mangroves
—81°04/40"

16 SRS6-3 25°21'51” 27+26 28 >10m Coastal mangroves
—81°04/40"

17 SRS6-4 25°21'50” 27 £2.6 28 >10m Coastal mangroves
—81°04/40"

18 SRS6-5 25°21/49 27 +£2.6 28 >10m Coastal mangroves
—81°04/40"

19 SRS6-6 25°21'48" 27 +£2.6 28 >10m Coastal mangroves
—81°04/40"

20 SRS6-7 25°21/48" 27+26 28 >10m Coastal mangroves
—81°04/39"

21 SRM-1 25°21"11" >30 ~16 >156m Fringe mangroves Hurricane damaged mangrove forest, Avicennia
—81°06'54" fringe, Laguncularia and Rhizophora co-dominant,

no Conocarpus

22 SRM-2 25°21"11" >30 ~16 >15m Fringe mangroves
—81°06'53"

23 SRM-3 25°21/10” >30 ~16 >16m Fringe mangroves
—81°06'52"

24 SRM-4 25°21/10” >30 ~16 >15m Fringe mangroves
—81°06'51"

25 SRM-5 25°21/10” >30 ~16 >16m Fringe mangroves
—81°06'50”

Sample ID is keyed to site numbers in Figure 1. Latitudes and longitudes for sites are determined using global positioning systems. The salinity, nutrient, and canopy height gradients
along the Shark River transect are retrieved from Castaneda-Moya (2010) and Simard et al. (2006).

groundwater and freshwater runoff. The soil has a pore-water
salinity of 4.6 & 1.1 ppt and is very nutrient-limited (Chen and
Twilley, 1999b; Castaiieda-Moya, 2010). Hydrologically this site

is flooded 165 days annually. The vegetation here, characterized
as an inland mangrove forest, is dominated by Rhizophora
(67% of total aboveground biomass) with Laguncularia and
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Conocarpus as co-dominant species. This is the only site along
this transect where Conocarpus is found and Avicennia is
absent due to low salinity. In addition, the average mangrove
canopy height (<5m) at this site is the lowest along the
transect.

Samples 10-13 and 14-20 were taken at sites SRS-5 and
SRS-6, which are located 9.9 km and 4.6 km from the mouth of
SRS, respectively (Figure 1). Tidal influence gradually increases
downstream while fluvial influence decreases; thus nutrient
availability, salinity, and canopy height progressively increase
from site SRS-4 toward the mouth of the estuary (Table1).
Vegetation at these two sites is both characterized as a
coastal mangrove forest, although local variations in floristic
composition and species abundance exist. Site SRS-5 is flooded
197 days annually. Rhizophora is the dominant species (87%
of total aboveground biomass) with very few other mangrove
species (Castaieda-Moya, 2010). Site SRS-6 is flooded 233 days
annually. Laguncularia is the dominant species (43% of total
aboveground biomass) with Rhizophora and Avicennia as co-
dominant species (43% of total aboveground biomass each). In
addition, site SRS-6 has the highest complexity index along the
estuarine transect (Castafieda-Moya, 2010).

Samples 21-25 were taken at site SRM (Table 1, Figure 1).
This site is located on the edge of Ponce de Leon Bay, at the
mouths of Whitewater Bay and Shark River Estuary (Yao et al,,
2015). Flooded by tides 90% of the year, site SRM has the highest
salinity and the longest tidal inundation along the estuarine
transect. The vegetation is characterized as a fringing mangrove
forest, where Laguncularia and Rhizophora are co-dominant
species (Chen and Twilley, 1999a,b; Yao et al., 2015). The average
mangrove canopy height at SRM is the highest (>15m) among all
four sites (Simard et al., 2006; Yao et al., 2015). Hurricane Wilma,
the most recent major hurricane to cross SRS, made landfall as
a category 3 storm near site SRM in 2005. Strong winds and
storm surge from this hurricane caused damage to ~1,250 ha of
mangrove forest along the west coast of the ENP, resulting in 90%
mortality of trees with diameters at breast height greater than
2.5cm (Smith et al,, 2009; Whelan et al., 2009). The storm surge
flooded site SRM with 3-4 m of water and deposited ~10 cm of
marine sediment as far as 10 km inland (Castaiieda-Moya et al.,
2010; Yao et al., 2015).

Laboratory Analyses

In the laboratory, all surface samples were subjected to pollen and
X-ray fluorescence (XRF) analyses. XRF analysis was conducted
by using a handheld Olympus Innov-X DELTA Premium XRF
analyzer, which measures the elemental concentrations (ppm)
of 25+ elements with an atomic number >15. Fifteen elements
were detected in our samples, but six of them were in traceable
amount with no systematic changes. Therefore, nine major
chemical elements and Cl/Br and Ca/Ti ratios were used in this
study as a proxy to present the chemical nutrient availability
(Figure 3).

For palynological analysis, one commercial Lycopodium (L)
tablet (~18,583 grains) was added to each sample (0.9mL) as
an exotic marker to calculate pollen concentration (grains/cm?)
(sum = L. added * no. of grains counted/L. counted/volume

of sample). Laboratory procedures for pollen and XRF analyses
followed those described in Yao et al. (2015). Except for
samples taken from wet prairies, the hydrofluoric acid treatment
was omitted because samples contain mostly peat and a
limited amount of silicates. The main pollen taxa, non-pollen
microfossils, and charcoal were counted and photographed with
an objective of 400x magnification (see Supplement Figure for
photos of selected microfossils). The identification of pollen was
based on published pollen illustrations by McAndrews et al.
(1973) and Willard et al. (2004). Approximately 300 grains of
pollen and spores were counted in most of the samples, and this
pollen sum was used for the calculation of pollen percentages.
The palynological results are reported in percentage (%) diagrams
(Figure 2), and the common pollen grains are photographed
(Supplementary Material).

Statistical Analyses

Principal component analysis (PCA) was performed by using the
C-2 version 1.7 on all surface samples to reveal the distribution of
pollen taxa according to the environmental gradients (Figure 4).
The PCA results provide a basis to classify different pollen taxa
into statistically meaningful groups, which can be interpreted
in terms of different wetland sub-environment. In addition,
discriminant analysis (sensu Liu and Lam, 1985), an inferential
statistical technique, was performed using the IBM SPSS version
22.0 to verify the pollen assemblages with reference to the
inferred vegetation types. The stepwise method was used to
derive the discriminant functions.

RESULTS

Pollen Assemblages in Vegetation

Sub-environments

Seventeen pollen taxa were identified in the 25 surface samples
(Figure 2). Samples are arranged into five a priori groups based
on the five vegetation types and sub-environments from which
the surface samples were collected, i.e., pineland, wet prairies,
inland mangroves, coastal mangroves, and fringing mangroves.
The resultant pollen diagram shows that each vegetation type
contains a characteristic modern pollen assemblage that can be
distinguished from the others (Figure 2).

Pineland

The pineland group includes only sample 2 (Figure 2). Pollen
concentration of this sample is ~15,000 grains/cm®. The
relatively high pollen concentration of this sample is due to
the fact that Pinus (>50%), the dominant pollen taxon of
this sample (Figure 2), is a very prolific pollen producer. The
concentration of charcoal fragments in this sample is also very
high (>150,000/cm?). This result is in agreement with the
short hydroperiod and frequent wildfires in pine savannas in
the Everglades (Platt, 1999). Overall, the pollen assemblage of
pineland is closely associated with the local vegetation and
environment previously described (Doren et al., 1993; Willard
et al.,, 2001; Schmitz et al., 2002; Bernhardt and Willard, 2009;
Hanan et al., 2010).
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FIGURE 2 | Pollen percentage diagram of 17 major pollen taxa for 25 surface samples. Samples are arranged into five groups based on the five vegetation types and
sub-environments from which the surface samples were collected. Pollen assemblages are color coded to aid the identification. Same color coding applies to the map
and all the other figures. Pollen percentages are calculated based on the sum of all pollen taxa. The pollen concentration curve is added on the right to facilitate
comparison. TCT is an acronym for Cupressaceae, Taxodiaceae (papillate grains), and Taxaceae.

Wet Prairies

The wet prairie group includes samples 1, 3, 4, and 6
(Figure 2). Pollen concentrations are relatively low in wet prairie
assemblages, with less than 6,000 grains/cm> sediment, compared
to 15,000 grains/cm® in mangrove and pineland assemblages. The
main reason may be that Poaceae, the dominant plant group in
the wet prairies, tend to be a low pollen producer (Ma et al.,
2008). It may also be due to greater oxidation of sediments
associated with marl (Willard et al,, 2001) and relatively dry
substrates. Pollen assemblages in wet prairie group (Figure 2) are
characterized by high percentages of herbaceous taxa (Poaceae
>20%, Asteraceae >10%, Cyperaceae 5-10%) and Pinus (10—
30%), and low percentages of all other pollen taxa. Although
sample 3 is taken from cypress forest surrounded by wet prairies,
Taxodium is poorly represented in the pollen record. Taxodium
pollen is often not well-preserved in dry substrates due to their
thin walls (exine). Therefore, the pollen assemblages of cypress
forest patches cannot be differentiated from the surrounding wet
prairies.

Inland Mangroves

The inland mangrove group includes samples 7, 8, and 9
(Figure 2). Pollen concentrations of this group are relatively high,
ranging from 15,000 to 35,000 grains/cm’. The most abundant
pollen type is Conocarpus (15-35%) (Figure 2). Rhizophora and
Amaranthaceae are also common at these sites, ranging from
5 to 10 and 2 to 5%, respectively, of the total pollen sum.

The lower percentages of upland taxa (e.g., Pinus and Quercus)
and higher pollen concentrations in these samples from Coot
Bay and SRS-4 reflect the relatively longer hydroperiod at these
sites than the wet prairie sites due to their closer proximity
to the Gulf of Mexico and Florida Bay. The local vegetation
at Coot Bay is dominated by Conocarpus, and SRS-4 is the
only site along the Shark River transect where Conocarpus is
found (Castanieda-Moya, 2010). Therefore, the surface pollen
assemblages at these sites are a remarkably good representation
of the local vegetation.

Coastal Mangroves

This group includes sample 5 taken at Paurotis Pond (PP), a
mixed mangrove forest, and samples 10-20 taken from sites SRS-
5 and SRS-6 (Figure 2). Pollen concentrations of these samples
range from 10,000 to 20,000 grains/cm’. Pollen assemblages
of this group are distinguishable by maximum percentages of
Rhizophora pollen (20-55%); Laguncularia, Amaranthaceae, and
Pinus are also common at these sites, ranging from 5 to 15,
5 to 30, and 10 to 30% of the total pollen sum, respectively
(Figure 2). The concentration of charcoal fragments in this
group is the lowest among all surface samples (<2,000/cm?).
This probably reflects long hydroperiod and the absence
of fires at these sites since SRS-5 and SRS-6 are 9.9 and
4.1 miles from the Gulf of Mexico and regularly receive
tidal flooding (Castafieda-Moya et al, 2010; Yao and Liu,
2017).
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Fringe Mangroves

The fringe mangrove fringe group includes all the samples from
site SRM (samples 21-25), which is located at the mouth of
the Shark River Estuary (Figure 1). Pollen concentrations of this
group are all below 10,000/cm?, the lowest among mangrove sub-
environments. Comparing with the coastal mangroves group,
Rhizophora becomes less frequent while a distinct increase of
Pinus and Poaceae is observed in the pollen diagram (Figure 2).
Pinus might be wind transported or washed in from offshore
by tides and waves, thereby representing a regional pollen
signal. Poaceae may represent post-disturbance successional
vegetation growing in gaps created by lightning or hurricanes
(e.g., Hurricane Wilma).

Numerical Analysis of Modern Pollen Data
Percentage data of all 17 identified pollen taxa were used in
PCA and discriminant analysis. On the PCA biplot of the
17 identified pollen taxa (Figure4), the first two principal
components (PC) account for 31.1% and 14.4% of the variance,
respectively. Along PC1 axis, freshwater marsh species (Morella,
Poaceae, Asteraceae, TCT, Typha, and Cyperaceae) have the
highest positive loadings, whereas mangrove species (Rhizophora,
Laguncularia, and Avicennia) have the highest negative loadings.
It is likely that PC1 represents a salinity gradient whereby
salinity increases from positive toward the negative end of the
axis. On PC2, freshwater wetland species (Cyperaceae, TCT,
Morella, and Poaceae) have the highest negative loadings, and
Apiaceae, Typha, Pinus, and Ambrosia have the highest positive
loadings. Although Apiaceae and Typha have the highest scores
on PC2, they have very low percentages in the pollen assemblage,
whereas Pinus is very abundant. Pinus is the dominant pollen
and plant taxon in the pinelands and wet prairies, the vegetation
type with the driest substrate and shortest hydroperiod in the
Everglades. Thus it is reasonable to interpret that PC2 represents
a hydrological gradient reflecting moisture in the substrate.

Discriminant analysis was used to validate the classification
of the inferred pollen groups (Liu and Lam, 1985). All (100%)
of the samples are correctly classified into their a priori groups,
and 84% of cross-validated grouped cases were correctly classified
(Table 2). Figure 5 shows the five groups of surface samples
plotted against discriminant functions 1 and 2, which account
for 46.2 and 33.8% of the variance, respectively. The five groups
and their centroids are clearly distinct from each other with little
overlap between groups (Figure 5). The high degree of correct
classification suggests that the identification of the inferred
vegetation types is statistically robust.

X-Ray Fluorescence Data
The XRF results show that the pineland sample (#2) is
characterized by high contents of Ca, Fe, and Ti (Figure 3). The
high Ca value is probably derived from the limestone bedrock
and calcareous sandy substrates that are characteristic of the
pinelands in the Everglades (Duever et al., 1984; Willard et al.,
2001). Fe and Ti are indicators of terrestrial sediment source,
which is consistent with the inland locations of these samples.
The overall XRF signature for samples 1, 3, 4, and 6 from
the wet prairies resembles that of the pinelands, although it

contains lower contents of terrestrial components (Ti, and Fe)
because these samples are taken from wetland environments.
High concentrations of Ca and Sr in samples 1 and 6 are likely
derived from periphyton, which is a common feature in wet
prairies (Willard et al., 2001). Generally, the chemical elemental
assemblages still bear the overall imprint of the underlying marl
substrate in the wet prairies and adjacent areas (Lodge, 2010).

Among the mangrove swamp groups, inland mangrove
samples (#7-9) have the lowest concentrations of all measured
elements (Figure 3), suggesting low chemical availability in these
sampling locations. This is probably due to the diminished
influence of the bedrock and marl substrate as the thickness of
the mangrove peat increases downstream, so that the nutrient-
poor freshwater carried by the Shark River Slough becomes the
main source of chemicals for the soils at these inland mangrove
sites.

Chemical richness increases distinctly toward the coastal
mangrove sites. Samples from site SRS-5 has higher contents
of all measured elements than samples from the inland
mangrove group, but elemental concentrations increase even
more remarkably in samples (#14-20) from site SRS-6 (Figure 3).
These stepwise jumps in chemical availability downstream from
sites SRS-4 to SRS-5 and SRS-6 follow the primary environmental
gradient of increasing salinity from land to sea, as the marine
influences increase downstream. This implies that tidal waters
become an increasingly important supplier of chemicals to the
mangrove forests as the distance from the coast decreases. In
addition, close examination of the XRF data within each group
of samples along the secondary transect at sites SRS-5 and
SRS-6 (Figure 1, Table 1) reveals a striking trend of decreasing
elemental concentrations away from the river (depicted by
arrows in Figure 3). This trend applies to Cl/Br and Ca/Ti ratios
and nearly all chemical elements including Cl, S, Zr, Sr, Ca, K,
Fe, and Ti. The only exception is Br, which seems to show an
opposite or mixed trend. This spatial pattern suggests that the
river itself is the primary supplier of chemical elements to the
coastal mangrove forests along its course.

Samples from site SRM, representing fringing mangrove
forests, generally contain higher concentrations of most
measured elements than samples from other mangrove sites
(Figure 3). Previous studies have shown that ~10cm of storm
sediments from Hurricane Wilma was deposited on the surface of
site SRM in 2005 (Castanieda-Movya et al., 2010; Yao et al., 2015).
We believe that while surface samples from site SRM capture the
pollen signature of local vegetation, their chemical signature was
strongly influenced by the Wilma storm deposit rather than the
in situ accumulation. These sediments came from the nearshore
shelf of southern Florida (i.e., Ponce de Leon Bay) and are richer
in chemicals than those derived from the nutrient-deficient
ecosystems in the Everglades (Chen and Twilley, 1999a,b; Lodge,
2010). It is also remarkable that the trend of decreasing elemental
concentrations away from the river, which was observed along
the secondary transect of samples within sites SRS-5 and SRS-6
(see the last paragraph), is not apparent along the secondary
transect of samples (#21-26) within the SRM group. The absence
of a secondary environmental gradient away from the river
further supports our interpretation that in the fringing mangrove
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TABLE 2 | Classification results of the discriminant analysis performed on 25 surface samples.

Actual group Predicted Group Membership Total cases
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FIGURE 3 | XRF diagram of 9 major elements for 25 surface samples. The samples are classified into the same vegetation types as in Figure 2 to facilitate
comparison. Arrows are inserted next to the Cl and Fe curves within the SRS-5 and SRS-6 groups to highlight the decreasing trends of elemental concentrations for
these and other elements along the secondary environmental gradient.

forests chemical availability is largely controlled by geochemical
release from the storm deposit on the substrate, and the river is
no longer the primary source of chemical supply to sites located
further away from the channel.

regional environmental gradients in the Florida Everglades
(Figures 2, 3). The pollen surface sample from the pinelands
is dominated by Pinus pollen with very a high abundance of
microscopic charcoal, indicating frequent fires in this upland
ecosystem. The pineland sample also has a distinctive chemical
elemental signature, characterized by high concentrations of Ca,
Fe, and Ti. Samples from the wet prairies are characterized
by high percentages of herbaceous taxa, and the chemical
elemental assemblages reflect the underlying marl substrate.
The surface samples from the estuarine transect show clear

DISCUSSION AND CONCLUSION

On a broad scale, the modern pollen deposition in surface
samples collected from different vegetation types reflects the
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vegetation zonation with Conocarpus dominating the inland
mangroves and Rhizophora increasing toward coastal mangrove
forests. Rhizophora becomes less frequent in fringe mangrove
forests while a distinct increase in regional and disturbance
taxa (Pinus and Poaceae) is observed. The XRF data show very
low concentrations of all elements in inland mangrove sites but
concentrations increase progressively toward coastal and fringe
mangrove sites.

Despite these broad-scale correspondences between regional
vegetation pattern and modern pollen rain, local variations
exist, partly as a result of differential pollen representation
among different plant taxa. For example, along the inland
transect, Cladium/Eleocharis (Cyperaceae) plants are common or
dominant components in most of the wet prairie sites (Willard
et al,, 2001), yet Cyperaceae pollen only account for 5-10% of
the total pollen sum and the predominant pollen taxa of the wet
prairies group are Pinus and Poaceae. A likely explanation for
this discrepancy is that Cyperaceae pollen has very thin walls
(exine) and is remarkably under-represented in the pollen record
due to their poor preservation. In the coastal mangrove group,
although the most common plant at site SRS-6 is Laguncularia
(>40% of aboveground biomass), the surface pollen assemblages
from SRS-6 do not show a significant increase in Laguncularia
pollen relative to those from SRS-5. This is because the pollen of
Laguncularia is insect-pollinated and usually under-represented
in the pollen record (Ellison, 2008). A percentage of 2-5%
of Laguncularia in total pollen sum have been interpreted to
represent mangrove forests dominated by white mangrove in
previous studies (Behling et al., 2001; Urrego et al., 2009, 2010).
Only in two (#19, 20) out of the seven samples in the SRS-6 group
do Laguncularia pollen exceed 10% of the pollen sum. These
low percentages, while seemingly unremarkable, are sufficient to
support the inference of the predominance of Laguncularia at
the study site. In addition, our pollen results also revealed an
interesting point regarding the abundance of Amaranthaceae.
Among the 25 surface samples retrieved from two transects,
the average and maximum percentage for Amaranthaceae pollen
is ~15% and ~30% of the total pollen sum, far less than the
Amaranthaceae dominated environments (up to 90%) revealed
by paleoecological records prior to 2,000 cal yr BP from the Shark
River Slough (Willard and Bernhardt, 2011; Yao et al., 2015; Yao
and Liu, 2017) and during the last two millennia from the north
and central Everglades (Willard et al., 2001, 2006; Bernhardt
and Willard, 2009). This discrepancy raises the possibility that
the high Amaranthaceae zones in these pollen records represent
no-analog vegetation communities.

As suggested by the PCA biplot, PC1 represents a salinity
gradient whereby Rhizophora indicates higher salinity and
freshwater wetland plants point to lower salinity (Figure 4).
This salinity gradient is also clearly documented in the pollen
diagram (Figure 2). At a regional scale, from wet prairies to
inland mangroves and coastal mangroves, the overall percentages
of herbaceous taxa gradually decrease while Rhizophora pollen
becomes more abundant, indicating increasing salinity from
inland toward coastal sites. This salinity gradient is even
more prominent along the estuarine transect. From the inland
mangrove group to the coastal mangrove group, the overall
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T Laguncularia
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TCT
Cyperaceae
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FIGURE 4 | PCA biplot showing coordinates of charcoal and 17 pollen taxa
from pollen diagram of surface samples plotted along component 1 and 2.

Canonical Discriminant Functions
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)2 Wet prairie
® O3 Inland mangrove
[ 84 Coastal mangrove
. S Fringe mangrove
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T T T T T
-10 -5 0 5
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FIGURE 5 | The 25 surface samples plotted against canonical discriminant
functions 1 and 2 and their classification into five primary groups representing
five coastal sub-environments.

percentages of Rhizophora increase significantly. These results are
consistent with previous studies indicating that tidal influences
and salinity increase toward the mouth of the Shark River Estuary
(Castaneda-Moya, 2010). One exception is site SRM located at
the mouth of the estuary. One would expect that Rhizophora
pollen would be more abundant at this site because it has the
highest salinity among all sampling locations. However, surface
pollen assemblages from site SRM have lower percentages of
Rhizophora and lower total pollen concentrations in comparison
with other mangrove sites along the estuarine transect (Figure 2).
This irony is most likely related to severe disturbance from
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Hurricane Wilma, which caused massive mortality of mangrove
trees at site SRM (Smith et al., 2009). As documented by previous
studies, killing of the tall Rhizophora trees in the canopy trees
lowered the population and flowering rate of Rhizophora and
provided opportunities for heliophytic herbaceous plants to
colonize (Smith et al., 1994, 2009; Baldwin et al., 1995, 2001;
Vegas-Vilarribia and Rull, 2002; Piou et al., 2006; Hogarth,
2007; Thaxton et al., 2007). A distinct increase in Poaceae in
the pollen diagram may represent early successional vegetation
communities due to gap creation (Zhang et al, 2012). The
elevated pollen percentages of Pinus in the SRM group of
samples can also be partly explained by a relative increase in
the wind-transported regional pollen input (of which Pinus is
a major component) into the more open mangrove forest after
the hurricane disturbance. Pinus is also a major component of
marine-transported pollen in coastal seawater (Chmura et al.,
1999) and could have been deposited in this coastal/estuarine
mouth site by tidal currents or storm surge currents.

Distinct salinity and nutrient gradients are also recorded in
the XRF results, and their complexities are captured along both
primary and secondary environmental gradients. At the regional
scale, concentrations of all the elements increase from terrestrial
toward coastal sites. Particularly along the estuarine transect,
samples from site SRS-6 contain much higher contents of all
measured elements than samples from site SRS-5 (Figure 3).
These observations are consistent with results from previous
studies, which revealed that the limited nutrients available to
ecosystems along the Shark River Estuary are supplied from the
Gulf of Mexico by tidal and storm activities, rather than from the
upper watershed (Chen and Twilley, 1999a,b). From site SRS-4
toward site SRM, tidal influence gradually increases while river
discharge asserts less control. Overall, our XRF results further
elucidate the primary environmental gradient in the Everglades,
which in this case, follows the tidal and chemical gradients
along the Shark River Estuary. This primary environmental
and biogeochemical gradient also explains the mangrove canopy
height gradient along the Shark River Estuary (Table 1), with
taller mangrove trees occurring at sites closer to the ocean
(Castafieda-Moya et al., 2010).

At the local scale, a clear secondary environmental gradient
is also demonstrated within each study site along the estuarine
transect (Figure 3). Because samples were taken perpendicularly
to the river at sites SRS-4, SRS-5, and SRS-6, each sample is
located further away from the river than the previous sample at
each individual site (Figure 1). XRF results show a progressive
decrease in Ca/Ti and Cl/Br ratios and elemental concentrations
toward samples farther away from the Shark River Slough at each
individual site (SRS4-1 toward SRS4-2, SRS-5-1 toward SRS-5-4,
and SRS-6-1 toward SRS-6-7) (Figure 3). High Ca/Ti and Cl/Br
ratios have been described to indicate marine and tidal influences
in previous studies (Ingram et al, 2010; Liu et al, 2014).
This phenomenon of decreasing Ca/Ti and Cl/Br ratios and
elemental concentrations along the secondary environmental
gradient suggests that samples taken farther away from the
river will receive less fluvial and tidal influence, hence less
nutrients. An intriguing exception is offered by Br, which shows
an opposite trend of increasing elemental concentrations away

from the Shark River Slough. One possible explanation is that
due to the relatively higher electron density and smaller bond
strength of the bromine atom, electrophilic substitution is more
favorable for aqueous bromine (HOBr/OBr™), thus making Br
more preferential to react with natural organic matter and more
concentrated in shallower water (Westerhoff et al., 2004). In
our case, the increasing Br concentration away from the river
may reflect a progressive decrease in water depth and increase
in organic matter away from the Shark River Slough. However,
much work is needed to better understand the behavior of Br in
the environmental context of this coastal region.

Previous studies have only documented the primary
environmental gradient as a function of tidal influence along
the Shark River Estuary at a regional scale (i.e., upstream and
downstream along the river) (Chen and Twilley, 1999a,b), but
our results reveal that a secondary (fluvial/tidal and chemical)
gradient exists also at the local scale, as a function of the distance
from the river that is the main carrier of these chemicals.
This secondary environmental gradient is perpendicular to
the regional upstream-downstream gradient and is parallel to
the distance from the river to the sampling site. Our results
provide new and additional evidence to show that tidal flooding
from the Shark River Estuary is directly related to the nutrient
availability in the surrounding mangrove forests. In order to
fully understand the environmental drivers along the coastal
vegetation gradient, more studies are needed to document
the vegetation dynamics along the environmental gradients,
particularly the secondary environmental gradient, at both the
regional and local scales.
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ROPES Reveals Past Land Cover and
PPEs From Single Pollen Records

Martin Theuerkauf’?* and John Couwenberg "2

" Working Group on Peatland Studies and Palaeoecology, Institute of Botany and Landscape Ecology, University of
Greifswald, Greifswald, Germany, 2 Partner in the Greifswald Mire Centre, Greifswald, Germany

Quantitative reconstructions of past vegetation cover commonly require pollen
productivity estimates (PPEs). PPEs are calibrated in extensive and rather cumbersome
surface-sample studies, and are so far only available for selected regions. Moreover,
it may be questioned whether present-day pollen-landcover relationships are valid for
palaeo-situations. We here introduce the ROPES approach that simultaneously derives
PPEs and mean plant abundances from single pollen records. ROPES requires pollen
counts and pollen accumulation rates (PARs, grains cm~2 year~'). Pollen counts are
used to reconstruct plant abundances following the REVEALS approach. The principle
of ROPES is that changes in plant abundance are linearly represented in observed PAR
values. For example, if the PAR of pine doubles, so should the REVEALS reconstructed
abundance of pine. Consequently, if a REVEALS reconstruction is “correct” (i.e., “correct”
PPEs are used) the ratio “PAR over REVEALS” is constant for each taxon along all
samples of a record. With incorrect PPEs, the ratio will instead vary. ROPES starts from
random (likely incorrect) PPEs, but then adjusts them using an optimization algorithm
with the aim to minimize variation in the “PAR over REVEALS” ratio across the record.
ROPES thus simultaneously calculates mean plant abundances and PPEs. We illustrate
the approach with test applications on nine synthetic pollen records. The results show
that good performance of ROPES requires data sets with high underlying variation,
many samples and low noise in the PAR data. ROPES can deliver first landcover
reconstructions in regions for which PPEs are not yet available. The PPEs provided by
ROPES may then allow for further REVEALS-based reconstructions. Similarly, ROPES
can provide insight in pollen productivity during distinct periods of the past such as
the Lateglacial. We see a potential to study spatial and temporal variation in pollen
productivity for example in relation to site parameters, climate and land use. It may
even be possible to detect expansion of non-pollen producing areas in a landscape.
Overall, ROPES will help produce more accurate landcover reconstructions and expand
reconstructions into new study regions and non-analog situations of the past. ROPES is
available within the R package DISQOVER.

Keywords: DISQOVER, landcover reconstruction, palynology, pollen accumulation rates, pollen productivity
estimates, vegetation history
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OBJECTIVES

The field of pollen analysis was established 100 years ago,
following the presentation of first pollen diagrams by Swedish
geologist Lennart von Post (von Post, 1918). Initially used
for stratigraphic purposes, the power of pollen analysis to
reconstruct past landcover was soon recognized—and it has
remained the most powerful tool in that field until today.
Reconstructing past landcover from the pollen record is far from
simple, however. The most obvious limitations arise from the
production bias and the dispersal bias: pollen productivity as
well as pollen dispersal differ among plant taxa. Moreover, pollen
deposition at each site is composed of pollen arriving from the
vicinity of the sample site as well as of pollen arriving from farther
away. Because nearby pollen sources contribute more pollen
than distant ones, the pollen record represents the surrounding
vegetation in a distance weighted manner.

Despite the long history of the field, quantitative methods
to correct for these biases only came into regular use over the
past decade. The most widespread approach is the REVEALS
model (Regional Estimates of VEgetation Abundance from Large
Sites, Sugita, 2007), which aims to translate pollen deposition
from large lakes into regional vegetation composition. REVEALS
is a correction factor approach; it employs pollen productivity
estimates (PPEs) to correct for the production bias and models
of pollen dispersal to correct for the dispersal bias in pollen
data. PPEs so far derive from calibration studies that relate
present day vegetation to modern pollen deposition across a
series of sites. Calibration of such surface sample PPEs is
cumbersome: it requires pollen data from multiple sites, plant
abundances in the pollen source area of each site and a profound
understanding of pollen dispersal and deposition. The surface
sample PPEs are then applied in palaeo-reconstructions under
the assumption that pollen productivity of plant taxa in the
past equals present day productivity. This assumption may often
be violated, however, because pollen productivity is influenced
by climate (Hicks, 1999), stand structure (Matthias et al., 2012;
Feeser and Dorfler, 2014) or land management (Theuerkauf
et al., 2015). Furthermore, for pollen morphotypes that include
numerous taxa, natural or human induced changes in actual
species composition may alter overall pollen productivity. This
effect is most obvious for grasses, because pollen productivity
differs significantly between the various species (Prieto-Baena
et al, 2003). The use of PPEs based on (modern) surface
sample studies therefore introduces a yet unknown error in
REVEALS applications. In addition, because REVEALS produces
proportional abundances, error in the PPE of just one taxon
will introduce error in the reconstructed cover of all taxa in the
record.

Already von Post (1918) recognized that absolute pollen
data, i.e. pollen accumulation rates (PAR), potentially provide
an independent record for each taxon, devoid of such mutual
disturbances. Yet, calculating PARs requires exact chronologies
and so only became feasible with radiocarbon dating in the
1960s. Early applications showed that PAR values can be very
noisy, however; even across a single lake they may differ by
orders of magnitude due to sediment redeposition and focusing

(Davis, 1967). These results raised much skepticism against the
usability of PARs to quantify past abundances so that the field
was largely abandoned, with the exception of treeline studies.
Across treelines, changes in PAR values are large compared to
the noise so that they have been proven a useful tool (Hicks,
2001; Seppid and Hicks, 2006; Theuerkauf and Joosten, 2012).
Giesecke and Fontana (2008) have demonstrated that the noise in
PAR data can be reduced with careful site selection. The question
arises whether and how PAR values can be used in a sensible
and robust way in quantitative vegetation reconstruction. We
here suggest the ROPES approach (REVEALS withOut PpES),
which combines PAR values with the REVEALS model in an
optimization algorithm. The main underlying idea is that not the
PAR values as such, but changes in the PAR values are meaningful
and robust.

VALIDATION

The Principle of ROPES

ROPES derives from two main assumptions: (i) the REVEALS
model allows to translate pollen counts from large lakes into
past regional plant abundances and (ii) for each taxon, absolute
pollen deposition at a site is a linear representation of its distance
weighted abundance (Prentice and Webb, 1986). Hence, changes
in abundance result in similar changes in pollen deposition. For
example, if the abundance of pine around a site has doubled at
some time in the past, then also deposition of pine pollen at
that site has doubled. Because of the production and dispersal
bias in pollen data, such a linear relationship does not exist for
proportional (percentage) pollen data. If the abundance of pine
doubles, the change in percentage values can be very different,
depending on overall vegetation composition. Correction with
REVEALS would reconstruct a doubling in pine abundance
in accordance with a doubling in pollen deposition. However,
correction will only be accurate with appropriate parameters,
including PPEs. We suggest that this relationship can be used to
test the performance of REVEALS applications with PAR data:
each change in abundances reconstructed with REVEALS should
correspond to similar changes in PAR values. Moreover, we can
use this relationship to apply REVEALS without predefined PPEs.
To that end we suggest the ROPES approach.

We illustrate the approach using just two samples and two
taxa, A and B (Table S1). For both samples, PAR and percentage
values are known: the PAR value of A increases from 1,000 to
2,000 grains cm~2 year~! from sample 2 to sample 1, the PAR
value of B decreases from 800 to 600 grains cm~2 year~!. The
pollen percentages of A increase from 55.8 to 76.9% while those
of B decrease from 44.4 to 23.1%.

We do not know pollen productivity (or PPEs) of A and
B—so we apparently cannot apply REVEALS to reconstruct the
actual abundances. Still, from the PAR values we can infer that
the abundance of A has doubled from sample 2 to sample 1,
while the abundance of B declined by 25%. We now argue that
a REVEALS reconstruction should show the same trends in both
taxa: a doubling in A and a 25% decline in B. With that premise,
we can try and find PPEs that produce this pattern. Let us use
B as the reference taxon, i.e., the PPE of B = 1. For taxon A we
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apply REVEALS with different PPEs: 1, 2, 3,..., 10. Only with
a PPE of A = 5, REVEALS produces the expected changes: a
doubling in A and a 25% decline in B. Correspondingly, the ratio
of PAR values to reconstructed abundance (PAR over REVEALS,
or PoR ratio) is constant for both taxa, 50 for A and 10 for B,
because reconstructed abundance is linearly represented in the
PAR values. We now know that the PPE of A is 5 (with that of B
set to 1), and that the abundance of taxon A increased from 20%
to 40% while that of B declined from 80 to 60%.

To summarize, ROPES assumes that a REVEALS
reconstruction is correct only if changes in the reconstructed
abundance of each taxon are proportional to changes in the
respective PAR values. To find PPEs that produce such a
reconstruction, ROPES applies an optimization algorithm
that minimizes variation in the PoR ratio between samples
by adjusting initially random PPEs. After optimization, the
PoR ratio will (in absence of noise) be constant along the
record. In the end, ROPES simultaneously calculates mean plant
abundances and PPEs.

Assumptions of ROPES

As the REVEALS model is an integral part of the ROPES
approach, ROPES inherently assumes that the assumptions
underlying the REVEALS model (Sugita, 2007) are valid. ROPES
finds suitable PPEs and plant abundances by minimizing
variation in the PoR ratio. However, this ratio is expected to be
constant only under certain conditions, as we outline below. For
each taxon i, the PoR ratio along a pollen record is calculated
as the PAR value divided by the cover reconstructed with the
REVEALS model:

_ PAR;
~ Reconstructed abundance of i

PoR; (1)

It is a general assumption in palynology that in a basin pollen
deposition of taxon i, here expressed as PAR values, is a function
of absolute pollen productivity of i [P;], the abundance of i as
a function of distance z [Xj(z)] and the pollen dispersal and
deposition function [g;(z)] integrated over distance Z y,y starting
from the edge of the basin with radius R (cf. Sugita, 2007):

Zmax
/ Xi(2) - gi(2) - dz ()
R

PAR; = P; -

Sugita (2007) argues that for large lakes in a homogeneous
landscape, X;(z) equals mean regional abundance X of taxon i:

Zmax
/ X;-gi(2) - dz (3)
R

PAR; = P; -

In the REVEALS model (Sugita, 2007) the integral over the
dispersal and deposition function g;(z) is expressed as the K
factor:

PAR; = P; - X; - K; (4)

REVEALS produces the reconstructed abundances as proportion
of total regional abundances, or the total area A represented in
the pollen record (i.e. the sum of all X;):

Reconstructed abundance of i =

©)

N el

In result, the PoR ratio of taxon i is the absolute pollen
productivity of taxon i multiplied with dispersal factor K; and the
total area A represented in the pollen record:

PORi = Pl' . K,' -A (6)

The final equation shows that the PoR ratio is constant along a
record if three conditions are fulfilled: (i) pollen productivity is
constant over time, (ii) pollen dispersal and deposition processes
remained unchanged, and (iii) the area represented in the pollen
record is stable. We illustrate and discuss how changes in pollen
productivity and in the total area affect the PoR ratio using a
simple model (Figure 1). The model is based on a vegetation
scenario with 3 taxa and 20 time steps. Taxon A is dominant
in the younger, taxon C in the middle and taxon B in the older
section. To create a pollen record, taxon abundances in each time
step are translated into pollen deposition (=PAR) by multiplying
with pollen productivity, by default 5 for A, 1 for B and 0.2 for
C. Then pollen proportions are calculated and translated into
reconstructed plant abundances using the REVEALS model. For
REVEALS modeling we use PPEs that equal the default pollen
productivities (A = 5, B =1, C = 0.2), except for example 1.
Dispersal factor K is assumed to be 1 for all taxa. Finally, PoR
ratios are calculated by dividing PAR values of A, B, and C by the
reconstructed abundances.

A spreadsheet file containing raw data and calculations of all
following examples is available as Supplementary Data.

The PoR Ratio With a Wrong PPE

The first experiment shows an error in one of the PPEs used in
the reconstruction; this is the type of error ROPES is designed to
remove. In the example, abundances are reconstructed with an
incorrect PPE of 0.5 instead of the correct PPE of 0.2 for taxon
C. With this one PPE set too high, REVEALS produces a too
low cover for taxon C and consequently a too high cover for A
and B. Because the PAR values remain unchanged, all PoR ratios
are affected. For C, the ratio is higher than it should be because
the REVEALS reconstructed cover is too low in all samples. The
effect is high in the top and bottom sections—where C is rare—
and lower in the middle section—where C is abundant. If C is
rare, the wrong PPE introduces a small absolute but high relative
error in the reconstruction: in the top and bottom section the true
cover is 5%, whereas the REVEALS reconstructed cover is only
2%, i.e., 60% lower. If C is abundant, the wrong PPE introduces a
large absolute but a smaller relative error: in the middle section,
the true cover is 75% while the REVEALS reconstructed cover
is 50%, i.e., only 33% lower. For A and B, the PoR ratios are
too low because total REVEALS reconstructed abundance is
100% and if the reconstructed abundance of C is too low, that
of the two other taxa is necessarily too high. The aberration
in the PoR ratios of A and B is highest where C is abundant
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Example 1

Example 2

Example 3
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Example 4
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FIGURE 1 | Behavior of the PAR over REVEALS (PoR) ratio when one PPE is wrong (example 1), under changing pollen productivity (example 2 and 3) and under
changing total regional plant abundances (example 4). The model includes three taxa A, B, and C over 20 time steps (y-axis): Taxon A (green) is dominant in the top
part, B (orange) in the lower part and C (blue) in the middle part of the record. Default pollen productivity is 5 for A, 1 for B and 0.2 for C. Line graphs to the left depict

(Continued)
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FIGURE 1 | actual pollen productivity in each example. Graphs in the middle depict true abundances (shading) and abundances reconstructed with REVEALS (lines).
Graphs to the right depict the PoR ratio. In example 1, the PPE of C used in the REVEALS reconstruction is set at 0.5 instead of 0.2. As a result, the cover of C is
underestimated and consequently that of A and B overestimated. The PoR ratio is lower for all taxa where C is abundant. In example 2, pollen productivity of A is
reduced from 5 to 2 in the upper 7 samples. REVEALS s still applied with a PPE of 5. Hence, the cover of A is underestimated and consequently that of B and C
overestimated. The PoR ratio is reduced for all three taxa. In example 3, the pollen productivity of C is increased from 0.2 to 0.5 in the 7 lower samples, with opposite
effects to example 2. In example 4, the sum of all abundances is reduced from 100 to 70% in samples 10-12. REVEALS does not reflect this change in total
abundances. Hence the reconstructed cover of all three taxa is too high in the central part and PoR values are reduced correspondingly. Note that if the correct PPEs
and total abundances are used, reconstructions fit true abundances and PoR ratios are always the same (samples 20-8 in example 2, 13-1 in example 3, and 20-15
plus 7-1 in example 3). As the K-factor is equal for all taxa the ratio between the PoR values equals the ratio between the PPEs.

because the absolute error in reconstructed cover is highest here.
So, the use of wrong PPEs introduces variations in the PoR
ratios of all taxa and these variations always run parallel for all
taxa.

Variations in Pollen Productivity P

In example 2 (Figure 1), pollen productivity of taxon A is lowered
from 5 to 2 in the upper 7 samples, so that its PAR values are 2.5
times lower than before. REVEALS is still applied with a PPE of 5.
Hence, in the upper 7 samples the actual pollen productivity of A
is lower than the applied PPE, so that the reconstructed cover of
A is too low and consequently that of B and C too high. Now we
observe that the PoR ratio of all three taxa is lower in the upper 7
samples. For B and C the explanation is simple; the reconstructed
abundance is higher while PARs remain unchanged. For A the
explanation is less obvious as both PAR values and reconstructed
abundances are lower. However, the strong decline in PAR values
is much suppressed in pollen proportions, which always add up to
100%, so that the decline is underestimated in the reconstructed
abundances.

In example 3, pollen productivity of taxon C is elevated from
0.2 to 0.5 in the lower 7 samples (13-20); REVEALS is still
applied with the default PPE of 0.2. Hence, in sample 13-20 actual
pollen productivity is higher than the applied PPE, so that the
reconstructed abundance of C is too high and consequently that
of A and B too low. We observe that the PoR ratio of all three
taxa is higher in sample 13-20. Again, for A and B the ratio is
elevated simply because their reconstructed abundance is lower
while PARs remain unchanged. For C, the strong increase in
PARs is suppressed in the pollen proportions, so that the increase
is also underestimated in the reconstructed abundances. So, a
temporarily lower pollen productivity of one taxon causes lower
PoR ratios for all taxa and vice versa. These variations always run
parallel for all taxa.

Variations in the Total Area A

The PoR ratio is expected to be constant only if the sum of all
mean regional abundances (A in Equation 6) is constant. This
sum may change for example when sea level rise reduces the
area of pollen producing land or when humans create bareland.
Furthermore, the sum of regional abundances only reflects taxa
that are represented in the pollen record, i.e., it may change
when plants that are not or poorly represented in the pollen
record expand or decline, e.g. immature trees or potato. In our
example 4, the total cover of the three taxa is 100% in the top
and bottom section but only 70% in sample 10-12. The REVEALS
reconstructed abundance necessarily sums up to 100% in all

samples and does not reflect changes in total plant abundance
in the middle section. PAR values do reflect the change and are
lower, so that the PoR ratio of all taxa is lower as well. So, if the
sum of regional abundances declines, the PoR ratio of all taxa will
decline as well, and vice versa.

Variations in the Dispersal and Deposition Factor K
The PoR ratio will also be influenced by the processes of pollen
dispersal and finally deposition in a lake as expressed by the K
factor (cf. Equation 6). Whether and how atmospheric circulation
has changed in the past, and how such changes may have
altered pollen dispersal, is poorly understood. Pollen deposition
in a large lake may change when lake size and morphometry
change. ROPES is limitedly suited for records affected by such
changes.

In addition to the above three modes of variation (in P, A, and
K), error in the PAR values will introduce short-lived fluctuations
in the PoR ratio around a mean value. Error in the PAR values is
mainly related to dating uncertainties and error in exotic marker
counts. In the following tests we will explore how error in the
PAR values affects ROPES by adding noise to the PAR data in our
tests.

EXAMPLE APPLICATIONS

Methods
Implementation of ROPES
We have implemented ROPES in the R environment for
statistical computing (R Core Team, 2016). The core of ROPES
is to minimize variation in the PoR ratio by adjusting initially
random PPEs for each taxon. For optimization we use the
“DEoptim” function (Ardia et al., 2011a,b, 2015; Mullen et al.,
2011), an algorithm suited to find global optima. Before
optimization, first the dispersal- and deposition factor K is
calculated for each taxon. K is a distance-weighted representation
of the amount of pollen arriving from beyond the basin radius.
Mathematically, K is expressed as the pollen deposition of a taxon
in a lake or peatland with a given diameter divided by deposition
in a basin with zero diameter. K depends on the fall speed of a
pollen taxon and on the dispersal model used for simulations.
In ROPES, K is calculated with the “DispersalFaktorK” function
from the DISQOVER package, which by default uses the state-of-
the-art Lagrangian stochastic dispersal model (Theuerkauf et al.,
2016).

Optimization starts with assigning a random PPE between
0.01 and 20 to each taxon. DEoptim then calls a target function,
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which in three steps calculates the single target value that is
to be optimized. It first calculates vegetation composition for
each pollen sample using the “REVEALSinR” function from
the DISQOVER package, with the respective K factors and the
initially random PPEs. It then calculates the PoR ratio for each
taxon and sample by dividing PAR values by the reconstructed
abundances. For each taxon, the PoR ratio is normalized through
division by the average PoR ratio over all samples. Finally, the
target function calculates and returns overall variance in the
PoR ratios. Overall variance is expressed as the sum of variance
over all taxa, calculated as standard deviation of the PoR ratio
divided by the mean PoR ratio over all samples. The optimization
algorithm iteratively optimizes PPEs to arrive at the lowest
possible overall variance.

Synthetic Data

To test and illustrate the potentials of ROPES, we use synthetic
datasets based on virtual landcover and associated pollen. For
these synthetic datasets the true relationship between pollen and
vegetation is known so that the performance of the ROPES
reconstruction tool can be evaluated. We wanted to create
realistic datasets that show similar pollen composition and
changes as real pollen records. For that reason, time series of
virtual landcover were not created randomly but constructed
on the basis of real pollen datasets from three lakes in NE-
Germany (Gadowsee GAD, Stinthorst STI and Tiefer See TSK).
To that end, we translated these empiric pollen data into
vegetation composition using the REVEALSInR function from
the R package DISQOVER with standard settings for pollen
dispersal and PPEs from the PPE.MV 2015 data set (PPEs
derived from sites in NE Germany, Theuerkauf et al., 2016).
For REVEALS modeling, only the 19 most common taxa were
selected (Table 1). We adopted these reconstructions as the time
series of virtual landcover.

In step two, these time series were used to derive synthetic
pollen records. Pollen accumulation rates (PAR) were calculated
by multiplying virtual abundance of each taxon by its respective
(synthetic) PPE (Table 1), K factor and an arbitrary scaling factor
of 100 so that the resulting values are of similar magnitude as
empiric PARs. Based on these synthetic PAR data, pollen counts
were calculated assuming a pollen sum of 1,000. These synthetic
pollen counts deviate from the empiric counts they are based on,
but do show similar trends and complexity. Both synthetic PARs
and pollen counts were then used in the ROPES tests.

We created 3 synthetic data sets: GAD, STI, and TSK
(Tables 1, 2). Experiments with these data sets focus on data
complexity and error in pollen data. To explore the influence of
sample size on ROPES, we use three versions of each data set
with 60, 130, and 250 pollen samples, respectively. The original
number of samples for the GAD record was 60, for STI 130
and for TSK 250. Additional versions of the three records were
created by either deleting or adding samples in the original data
sets. PAR values for new samples were calculated as the mean of
the two adjoining samples. ROPES was thus tested on a total of
9 data sets (Table 2). To underline the hypothetical nature of our
reconstructions, pollen and plant taxa are written in normal font
throughout the manuscript.

TABLE 1 | PPEs and fall speed of pollen used to prepare synthetic pollen data
sets.

Taxon Fallspeed m s~1 PPE
Alnus 0.021 15
Betula 0.024 10
Carpinus 0.042

Corylus 0.025 2
Fagus 0.057 3
Fraxinus 0.022 1.5
Picea 0.056 1
Pinus 0.031 6
Quercus 0.035 ih
Tilia 0.032 3
Ulmus 0.032

Artemisia 0.025

Calluna 0.038 0.8
Cerealia excl. Secale 0.060 0.2
Cyperaceae 0.035 0.9
Gramineae 0.035 1
Plantago lanceolata 0.029 1.5
Rumex acetosella 0.018 3
Secale 0.060 1

TABLE 2 | Main parameters of the pollen data sets.

Data set GAD STI TSK
Samples in original version 60 130 250
Samples in additional versions 130, 250 60, 250 60, 130

Error in Pollen Data

To mimic uncertainty in pollen data, noise was added in pollen
counts and PARs. Noise in the counts is calculated by randomly
drawing pollen samples with 1,000 pollen grains based on the
composition of the synthetic pollen deposition. Samples were
drawn with the R-function “rmultinom,” where probabilities
“prob” equal pollen proportions in the synthetic data and sample
“size” represents the pollen sum (=1000). Noise in PARs is in
addition related to uncertainty in the exotic marker counts and
error in sample accumulation rates—both affect all taxa in a
sample in a similar way. We thus added a random component
to the PAR value of all taxa in a sample. This component is
calculated as the actual PAR value times a random value drawn
from a normal distribution, centered around 0, and divided by
a fixed factor. For each data set we tested two variants, one
with division factor 10 to mimic intermediate error and one
with division factor 5 to mimic large error in PAR data. In
this way, the noise is similar to noise observed in real pollen
data sets, as illustrated by a comparison with data from the
partly laminated Lake Tiefer See (Driger et al., 2017, Figure 2).
For this quick comparison, we calculated sample to sample
variation in the pollen data sets as the absolute difference in
PAR between two consecutive samples divided by the PAR of the
first of those samples. It should be noted that this calculation
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FIGURE 2 | Comparison of sample-to-sample variation (as an indicator of
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calculated as the relative difference between two consecutive PAR values,
here for Alnus. The values, plotted as probability density, show that noise in the
empiric PAR record from Lake Tiefer See is somewhat larger than in the
derived synthetic PAR record with intermediate error added (TSK with
rnom/10) and somewhat smaller than in the derived PAR record with large
error added (TSK with rnom/5).

actually conflates signal and noise and thus overestimates true
noise.

Model Runs and Evaluation

We applied ROPES on the 9 synthetic data sets with 4 types
of error in the pollen data, making a total of 36 experiments
(Figure 3). For each experiment, 100 model runs were conducted
with newly drawn random error added in each run. To
guarantee that global optima are found, convergence parameters
of DEoptim are set to high sensitivity: reltol to 0.00001 and steptol
to 500 (see Ardia et al., 2015). To evaluate model performance
we assess accuracy of the reconstructed plant cover as well as of
the ROPES-based PPEs. To asses accuracy of reconstructed plant
cover, first the absolute difference is calculated for each pair of
the original (synthetic) and the reconstructed plant cover (i.e., 3
records times 19 taxa times 60, 130, and 250 pairs). To represent
the proportion of the landscape for which the reconstruction is
wrong for a given pollen sample, the difference is summed up
over all taxa and divided by two. Division by 2 corrects for the
fact that values are expressed as percentages and any error in the
cover of one taxon is mirrored by an equally large opposite error
in other taxa, resulting in a maximum possible absolute error of
200% (cf. Theuerkauf and Couwenberg, 2017). Finally, the mean

error over all samples in a record is calculated to represent the
inaccuracy of a given model run. To asses accuracy of the ROPES-
based PPEs we compare the median PPE of the 100 model runs
with the original PPEs of Table 1.

Real World Example

As a first real world example, we apply ROPES with original
pollen data from Lake Tiefer See (cf. Driger et al., 2017). Also
here analysis is restricted to the 19 most common taxa. The range
of potential PPEs is again set to 0.01-20. ROPES is applied with
the same settings as before, no additional error was added to the
pollen data.

Results and Interpretation

Reconstructed Landcover

With no error added in pollen data, ROPES produces near-
perfect results in all 9 synthetic data sets. Error in the
reconstructed landcover amounts to around 1%, ie., the
reconstruction is correct for 99% of the synthetic study area.
With ideal data ROPES is evidently well able to reconstruct past
landcover with short as well as long pollen records. With noise
added to the pollen counts, error in the reconstructed landcover
amounts to ~5% in the TSK data sets and to ~10% in the GAD
and STT data sets. ROPES performs somewhat better with the
longer records, but overall the number of samples has limited
effect on the results if noise is added to the counts only.

Adding noise also in the PAR data further increases the error
in the reconstruction. With intermediate noise, error in the
reconstructed landcover increases to 9-19%. The error is smallest
in the long STI and TSK records (STI130, STI250, TSK130,
and TSK250), intermediate in STI60 and TSK60, and highest in
GAD130 and GAD60. With large noise in the PAR data, error
ranges from 12 to 29%. Again, performance is best with the long
STI and TSK records whereas the largest error occurs with the
short records GAD60 and GAD130. Still, also with large noise
added, ROPES in most cases correctly reconstructs landcover for
more than 75% of the landscape.

Pollen Productivities

Besides landcover, ROPES also reconstructs PPEs for the taxa
involved. With no noise in the pollen data, the median PPE over
100 model runs is mostly close to the true PPE in the experiments
with GAD and TSK records. Experiments with the STT record
for some taxa produce too low (Plantago lanceolata, Secale) or
too high PPEs (Artemisia, Cerealia, Figure 4). With noise in the
pollen data, the median PPEs deviate more from true pollen
productivity. The error remains lowest with the TSK records,
where—with full noise added to the data—for most taxa (e.g.,
Carpinus, Fagus, Calluna, and Secale) the reconstructed PPEs
deviate little (<20%) from true pollen productivity. The largest
mismatch with TSK is for Fraxinus, for which PPEs with full
noise are ~30% too low. Error tends to be higher with the GAD
records, where with GAD60 and full noise the overall highest
mismatch occurs for the PPE of Tilia (20 instead of 3). For
Artemisia, Rumex and Ulmus, PPEs derived from noisy or short
GAD records are less than half the original pollen productivity.
In all other cases, PPEs are within 50-200% of the original
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value. With noise added to the data, STI produces PPEs that are
outside this error range for Carpinus, Fagus Artemisia, Plantago
lanceolata, Rumex, and Secale.

With full noise in the data, a number of single ROPES
runs for some taxa approximate PPEs at the pre-defined upper
margin of 20 (see Supplementary Data). This mainly applies to
Alnus, Betula and Quercus, i.e., the taxa with highest pollen
productivity, and only rarely for other taxa.

We have outlined before that ROPES requires sufficient
variation and number of samples in the pollen record. This raises
the question whether taxa with little variation (including rare
taxa) hamper the reconstruction of taxa with sufficient variation.
To answer this question we explore how error in the PPE of a
taxon relates to its range in pollen percentage values and number
of samples (Figure 5). With no noise in the pollen data, error
in the PPEs is mostly small (<10%), except for some taxa from
the STI record which show very little variation along the record.
With noise in pollen counts error in the PPEs is clearly higher,
increasing slightly with intermediate and large noise added in the
PAR data. As before, high errors (>40%) are restricted to taxa
with little variation through the pollen record, i.e. taxa that are
either always rare or occur with very stable values. Errors >40%
rarely occur when total range in pollen values times number of
samples in a record is larger than 2,000. We conclude that short,
noisy data sets are still suited to produce suitable PPEs for taxa
that cover a large range in pollen percentage data. As a tentative
rule of thumb, PPEs tend to be reliable when the range in pollen
values multiplied by the number of samples is larger than 2,000.

Application of ROPES with pollen data from Lake Tiefer
See produced a set of palaeco-PPEs, i.e., PPEs based on a long
Holocene pollen record, which we compare with PPEs based

on surface studies (Figure 6). Both data sets show high PPEs
for most tree taxa, in particular Alnus, Betula, Corylus, and
Quercus, and low PPEs for most herb taxa. Despite the overall
similarities, we also observe some differences. For Alnus, Betula,
Corylus, Artemisia and Rumex acetosella, PPEs produced with
ROPES are clearly lower than those from the surface sample
record, for Cerealia excl. Secale and Gramineae, PPEs produced
with ROPES are clearly higher.

ADVANTAGES AND LIMITATIONS

Our tests have shown that ROPES is indeed able to reconstruct
landcover and PPEs. The performance differs among the 36
experiments, mainly in response to sample size, variance along
the record and noise in the pollen data. ROPES performs near
perfect in the experiments with no noise in the pollen data, which
demonstrates the validity of the approach. Particularly noise in
the PAR data introduces error in the reconstructions of landcover
and PPEs. Error is larger the shorter and less diverse the record.
Increasing sample size in almost all cases reduces error in the
reconstruction both in terms of landcover and PPEs. It is likely
that performance will further improve with records longer than
those tested here. Still, also short records are suited to estimate
the pollen productivity at least for taxa with a wide range of
percentage values along the record.

Variation along the pollen record is essential for the
functioning of ROPES: with no variation in the pollen record
there is no variation in the PoR ratio with any set of PPEs so that
ROPES cannot approach an optimal solution. In turn, the larger
the variation in the pollen record, the better ROPES performs.
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We find that this relationship applies to each separate taxon in a
record, i.e., ROPES performs better for the more variable taxa.
The STI record is dominated by Pinus in all samples, leaving
low proportional abundance and little variation for the other
taxa. Correspondingly, ROPES performs well in reconstructing
cover and pollen productivity of Pinus but not of the rare taxa.
The TSK record is more diverse; most taxa are abundant at least
in some sections of the record. ROPES therefore performs well
in reconstructing PPEs and cover of most taxa. Still, the overall
landcover reconstruction for STT is as good as or even better than
that for TSK because of the good result for Pinus as the dominant
taxon. So, if the aim is to produce pollen productivity of as many
taxa as possible, diverse data sets with large variations in all
taxa are needed. If the focus is on the landcover reconstructions
itself, less diverse data sets dominated by one or few taxa are still
suitable.

As a tentative rule of thumb we suggest that PPEs can be
reconstructed for taxa for which the amplitude in the pollen
percentage data multiplied by the number of samples is larger

than 2,000. For an in depth evaluation of a data set we suggest
to apply sensitivity tests similar to those presented here. Such an
evaluation, in which synthetic data are tested that are based on an
actual pollen record, can show the specific capabilities and limits
of a particular data set.

Future Applications-Potentials and Limits
ROPES does not depend on pre-defined PPEs—it thus has the
potential to expand quantitative landcover reconstruction into
areas for which such calibration is not yet available or not feasible.
For these areas, ROPES would then not only provide initial
landcover reconstructions but also PPEs. Each successful ROPES
application may thus trigger follow-up reconstructions with
existing approaches, such as REVEALS, that employ percentage
pollen data and PPEs.

Although often disregarded, application of quantitative
reconstructions is so far limited to areas and periods for
which the available correction factors are suited. PPEs for
example are derived and only applicable in a specific space-time.
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Consequently, the common use of mean PPEs amalgamated
across large areas that show considerable differences in land use,
soil types, slope and climate (Brostrom et al., 2008; Mazier et al.,
2012) implies additional error in the reconstruction. Moreover,
PPEs derived from modern pollen-landcover relationships are
applied to ancient situations, although pollen productivity has
changed in the past (Waller et al., 2012; Feeser and Dorfler,
2014; Theuerkauf et al., 2015). ROPES may help reduce these
limitations and provide targeted reconstructions for non-analog
situations, e.g., of Lateglacial vegetation of Europe. In this way,
ROPES may contribute to a better understanding of vegetation
dynamics in times of climate change. It probably can help
explore whether and how pollen productivity of plant taxa
responds to changes in climate, species composition or land
management. In ROPES, periods of changing pollen productivity
are expressed as changes in the PoR ratio. To fully explore
the actual changes in pollen productivity, ROPES has to be
applied separately on those sections of the record that were
identified as distinct in the first round. The limitation to this
approach is that each section is required to retain sufficient
variation, i.e., it has to have a minimum length. Approaches to
optimize between section length and accuracy of the resulting
PPE:s still need to be developed. Changes in pollen productivity
will likely be observable over millennial, rather than centennial
time scales.

A problem so far neglected in quantitative vegetation
reconstruction is the presence of non-pollen producing areas.
Quantitative approaches such as REVEALS assume that the
taxa involved cover a fixed proportion of the surrounding area
(commonly assumed to be 100%). In reality, some proportion
of this area may be barren, open water, or covered by taxa that
are virtually not represented in the pollen record, e.g., crops
such as potato or trees such as Acer. ROPES has the potential to

detect such effects and actually reconstruct non-pollen producing
areas. The tests presented in this paper do not address the effect,
but first attempts at reconstructing non-pollen producing areas
have shown promising results. Approaches to proper weighing
between correcting for errors in pollen productivity and total
land cover are currently under development.

Our tests show that ROPES requires pollen records with
limited noise in the PAR data. We already identified a number of
suitable records, and are optimistic that many more exist. With
the option to use PAR data in ROPES, we encourage analysts
to estimate PARs as precisely as possible. To arrive at accurate
pollen concentrations, sample volumes should be well defined
and a sufficient number of exotic marker grains should be added
to each sample. As the exotic marker grains serve as the basis for
all further calculations, counts should amount to at least several
hundred exotic grains to reduce statistical noise in PAR values.
To guarantee that such an amount of exotic markers is counted it
may be necessary to add multiple marker tablets to each sample.
Care should be taken to still count at least as many “pollensum”-
pollen, so as not to burden the REVEALS reconstructions with
too much noise.

The next step, from pollen concentrations to PARs, requires
sediment accumulation rates. Annually laminated sediments
allow for exact dating and therefore such records appear most
suited for ROPES. In non-laminated records accumulation rates
can only be approximated from age-depth models. Giesecke
and Fontana (2008) have shown that PARs with little noise
can indeed be estimated in non-laminated lakes. We assume
that also large peatlands may be suited to produce robust
PAR values. In any case, the pollen dispersal model underlying
ROPES assumes atmospheric pollen deposition exclusively. As
implemented, ROPES is therefore thus far only applicable to
closed lake basins and peat deposits.
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The first application of ROPES on the empiric pollen record
from Lake Tiefer See shows an overall good match between
surface sample PPEs and PPEs produced with ROPES, which
supports the general validity of the ROPES approach. There
may be various reasons for the observed differences in the
PPEs.

For example, the ROPES PPE of Corylus is lower than its
surface sample PPE. The surface sample PPE is likely too high
because Corylus is underrepresented in the forest inventories
underlying surface sample PPEs (Theuerkauf et al, 2013).
Similarly, the cover of herbs such as Artemisia and Rumex
has likely been underestimated in surface sample studies, again
resulting in too high PPEs. A higher palaco-PPE for Cerealia
excl. Secale could be explained by a focus on different species or
cultivars within this group in the past, which were better reflected
in the pollen record. The surface sample PPE of grasses is
likely too low because pollen production in grasses is suppressed
under present-day land management (Theuerkauf et al., 2015).
A comprehensive discussion on PPEs produced with ROPES
requires a more in depth analysis of further data sets.

CONCLUDING REMARKS

Existing methods of quantitative vegetation reconstruction
correct for the productivity bias in pollen data with correction
factors such as PPEs that are calibrated in the present day cultural
landscape. This approach is not only laborious and far from
simple, it also introduces unknown error in the reconstruction of
past vegetation because PPEs calibrated in the modern cultural
landscape may not be representative for the past. ROPES corrects
for the productivity bias using pollen data only and without
calibration. We see three major benefits for future landcover
reconstructions.

First, ROPES may provide a shortcut to landcover
reconstructions in new study regions if at least one site
with suitable PAR and percentage pollen data is available. ROPES
can deliver a landcover reconstruction for that site, and the
PPEs needed to produce landcover reconstructions from further
records in the region that are not suited for ROPES using other
quantitative methods.

Secondly, ROPES can help improve and sharpen landcover
reconstructions. The ability to estimate PPEs from single sites
may allow exploring spatial patterns in pollen productivity within
and between regions, e.g., in relation to variations in climate,
soils and species composition. A better understanding of these
interactions will enable more detailed reconstructions.

Thirdly, ROPES allows for landcover reconstructions for
periods with non-analog climate and landcover, like the
Lateglacial. Landcover reconstructions have been problematic for
such periods because PPEs calibrated in the modern world are
obviously unsuited.
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Pollen records contain a wide range of information about past land cover, but
translation from the pollen diagram to other formats remains a challenge. In this paper,
we present LandPolFlow, a software package enabling Multiple Scenario Approach
(MSA) based land cover reconstruction from pollen records for specific landscapes. It
has two components: a basic Geographic Information System which takes grids of
landscape constraints (e.g., topography, geology) and generates possible “scenarios”
of past land cover using a combination of probabilistic and deterministic placement
rules to distribute defined plant communities within the landscape, and a pollen
dispersal and deposition model which simulates pollen loading at specified points
within each scenario and compares that statistically with actual pollen assemblages
from the same location. Goodness of fit statistics from multiple pollen site locations
are used to identify which scenarios are likely reconstructions of past land cover.
We apply this approach to two case studies of Neolithisation in Britain, the first
from the Somerset Levels and Moors and the second from Mainland, Orkney. Both
landscapes contain significant evidence of Neolithic activity, but present contrasting
contexts. In Somerset, wet-preserved Neolithic remains such as trackways are abundant,
but little dry land settlement archaeology is known, and the pre-Neolithic landscape
was extensively wooded. In Orkney, the Neolithic archaeology includes domestic
and monumental stone-built structures forming a UNESCO World Heritage Site,
and the pre-Neolithic landscape was largely treeless. Existing pollen records were
collated from both landscapes and correlated within new chronological frameworks
(presented elsewhere). This allowed pollen data to be grouped into 200 year periods, or
“timeslices,” for reconstruction of land cover through time using the MSA. Reconstruction
suggests that subtle but clear and persistent impacts of Neolithisation on land cover
occurred in both landscapes, with no reduction in impact during periods when
archaeological records suggest lower activity levels. By applying the methodology
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to specific landscapes, we critically evaluate the strengths and weaknesses and identify
potential remedies, which we then expand into consideration of how simulation can be
incorporated into palynological research practice. We argue that the MSA deserves a
place within the palynologist’s standard tool kit.

Keywords: archaeology, Neolithic, paleoecology, palynology, pollen dispersal and deposition modelling, pollen

analysis, vegetation reconstruction

INTRODUCTION

Land cover is an important component of the earth system,
through the habitats it provides for living things and through
its interactions with the other major components, for example
with the hydrosphere via modification of water flow and
water quality, and with the atmosphere and climate system
through albedo and evapotranspiration. Land cover develops
in response to a range of environmental drivers, including
climate zone, substrate, topography, and feedback interactions
between biota and between biotic elements and the physical
environment. Human activity is a major shaper of these feedback
interactions, both directly (e.g., through tree felling, ploughing,
or construction of novel habitats) and indirectly (e.g., through
changing distributions and intensities of grazing animals, which
in turn can reduce ground cover or transform forest into scrub
or grassland). Land cover is variable in both space and time,
and reconstructing past land cover is therefore an important
contribution to understanding the longer-term dynamics of the
earth system (for example for testing regional climate models or
framing the context of archaeological records of human activity),
as well as for ecological studies of ecosystem processes and
dynamics and archaeological investigation of the controls on and
environmental impacts of past human activity.

Pollen analysis offers a means of indirectly observing past
vegetation, and therefore pollen records (sequences of pollen
assemblages recovered from sedimentary archives such as mires
or lake sediments) are an important source of information
about past land cover. Translation of standard pollen diagrams—
information-packed, but often an active barrier to engagement
by non-specialists within and beyond academic communities
because they are very difficult to read without extensive
experience—into measures of land cover is an ongoing research
challenge. Von Post (1918) and Edwards et al. (2017) described
the task of the pollen analyst as being to “think horizontally, work
vertically,” showing that from the earliest days of the discipline
reconstruction of spatial variations in land cover at different
points in the past was seen as the main goal of the activity.
Pollen assemblages form through a complex combination of
taphonomic processes reflecting both the biology and ecology of
the plants producing the pollen and the shape, size, type, and
setting of the sedimentary system where the assemblage forms
and will be preserved, and therefore translation into land cover
is not a trivial exercise, especially if the land cover measure is to
be quantitative and spatially referenced rather than qualitative.
Various methodologies have been explored, such as biomisation
(e.g., Prentice et al., 1996), modern analog comparison methods

(e.g., Overpeck et al, 1985), and the use of models of the
relationship between pollen and vegetation or the process of
pollen dispersal and deposition.

Algebraic models connecting pollen assemblages at a known
location and the source vegetation in the wider landscape
offer a means of reconstructing past land cover. The main
approach currently in use is the Landscape Reconstruction
Algorithm (LRA; Sugita, 2007a,b; Gaillard et al., 2008, 2010;
Hellman S. et al., 2008; Trondman et al., 2015; PAGES,
2017). The LRA is not the only possible use of the algebraic
models. Interpretation can also be informed by simulation
studies or “thought experiments” (e.g., Bunting et al., 2004;
Caseldine and Fyfe, 2006; Caseldine et al., 2007; Hellman
et al, 2009a,b) using the HUMPOL suite (Middleton and
Bunting, 2004; Bunting and Middleton, 2005). This approach
was developed into the Multiple Scenario Approach (MSA;
Bunting and Middleton, 2009); where the LRA takes an algebraic
approach to reconstructing past land cover numerically, which
can then be extrapolated into mapped forms (e.g., Pirzamanbein
et al., 2014), the MSA uses computer simulations to produce
many possible reconstructions, which are then tested using the
model (see Figure 1 for a comparison of the two approaches).
This paper presents two examples of the use of the MSA to
address landscape-scale questions about land cover and land
use during the Neolithic in the British Isles, and considers
lessons learned for future development of this relatively new and
under-explored method.

The nature of Neolithic agriculture in the British Isles
remains poorly understood. Evidence for the prior presence of
Mesolithic people is widespread, but their population levels were
probably very low, and direct environmental impacts would
have been localized. Impacts may have included modification
of woodland structure (e.g., Bishop et al., 2015). The repeated
use of fire, and possible knock-on effects on the location of
wild native herbivores, particularly deer, are argued to have
modified woodland edge habitats in the uplands (Innes et al,
2010, 2013; Ryan and Blackford, 2010) and at wetland margins
(Mellars and Dark, 1998), at least in some locations and at
some times. The early Holocene woodland cannot be considered
pristine and unsettled, but existing evidence suggests that
Mesolithic people caused only minor disturbance, with effects
comparable to other components of the natural disturbance
regime. Neolithisation introduced two new potential disturbance
factors into the landscape, livestock management, and crop
cultivation. The introduction of non-native herbivores, especially
sheep and goats which are particularly effective at suppressing
regeneration of deciduous woodland, and increased management
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FIGURE 1 | A schematic representation comparing two approaches to reconstruction of land cover from pollen assemblages, the Landscape Reconstruction
Algorithm (LRA; Sugita, 2007a,b) and the Multiple Scenario Approach (MSA; Bunting and Middleton, 2009).

of the numbers and locations of large animals in the landscape
will have increased grazing and associated landscape effects such
as creation of paths and trampling and erosion at watering points
and gathering yards, which will both create small clearings and
favour ruderal forb plant species over woodland understorey
species.

Crop cultivation requires removal of pre-existing vegetation,
especially in woodland, and management of soil fertility and
weeds. Various models for achieving this have been suggested for
Neolithic Europe, with strong evidence for long-term cultivation
at specific locations (“gardens”) supported by manuring practices
alongside cyclic use of the wider landscape through coppicing
and movement of animal herds for the Central European lake
dwellings area (Jacomet et al., 2016), although some argue that
shifting “slash and burn” type cultivation would have been more
effective in wooded areas (e.g., Schier, 2009; Résch et al., 2017). In
lowland areas of the UK, Neolithic practices were introduced into
landscapes dominated by mixed deciduous woodland, and the
pollen signal of Neolithisation is largely seen through an increase
in non-arboreal pollen types reflecting the crops themselves,
ruderal species associated with the newly available areas of
disturbed ground, and the species which replaced the dominant
canopy trees both in areas kept open by grazing and as part of
the successional sequence once garden-patches were abandoned.
Whilst the crops and settlements of these Neolithic populations
will have occupied a very small fraction of a landscape at any one
point in time, the effects of these cultural practices will have been
more widely seen, both through the impacts of grazing livestock
and through the persistence of an ecological signal of disturbance
for decades and sometimes centuries following abandonment and
movement of the farming population. However, not all parts of

the UK were fully wooded at the start of the Neolithic, and some
of the most exciting archaeological finds of recent years (e.g., Ness
of Brodgar; Card et al., 2017) come from the far North, where
woodland cover was probably never complete in the Holocene,
and certainly by the mid-Holocene the landscape contained
extensive areas of naturally treeless grassland. Here woodland did
not have to be cleared to permit agricultural activity, and indeed
may have been sufficiently limited that it required deliberate
protection. The pollen signal of agricultural activity in such a
landscape will probably lack the classic “decrease of tree pollen”
signal of a “landndm” in a woodland area, but should still be seen
through an increase in ruderal species and possibly crop plants.

In this paper, we use pollen records and the MSA to
reconstruct the landscape level impact of Neolithisation on land
cover in two contrasting British landscapes, the Somerset Levels
and Moors and Mainland Orkney, both with a rich and well
dated archaeological record of Neolithic activity which provides
an indication of variations in the amount and intensity of activity
over the period, for comparison with the reconstructed land
cover record. The Somerset Levels are a complex of lowland
wetlands within a densely wooded mid-Holocene landscape, with
substantial tree removal only beginning to be recorded in the
Iron Age. In Orkney, pollen records come from discrete basins
scattered across Mainland, and the northerly, hyperoceanic
setting of the islands meant that full forest cover probably never
developed.

The aims of this paper are to:

(a) Use the pollen record for the Neolithic period (broadly
defined) in two UK landscapes containing important
Neolithic archaeology which have contrasting late-Mesolithic
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land cover, to reconstruct the extent and timing of land cover
modification associated with Neolithisation and determine
whether land cover changes occur in the same pattern as
archaeologically-derived estimates of occupation levels.
Consider the strengths and weaknesses of the MSA for land
cover reconstruction.

Demonstrate how pollen dispersal and deposition models and
the MSA can be used to strengthen the relationship between
pollen data and archaeological research questions, and be
incorporated into the palynologist’s standard workflow.

(b)

MATERIALS AND METHODS

In this section we outline the MSA and introduce the case studies.

The Multiple Scenario Approach

The MSA is outlined in Bunting and Middleton (2009) and
schematically presented in Figure 1. Reconstruction begins with
a landscape of interest, from which one or more empirical pollen
records covering the relevant time period are available.

First, the analyst identifies the main environmental
constraints in that landscape which can be known for the
relevant time period (e.g., topography, geology, paleogeography)
and the palynological equivalent! (hereafter p.e.) vegetation
components which might have formed part of past land cover.
These components can be a single p.e. (e.g., Quercus) which
can represent one or many plant species, or a community
comprising a defined mixture of p.e. taxa (e.g., every pixel
assigned to grassland is modelled as containing 80% Poaceae,
10% Cyperaceae, and 10% Plantago lanceolata).

This information is used as input into a Geographic
Information System (GIS) to create many possible maps of
distribution of those land cover components, combining gridded
environmental data with both environmental constraints (e.g.,
Quercus can only occur below 600 m asl) and random placement
rules (for example a pixel in the area below 600 m has a 20%
chance of being occupied by Quercus, a 10% chance of being
occupied by Betula and a 70% chance of being occupied by
grazed grassland) to assign each pixel in the grid to one of
the vegetation components. For each of these possible maps,
pollen assemblages are simulated at the location of the actual
pollen records using a pollen dispersal and deposition model.
These simulated pollen assemblages are then compared with
the empirical pollen assemblages using similarity coefficients;
scenarios producing the most similar pollen assemblages or
similarity scores meeting some pre-determined criterion are
considered to be possible reconstructions of the past land cover
at the time when the pollen assemblage was formed.

One strength of this method is its ability to identify multiple
different possible reconstructions, including arrangements of
past land cover which are ecologically distinct (e.g., birch

!Plant species organized into groups on the basis of identifiability of their pollen
grains; some types can be identified to species level e.g., Plantago lanceolata, whilst
others can only be identified to genus e.g., Betula or family e.g., Brassicaceae,
and some pollen types do not map neatly onto plant taxonomic groups (see e.g.,
Bennett K. D., 2007).

woodland and oak woodland or mixed birch-oak woodland,
copses in open fields or wood-pasture; see Bunting and Farrell,
2017) but cannot be distinguished palynologically from the
available pollen records. This both reduces analyst bias in
favor of particular types of landscape and offers up clear
alternative hypotheses for testing via either future pollen analysis
or by seeking out other lines of evidence. Whereas LRA
reconstructions are presented as percentage cover (for “regional”
vegetation, e.g., an average for an area on the order of 50-
100 km radius around the study sites) or distance weighted plant
abundance (within the Relevant Source Area of Pollen for small
sites, typically 500-2,000 m radius), which are then converted
into spatial representations of land cover using GIS (see e.g.,
Pirzamanbein et al., 2014), MSA reconstructions are produced in
a mapped form from which quantitative measures can be derived
if required.

LandPolFlow Software Package

LandPolFlow is a specialist simplified GIS coded in Borland
Delphi. The principal simplification made is the requirement
that all gridded data are in raster format and for any given
analysis run all grids have the same dimensions, resolution
and geographic location, although there is some capacity to
nest larger land cover grids or to otherwise incorporate a
“background” pollen component sourced beyond the modelled
landscape. LandPolFlow was written by Mr. R. Middleton, now
retired from the University of Hull. The software is available
on request from Dr. M. Jane Bunting (and via worktribe, the
University of Hull repository).

Inputs: environmental data

Input grids define the physical environment on which land
cover forms. The format used for all grid types is that used
by the 16 bit (DOS) version of Idrisi and later by Openland
(Eklof et al., 2004) and HUMPOL (Bunting and Middleton,
2005). Three kinds of grids can be used, class grids (coded using
numbers in the range 0-255) which can be linked to tables
which assign numerical values to specific classes, Boolean grids
and real data grids (containing quantitative information stored
as IEEE single precision real values). Provision has been made
within the package to derive slope and aspect grids from digital
elevation models (DEMs), and to smooth the derived grids. In the
examples presented here we use class grids for surficial geology
and definition of known water bodies and coastline, and real
grids for DEMs. A script file is then used to instruct the program
to create one or more new grids with the same dimensions
as the environmental grids, showing land cover classes. The
available land cover classes are defined in a separate input file, the
“PolSack” file (see section Simulated Pollen Assemblages below).

Scripts and scripting

All operations in LandPolFlow are performed under the control
of a script file. The scripting language makes use of loops and
system-defined variables (e.g., limiting altitudes, the probability
of a particular land cover element being present) to allow many
land cover grids to be made in a single run reflecting varying
land cover placement “rules.” These placement “rules” can be
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prescriptive (e.g., Betula never occurs on limestone/above 600 m
asl) or probabilistic (e.g., the likelihood of Betula occurring
on steep slopes is 80%, on moderate slopes is 50% and on
shallow slopes is 20%), and rule parameters can also be varied
(e.g., maximum altitude can be 550, 600, 650m asl etc., or
the probability of occurrence on a moderate slope can vary
between 10 and 50% in 4% steps). Land cover types can be
placed into the grid as single pixels or as larger blocks within the
landscape, allowing scenarios to explore the effects of different
sizes of patches (e.g., the pollen signal of a farming landscape
where human activity is centered around multiple scattered
“farmsteads” vs. a single large “village”) as well as of different
proportions of total cover. The number of grids defined by
combinations of placement rules and taxa can be very large.

Simulated pollen assemblages

A second set of commands within the script simulate the pollen
assemblage for a land cover grid at one or more specified
locations, and calculate the similarity coefficient between the
simulated assemblage and the actual target pollen assemblage.
Two input files are required for these commands in addition to
the environmental grids; the first defines the composition of the
land cover classes, the properties of the pollen types produced by
the p.e. taxa (e.g., Relative Pollen Productivity), and the specific
locations for which pollen assemblages are to be simulated (the
“PolSack” file), and the second is a lookup table containing
taxon-specific distance weightings for each pollen type, based
on the pollen dispersal and deposition model chosen. Using
a lookup table increases the speed of calculation of simulated
pollen loading, which is valuable when many possible land cover
scenarios are being considered. Details of the calculations are
presented in the Supplementary Material to this paper.

Handling output data

Software output is in two forms, as grids (which can be saved in
IDRISI format, as jpegs or as bitmaps) and as a text file containing
the simulated pollen assemblages, calculated fit statistics (a
selection of similarity measures are available; in this study we
used squared-chord distance) and other model parameters as
defined by the user (e.g., the system variables used in the script
loops to vary abundance or location of land cover classes). Within
the script a saving threshold can be set to ensure that grids are
only saved for scenarios with a good fit, reducing the memory
demands of the program. Output files can then be processed in
many ways. In this study, we used R scripts to help extract the
output for best fit solutions for individual target locations and for
the landscape as a whole from the text files (identified from the
sum of fits for all target locations). Scripts are available from the
authors on request.

Two approaches to identifying the “best” landscape
reconstructions were used, a site-led approach and a whole-
landscape approach. For the site-led approach, the best
fit scenarios for each individual pollen core location were
identified by the site fit score, and the overall landscape
character determined as a mean of the model parameters for
the scenarios providing those best fit scores with variation
expressed as standard error around that mean. This site-led

approach produces reconstructions of trends in land cover and
changes between timeslices expressed in model parameters (e.g.,
probability that a pixel meeting specified criteria will be allocated
“woodland”) rather than land cover parameters (e.g., hectares of
woodland in the final grid). For the Somerset Levels and Moors
dryland land cover reconstruction the average of parameters for
the single best fit scenario for each pollen site was used. For the
Orkney case study, where there were fewer pollen sites available,
model parameter averages were taken from the best five fits for
each site. This approach made more allowance for local variation
in land cover both on and around each individual site than
the whole-landscape approach, useful in this project where the
number of repeat runs was limited (a high number of repeats
of each scenario is ideally required since random placement of
vegetation can lead to highly varied site pollen signals in sensitive
locations).

For the whole landscape approach, the best-fit scenario was
that which produced the lowest overall fit score based on the sum
of scores for all sites, that is, it is effectively the reconstruction
which offers the best compromise across the target pollen records.
To extract land cover data in this approach, the best fit grid
was saved and the coverage of each community within the
grid determined using mosaic5 (updated from Middleton and
Bunting, 2004) then converted into hectares.

Single grids for each timeslice were also selected to create
a visual sequence of landscape development. These grids were
chosen from the selection of grids saved by the software, i.e.,
those with fit scores below a pre-determined threshold. In most
cases the grid with the lowest overall fit score was chosen, but
in some cases a different grid was selected on grounds of being
more “plausible” (sensu Caseldine et al., 2008)—that is, that it
fitted logically into the sequence in such a way that known
ecological processes could be evoked to explain the transition
from and to the landscape scenarios on either side. There is
considerable scope for improvement in determining the best and
most efficient methods of extracting and presenting land cover
data from MSA reconstruction output, but the methods chosen
here are replicable and produce consistent and reasonable results.

Case Study Landscapes

The Somerset Levels and Moors (Figure 2) were chosen as a
case study from the lowlands of England, within the deciduous
forest potential vegetation zone. Significant paleoenvironmental
and archaeological research has been undertaken in the region,
which has a long history of collaboration between environmental
and archaeological specialists, particularly during the Somerset
Levels Project (Coles and Coles, 1986; Coles, 1989). Neolithic
archaeological remains are characterized by wooden trackways
of various types, with only hints of occupation sites in the form
of lithic scatters discovered as yet. All evidence suggests that
the wider landscape was wooded throughout the Neolithic, with
human activity leading to small-scale, periodic clearance (Beckett
and Hibbert, 1978). The earliest Neolithic activity identified from
archaeological dates was around 3800 cal BC, and land-cover was
reconstructed for a series of 200-year intervals (referred to as
“timeslices”) over the period 4200-2000 cal BC.
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FIGURE 2 | (A) Map of the UK, showing the location of the two case study areas, with insets outlining the study areas at a larger scale. (B) Orkney Mainland [upper
box in part (A)]. (C) The Somerset Levels and Moors. Gray shading shows present-day dry land, white shows sea. Solid symbols show the locations of pollen records
included in the MSA reconstructions (see Bunting et al., unpublished; Farrell et al., unpublished for more detail).

In contrast to the Somerset Moors and Levels, the landscape
of Orkney is generally understood to have been largely or
entirely treeless during the Neolithic (e.g., Davidson and Jones,
1985), though paleoenvironmental work suggests that occasional
stands of woodland were present into the Bronze Age (Farrell
et al., 2014). The wealth of Neolithic archaeological remains in
Orkney also contrasts with the Somerset case study, with well-
preserved settlements, tombs and monuments still dominating
the landscape in many places even today. Recently developed
chronologies for Neolithic archaeology (Griffiths, 2016; Bayliss
et al,, 2017) can be compared with land-cover reconstructions
which were made for 200-year “timeslices” over the period 4200-
2200 cal BC.

The Physical Environment

For both case studies, a DEM of modern surface elevations
derived from Ordnance Survey PANORAMA DTM NTF
geospatial data supplied by EDINA Digimap at a scale of 1:50,000
was used as a starting point for land-cover modelling. The
NTF data were clipped to the spatial extent of the study area
and converted to IDRISI format using the GridIn application
(Middleton, unpublished). Surficial geology grids were prepared
based on British Geological Survey SHAPE geospatial data

provided by EDINA Digimap at a scale of 1:50,000 for Somerset
and at a scale of 1:625,000 for Orkney. A simplified classification
was created in ArcGIS 10.3.1 and converted to IDRISI format
using the GridIn application (Middleton, unpublished). The
basic grids had 50 x 50 m pixels, and covered 36 x 49km for
the Somerset Moors and Levels case study and 32 x 30km for
the Orkney case study (see Figure 2).

Both areas have been affected by sea-level change in the
early and mid-Holocene, but paleogeographical reconstructions
at suitable resolution are not available. In the Somerset Levels
and Moors, published paleogeographic maps of Bridgwater Bay
show profound changes during the early and mid-Holocene
(Kidson and Heyworth, 1976; Long et al., 2002), but by the
start of the Neolithic, most of the area of interest was free
from marine influence, and current understanding suggests that
the paleogeography was broadly the same as at present from
around 4200 cal BC. We therefore used the present-day surficial
geology maps (showing the distribution of peat, alluvium, and
coastal sediments) as the main guide for the distribution of
wetland communities. The position of the Orcadian coastline
has changed significantly during the Holocene due to rising sea-
levels, with its present position having been reached at c. 2000 cal
BC (Wickham-Jones et al., 2016, 2017). Current understanding
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of Holocene sea-level change in Orkney largely relies on general
models produced for North-West Europe (e.g., Sturt et al., 2013).
Local sea-level data for Orkney is currently being produced
(Dawson and Wickham-Jones, 2007; Bates et al., 2013), but
at present chronological resolution is too coarse to allow for
estimation of sea-level in 200-year timeslices, therefore in this
study modern coastline position was used for all timeslices.

The Vegetation Communities and Their Distribution
The main pollen types found in diagrams from each region were
used as the basis for simplified plant community definition based
on literature and understanding of the ecology of each case study
area (summarized in Table 1).

In the Somerset Levels and Moors case study, placement
of communities within the landscape assumed that vegetation
could be divided into wetland and dryland areas, with saltmarsh,
reed swamp and mudflats present in the western Levels where
tidal influences dominated, floodplain and carr wet woodlands
in the eastern Moors, and mixed deciduous woodland on the
surrounding dryland and on raised burtle islands within the
wetlands. Distribution of wetland communities is based on
the modern surficial geology in all timeslices. Where peat is
mapped as present, wet woodland was placed, and floodplain
woodland was placed on areas of alluvium. In areas mapped
as Holocene tidal sediment, beach deposits or sand, pixels
were allocated to either bare mud, marsh or saltmarsh with
a probability distribution of 0.2:0.4:0.4. All other land areas
above 3m asl were modelled as supporting mixed deciduous
woodland. In the Orkney case study the landscape was modelled
as a mosaic of birch-hazel woodland and grassland suitable for
grazing animals. Areas of disturbed grassland, which could either
occur naturally, for example in response to storm deposits of sand
and/or salt, or due to anthropogenic activity, were placed below
30m asl, and given a single community composition including
low pollen production cereals, some bare ground and some high-
pollen-producing weeds associated with disturbance (Artemisia-
type, P. lanceolata and Rumex-type). Stands of pine and oak
woodland were placed in sheltered, well-drained situations (slope
>5°, altitude <100m, aspect E, SE, or S). The amount of
woodland present was varied independently between “upland”
(defined following Lamb, 1989 as land above 60m asl) and
“lowland” areas, since it is possible that anthropogenic clearance
might have been greater in the lowlands, and edaphic processes
and exposure might contribute more to woodland loss in the
uplands. Local wetland vegetation at each coring site was inferred
from the published records. Where data were insufficient to
allow this multiple possibilities were tested during the early
“scoping runs” (see section Pollen Assemblage and Radiocarbon
Age Estimate Data below).

Pollen Assemblages and Chronologies

All available radiocarbon dated pollen records were collected,
and new age-depth models constructed to ensure a common
chronological framework. The age of each sample was
determined as the median of the Highest Probability Density
Interval and pollen data for all samples falling within a particular
timeslice were summed and averaged to produce a single pollen

assemblage at each location during each 200-year timeslice as the
targets for reconstruction. Not all pollen sequences contained
samples dating from every timeslice, so each timeslice uses a
slightly different set of pollen records.

Scripts and Scripting/Workflow

For each landscape, initial scoping runs explored a wide range
of possible levels of woodland cover and variations in local
wetland structure, then more focused runs were carried out
using a narrower range of vegetation options, which allowed
for a larger number of repeats of each scenario and therefore
better incorporation of random placement effects in outputs.
For example, in the Somerset Levels and Moors, the scoping
run assessed the fit for landscapes with clearings occurring in
either just the dry land woodland or in all types of woodland,
with the proportion of clearings in each woodland type ranging
from 0 to 100% in 10% increments, and in addition at each
coring point, local wetland vegetation was modelled as either
marsh or raised bog within wet woodland, and marsh or
raised bog with a surrounding ring of alder carr of varying
width. The radius of the bog or marsh was varied in 50 m
increments from 50 to 800 m, and the width of the surrounding
alder carr was also varied from 50 to 750 m. In combination,
this gave 512 different configurations for the local wetland
vegetation and 22 woodland clearing configurations, generating
11,264 possible scenarios for each timeslice. For the Orkney
case study, the first scoping run considered a very broad range
of scenarios from a 100% open landscape to a 100% wooded
landscape, along with different proportions of heathland, oak-
pine woodland and disturbed ground. Later runs varied the
structure of vegetation as well as the proportion of cover (e.g.,
whether woodland occurred as discrete patches or scattered
pixels). The vegetation placement constraints used in the final
scripts are described in section The Vegetation Communities and
Their Distribution above, and multiple replicates of each scenario
were run, since vegetation patches were placed randomly and
pollen records are known to be sensitive to vegetation patterning
as well as overall vegetation composition (Bunting et al,
2004).

Model Uncertainties
No model is a perfect reconstruction of a natural process, and
the complexities of the pollen-vegetation relationship mean that
the models used here are likely to be highly imperfect. Both the
LRA and the MSA rely on the assumption that the dispersal
and deposition model chosen is appropriate to the system being
studied, and that the p.e. type properties of Relative Pollen
Productivity and fall speed (see Supplementary Material) can
be treated as constants for a given study location. Empirical
measurements of these variables suggest that this is not a good
assumption, and research is ongoing to improve understanding
of the range of and controls on these variables (reviewed in detail
elsewhere e.g., Mazier et al., 2012; Bunting et al., 2013) and the
size of the errors introduced by variation.

Unlike the LRA, which treats all p.e. taxa individually, the
MSA includes the option to group taxa into communities. Since
the MSA produces a grid output rather than numerical, the pixel
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TABLE 1 | Pollen dispersal and deposition model parameters and vegetation community compositions used in the pollen dispersal and deposition modelling.

Community composition (%) Somerset

Community composition (%) Orkney
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Pollen taxon Fall speed (m/s) [ = [ = = n 4 o < < (G} m o 4 o = O
Alnus glutinosa® 0.021 4.2 20 75
Betula spp.2 0.024 8.9 20 75
Corylus avellana® 0.025 1.4 30 20 25
Dryland trees’ 0.034 2.0 100 70
Fraxinus excelsior? 0.022 0.7 20
Pinus sylvestris® 0.031 5.7 50
Quercus spp.2 0.035 7.6 50
Salix spp.? 0.022 1.3 20
Artemisia spp.d 0.025 35 5 1 3
Cereal-type®P 0.06 3.22/0.8° 80 80
Chenopodiaceae® 0.019 1 20 1
Cyperaceae? 0.035 1 10 5 5 20 20
Calluna vulgaris®P 0.038 4.73/1.1b 50 50 20
Ericaceae® 0.038 4.73/1.1b 10 20
Plantago lanceolata®®  0.029 12.82/0.9° 5 A 2 5
Poaceae? 0.035 1 95 20 85 90 20 10 10
,‘%’umex—typeb 0.018 1.6 5 1 3 2

a(Hellman S. V. et al., 2008). P(Hellman S. V. et al., 2008)—Danish value. °As for Calluna vulgaris. @(Poska et al., 2011). ©No published estimates available—fall speed was calculated
by applying Stokes Law (Gregory, 1973) to measurements of pollen grains photographed in Moore et al. (1991). RPP is an estimate. 'RPP and fall speeds derived from a woodland
consisting of lime:oak:elm in the ratios 20:40:40 using values from Hellman S. V. et al. (2008). 9In the Somerset case study RPP values for three taxa, Cereal-type, Calluna vulgaris, and
Plantago lanceolata type followed Hellman S. V. et al. (2008) original values, whilst in the Orkney case study the Danish values were used instead.

size of the grid acts as a limitation on the variability possible
in the landscape. The landscape is conceived as a mosaic of
communities, although p.e. taxa can be components of multiple
communities. This is partly driven by concern over pixel size.
Assigning each pixel to a single taxon allows each taxon to have
different specified environmental constraints, and communities
should emerge from the co-occurrence of types with similar
ecological requirements at particular locations. However, this is
only reasonable if the pixel size is comparable to the size of a
vegetation unit, e.g., an individual tree or heather bush, or a grass
tussock. Pixel size is determined by three factors: the available
resolution of input data (although resampling can change the
resolution of a grid, finer sampling risks introducing rounding
errors), computer processing capacity and time available for
analysis (more pixels means more calculation steps for each
simulated pollen sample therefore longer run times for software),
and thirdly the overall size of the landscape grid, since the
HUMPOL approach of calculating values for each pixel and
summing them across the landscape requires at least some
rounding of values for holding in the computer memory, and
the larger the grid, the greater the risk of introducing errors.

Grid size in turn is determined by the spatial properties of pollen
dispersal and deposition, since the MSA approach requires that
the landscape considered includes most of the pollen source
area of the sites sampled. There are many definitions of pollen
source area, multiple factors that affect the value for different
combinations of taxa, landscapes, site types, and pollen dispersal
and deposition models chosen, and many estimates of its value,
but there is general agreement that grids need to be large (at least
10s of km) to capture some of the background component of
the pollen rain. The 50 m pixel size chosen for these case studies
was a compromise between these different factors, is larger than
most individual trees, and can contain hundreds of thousands of
individuals of herbaceous taxa.

For these case studies, we chose to assign each pixel
to a community, which would allow us to explore the
behavior of “indicator taxa” in the pollen record (distinctive
p.e. taxa associated strongly with particular land uses or
communities, but rarely present in great abundance). We defined
community composition from field observation, evidence
from regional pollen diagrams and ecological understanding;
clearly the assumptions here are extensive and introduce
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uncertainties which are difficult to quantify (e.g., dryland
woodland composition in Somerset will have been far more
varied at multiple scales than was modelled here). One possible
future approach might be to use REVEALS to reconstruct the
proportion of each p.e. type in the entire landscape, and use those
values to define the community compositions. These choices
can also be refined by drawing on multiple lines of evidence
(e.g., woodland composition could be estimated from trackway
construction materials in the Somerset Levels), although these
bring their own uncertainties into the analysis.

Over-complex models are not better models, and a balance
between multiplying assumptions and achieving outputs of use
to the intended research community needs to be struck. Clearly
specifying the choices made, so that the user of model outputs can
critically evaluate the results, is essential. Limiting the number of
taxa to a very small group, where each taxon is representative
of and largely confined to a distinctive land cover element,
may be a viable alternative strategy, as shown by Nielsen and
Odgaard’s (2005) study of historic land cover in Denmark using
four taxa, Poaceae (pasture), Calluna (heath), tree pollen (a
composite taxon; woodland), and Cerealia (arable cultivation).
Definition and quantification of uncertainties associated with
MSA reconstructions is a challenging task for the future; in this
paper, we focus on outputs expressed as trends and estimates of
the extent of change, and use of output grids as hypotheses to be
tested by designed collection of palaeoecological or other data.

RESULTS

Results in the form of single best-fit land cover grids and
summary landscape characters for each time slice were extracted
as described above. Standardized overall fit scores (overall fit for
the grid as a whole, divided by the number of sites included)
for all these grids lie mainly between 20 and 30 (overall possible
range of 0-200), mostly at the lower end, which modern sample
comparison suggests is within the range of typical values when
comparing modern pollen samples collected within the same
broad vegetation communities (e.g., Lytle and Wahl, 2005).
Standardized overall fit generally lies within the standard error
of the mean of the individual site best fits, suggesting that the
two different methods of summarizing land cover described
in the methods (section Handling Output Data) are based on
comparably good (or bad) reconstructions.

Reconstruction results are shown in Figures 3-6. Examples
of good-fit land-cover maps for each timeslice from Orkney are
given in Figure 3 and landcover proportion trends are plotted in
Figure 4. Figures 5, 6 show the same data for Somerset.

DISCUSSION

Here we consider what MSA reconstructions offer in terms of
understanding the Neolithisation of the contrasting case study
landscapes, then briefly discuss issues arising from this first full
application of the MSA as a reconstruction tool and explore
possible remedies, before evaluating the potential place of the
approach within main-stream palynological research.

Landscapes of Neolithisation

Orkney: Neolithisation in a Largely Treeless
Landscape

In the Orkney case study, pollen records came from discrete
wetlands scattered across the landscape. Some sites consistently
yielded lower fit scores than others, at least partly due to
uncertainty about the nature of the local wetland vegetation at
the pollen sites. The characteristics of some study sites (e.g.,
Hobbister—Farrell, 2015) were clearly changing during the study
period, and full investigation and mapping of the stratigraphic
units and hence former sedimentary environments to support
better reconstruction is not always possible (e.g., due to active
peat extraction at Hobbister).

“Plausible” (sensu Caseldine and Fyfe, 2006) mapped land-
cover reconstructions for all 10 timeslices across the period 4200-
2200 cal BC are shown in Figure 3 and land-cover trends plotted
in Figure 4, compared with the intensity of settlement activity
in “core” and “peripheral” areas across Orkney derived from the
number of dated structures in use on individual sites (Figure 4A;
Bayliss et al, 2017). A baseline for disturbed grassland
communities in the pre-Neolithic landscape (communities with
higher proportions of anthropogenic indicator taxa than the
“natural” grassland) can be taken from the timeslice 4200-4000
cal BC. At this point c. 12% of the landscape was wooded, mainly
birch-hazel. Less than 1% of the study area was made up of the
“disturbed grassland” community.

The first dated archaeological evidence of settlement in
Mainland Orkney is recorded during the 3600-3400 cal BC
timeslice (Bayliss et al., 2017). The increase in dated settlement
activity, particularly in the “core” Brodgar-Stenness area, over
the period 3200-2800 cal BC is associated with a significant
increase in inferred landscape disturbance. The subsequent
decline in dated structures in both “core” and “peripheral” areas
of Mainland is not associated with a reduction in cover of the
disturbed grassland community, which actually increases in the
2800-2600 cal BC timeslice, following abandonment of the “core”
area of Neolithic activity, and the 2400-2200 cal BC timeslice,
following abandonment of settlements in the “peripheral” area of
Mainland.

Established Neolithic activity on Mainland Orkney probably
began in the thirty-fifth century cal BC (Bayliss et al, 2017;
Bunting et al., unpublished), about 300 years later than
elsewhere in Britain and Ireland (Whittle et al., 2011), implying
that Neolithic people were slow to establish themselves on
Mainland. The MSA reconstructions support this relatively
late start date. Prior to any dated Neolithic activity, the
landscape was dominated by grassland suitable for pasture.
This natural prevalence of grassland may help to explain
the rapid expansion of Neolithic settlement on Mainland,
since the Neolithic Orcadian economy probably relied heavily
on cattle (see Mainland et al., 2014; Card et al, 2017)
and extensive clearance would not have been necessary to
provide land for grazing. Inferred variations in the amount of
“disturbed ground” above the baseline from the 4000 to 3800
cal BC timeslice onwards may hint at earlier anthropogenic
disturbance by either late hunter-gatherers or farming pioneers;
Sharples (1992) has suggested that the comparatively heavy
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KEY
Pale green = grassland

Yellow = disturbed land

Purple = pollen sites (mire)

Dark green = birch-hazel woodland
Orange = oak-pine woodland

Pink = pollen sites (wet heath)

FIGURE 3 | Example best-fit grids of land cover for Orkney case study in 200 year timeslices between 4200-2200 cal BC (age shown is midpoint of timeslice).

soils on Mainland Orkney were exploited later than other
islands.

A distinct shift in land-cover is reconstructed between 3400
and 3000 cal BC (see Figure 4), the period that covers the first
sustained tomb building, the shift from timber to stone houses,
and the concentration of settlement in the “core” Brodgar-
Stenness area of Mainland (Bayliss et al., 2017; Bunting et al.,
unpublished). There is an increase in coverage of the “disturbed
ground” community and a reduction in woodland cover, but
woodland does not disappear from the landscape entirely.
Woodland would have been a valuable resource for Neolithic
Orcadians (Farrell et al., 2014), and was already scarce (Figures 3,
4) at the time of the first dated settlement activity (3600-3400
cal BC timeslice), and falls by around 50% between the 3400-
3200 cal BC timeslice and the 3200-3000 cal BC one, suggesting
that some loss of woodland occurred with the first dated

Neolithic activity in the area. The clear coincidence between
changes in land cover and settlement occupation, dated using the
same age model construction approach but independent sets of
radiocarbon dates, suggests that land cover reconstruction using
the MSA may provide a proxy for settlement activity even in
landscapes where impacts are expected to have been small scale.
A decline in settlement activity in the Stenness-Brodgar “core”
area in the 2800-2600 cal BC timeslice does not coincide with
any reduction in potentially cultivated “disturbed ground” or
with woodland regeneration in the MSA reconstructions; human
population may have become dispersed into smaller settlement
units, away from the socially unsustainable concentrations of
people in the major Neolithic complexes of the Stenness-
Brodgar peninsula, rather than actually reducing in size. A
further decline in woodland coverage is seen in the last two
time-slices, coinciding with the time activity was re-established
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in the “core” area in the twenty-sixth century cal BC. These
MSA reconstructions also contribute to understanding the end
of the Neolithic in Orkney. Several possible reasons for the
decline of the Grooved Ware culture have been proposed (see
Clarke et al., 2018, for a review), including environmental
stress and climatic deterioration (cf. Meller et al., 2015). The
reconstructions presented here do not show the changes in
land-cover which might be expected to accompany a climatic
downturn (e.g., spread of acid heathland), nor do they provide
evidence for abandonment. This suggests continuity of land-use,
and it seems more likely that the cause of the Grooved Ware
decline has its root in social factors rather than environmental
deterioration (Farrell, 2009; Bunting et al., unpublished). This
interpretation supports Downes (2005) suggestion that the
apparent scarcity of Bronze Age settlements in Orkney is
probably the result of failure to identify them rather than a true
lack of occupation.

Even at the time of most intensive dated settlement activity
in the 3200-3000 cal BC timeslice, the “disturbed” community
accounts for only around 4% of available land (from the
landscape-scale reconstruction: see section Handling Output
Data above), although anthropogenic activity is also the most
likely cause of the observed woodland cover decline. Many classic
anthropogenic indicator plants were already present as part of the
grassland community, and would also have existed in naturally
disturbed habitats close to the coast; consequently increases
in these indicator taxa and changes in composition of open
vegetation communities have a much more subtle palynological
signal compared with reductions in tree pollen. Figure 4 shows
how the quantification of changes made possible by applying

the MSA allows us to draw out this relatively subtle signal and
compare it with the archaeological record.

Differences in woodland coverage in Orkney above and
below the 60m asl limit of prehistoric cereal cultivation are
illustrated in Figure4B (tree cover modelled as woodland
patches) and Figure 4C (tree cover modelled as scattered trees).
The results clearly illustrate the equifinality associated with
MSA reconstructions. Where trees are modelled as patches of
woodland (Figure 4B), woodland cover is generally similar in
both upland and lowland areas, and the more diverse woodland
incorporating oak and pine tends to be more abundant than the
pure birch-hazel “scrub” community. Where scattered trees are
modelled (Figure 4C), the upland areas tend to contain more
woodland than the lowlands, and the more diverse woodland is
more abundant in the lowlands. This second option is perhaps
more realistic from an ecological point, but the two sets of
scenarios cannot be distinguished on the basis of the existing
pollen records.

These outputs can be used to identify pollen sites for future
studies designed to test these two contrasting hypotheses for
former woodland distribution, by taking pollen records from
small basins whose pollen source area lies above or below the
60 m asl limit and comparing pollen assemblages across the study
period at an appropriate sampling interval (e.g., 100-200 years,
comparable with the reconstruction) to determine whether there
is a systematic difference in woodland coverage or not. The
modelling approach used here assumes that all pollen at the
target sites originates from within the modelled area of Mainland.
Certainly for pine, a long-distance component from Hoy and
Northern Scotland will also have formed part of the target pollen
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timeslice).

FIGURE 5 | Example best-fit grids of land cover for the Somerset case study in 200 year timeslices between 4200 and 2000 cal BC (age shown is midpoint of

KEY:

Grey: tidally influenced

Purple: raised bog

Pink: alder carr

Dark green: mixed carr

Mid green: floodplain woodland
Light green: dryland woodland
Yellow: clearings

assemblages, although simple “thought experiment” modelling
suggests that non-Orcadian sources contribute <20% of the total
pine pollen recorded. This component may partly explain the
apparent stability of oak-pine woodland coverage in comparison
with the variation in coverage of the birch-hazel community. A
relatively small number of target pollen sites are included in any
single timeslice, and the differences in which sites are included in
each timeslice are also likely to contribute to the variability seen
in the reconstructed land-cover, but the overall patterns provide
some more detail on the likely location of woodland in Neolithic
Orkney.

Somerset: Neolithisation of a Densely Wooded
Landscape

Examples of good-fit land-cover maps for each timeslice in the
Somerset case study area are given in Figure5 and landcover
proportion trends are plotted in Figure 6. The start of the
Neolithic in this area occurs during the 3800-3600 cal BC
timeslice (see Farrell et al., unpublished) and the 4000-3800 cal

BC timeslice is used to define the pre-Neolithic landscape. The
initial openness level of c. 10% is presumably due to natural
processes such as wind-throw, lightning strikes and grazing by
wild herbivores (Brown, 1997). The higher level of clearings
implied for the earlier 4200-4000 cal BC timeslice is assumed
to reflect the response of land cover to the end of a phase
of falling relative sea-level, as the lower-lying parts of the
Levels and Moors become wooded. The proportion of woodland
clearings within the timeslices 3800-3600 and 3600-3400 cal
BC rises, which is interpreted as anthropogenic clearance of
woodland in the wider landscape. Between 3400 and 2800 cal
BC, the standard errors of estimated clearance overlap with
the baseline clearance level, which is interpreted as a reduction
in the extent of human-related woodland openings; in two of
these three timeslices the mean is still above the 10% baseline.
For 2800-2600 cal BC, clearings increase to c. 20% of the
potential woodland area, interpreted as an increase in landscape
modifying human activity. The proportion of cleared land then
falls back to approximate baseline between 2600 and 2200 cal
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best fit reconstructions identified through the MSA. Dashed line represents pre-Neolithic base-line conditions (see text for details).
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BC, and rises to around 16% in the final timeslice (2200-2000
cal BC).

MSA land-cover reconstruction shows that at times the
proportion of cleared land increases to 50-100% above
the pre-Neolithic baseline, which is interpreted as reflecting
additional disturbance of the woodland due to anthropogenic
clearance. Some of these clearances may result from woodland
management, since coppiced wood was used in the construction
of Neolithic trackways in the region (Coles and Coles, 1986,
1992), and others may be associated with agricultural activity on
the dryland such as small-scale cultivation or management of
grazing animals. These results may be taken as a kind of proxy
settlement record in an archaeological landscape that currently
lacks evidence for occupation sites, allowing some preliminary
comparisons and contrasts to be drawn with neighboring regions.
The suggestion of initial activity in the thirty-ninth century
cal BC conforms with the wider picture for the beginning of
the Neolithic proposed by Whittle et al. (2011), and increased
woodland clearance between 3800 and 3400 cal BC corresponds
with the scale of monument construction seen in southern Britain
during this time. The reduction in clearance seen in the 3200-
3000 cal BC timeslice is also of interest, given recent debate about
possible discontinuity of cereal cultivation in the later fourth
millennium cal BC (Stevens and Fuller, 2012). Decreased activity
in the 2600-2400 cal BC timeslice serves as a valuable reminder
of regional variation at a time when major constructions and
cultural changes were taking place in the Stonehenge area.

Future modelling-supported research questions to be explored
in the Somerset area include investigating the location of
early human activity in this landscape complex. In this
analysis, woodland disturbance could occur anywhere with equal
probability, but prehistoric human populations are known to use
different parts of landscapes differently. Modelling could be used

to determine whether it is possible to separate a pollen signal
from human activity focused around the Levels and Moors on
one or more wetland margin settings, river margins, or burtle
islands and the Polden Hills from activity spread more widely in
the landscape, using archaeological understandings of Neolithic
landscape utilisation to inform the “rules” which control possible
location of clearings, and to explore the effects of different models
of landscape utilisation on the pollen signal (through different
lengths of cropping, fallow/grazing, and woodland successional
phases). In future archaeological research programmes, the
reconstructions presented can be used as a starting point for
identifying the coring locations most likely to produce pollen
records which include archaeological sites of interest within their
source areas, and thereby improve the integration of the two
methodologies.

Evaluation of the Reconstruction Approach
The studies reported here are the first full implementation of
the MSA for reconstruction of past land cover from pollen
records, therefore it has brought both strengths and weaknesses
into clear focus. Discussion is organized around the stages of
reconstruction.

Input Data

The MSA incorporates landscape characteristics overtly in the
reconstruction of past land cover, which improves the plausibility
and usefulness of the output, but depends on being able to clearly
define these characters. Topographical (DEMs) and geological
data are readily available in mapped forms for the UK, and at
the temporal and spatial scales used can be considered invariant.
Palacogeography proved more challenging, as sea level and the
distribution of water bodies are known to have changed during
the Holocene substantially enough to affect the reconstructions.
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In both case studies, after consulting all available evidence, we
decided to assume the coastline was in its modern position, and in
Orkney it was also assumed that extant lochs were in the same size
and position, and that no loss of water bodies through drainage
or hydroseral succession had occurred. These assumptions are
clearly wrong, but how to improve them without introducing
additional sources of uncertainty was not obvious.

Reconstructing paleo sea level, paleo coastal geomorphology
and paleo landscape hydrology is a non-trivial exercise. For the
Somerset case study, we were able to access a reconstruction
of paleogeography which used a basemap derived from Sturt
et al. (2016; see SI3 in Farrell et al., unpublished for details).
However, translating this into pre-Neolithic coastline position
and identifying areas subject to marine influence would also
require reconstruction of sediment infilling across this landscape
from coastal, fluvial, and hydroseral processes, and whilst
sediment stratigraphy and dating evidence do exist for much
of the area which could form the basis for such an exercise,
it was beyond the scope of the present study. By allowing
for a wide range of local wetland conditions at the coring
points (combinations of mire, marsh and alder carr in Somerset,
and of mire and marsh in Orkney) in the scoping runs the
MSA was able to incorporate some of the variation in wetland
conditions that would have resulted from changing sea level and
paleogeography in both case studies and therefore reduce the
impact of incomplete knowledge of past coastline. Some sites
used as targets in both case study areas are in locations where
paleogeographical changes could have made a large difference to
the landcover within a few hundred metres of the basin edge,
and where such sites are identified they could be downweighted
when identifying the quality of fit of the overall reconstruction.
In both our case studies, reconstructed land cover from such sites
was close to that from sites without such influences, showing
that all sites were picking up a comparable regional pollen
signal and such down weighting would not change the outcomes
substantially.

An unanticipated problem was the difficulty of accessing data
for published pollen records, and in some cases values had to
be “read” from published diagrams rather than using original
counts, showing the challenges of maintaining access to data over
the longer term.

Specification of Land Cover Units

After identifying the main pollen taxa (palynological equivalent
types, as discussed in section Model Uncertainties above), the
next step is to decide what land cover units will be used in
the reconstruction. For these case studies, 50 x 50m pixels
were used and land cover was specified as communities (see
section Model Uncertainties above). Using communities as
land cover classes does enable us to include the pollen signal
from “indicator taxa” such as P. lanceolata in the analysis,
but the problem of defining past community composition is
particularly apparent in the Orkney case study. A single disturbed
ground community was used, including low pollen production
cereals, some bare ground and some high-pollen-producing
weeds associated with disturbance (Artemisia-type, P. lanceolata
and Rumex-type). Future work should clearly use at least two

disturbance communities, with and without cereals present, but
the run time available in the project reported here did not
allow us to start again once this became apparent—adding an
extra community to the analysis increases the run time for
analysis almost two-fold. All the taxa involved are present at low
abundance in the target pollen signal, so the results of re-analysis
are not expected to change the interpretations presented here.

Over-complex models are not better models, and a balance
between multiplying assumptions and achieving outputs of use
to the intended research community needs to be struck. One
approach for future testing may be to reduce the number of taxa
to a very small group, where each taxon is representative of and
largely confined to a distinctive land cover element, as shown
by Nielsen and Odgaard’s (2005) study of historic land cover in
Denmark using four taxa, Poaceae (pasture), Calluna (heath),
tree pollen (a composite taxon; woodland), and Cerealia (arable
cultivation).

A strength of the MSA over other reconstruction approaches
is that it is possible to overtly include local wetland vegetation
in the reconstructions. Identifying the pollen rain component
sourced from “local” or “extra-local” vegetation (sensu Janssen,
1984) is a common concern in pollen record interpretation.
One approach is to select sites where such vegetation can
easily be identified and excluded (e.g., lakes—obligate aquatic
plant pollen can be excluded—or ombrotrophic Sphagnum mires
with minimal vascular plant vegetation). However, nature rarely
obliges in the availability and distribution of such sites, and
especially in lowland areas wetlands of many types are the main
or only sources of pollen data. On-site vegetation contributes
to the pollen signal in multiple ways (Bunting, 2008), which
can obscure the signal of the upland landscape. Some scientists,
especially for studies where data from multiple paleoecological
proxies are available, take considerable pains to first reconstruct
the wetland vegetation and then consider the surrounding dry
land, whereas in other cases and in most multi-site synthesis
studies local vegetation contributions are treated as “noise” or
otherwise ignored. Interest in the variety and complexity of
sedimentary systems which preserve pollen records was one
of the incentives to develop the MSA. In the LRA, wetland
vegetation must be removed or ignored (by either removing
possible wetland taxa such as Cyperaceae, or assuming that the
contribution of on-site taxa to the pollen record is negligible)
which can restrict the selection of sites to those where the
assumption of negligible input is most reasonable, e.g., lakes
or pure Sphagnum mires. For the many landscapes where lake
sites or ombrotrophic mires which are effectively pure Sphagnum
lawns are not available to act as sources of pollen records, this
ability to not just consider but address the potential concerns is a
clear strength of the MSA over other reconstruction methods.

Both case studies demonstrate how the MSA can overtly
address the issues of local site vegetation. Including variation in
the size and type of on-site vegetation was an important part
of the scoping stage for both case studies. In the Somerset case,
pre-existing data about site stratigraphy which might inform
interpretation was not easily available, so a strategy of very
wide scoping of options was used. This allowed us to identify
a single range of conditions which led to the lowest best fit
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scores, which we assumed for efficiency represented a reasonable
reconstruction of the local wetland conditions, and then used
in further analysis. In the Orkney case, determining local
vegetation was more straightforward since sites were discrete
entities and a combination of geomorphological limits with
published stratigraphic data and site reconstructions allowed
us to assign broad community types to each wetland. In some
cases multiple good-fit sets of conditions were identified during
scoping. Figure7 shows an example from Somerset, where
site WLT has two possible wetland configurations producing
good fits, a moderate-sized mire with no alder carr fringe in
a landscape with levels of clearing between 0 and 40% or a
mire of variable size with an alder carr fringe 500-550 m wide
in a landscape with about 20% clearings during the scoping
process. For expediency, the set with the overall lowest fit
score was used in further analysis, but a fuller study would
either explore other data to test which was the more plausible
alternative (sensu Caseldine et al., 2008) or run the further
analyses with both options to avoid cutting off possible solutions.
Hydroseres are spatially as well as temporally variable and the
complexity of surface arrangement of palynologically distinct
wetland communities in extensive peatlands can be considerable
(Waller et al., 2005, 2017). Reconstructing this complexity in the
past is challenging, requiring extensive coring work for robust
results, but is increasingly included in new studies of hydroserally
complex sedimentary sequences.

Future Developments
Four main strengths of the approach are identified. First, the
MSA allows the analyst to overtly incorporate wetland vegetation
(discussed in Specification of Land Cover Units above) and
changing wetland conditions into the reconstruction, rather than
avoiding or ignoring the potential complications. Secondly, the
MSA is suitable for reconstruction of land cover where the
assumption of uniform vegetation within the “region” (e.g.
within 50-100km radius of the studied sites), required by the
LRA for reconstruction of vegetation detail ata 1-2 km level from
small pollen sites, is clearly problematic. This opens up many
more landscapes to possible reconstruction, including much of
the UK. Thirdly, the MSA package makes landscape specific
“thought experiment” type approaches which incorporate known
landscape constraints relatively easy to carry out (e.g., Caseldine
et al, 2007). Finally, the MSA also encourages the analyst,
and potential end users of paleoecological data who may not
have the detailed understanding of the complexities, limitations,
and uncertainties of analysis outputs, to be more aware of
equifinality. Paleoecological data offer a “muddy time machine,”
an invaluable insight into past ecologies and landscapes, but
the view out of the window is obscured and fragmentary.
Identification of a range of possible reconstructions moderates
the tendency to tell a good story as if it is the only possible
reconstruction of a landscape, and creates natural hypotheses
for future testing, thus contributing to the ongoing challenge
of improving the level of scientific reasoning in paleoecological
circles.

There remains considerable challenge in communicating
uncertainty in a visual way. One option might be to add together

all the grids satisfying the fit threshold and create maps of
the probability of a land cover type being present at a given
pixel across all the grids. We expect that greater confidence in
reconstruction would be found close to sites, within the zone
which is sensitively recorded by the pollen assemblages, and
lesser confidence with increasing distance from the sites. It is
important that results are communicated to end users in ways
which emphasise that these are hypotheses, and the use of the
models to identify ranges of probable past land cover characters
(e.g., Gillson and Duffin, 2007), rather than a single “correct”
reconstruction.

Direct outputs from LandPolFlow are in the form of a.csv file
of simulated pollen loadings, model parameters, and fit scores,
and in the form of grids showing mapped land cover. In this
paper we have presented sample grids and summaries based on
model parameters which produced the best fit scores, but there
are multiple other ways of presenting the output, and developing
strategies for effective communication of results is an important
area of model development for future attention.

Maps are visually appealing and striking, and the ease of
choosing a single best-fit map as the reconstruction makes it a
tempting solution, but one which doesn’t make full use of the
information provided by the MSA. For these case studies we
mostly worked with a small number of scenarios with the lowest
scores, largely due to resource restrictions, but for future projects
analysis should logically take into account all scenarios with fits
below a pre-defined threshold. That will require the analyst to
set a threshold (using e.g., consideration of the sampling effects
within count data, or criteria derived from modern studies of
samples from different communities such as Lytle and Wabhl,
2005). In some runs a large number of scenarios may produce
fits below the threshold, but this diversity could be reduced by
using model parameters to identify which families (groups of
scenarios with the same environmental constraints repeated so
that probabilistic elements such as patch placement vary), and
how many members of each family, are present. Each family may
represent an equifinal reconstruction option.

A  method of further choosing amongst possible
reconstructions is to consider their plausibility. Caseldine
et al. (2008) argued that to be considered a reconstruction, a
scenario should not just be capable of producing a simulated
pollen signal which is statistically similar to the actual data, but
should also be capable of being linked temporally with landcover
arrangements (maps) which pre-date and post-date it, through
reasonable ecological processes and patterns of change. Within
this study, an example of a reconstruction which was a good
fit but not plausible was obtained for the Orkney 2800-2600
cal BC timeslice, when several of the best-fit grids were from
scenario families with 10% of the area above 60 m asl supporting
heathland. Reconstructions for timeslices both before and
after did not include any options with heathland present, and
development of heathlands in the uplands is usually a progressive
process. Therefore we deemed the reconstruction implausible,
and used the land cover grid with the best fit and no heathland
for the reconstruction sequence. In this case, we believe that
the implausible scenario was reflecting variation in the on-site
vegetation in one or more of the sites included for that timeslice.
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FIGURE 7 | Example of equifinality in Multiple Scenario Approach outputs: Somerset case study scoping run for the 4400-4200 cal BC timeslice (not presented in
Figure 5). Comparison of fit scores summed across the landscape (overall) and for eight individual sites (see Farrell et al., unpublished for details) for scenarios where
each coring point is modelled as an area of mire surrounded by an alder carr belt, and mire size, carr width and proportion of clearings in the wider landscape are all
varied. Colour shows relative fit score value for each dataset (single column, 2,816 scores), where green is low and red is high. The lowest 2% of values (identifying the
scenarios which produce simulated pollen assemblages most similar to the actual pollen recorded) are highlighted with blue overlay.

In the case studies presented here, each time slice was treated ~ is shown in Figure 8 based on our experience with these case
individually, in order that a problem in one time slice would not  studies, and Figure 9 shows how the methods could be built
be propagated into others, and could more easily be detected  into palynological studies more generally. For these case studies
as an anomaly. An alternative way to use the MSA is to work  we used R to speed up the manipulation of output files, and
on timeslices sequentially, beginning each timeslice with one or ~ see considerable potential to use automation to increase the
more grids from the best-fit family for the previous timeslice,  capacity of the method. More detailed validation of the MSA
and modifying the vegetation until suitable reconstructions are  using modern pollen and vegetation datasets, currently under
identified. This would ensure a plausible sequence, but would  way, will also help understand its capacity and limitations better,
need to be carefully planned and carried out to avoid missing out  and improve its deployment.
on equifinal solutions along the way. As more sets of pollen dispersal and deposition parameters

As an alternative to maps, results can be presented are published for different taxa and geographic areas, and as
quantitatively, as landscape metrics. Examples here showed increasing processor speed reduces the time and computational
metrics taken from the output file, based on the model resource needed to run LandPolFlow, we believe that modelling
parameters of the best fit scenarios (e.g., the mean and standard  approaches should become a routine part of the pollen analysts’
deviation of the probability that a pixel in a defined landscape  tool kit, as zonation using a constrained clustering approach
setting could be occupied by oak-pine woodland), which are not ~ such as CONISS rather than merely visual inspection has become
the same as land cover metrics (due to the random nature ofland  routine since its introduction (Grimm, 1987).
cover map creation). The trends they show can be interpreted
with confidence, but the absolute values will not be accurate.  CONCLUSION
Values of area of landscape occupied by a given community
can be extracted directly from the land cover grids, and are a Modelling approaches such as the MSA offer a clear route
more attractive metric for end users, but at present are also  to getting more information from existing published pollen
far more labor-intensive to obtain. Improving the extraction of  records, which represent a huge investment of time and
information from grids is a development priority for the MSA. money. This paper presents two case studies of the MSA

in use at a landscape level, filling the gap between the
The MSA and the Palynological Workflow regional land cover reconstructions offered by REVEALS
Whilst the LandPolFlow package is complete and documented, ~ (Sugita, 2007a; 100 x 100km squares in e.g, Trondman
the use of the MSA is in its infancy and not all package features et al., 2015) and the single-site reconstruction of distance-
are considered here. A suggested workflow for future studies = weighted plant abundance made possible by LOVE (Sugita,
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FIGURE 8 | Recommended workflow for reconstruction of past land cover using the Multiple Scenario Approach (MSA).

2007b; distance of ¢. 500 m—2.5km depending on site-specific
Relevant Source Area of Pollen), and generating reconstructions
in forms which are both transparent and useful for a wide
range of end users, whether paleoecologists, environmental
archaeologists, conservation biologists, neoecologists, or science
communicators. The land cover hypotheses produced by the
MSA can serve as the starting point for more structured,
hypothesis-testing uses of paleoecology and environmental
archaeology methods, including not only pollen analysis but also
other techniques recording different aspects of land cover.

Our reconstructions of Neolithisation in both a heavily
wooded and a largely treeless landscape show that, although
the extent of land cover modification was limited and did not
alter the essential character of each landscape, it was persistent.
In Orkney, the timing of land cover change occurred at the

same time as the start of settlement use as determined from
an independent set of radiocarbon dates from archaeological
sites, strongly supporting our interpretation of land cover
change as a proxy for human activity in the wider landscape
in the Somerset case study where archaeological evidence for
Neolithic settlement is minimal. Increased levels of clearance or
disturbance in both locations persisted even when archaeological
evidence implied a reduction in intensity of landscape use
and occupation, suggesting a significant transition in landscape
character and ecology occurred with Neolithisisation. Modelling,
and its ability to support targeted selection of sites for pollen
analysis in specific environmental contexts and to address
specific archaeological questions, clearly has a useful role to
play in improving our understanding of landscape impacts
and development, and in fostering better collaboration between
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FIGURE 9 | Recommended workflow for pollen analysis based investigation of
past vegetation dynamics integrating the Multiple Scenario Approach (MSA).

paleoecologists and other disciplines concerned with past
landscapes.

We argue that the MSA deserves a place within the pollen
analyst’s standard tool kit (Figure 9). There is still work to do
in improving the use of the approach and the communication

of outputs, and as with all models, outputs are dependent
on assumptions and calibration and therefore “wrong” in an
absolute sense. The case studies presented here show how
LandPolFlow makes environmentally informed reconstruction of
land cover accessible to pollen analysts, and therefore has the
capacity to improve research design, prompt more overt, and
thoughtful exploration of assumptions and site taphonomy, and
improve communication between subject specialists and with
wider stake holders.
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In 1927, the first pollen diagram was published from the Bohemian/Bavarian Forest region
of Central Europe, providing one of the first qualitative views of the long-term vegetation
development in the region. Since then significant methodological advances in quantitative
approaches such as pollen influx and pollen-based vegetation models (e.g., Landscape
Reconstruction Algorithm, LRA) have contributed to enhance our understanding
of temporal and spatial ecology. These types of quantitative reconstructions are
fundamental for conservation and restoration ecology because they provide long-
term perspectives on ecosystem functioning. In the Bohemian/Bavarian Forests, forest
managers have a goal to restore the original forest composition at mid-elevation
forests, yet they rely on natural potential vegetation maps that do not take into
account long-term vegetation dynamics. Here we reconstruct the Holocene history
of forest composition and discuss the implications the LRA has for regional forest
management and conservation. Two newly analyzed pollen records from Prasilské jezero
and Rachelsee were compared to 10 regional peat bogs/mires and two other regional
lakes to reconstruct total land-cover abundance at both the regional- and local-scales.
The results demonstrate that spruce has been the dominant canopy cover across the
region for the past 9,000 years at both high- (=900 m) and mid-elevations (>700-900 m).
At the regional-scale inferred from lake records, spruce has comprised an average of
~b0% of the total forest canopy; whereas at the more local-scale at mid-elevations,
spruce formed ~59%. Beech established ~6,000 cal. years BP while fir established
later around 5,500 cal. years BP. Beech and fir growing at mid-elevations reached
a maximum land-cover abundance of 24% and 13% roughly 1,000 years ago. Over
the past 500 years spruce has comprised ~47% land-cover, while beech and fir
comprised ~8% and <5% at mid-elevations. This approach argues for the “natural”
development of spruce and fir locally in zones where the paleocecology indicates the
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persistence of these species for millennia. Contrasting local and regional reconstructions
of forest canopy cover points to a patchwork mosaic with local variability in the
dominant taxa. Incorporation of paleoecological data in dialogues about biodiversity and
ecosystem management is an approach that has wider utility.

Keywords: biodiversity, Holocene, land-cover, palynology, pollen, REVEALS

INTRODUCTION

Quantitative reconstructions are fundamental for providing
long-term perspectives of ecosystem processes because they can
be used to develop baselines for conservation and restoration
ecology (National Research Council, 2005; Froyd and Willis,
2008). Paleoecological records have utility in conservation
strategies related to biodiversity maintenance, ecosystem
naturalness, conservation evaluation, habitat alteration,
changing disturbance regimes, and species invasions (e.g., Birks,
1996; Jackson, 1997; Landres et al., 1999; Swetnam et al., 1999;
Foster et al, 2003; Gillson and Willis, 2004). Unfortunately,
paleoecological research is still largely ignored by conservation
biologists and conservationists (Willis and Birks, 2006; Birks,
2012). In 1916, Lennart von Post published the first pollen
diagram, providing one of the first qualitative reconstructions
of vegetation change that extended over millennial timescales,
as well as benchmarking the foundation of palynology (Manten,
1967). Miller (1927) published the first pollen diagram from the
Bohemian Forest more than a decade later. Over the past 100
years, palynology has developed from a qualitative tool to a more
quantitative analysis of vegetation dynamics that is increasingly
well constrained in time (Davis, 2000).

Pollen diagrams produced from mires, peat bogs, and lake
sediment profiles, with the data expressed as percentages against
time or depth, have been the main way to present data (e.g.,
Stalling, 1987; Knipping, 1989; Svobodova et al., 2001, 2002;
Jankovska, 2006). While percentage pollen diagrams identify
changes in vegetation through time, changes in one taxon
can affect the percentage proportions of all other taxa. This
effect, termed data-closure (Birks and Birks, 1980), can produce
disconnections between the trends of pollen and the actual
vegetation land-cover. Several quantitative methodologies have
been developed to address these issues. Data closure artifacts
in pollen percentages can be identified by comparison with
pollen influxes (i.e., pollen accumulation rates; grains cm~2
yr~1), but this requires robust age-to-depth relationships for the
sediments. Even then, both percentage and influx data fail to
take account of differences in the ecological and environmental
factors that influence pollen production and dispersal, nor do
they define a spatial scale in reconstructions of vegetation
cover (Loidi et al., 2010; Loidi and Ferniandez-Gonzalez, 2012).
Additionally, because pollen influxes are dependent upon
age-to-depth relationships, changes in sedimentation rates can
influence pollen concentrations and the subsequent accuracy of
influx calculations. Therefore, Sugita (2007a,b) developed the
Landscape Reconstruction Algorithm (LRA) which incorporates
pollen productivity and pollen dispersal capacity, as well as
factors that influence pollen dispersal, such as the size and type

of the sedimentation basin. Thus, the LRA provides a more
quantitative approach of estimating past vegetation abundance
in a defined space. The LRA has two steps: (1) the REgional
Vegetation Estimates from Large Sites (REVEALS) model
(Sugita, 2007a) estimates pollen-derived regional vegetation
cover from large sites (>100 ha) or alternatively many small
sites across an area of 10® km? (e.g, Abraham et al, 2014,
2016); and (2) the LOcal Vegetation Estimates (LOVE) model
(Sugita, 2007b) uses the regional estimates from REVEALS to
estimate pollen-derived local vegetation composition in smaller
areas (5-104 ha).

Long-term perspectives on forest dynamics are beneficial
for conservation and restoration, and here we demonstrate the
utility of quantitative palynological data in the management
of Bohemian/Bavarian Forests, including the use of pollen
influx data and pollen-landscape reconstruction models (e.g.,
REVEALS: Sugita, 2007a). Abraham et al. (2016) used the
REVEALS model to estimate vegetation cover by integrating
pollen sequences from the Sumava region and estimate that
spruce has comprised over 50% of the regional forest canopy for
the past 7,000 years. Here, we synthesize two newly analyzed,
well-dated pollen records from Prasilské jezero (Sumava,
Bohemian Forest; Czech Republic) and Rachelsee (Bavarian
Forest; Germany) and several previously analyzed pollen records
from peat bogs/mires and lakes using multiple quantitative
methods to determine the ecological development and vegetation
change during the Holocene. The objectives are: (1) to critically
evaluate the multiple quantitative approaches used in palynology
to reconstruct the history of forest composition; and (2) to
explore the utility of quantitative land-cover reconstructions in
regional conservation and restoration.

BACKGROUND: THE
BOHEMIAN/BAVARIAN FOREST REGION
OF CENTRAL EUROPE

The Bohemian/Bavarian Forest region of central Europe includes
two national parks located along the border of the Czech Republic
(Sumava National Park, Bohemian Forest), and Germany
(Bavarian Forest National Park!, Bavarian Forest; Figure 1).
Together, these two parks with their surrounding area comprise
one of the largest forested landscapes in central Europe, which is
home to many endangered flora (see Kienovéd and Hruska, 2012)
and fauna, and provides a close-to-nature ecosystem of ecological
value (Meyer et al., 2009). The Bavarian Forest National Park

!Bavarian Forest National Park Authority: http://www.nationalpark-bayerischer-
wald.de/english/nationalpark/management/index.htm.
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analyzed lakes presented in this study are indicated by a blue cross. Previously published lakes are indicated by a black cross. The National Park boundaries are
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was established in 1970 with part of Sumava declared a UNESCO
Biosphere Reserve in 1990, and Sumava National Park established
in 1991.

Subject to long-term human influence, management practices
in the Bohemian/Bavarian Forests have ranged from natural
development to intensive forest management which has modified
both the structure and composition of the forest. Currently,
the two parks are divided into wilderness (i.e., not managed),
and non-wilderness (i.e., managed). Within the non-wilderness
areas, management focuses on sanitary logging of spruce trees
killed by previous disturbance events, specifically bark beetle
outbreaks. Within Sumava National Park, forest management
restoration practices involve reducing spruce populations from
the current 84% to a target “natural” representation of 30-
40%, and increase beech (ca. 6%) and fir (ca. 1%) up to 35%
(Sumava NP Authority). Forest management policies in the
Czech Republic direct that the lands between 400 and 900 m
altitude should be dominated by beech forests with spruce as a
secondary component (Vacek and Mayovd, 2000; Prusa, 2001).
This management plan is likely based on the Geobotanical Map
(Mikyska et al., 1968-1972) and the Map of Potential Natural
Vegetation (Neuhéuslova et al., 1998) with beech considered the
natural dominant species at mid-elevations in central Europe
(Ellenberg and Leuschner, 1996). Within the Bavarian Forest

National Park, land managers are concerned with the rapid
decline of fir populations in valley bottoms and have focused their
attention to factors that could facilitate the natural development
of this species (Heurich and Englmaier, 2010), rather than
focusing on the removal of spruce which has doubled its range in
the Bavarian Forest since the nineteenth century. This strategy is
in response to previous paleoecological work documenting that
the Bavarian Forests consisted of ~32% fir ~3,000 years ago
(Stalling, 1987).

Palynological research has a long history in the
Bohemian/Bavarian region of central Europe with Miiller
(1927) publishing one of the first qualitative glimpses of long-
term vegetation development in pollen diagrams from several
moors in the region (Figure2). Miiller (1927) documented
the long-term presence of spruce in the Bohemian/Bavarian
Forests, but was unable to discuss these changes relative to
time. With widespread application of radiocarbon dating,
pollen data from peat sequences (i.e., small peaty wetlands
within forests) in Sumava National Park confirm that spruce
has dominated the forest canopy cover at elevations >700m
a.sl. for the past 7,000-8,000 years (Svobodova et al., 2001,
2002). Notwithstanding the better chronological control, the
reconstructions presented by Svobodova et al. (2001, 2002)
are still limited in that; (1), pollen percentage diagrams offer
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FIGURE 2 | Original pollen percentage diagram of Ferchenhaider Seefilz profile | from the Bohemian/Bavarian Forest region of central Europe. Digitized from Muller
(1927), and translated from German into English. Dominant species found in the Bohemian/Bavarian Forests are shown in color; spruce (green line), beech (gold line),
and fir (light green line).

a qualitative reconstruction of vegetation change through  than forest mires. However, pollen-based land-cover models (i.e.,
time; and (2) peat bogs/mires and wetlands capture changes = REVEALS) are the best approach for reconstructing vegetation
in vegetation at various spatial scales [i.e., a forest-stand scale  abundances at the regional-scale. Currently, the only quantitative
(forest mire) to the extra-local scale (open, wetland mire)].  land-cover reconstruction of vegetation change in the region
Reconstructing extra-local to regional-scale vegetation changes  using the REVEALS model (Sugita, 2007a) and 14 sediment
is possible by analyzing sediments from lakes as well as open  sequences suggests that spruce forests have comprised ~50% of
mires, which typically have a much larger pollen catchment area  the forest canopy throughout the past ~7,000 years (Abraham
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et al., 2016). However, to develop more detailed descriptions of
regional-scale vegetation dynamics, further quantitative data
are needed. This study provides a more detailed description of
land-cover change by analyzing lakes and peat bogs/mires that
vary spatially across mid- (700-900 m a.s.l.) and high-elevations
(>900m a.s.l.) from the Bohemian/Bavarian Forests (Table 1),
and addresses whether beech has been the dominant forest
canopy type at mid-elevations over millennial time-scales.

METHODS

Core Retrieval, Sediment Limnology, and

Radiocarbon Dating

A 2.18m sediment profile was collected in August 2015 from
the deepest (14.8m) part of Prasilské jezero (49° 04’ N, 13°
24" E, 1,079m asl.) and is comprised of two parallel and
overlapping cores (PRA 15-2-1 and PRA 15-2-2). The sediment
profile was sampled from a floating platform using a hand-
percussion Russian-style corer (1.5 x 0.075m). The sediment—
water interface was collected using a 0.1 m diameter gravity corer
(PRA15-2GC) (Boyle, 1995). At Rachelsee (48° 58’ 29” N, 13° 24/
7” E, 1,071 m a.s.l.), 11.8 m of sediment was collected in August

2012 at 12.5m water depth using a Livingstone piston corer
(Wright, 1967) (RAA1-4). Sediment was not recovered between
depths 0-57 cm, therefore, the mud-water interface depth begins
at 57 cm. Sediment age-depth relationships were established
using '4C radiocarbon dating at Prasilské jezero (n = 10) and
Rachelsee (1 = 7), with an additional 2!°Pb series (Appleby, 1978)
at Prasilské jezero (Table 1). For all sites, the geochronological
data including the sediment surface were compiled within the
Bayesian routine “BACON” (Blaauw and Christen, 2011). This
analysis partitioned both cores into 0.05m thick sections and
estimated the accumulation rates for each segment using a
Markov Chain Monte Carlo (MCMC) approach (Christen and
Pérez, 2009). The analyses were constrained by a prior model of
sediment accumulation rate (a gamma distribution with mean
50-year cm ™! and shape 1.5) and its variability (memory, a beta
distribution with mean 0.5 and shape 16) for both sites. All
14C ages were calibrated and modeled in “BACON” using the
IntCall3 curve (Reimer et al., 2013), with a Student-t distribution
to account scatter in the *C measurements and to allow for
statistical outliers (Blaauw and Christen, 2011). The weighted
mean modeled ages against depth were smoothed using a 21-
point moving average (Figure 3).

TABLE 1 | Summary of age-depth relationships for Prasilské jezero (Core IDS, PRA-15GC2, PRA 15-2-1, and PRA 15-2-2), Czech Republic and Rachelsee (Core D,

RAA1-4), Germany.

Depth Core 14¢ Age + Assigned 210pp Assigned age Material Lab ID
(cm) ID 10b (Year AD) (cal yr BP) dated Number
1,480 PRA 15-2GC 2015 + 1 —65 Surface
1,480.5 PRA 15-2GC 1995 + 2 —55 Pb210-1
1,481.5 PRA 15-2GC 1986 + 3 —36 Pb210-2
1,482.5 PRA 15-2GC 1976 £ 4 —26 Pb210-3
1,483.5 PRA 15-2GC 19638 + 4 —13 Pb210-4
1,484.5 PRA 15-2GC 1943 £ 5 7 Pb210-5
1,485.5 PRA 15-2GC 1918 £ 7 32 Pb210-6
1,486.5 PRA 15-2GC 1889 £ 9 61 Pb210-7
1,487.5 PRA 15-2GC 1861 + 12 89 Pb210-8
1,500.5 PRA 15-2-1 590 + 30 Plant material Poz-84783
1,639.2 PRA 15-2-1 2,545 + 30 Plant material Poz-81580
1,5671.75 PRA 15-2-2 4,040 + 35 Plant material Poz-81582
1,699.75 PRA 15-2-2 5,700 + 40 Plant material Poz-81583
1,628.5 PRA 15-2-1 7,055 + 40 Plant material Poz-87722
1,628.5 PRA 15-2-2 7,650 + 40 Plant material Poz-80182
1,637 PRA 15-2-2 7,460 + 40 Plant material Poz-87724
1,651 PRA 15-2-2 8,210 + 50 Plant material Poz-84781
1,669.5 PRA 15-2-2 9,330 + 60 Plant material Poz-84780
1,690.25 PRA 15-2-2 9,620 + 50 Plant material Poz-80183
57 RAA-1 —62 £ 1 Surface
17 RAA-1 693 + 30 Plant material BE-3035
128 RAA-1 1,170 + 29 Plant material BE-3036
147 RAA-1 1,861 + 22 Plant material BE-3037
216 RAA-2 4,910 £ 35 Plant material Poz-85119
276 RAA-3 9,120 + 50 Plant material Poz-85121
308 RAA-3 9,980 + 60 Plant material Poz-85122
371 RAA-4 11,310 £+ 40 Organic sediment Beta-420353
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Pollen Analysis Here, the REVEALS model was used to estimate land-cover
At Prasilské jezero, pollen analysis was conducted at 1-2cm  abundance from both lakes and non-lakes (i.e., peat bogs and
resolution throughout the core by V. A. Carter. For each sample,  mires) using new (this paper) and previously published and
0.5 cm 2 was processed using standard pollen procedures (Faegri ~ unpublished pollen data obtained from the Czech Quaternary
et al,, 1989). At Rachelsee, pollen analysis was conducted at Icm  Pollen Database (Kune$ et al., 2009; Table 2). Pollen counts
resolution for 72-124cm, 2cm for 126-184 cm, and 4cm for  were aggregated into 500-year intervals for the entire Holocene,
188-540 cm by J. F. N. van Leeuwen. The sediment between  and then all available sites in each 500-year time window were
depths 57-71 cm was too watery and could not be subsampled  used to estimate mean vegetation abundances within a 60 km
for pollen. Here, we present data from depths 72-368cm. At  radius. The following parameters were selected: 4m s~ wind
Rachelsee, a minimum of 300 tree pollen grains, and at Prasilské  speed, different dispersal-deposition models for bogs and mires
jezero, a minimum of 500 pollen grains were counted in each  (Prentice, 1985) and lakes (Sugita, 1994), and taxon-specific
sample. A Lycopodium tablet with a known amount of spores  relative pollen productivities for 28 selected pollen-equivalent
were added to each sample as an exotic tracer in order to calculate  taxa (see Supplementary Table 1; Abraham and Kozdkova, 2012;
pollen concentration and influx rates (Stockmarr, 1972). Total =~ Mazier et al., 2012; Abraham et al., 2014). For model calculations,
pollen counts were converted into pollen percentages and plotted ~ we adjusted the basin sizes of non-lakes to 4.5 ha. Larger basin
using Tilia software (Grimm, 1987) based on the abundance of  sizes produce unrealistic estimates for some taxa as some trees
each pollen type relative to the sum of all terrestrial identified = may still grow within the basin, violating the model’s assumptions
pollen. The pollen profiles were divided into pollen assemblage ~ (Abraham et al., 2014). Therefore, assuming smaller non-lake
zones based on optimal splitting using the broken-stick model  basins was more appropriate for our calculations. Openness was
(Bennett, 1996). Pollen counts were converted to concentrations  calculated by the summation of all herbs included in the model.
(grains cm~?) in Tilia using the counts of Lycopodium tracers  All calculations were conducted in R (R Core Team, 2016) using
and sample sediment volumes (Grimm, 1987). The smoothed  functions to calculate mean vegetation abundances and their
Bayesian age-depth model for both sites was used to calculate and ~ error estimates based on bootstrap methods (https://github.com/
plot pollen influx rates from the concentration data using Tilia  petrkunes/LRA).

software.

REVEALS RESULTS

The REVEALS model (Sugita, 2007a) was applied to estimate ~Regional Vegetation Development

pollen-derived regional vegetation cover during the Holocene. =~ Miiller (1927) originally presented data for 12 tree taxa
Previous studies from the region (e.g., Abraham et al., 2014)  (Figure2), however, the discussion of this research will
mainly used records from peat bogs to calculate a REVEALS  focus on the three dominant canopy species growing in the
output, with the model showing the robustness of peat sequences ~ Bohemian/Bavarian Forests at modern times; spruce (Picea
in portraying present-day vegetation in a realistic manner.  abies), beech (Fagus sylvatica), and fir (Abies alba). Based on

A Prasilske B Rachelsee
\ 50
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3 =
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FIGURE 3 | Age-depth models for (A) Prasilské jezero, and (B) Rachelsee. Models were constructed using BACON. The weighted mean modeled ages against depth
were smoothed using a 21-point moving average.
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TABLE 2 | Regional sites uded to create the REVEALS pollen-based vegetation model.

Site name Lake or Mire Latitude Longitude Area of site (ha) Adjusted area of site  Elevation (m.a.s.l.) Citation

for REVEALS
Cerné jezero* Lake 49.18035 13.18538 18.5 18.5 1,008 Unpublished data*
Chalupska slat’ Mire 49.00061 13.66286 49 4.5 906 Unpublished data
Finsterauer Filz Mire 48.948127 13.57751 7.6 4.5 1,055 Stalling, 1987
Heidemuhle (Beerenfilz)  Mire 48.826771 13.753396 17 4.5 835 Stalling, 1987
Hurecka slat’ Mire 49.15222 13.32755 62.2 4.5 870 Svobodova et al., 2002
Mal& Niva Mire 48.91376 13.81606 65 4.5 754 Svobodova et al., 2002
Mrtvy luh Mire 48.8668 13.88292 250 4.5 737 Svobodova et al., 2001
Plesné jezero Lake 48.77674 13.86571 7.5 7.5 1,105 Jankovskd, 2006
Présilské jezero Lake 49.07519 13.39976 3.7 3.7 1,080 This study
Rachelsee Lake 48.974945  13.4019381 5.7 5.7 1,071 This study
Rokytecka slat’ Mire 49.0153 13.4122 200 4.5 1,097 Svobodova et al., 2002
Rybarenska slat’ Mire 49.03129 13.46181 32 4.5 1,014 Svobodova et al., 2002
Soumarske raselinisté Mire 48.9066019  13.8388078 30 4.5 750 Svobodova et al., 2001
Strazenska slat’ Mire 48.89887 13.74226 120 4.5 804 Svobodova et al., 2001

Sites with a “*” symbol indicate new, but unpublished data that was used to refine the REVEALS model (see Supplementary Material).

the broken-stick model (Bennett, 1996), the pollen percentages
profiles from Prasilské jezero and Rachelsee were divided into
seven and eight pollen assemblage zones, but for simplicity, the
pollen reconstructions were grouped into three main periods;
(1) Early- to Mid-Holocene, (2) Mid- to Late-Holocene, and (3)
Last-Millennium.

Early- to Mid-Holocene (12,000-~6,800 cal.
Years BP)

Spruce first arrived at the high-elevation lakes Prasilské jezero
and Rachelsee between 10,500 and 10,000 years ago, but was
present at mid-elevation peat bogs/mires by ~11,500 cal. years
BP (Figure 4). Spruce rises to dominance between 10,000-8,500
cal. years BP across all elevations (Figure4) replacing pine
(Pinus) and hazel (Corylus) as the dominant canopy species
(see Supplementary Figures 3-5). Thereafter, spruce percentages
fluctuated between 35% and >20% pollen at both Prasilské
jezero and Rachelsee, and around 30% at mid-elevation peat
bogs/mires, respectively. Pollen influx data for spruce conversely
differ between the two sites with a peak of 4,000 grains cm 2 yr—!
at Pragilské jezero, whereas the increases at Rachelsee are more
subdued at <500 grains cm™2 yr’1 (Figure 5). Quantitative land-
cover reconstructions of spruce percentages calculated using
REVEALS (Sugita, 2007a) rise around 10,000 cal. years BP from
~5% to >60% calculated on a local (using peat bogs/mire
records) basis (Figure 6). On a regional basis (using lake records),
spruce comprised >50% total land-cover. The REVEALS land-
cover reconstructions suggest that spruce forms close to double
the land-cover percentages compared to pollen percentages.
Beech begins to expand at both sites from 7,000 cal. years BP
onwards, but is at low percentages in the Early- to Mid-Holocene.
The dynamics of fir are restricted to after 5,000 cal. years BP.
Total herb percentages decrease from ~20% and oscillate around
10% at both Prasilské jezero and Rachelsee. Pollen influx data for
total herbs decrease ~10,500 cal. years BP from values >2,000
grains cm~2 yr~!. The REVEALS reconstruction also suggests

that the percent of landscape openness is close to double that
of pollen percentage data at both the regional and local-scale
(Figure 6).

Mid- to Late-Holocene (~6,800-1,000 cal.

Years BP)

Between 6,800 and 6,000 cal. years BP beech increases gradually
in pollen percentages at both Prasilské jezero and Rachelsee,
and then oscillates around 25% (Figure 4). Beech percentages
from mid-elevation peat bogs/mires begin to increase ~500
years earlier than in the high-elevation lakes. At the local-
scale (peat bogs/mires), beech percentages gradually increase
throughout the Mid- to Late-Holocene peaking at ~25% roughly
1,000 cal. years BP. Fir expansion commences 5,500-5,000
cal. years BP to around 20% at both Prasilské jezero and
Rachelsee. These increases in pollen percentages are associated
with no substantial reduction in spruce pollen percentages at
Prasilské jezero and Rachelsee, but spruce percentages decrease
from ~40% to ~20% <900 m a.s.l. (Figure 4). Viewed from a
perspective of pollen influx, the down core pattern of increase
and stability in species percentage data are reflected in the influx
data (Figure 5). Though as with spruce, influx rates for beech
and fir are much lower at Rachelsee. The REVEALS land-cover
reconstructions for spruce and fir are lower at the regional scale
(i.e., lake sites) relative to the more local-scale (i.e., peat bog/mire
sequences), whereas beech is an equally abundant component
in both reconstructions comprising ~25% land-cover (Figure 6).
The land-cover contribution of spruce remains double (>40%)
the values indicated by pollen percentage data (>15%), but
these differences are not present for beech and fir. Land-cover
percentages of spruce remained relatively stable at the lake sites
however, spruce decreases from >60% to ~40% at mid-elevation
peat bog/mire sequences during this period. The REVEALS
reconstruction also suggests that the percent of openness is <5%
at both the regional and local-scales (Figure 6).
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FIGURE 4 | Pollen percentages of the three dominant canopy species (Picea, Fagus, and Abies) and total herb percentages from Présilské jezero and Rachelsee, as
well as the average percentages and maximum/minimum percentages of all peat bog and mire sites grouped into 500 year bins.
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Bohemian/Bavarian Forests of central Europe.
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FIGURE 6 | REVEALS estimates of the three dominant canopy species (Picea, Fagus, and Abies) and total herbs from both lake sites and peat bog/hollow sites
located in the Bohemian/Bavarian Forests of central Europe.

Last-Millennium (1,000 cal. Years
BP-Present)

At both lakes, spruce percentages remain unchanged initially
and then increase ~5% in the last 300 years (Figure 4). Spruce
percentages remain unchanged at mid-elevation peat bogs/mires.
Both beech and fir pollen percentages decline at both lakes
and mires sequences through the last 1,000 years (Figure 4).
Openness percentages increased dramatically over the past 1,000
years to ~12% (Figure 4). Pollen influx rates for all three taxa
increase during the last 1,000 years at both lakes, and sharply in
the last 300 years which likely reflects focusing of pollen toward
the lake center (i.e., in-lake lateral redistribution of materials
toward the deeper waters) rather than any change in species
abundance (Figure 5). The REVEALS reconstructions broadly
confirm the indications seen in the percentage pollen data, with
declines in beech and fir occupied by open-ground indicators
rather than any expansion in spruce. This is also shown in
the pollen influx data, showing a dramatic rise in the influx of
open-ground taxa (Figure 5).

DISCUSSION

Developments in Understanding Dominant

Ecology of the Bohemian/Bavarian Forests
Over the past 100 years, methodological improvements in the
field of paleoecology such as radiocarbon dating and pollen-based
quantitative land-cover modeling (i.e., REVEALS; Sugita, 2007a)
have led to more realistic reconstructions of past vegetation

change across temporal and spatial scales. Applying these
approaches to the palacoenvironmental records from Prasilské
jezero and Rachelsee illustrates the long-term presence and
dominance of spruce in the Bohemian/Bavarian Forests. First
appearing in the pollen record ~10,000 cal. years BP, the local
presence of spruce in the region is supported by Picea stomata
at Pragilské jezero and Rachelsee, which agrees with previous
paleoecological research in the region (Miiller, 1927; Svobodova
et al., 2001, 2002; Jankovska, 2006; Abraham et al., 2016).
At the regional scale (ie., lake sites), the REVEALS model
suggests that spruce has comprised an average of ~50% of
the total forest canopy, whereas at the more local scale (ie.,
peat bogs/mires) spruce has comprised ~59%. Thus, spruce
has been a dominant component of the forest canopy across
a range of elevations >700m a.sl. in the Bohemian/Bavarian
Forests.

Modern quantitative approaches also illustrate a unique
history of forest composition throughout the region with beech
and fir contributing as secondary canopy species relative to
spruce at mid-elevations found between 700 and 900 m a.s.l.
Beech established around 7,000 cal yr BP and became an
abundant canopy species around 6,000 cal. years BP, with the
REVEALS model indicating that it contributed ~20% of the
total land-cover at the regional scale. However, at the more
local-scale between 700 and 900 m a.s.l. beech comprised just
16% of the total land-cover during the Mid-Holocene. After
the establishment of beech, Miiller (1927) found an increase in
fir percentages. Svobodova et al. (2001, 2002) suggested that fir
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had spread to elevations >700 m a.s.l. across the entire region
between 6,300 and 3,400 cal. years BP. However, these records
were constrained by few radiocarbon dates. At Prasilské jezero
and Rachelsee, fir first appeared between 7,000-6,300 cal. years
BP but did not become an important component of the canopy
until 5,000-4,500 cal. years BP. The REVEALS model output
indicates that for the last 4,000 years, fir has comprised an average
of ~7% of the total land-cover at the regional-scale, but slightly
higher (10%) at the more local-scale between 700 and 900 m a.s.L.
As beech and fir expanded around 4,000 cal. years BP, spruce
percentages declined to some extent but still comprised ~40% of
the regional total land-cover, and >60% of the local-scale (i.e.,
mid-elevation) forest composition in the Bohemian/Bavarian
Forests (Figure 6). This further demonstrates that beech has been
a secondary canopy species relative to spruce at mid-elevations,
specifically between 700 and 900m a.s.l. Total land-cover of
beech and fir populations found at mid-elevations began to
decrease from their maximum values of 24% and 13% total land-
cover ~1,000 years ago at both the regional and more local-
scale (Figure 6). The decrease in beech and fir forests are likely
the result of increasing anthropogenic landscape modifications.
However, climate could also explain the decline in beech and fir
as temperatures were likely unfavorable for these species during
the Little Ice Age (Grove, 2001; Brazdil et al., 2017).

Declines in beech and fir characterize the last millennium with
an expansion in open ground taxa in both the percentage pollen
data and the quantitative REVEALS land-cover reconstructions,
though spruce is slightly more abundant in terms of total
land-cover (Figure 6). Svobodova et al. (2002) also indicate
that beech-spruce-fir forests have decreased over the past three
centuries, and are being replaced by spruce and Pinus rotundata
in forest bogs at lower elevations. The regional reconstructions
presented here point to a change in forest composition toward
more open ground within the forest, and slightly increased
dominance by spruce. Over the past 500 years spruce has
comprised ~47% land-cover, while beech and fir has comprised
~8% and <5% at mid-elevations. The pollen influx values show
a radically different story with the records from Prasilské jezero
and Rachelsee illustrating an increase in all pollen taxa through
the last 500 years. This increase in pollen influx likely reflects
increased in-lake focusing of pollen to the lake center assisted
by wind currents from a more open landscape (see Figure 5 for
percent openness), rather than increased pollen rain from spruce
plantations found at low-elevations. Openings within high-
elevation forests are generally attributed to human clearance,
fire, windthrow, or bark beetle outbreaks (Ips typographus) which
are key disturbance drivers influencing Norway spruce forest
dynamics (Holeksa and Cybulski, 2001; Fischer et al., 2002;
Holeksa et al., 2007; Svoboda et al., 2012, 2014; Cada et al,,
2016; Janda et al., 2017; Kulakowski, 2017). During the 1990s,
an L typographus bark beetle outbreak occurred in the region
creating gaps (i.e., openings) in the canopy. Severe windstorms
occurred in the region in 1986, 1999, 2007, and 2008, which
also caused widespread forest damage (Svoboda et al., 2010).
Yet, Zeppenfeld et al. (2015) found that spruce seedlings and
young spruce trees already occur in areas affected by these large-
scale disturbances, encouraging rapid recovery of spruce and
not limiting flux of pollen to the lakes in the region. Therefore,

increase in pollen fluxes especially at Prasilské jezero is likely a
result of natural processes and not a result of spruce plantations
found at lower elevations.

While the REVEALS model demonstrates that spruce has been
the dominant canopy cover at both high- and mid-elevations, the
model only provides an average percentage of land-cover for the
entire Bohemian/Bavarian Forest. Local site conditions such as
slope and aspect affect forest composition at the more local-scale
(i.e., stand-scale). For example, spruce generally dominates on
north-facing mesic sites with poorly-drained soils, whereas beech
typically dominates on south-facing xeric sites where soils drain
well. These local conditions can lead to stands of monospecific
spruce or beech at mid-elevations, specifically in the Bavarian
Forest National Park. However, the REVEALS model used in this
study was used to inform managers of the natural average forest
composition for elevations >700m a.sl. for the area through
time.

Applications to Conservation and
Restoration in the Bohemian/Bavarian

Forests

The overall management goal of the parks is to restore the
original forest composition (IUCN, 1994). Within the Sumava
National Park forest management has likely based their target
“natural” forest composition from Geobotanical Maps (Mikyska
et al., 1968-1972), and the Map of Potential Natural Vegetation
(Neuhduslova et al., 1998), which suggest that beech dominate
over spruce at mid-elevations in central Europe (Ellenberg and
Leuschner, 1996). More recently, Vacek and Mayova, 2000,
suggest that beech is dominant over spruce at mid-elevations
between 650 and 900 m. Together, these previous maps and
research have influenced the management strategy of removing
spruce from mid-elevation forests within Sumava National Park
so that spruce will comprise 30-40% instead of its current
representation of “84%” (Sumava National Park Authority?).
However, these maps and previous research do not consider
paleoecological studies which provide long-term dynamics of
vegetation abundance through time. Paleoecological studies
have utility in conservation and restoration in that they can
provide baseline targets (i.e., more accurate representations of
forest composition), as well as provide the natural range of
variability within vegetation composition through time. While
the REVEALS model shows that beech and fir forests reached
a combined maximum of 37% at mid-elevations (between
700 and 900m a.sl) ~2,000 years ago, spruce forests still
comprised 45% of the total forest composition at these elevations
(Figure 6). A regional paleoecological perspective of the past 500
years shows that the forest composition at mid-elevations has
been a mixed-forest cover of spruce (~50%), beech (~22%),
and fir (~10%), which counters the findings of Vacek and
Mayova (2000) Our findings support previous investigations
that highlight that mixed-forests consisting of spruce-beech-fir
typically occur between 650 and 1,150 m in the Sumava National
Park (Roder et al,, 2010), as well as showing the long-term
dominance of coniferous forests in the Bohemian-Moravian

2Sumava National Park Authority. http://www.npsumava.cz/en/3291/sekce/the-
species-composition- of- the- forests/.
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highlands over the past 9,000 years (Szabo et al., 2017). The
long-term presence of spruce throughout the Holocene illustrates
that forest management practices involving the formation of
spruce plantations at mid-elevations have not suppressed beech
(Szabo et al,, 2017). During the late Holocene the results from
the regional-scale sites show some suppression of beech (~15%
land-cover) that is not related to spruce dominance, but rather to
the extent of open ground. This supports previous research from
Sumava National Park with beech rarely reaching >20% from
mid-elevation sites (Hruby et al., 2014).

Within the Bavarian Forest National Park, soil conditions
and south-facing slopes create more favorable conditions for
beech and fir forests. While spruce has doubled its range
since the nineteenth century in the region, foresters have been
more concerned with the recent decline of fir. At the time
of establishment of the Bavarian Forest National Park, fir
comprised only 3.2% of the total forest composition (Heurich
and Englmaier, 2010). This is supported by the regional-
scale REVEALS reconstruction which shows the decline of
fir over the past 500 years to 3.8%. However, at the more
local-scale (i.e., peat bogs/mires) at mid-elevations fir has
declined to just 2.9% (Figure 6). Stalling (1987) found that fir
pollen frequencies reached a peak of ~32% fir roughly 3,000
years ago on the basis of 15 sites with a mean elevation of
837m a.s.l in the Bavarian Forest. However, quantitative land-
cover reconstructions presented here indicate that fir reached
a maximum regional land-cover of just 13% between 3,500
and 1,000 cal. years BP, and a maximum of ~20% at the
more local-scale at mid-elevations (Figure 6). Methodological
improvements such as quantitative land-cover modeling offer
a more robust reconstruction of vegetation abundance from
the Bohemian/Bavarian Forests of central Europe. Thus, the
results presented here provide a more accurate and updated
description of fir abundances than the previous work by Stalling
(1987). However, the REVEALS model is limited in that all of
the mid-elevation sites used in the model are located within
the park boundaries of Sumava National Park. Mid-elevation
paleoecological reconstructions do exist from the Bavarian Forest
National Park, yet, the sites were not incorporated into the
model because they were either not available publicly or they
lacked radiocarbon dating. Therefore, the results interpreted here
may be more reflective of vegetation abundances from mid-
elevation in Sumava National Park. Regardless, the REVEALS
model reconstructed the regional decline of fir, and it is
therefore a concern that should be addressed by foresters in the
Bavarian Forests. Heurich and Englmaier (2010) suggest that the
trend of declining fir populations relative to increasing spruce
populations in the Bavarian Forests is likely not solely related to
human activity but also to natural causes such as the Little Ice
Age and bark beetle outbreaks. Because spruce is a cold adapted
species, conditions during the Little Ice Age would have favored
spruce over fir. Additionally, downed logs from windthrow and
bark beetle outbreaks are the preferred natural substrate that
gives spruce seedlings a competitive advantage over other tree
species (Svoboda et al., 2010). While several studies suggest that
fir is sensitive to human activities and anthropogenically caused
air pollution (Tinner et al., 1999; van der Knaap et al., 2004;

Tinner and Lotter, 2005; Feurdean and Willis, 2008), human
impacts in the form of pasturing, selective logging and litter
raking have been shown to be beneficial for fir growth (Nozicka,
1957; Malek, 1981; Kozakova et al., 2011). Tinner et al. (2013)
suggest that the range of fir has the potential to increase with
climate change as long as precipitation does not decrease below
700-800 mm/yr, or anthropogenic disturbances such as fire and
grazing do not become excessive.

One of the benefits of the Sumava and Bavarian Forest
National Parks is that it serves to protect montane spruce
forests (Svoboda et al., 2010). Spruce is likely to be the species
most impacted by climate change, and so is under threat in a
warmer world (Bolte et al., 2009). Norway spruce is considered
a cold-adapted species growing on mesic sites. Therefore,
expected changes in temperature and precipitation in the future
specifically the increased likelihood of more frequent and intense
summer droughts across central and southern Europe (Gao
and Giorgi, 2008; Feyen and Dankers, 2009), will likely result
in the loss of available habitat for spruce (Hanewinkel et al.,
2012). In the Bohemian/Bavarian Forests, Norway spruce has
already occupied the highest possible altitudes and ostensibly the
species has nowhere to go with climate change (Spathef et al.,
2014). Conversely, beech and fir forests, the main competitors of
spruce in the region, could continue to impinge on and expand
in the lower altitude habitat of spruce. However, areas where
beech predominates likely will also be threatened with increasing
temperatures (Cheddadi et al., 2016). Migration of the optimum
climate windows for these dominant forest taxa is a concern for
forest managers, yet our paleoecological data show these plant
communities have comprised a mixed-forest for >5,000 years
in the region surviving previous climatic fluctuations during
the Holocene. Mixed-forests with multiple tree species provide
higher levels of ecosystem services (Gamfeldt et al., 2013) and
should therefore be incorporated into forest management in
the Bohemian Forests. We suggest that forest managers in the
Sumava National Park consider utilizing information gained by
paleoecological reconstructions that use pollen-based land-cover
models that more accurately represent the natural vegetation
abundances found at mid-elevations.

CONCLUSIONS

Methodological advances in the field of palynology and
paleoecology, including quantitative land-cover models
and robust chronologies have allowed for more accurate
reconstructions of vegetation dynamics through time. Using
these methodologies the results of this study demonstrate
that spruce has been the dominant canopy cover in the
Bohemian/Bavarian Forests for the past 9,000 years across a
range of elevations including mid-elevations (between 700 and
900 m a.s.l.) where beech and fir forests were previously thought
to dominant. When beech and fir forests peaked around 2,000
years ago, together they comprised a total land-cover of 37%.
However, spruce contributed 40% of the total land-cover, further
documenting the dominance of this species in mixed beech/fir
forests. Over the past 500 years, spruce has comprised ~47%
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land-cover, while beech and fir comprised ~8% and <5% at
mid-elevations.

Paleoecological results have considerable utility in forest
management and ecosystem conservation (e.g., Birks, 1996;
Jackson, 1997; Landres et al., 1999; Swetnam et al., 1999;
Foster et al, 2003; Gillson and Willis, 2004). For example,
forest management in the Sumava National Park base current
management strategies on outdated information that states that
beech and fir forests are the natural, dominant vegetation at
mid-elevations. However, the results presented here demonstrate
that mid-elevations forests have been a mixed-forest with spruce
dominating the forest canopy. The current management plan
is to remove spruce to a natural representation of 30-40%,
while increasing beech and fir up to a total of 35% (Sumava
National Park Authority?). The longer perspective afforded by
paleoecology suggests that the Sumava National Park should
aim for 45% spruce as that is within the natural range of total
land-cover for the species, but ecosystem managers should take
into account the potential for climate change to significantly
impact the range of spruce within the park and take steps toward
preserving the species. As for the Bavarian Forest National Park,
the REVEALS model was able to capture a decline of fir cover
to levels previously recorded (see Heurich and Englmaier, 2010),
yet the results may be more indicative of vegetation abundances
within Sumava National Park. Additional paleoecological sites
with robust chronologies are needed from the region, specifically
from between 400 and 700 m a.s.l. in order to compare local-scale
vegetation dynamics through time.
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We quantified the degree to which the relationship between the geographic distribution
of three major European tree species, Abies alba, Fagus sylvatica and Picea abies and
January temperature (Tjan) has remained stable over the past 10,000 years. We used an
extended data-set of fossil pollen records over Europe to reconstruct spatial variation in
Tjan values for each 1000-year time slice between 10,000 and 3000 years BP (before
present). We evaluated the relationships between the occurrences of the three species
at each time slice and the spatially interpolated Tjan values, and compared these to their
modern temperature ranges. Our results reveal that F. sylvatica and P, abies experienced
Tjan ranges during the Holocene that differ from those of the present, while A. alba
occurred over a Tjan range that is comparable to its modern one. Our data suggest the
need for re-evaluation of the assumption of stable climate tolerances at a scale of several
thousand years. The temperature range instability in our observed data independently
validates similar results based exclusively on modeled Holocene temperatures. Our
study complements previous studies that used modeled data by identifying variation in
frequencies of occurrence of populations within the limits of suitable climate. However,
substantial changes that were observed in the realized thermal niches over the Holocene
tend to suggest that predicting future species distributions should not solely be based
on modern realized niches, and needs to account for the past variation in the climate
variables that drive species ranges.

Keywords: Holocene, past climate reconstruction, niche conservatism, Abies, Fagus, Picea

INTRODUCTION

Changes in climate may cause shifts in the geographic distribution of species (Parmesan and
Yohe, 2003; Root et al.,, 2003), increase extinction rates (e.g., Thuiller et al., 2005), and alter
provision of ecosystem services (Schroter et al., 2005). Adaptation of human societies to these global
changes requires accurate predictions of the future potential distributions of key species, such as
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endemic forest trees. Prediction of potential distributions of
trees generally involves developing models of the relationship
between current climate, distribution, and range dynamics
(Guisan and Zimmermann, 2000; Garcia-Valdés et al., 2013),
then applying these models to data derived from models of
potential future climate. These predictions rely on key aspects
of the species climate requirements. In this context, one
assumption for predicting species distributions, using niche-
based models, is that species occupy all or most suitable
geographic areas (Svenning and Skov, 2004). A second necessary
assumption for these statistical models is that the species realized
environmental niche (Hutchinson, 1957), as determined from
empirical observations, remains stable over time, and space, a
phenomenon called ecological niche conservatism (Wiens and
Graham, 2005; Pearman et al, 2008). The validity of these
assumptions remains a matter of contention.

One reason for uncertainty regarding niche conservatism is
that species ecological flexibility and/or genetic adaptation can
impact the observed degree of conservatism and the accuracy
of predicted species distributions. Veloz et al. (2012) find at the
generic level that between the late glacial period and today, the
realized niches of Fraxinus, Ostrya/Carpinus, and Ulmus shifted
substantially while the niches of other taxa, such as Quercus,
Picea, and Pinus strobus, remained relatively stable. On the other
hand, studies using current climate and species distributions
to compare species realized niches between native and invasive
ranges indicate that niches tend to remain stable during species
invasions, but many exceptions (niche shifts) were also reported
(Petitpierre et al., 2012; Guisan et al., 2014; Early and Sax,
2014). Additional studies suggest that over spans of decades or
a 100 years, species environmental niches rarely change, but as
time scales increase to millions of years, niche lability increases
(Peterson, 2011).

The temporal niche lability of tree species may be partly due
to adaptive evolutionary processes. Genetic modifications may
be observed spatially (Heywood, 1991), however, they seldom
develop over relatively short periods such as decades while
they easily happen throughout several millennia, such as the
Quaternary, with distinct and contrasting climate periods (Davis
and Shaw, 2001; Davis et al., 2005). Molecular markers from the
nuclear and organelle genomes have allowed reconstruction of
the evolutionary history of plant species since the last glacial
period (Taberlet et al., 1998; Petit et al., 2003). Using neutral
markers, phylogeographic studies show that the modern spatial
genetic structure over the range of many temperate tree species
originated during the past few millennia (Hewitt, 2000, 2004;
Petit et al., 2003). These phylogenetic studies show that there
are strong interactions between past climate change, changing
species ranges, and genetic constitution. While climate variability
during the Holocene period was much reduced compared to
the climate transitions between glacials and interglacials, species
had to migrate and adapt nonetheless during the post-glacial
recolonization process, which may have had an impact on their
climate requirements and tolerances. The Holocene seems to be
an ideal time period for investigating potential temperature shifts
of tree species because (1) its reduced climate variability and
relative favorability compared to the glacial period allowed taxa

to migrate to either track climate changes and potentially to adapt
and (2) there are more fossil data-sets for species occurrences and
past climates than for older Quaternary time periods.

This study uses observational data at the Holocene time
scale to investigate whether or not some European tree species
remained within their modern temperature range over the last
10,000 years. Obviously, temperature is only one component
of the species niche. However, any shift of the modern
range/climate relationship would challenge the assumption of
niche conservatism. We examine whether January temperatures
experienced by Abies alba, Fagus sylvatica, and Picea abies are
similar to those experienced over approximately 10,000 years
during the Holocene. Substantial changes in realized thermal
niches over the last several millennia would demonstrate the
difficulty of predicting future range shifts solely based on
contemporary realized climatic niches and further reflect on the
generality of the assumption of niche conservatism.

MATERIALS AND METHODS

Quantifying Past January Temperature
Studies exploring past changes in species realized niches have
done so by relating historical species distributions to climate
variables obtained from General Circulation Models (GCMs)
(e.g., Pearman et al., 2007; Nogués-Bravo et al., 2008; Maiorano
et al,, 2013). Changes in these relationships have been studied
either in time snapshots [usually 6000 and 21,000 years before
present (BP)] or in transient simulations since the last glacial
period. Notably, the goal of the simulations that produced the
employed paleoclimate data was not to determine past climate
but rather to examine distinct GCMs under different forcing
conditions through comparison with reconstructed paleoclimate
from observed data (i.e., Masson et al.,, 1999). There remains
substantial disagreement among paleoclimate simulations and
significant biases compared to observations exist, especially for
rainfall (Braconnot et al., 2012), that may limit the suitability of
these simulations for determining past climatic niches of species.
Here, we use January temperature (Tjan), quantitatively
reconstructed over the past 10,000 years in Europe, in
recognition of its ecological importance to fulfillment of chilling
requirements for budburst and growth (Nienstaedt, 1967; Heide,
1993; Kramer, 1994, 1995; Harrington and Gould, 2015) and
the influence of winter temperature on soil temperature, an
important factor in determining treeline globally (Korner and
Paulsen, 2004). Winter frost may damage needles and wood and,
therefore, restrict the range of A. alba and F. sylvatica in areas
where temperature descends below —10°C. P. abies is more frost
tolerant than F. sylvatica and may withstand temperatures down
to —17°C. Cold temperatures are a limiting factor for expansion
of many tree species in the temperate latitudes, explaining
about 80% of the variation in their range sizes (Pither, 2003).
Cold temperatures also limit species distributions and diversity
along elevation gradients worldwide (Korner and Paulsen, 2004).
Furthermore, cold thermal limits of European Holarctic plants
may be more conserved than warm limits (Pellissier et al,
2013), thus providing a conservative test for niche changes.
Another important abiotic variable for plant species is water
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availability as influence by precipitation. Palaeoecological studies
show that annual precipitation and its seasonal distribution
may have complex interactions with temperature in shaping
ecosystems over the long term (Cheddadi and Khater, 2016). In
the European temperate zone where P. abies, A. alba, and F.
sylvatica occur, temperature is a limiting factor for growth (see
i.e., Kramer, 1994 for F. sylvatica; Heide (1974) for P. abies, and
Maxime and Hendrik, 2011 for both A. alba and F. sylvatica),
but precipitation is not. In the present study we have focused on
January temperature (Tjan) rather than on precipitation as it has
a direct impact on the three focal species and its future increase
will probably affect these species more than the expected up to
20% increase of annual precipitation (IPCC, 2014).

Tjan was calculated using fossil pollen records from a network
of sediment cores from across Europe, combined with empirical
probability density functions of plant taxa identified for the fossil
samples, following the method described by Chevalier et al.
(2014). Compared to other pollen-based reconstruction methods,
this technique avoids the problem related to the lack of analogy
between past and modern ecosystems (Jackson and Williams,
2004).

We express taxa-climate relationships (Figurel) as
probability density functions (pdf, Kiithl et al, 2002) that
are obtained from modern species distributions (Figure 1A) and
values of the focal climate variable (Tjan, Figures 1B,C) in these
distributions. Fossil pollen grains are often identified to a genus
or a family level which does not allow an accurate identification
of the originating species. In order to use the modern species
distributions and their related climate, the pdf method requires
an assignment of each taxon to a plant species. In the present
study we assigned fossil taxa to modern plant species that have
the widest climate range and occur in the area. For instance,
Pinus pollen grains have been assigned to the species P. sylvestris

whose geographical range encompasses a wide temperature
range. Pinus pollen grains cannot be identified to the species
level which prevents the distinction between temperate and
Mediterranean pines. Assigning a pollen grain to a species that
has a restricted range (i.e., P. pinaster instead of P. sylvestris)
would bias the climate reconstruction due to an unjustified
reduction of the temperature range of the unknown species.
Taxa pdfs (Figure 1D) for Tjan were built from a database
of 270 georeferenced European plant species from published
maps (Jalas and Suominen, 1973; Hultén and Fries, 1986) and
from WorldClim 10 gridded, interpolated weather station data
for modern climate (1950-2000 period; Hijmans et al., 2005).
The instrumental modern climate data-set used in the present
study is set within a warming trend that is related to ongoing
anthropogenic climate change (IPCC, 2014). Between years 1861
and 2000 global temperature increased by about 0.6°C (Folland
et al.,, 2001). Over a comparable time period (1901-2000), the
winter temperature (DJF) in Europe recorded a warming trend of
~0.08°C per decade (Luterbacher et al., 2004), which is slightly
higher than the global value. The human-induced temperature
increase recorded over the last century (<1°C) has already
affected the niche of many plant and animal species (Walther
et al., 2002). However, this recent temperature increase is lower
than the reconstructed amplitude of temperature change over
the Holocene (Davis et al., 2003; Cheddadi and Bar-Hen, 2009).

Tjan was calculated from a pollen assemblage of n taxa in a
fossil sample “s” as the temperature of maximum probability in
the intersection of the n pdfs (Figure 1D), as follows:

tax, x Wi(s))_l
Tjan (s) = argmax (1_[ pdf ;2’}1(1(5;71,1")
taxy
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where:

Tjan(s) is the reconstructed climate for sample s;

pdf is the probability density function of plant taxon i (tax;)
to taxon n (tax,) for the variable Tjan; n is the number of taxa
identified in a sample;

Wi(s) is the weight associated with taxon i for sample
s determined by the pollen percentage of taxon i. Pollen
percentages were calculated after removing the pollen counts of
the three taxa from the total pollen sum. argmax is the function
that returns the value for which a function is maximum.

This phenomenological, statistical method does not account
for, or depend on, variation in ecological or environmental
processes (competition, phenology, dispersal, or evolutionary
adaptation, etc.) or their relative importance in structuring
paleocommunities. Similarly, estimated variable values do not
depend on or account for values that are estimated for
preceding periods.

Average Tjan values were calculated for these records to
represent fixed time slices every 1000 years (£250 vyears).
Fossil pollen records were selected from the European Pollen
Database (EPD, http://europeanpollendatabase.net) for their
time resolution and the quality of the associated calibrated age
model. Pollen records with less than three radiometric datings
or reversed dates were excluded as well as those with a sampling
resolution that does not provide a series of at least one sample
every 500 years over the covered period of time.

A conceptual difficulty of our climate reconstruction
technique lies in its assumption that plant climate envelope is
stable, which is what we aim to test. We partially circumvent this
issue by excluding observations of the three focal tree species
from the data-set used for paleoclimate reconstruction, so that
any change in their thermal requirements would not affect the
paleoclimate data. In order to evaluate the effect of the exclusion

of the three focal taxa, we computed the difference between
Tjan reconstructed from a modern pollen data-set and the same
pollen data-set excluding the focal three species (Figure 2). In
order to estimate the impact of a shift on the reconstructed Tjan,
we used the Holocene Tjan range of the three species in the
reconstruction procedure and calculated the difference with Tjan
based on the full set of species using a modern pollen data-set
(Figure 2).

In this preliminary analysis we find that the reconstructed
Tjan values remain robust to the exclusion of the three focal
tree species from the suite of species used to make the
climate reconstruction. Other geological or biological indicators
of temperature, such as isotope ratios or chironomid flies,
might be considered independent climate proxies, their sparse
geographical distributions unfortunately do not allow for spatial
climate gridding at the extent of the European continent.
Moreover, complete independence of these potential proxies
with terrestrial vegetation is unlikely. Similarly, data from GCM
simulations of past climates have cryptic dependencies with plant
distributions because of the need to specify boundary conditions
that depend on vegetation albedo, biomass distribution, and the
carbon cycle.

The Tjan values obtained in fossil records were spatially
interpolated for each time slice (10 to 3 ka) over Europe onto
a 0.5° longitude x 0.5° latitude grid using universal kriging (R
gstat package, Pebesma, 2004). The interpolated Tjan was then
mapped as a smoothed surface using a spherical surface spline
in tension (Smith and Wessel, 1990) within the generic mapping
tools (GMT, Wessel et al., 2013; Figures 3A,B).

The number of time series from which Tjan is obtained
increases from 10 to 3 ka, which may potentially affect the
comparison of the estimated Tjan range through time. A similar
issue has been raised and statistically tackled by weighting the

- 89
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r T T T

) -1 0
Dissimilarity in January temperature (°C)

FIGURE 2 | Evaluation of the impact of Abies alba, Fagus sylvatica, and Picea abies and their Holocene thermal niche shift on the reconstructed Tjan
values using dissimilarity between the modern Tjan (WorldClim, Hijmans et al., 2005) and (1) reconstructed Tjan from a data-set of 1132 modern
pollen samples from which the three species were excluded (red histograms) and (2) the same modern pollen data-set including the three species but
using their overall Holocene Tjan range (blue histograms) based on reconstructed Tjan between 10 and 3 ka (see Figure 3). Numbers over the histograms
correspond to the percentages of pollen samples that deviate from 0. Between 83 and 89% of the reconstructed Tjan deviate by less than 1°C to the observed Tjan
values from WorldClim (Hijmans et al., 2005). The map in the right panel shows the location of the modern pollen samples used for the dissimilarity analysis.

Frontiers in Plant Science | www.frontiersin.org

October 2016 | Volume 7 | Article 1581


http://europeanpollendatabase.net
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Cheddadi et al. Temperature Shift of Tree Species

January temperature

FIGURE 3 | Interpolated reconstructed mean January temperature (A) from 10 to 7 ka and (B) from 6 to 3 ka from fossil pollen data (black dots).
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observed temperature values by the availability of climate over
a gridded geographical space (Broennimann et al., 2012). The
method in the latter work is not directly applicable to our
data since these are non-gridded temperature values that are
determined by the location of pollen cores and the age of
samples. Therefore, we cannot project species range between 10
and 3 ka to a standardized climate space. However, we were
able to generate an analogous normalization of the distribution
of temperature by weighting each observation by a proportion
that represented occupation of similar climate space, which we
present for Picea at 10 ka, 3 ka, and today as an example
(Figure 4). We weighted the reconstructed Tjan values by the
relative frequencies of observations in relation to all cores
with similar temperature values. Similar temperatures were
determined by binning temperature values corresponding to all
cores that represented a particular time slice. This normalization
still integrates an unavoidable potential bias that is related to the
availability of pollen cores in the Tjan gridded space in each bin.

Recovering Past Species Ranges
We reconstructed the past geographic distributions of A. alba,
F. sylvatica, and P. abies at each time period using macrofossil
data and pollen data. These species are ideal case studies because
(1) they represent dominant arboreal species in Europe, and (2)
they can be identified with a high degree of confidence to species
in the fossil record. Unlike many other genera, Abies, Fagus, and
Picea each has one dominant species in Europe, substantially
reducing potential errors in the identification of fossil pollen taxa.
We restricted this study to the period prior to 3 ka to avoid
human disturbances that strongly impacted European forests in
the recent millennia (Kaplan et al., 2009). Therefore, changes
observed in distributions of taxa in the past are primarily the
result of climate change and ecological processes. The macrofossil
data used for identifying species occurrences were obtained from
published data-sets (F. sylvatica, Magri et al., 2006; A. alba,
Terhiirne-Berson et al.,, 2004 and P. abies, Latalowa and Van
Der Knaap, 2006). Occurrences from pollen data were obtained
from the EPD using a threshold of pollen percentage of 1%
for detection of the three taxa. Since neither macroremains
nor pollen of these three taxa were used for paleoclimate
reconstructions, we assumed that the reconstructed geographic
distributions are independent of the climate variables.

Recovering January Temperature Range

for Each Species

The extent to which the distribution of Tjan values obtained
from fossil data reliably represents the thermal range of a species
depends on sample size and geographical distribution. The coring
sites are reasonably well distributed over the whole of Europe,
but the number of sites where occurrences are observed decreases
between 3 and 10 ka. The sample size ranges from 375 at 3 ka for
P. abies, to 12 at 10 ka for A. alba (Table 1) because the geographic
distributions of European trees, including the focal three species,
were dramatically reduced during glacial times and expanded
progressively throughout Europe during the Holocene. As a
result, species thermal ranges may be less accurately represented
at 10 ka, which corresponds to early post-glacial recolonization.

We estimated the uncertainty related to random spatial sampling
and to sample size using a Monte Carlo simulation. The modern
spatial distribution of the focal species was randomly sampled to
extract a Tjan distribution with the same sample sizes as available
in the fossil data. Standard errors for Tjan medians were obtained
after 1000 iterations and represented as error (Figure 5). The
sampling uncertainty associated with Tjan medians was lower
than 1°C for the three species at all time periods.

Several issues exist regarding the reconstruction of species
past occurrences from fossil data. In general, fossil records allow
the identification of in situ presence of a species, but tell less
about whether the species was effectively absent. Undetected
(thus probably small or sparse) populations may occur at a
given site but be “silent” in the fossil record (e.g., trees not
producing pollen; Hicks, 2006). Also, since tree plant species
have different dispersal capacities, long generation time and their
propagules may travel considerable distances from parent trees,
it is generally accepted that there is “an inevitable time lag
between the establishment of seedlings and the maturation of the
trees to the stage that they are able to produce pollen” (Hicks,
2006). Reconstructions of broad-scale Holocene vegetation
changes, including Fagus (Huntley et al., 1989), suggest that the
bioclimatic response exhibits only a minor time lag. Although
Svenning et al. (2008) argue that the expansion in Europe was
delayed by several centuries, Tinner and Lotter (2006) conclude
that, due to efficient animal dispersers, the lag was probably of
minor importance in the overall postglacial migration process.
To address both these issues, we considered that a species was
present when it occurred within a broad time window of +
250 years. In such a window, the potential time lag between
the first arrival of many European tree species at a site and
the establishment of a substantial population should be barely
detectable (Tinner and Lotter, 2006).

RESULTS

Reconstructed January Temperature
The Tjan values reconstructed in the occupied grid cells yield
frequency distributions of Tjan for each species at each time
period, allowing us to estimate changes in the thermal range of
the three species (Figure 5). Tjan distributions (Figures 5A-C)
are generally not normal (Shapiro test, p < 0.05) and, thus,
they are represented by their medians and the 0.25 and
0.75 quartiles. This interval corresponds to the core range
of the species environmental distribution. The significance of
differences between past and modern median Tjan values are
derived from non-parametric Wilcoxon tests (Table 1).
Discarding the three taxa from the modern plant data-set
to quantify Tjan does not affect significantly the reconstructed
temperature values (Figure 2). About 83% of the values deviate
with less than 1°C, while about 95% deviate less than 2°C in the
negative values (Figure 2). More than 99% of the reconstructed
positive values deviate by less than 1°C. In a test of temperature
reconstruction in the reciprocal direction, use of the Tjan range
from the Holocene to quantify modern Tjan values results in 89%
of the values deviating less than 1°C and 99% of values less than
2°C when negative (Figure 2). These two dissimilarity tests show
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FIGURE 4 | Picea as an example of how the reconstructed Tjan values for three time slices (10 ka, 3 ka, and today) were normalized. The example
shows frequency histograms of sites where reconstructed Tjan is obtained (A) and the frequency of Tjan gridded values (see Figure 3) over Europe (B) within each
2°C bin. The ratios of the two frequencies (C) are used to weight Tjan values for each time slice and each species.

(1) that the reconstruction method is robust and, therefore, that
the reconstructed Tjan values are reliable and (2) that using a
Tjan range of P. abies, F. sylvatica, and A. alba, as obtained for
each species between 10 and 3 ka (Figure 5), to quantify Tjan
has a very minor effect on the reconstructed values. This effect
impacts mostly, if not exclusively, the reconstructed negative Tjan
values.

The interpolated reconstructed Tjan values show Tjan
ubiquitously lower than 10°C until 7 ka. Early warming
(Tijan >0°C) in Europe first took place in the SW part of
Europe (Iberian Peninsula), with a gradient of more than 10°C
developing toward NE Europe (Figures 3A,B). Subsequently,
warmer winters developed over southern Europe, a change
corresponding to the onset of “Mediterranean” climate, with dry
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TABLE 1 | Comparison of the medians of the reconstructed Tjan at different time slices in the past (10 to 3 ka and the full range as well) for each species

with their modern range.

Time slices (ka) Picea abies Fagus sylvatica Abies alba Sites

p-value p-value (w) OCC SE p-value p-value (w) OCC SE p-value p-value (W) OCC SE
10 0.86 0.7993 60 0.98  <10e-05 <10e-05 16 0.98 0.0033 0.0015 12 0.8 526
9 <10e-05 <10e-05 113 0.83  <10e-05 <10e-05 25 0.9 0.0003 <10e-05 27 0.68 596
8 <10e-05 <10e-05 155 0.75  <10e-05 <10e-05 40 0.82 0.3958 0.9483 57 0.59 639
7 <10e-05 <10e-05 186 0.7 <10e-05 <10e-05 73 0.76 0.7726 0.8620 93 0.53 671
6 <10e-05 <10e-05 247 0.66  <10e-05 <10e-05 110 0.7 0.0277 0.0564 110 0.48 706
5 <10e-05 <10e-05 294 0.62 0.0012 0.0019 136 0.66 0.0027 0.0060 130 0.45 764
4 <10e-05 <10e-05 335 059  <10e-05 <10e-05 185 0.62 0.2194 <10e-05 140 0.42 792
3 <10e-05 <10e-05 375 0.57  <10e-05 <10e-05 208 0.59 0.1741 0.0022 146 0.4 805
10-3 range <10e-05 <10e-05 <10e-05 <10e-05 0.1995 0.2346

We present Wilcoxon tests (p-value) and estimation of the standard error (SE) related to the number of sites where occurrences (OCC) are identified for the three studied species. Since
the Tjan medians of all time slices (n = 9) for the three species have been compared to the same one (present), the p-value (@ = 0.05) has been adjusted to a/n = 5.6e-3 in accordance
with the Bonferroni criterion. The bold p-values are significant at this corrected threshold. P-value and p-value (w) correspond to the Wilcoxon test, with unweighted and weighted Tjan

values respectively (see Figure 4).

summers and frost-free winters. Mountainous and other areas
lacking pollen data may exhibit stronger interpolation deviation,
potentially resulting in low Tjan values, such as those in Sicily
and the Peloponnese area at 9 ka. The longitudinal gradient of
the Early Holocene switched to a latitudinal gradient after 7 ka
and remained so until 3 ka. The Tjan difference between the
Mediterranean region and northern Scandinavia after 6 ka was
as high as 15-20°C. This latitudinal distribution of Tjan across
Europe seems to have persisted until today.

January Temperature Range of Focal
Species

The overall Tjan range within all the areas recolonized during
the Holocene by P. abies lies between approximately —16°C and
7°C while the modern range is between —16°C and slightly less
than 6°C (Figure 5A). The Tjan at which P. abies populations
are frequent today (the inter-quartile range) are about 3.5°C
colder than at 5 ka, when P. abies occupied areas that tended to
be relatively warm (Figure 5A). The recolonization of most of
Scandinavia by P. abies took place after 4 ka (Tollefsrud et al.,
2008), which explains the strong shift of the Tjan range toward
lower values.

Unlike Picea, the main European Fagus populations today
occupy, on average, warmer areas than at any time during
the Holocene (Figure 5B). Nonetheless, half of the frequently
occupied temperature range of the modern period overlaps with
temperatures also occupied areas in the Holocene. We observe
that during the early recolonization process (at 10 and 9 ka),
Fagus populations occurred in areas with Tjan values that were
generally lower than at other times during the Holocene. In
contrast to P. abies and F. sylvatica, A. alba occurs in areas
that are within its Holocene Tjan range (Figure 5C). Today
the geographical range of the species spans a less extended
temperature range than during the Holocene.

The Wilcoxon tests (Table 1) show that the medians of P. abies
and F. sylvatica Tjan range differ substantially between modern
values and those of the period 10 and 3 ka. This indicates shifts of

the thermal range of theses two species between the Holocene and
today. The thermal range for A. alba was significantly different
from that of today during some periods but not in the overall
Holocene range (Table 1, Figure 5C).

DISCUSSION

The use of observed data from fossil records instead of data
from model simulations to evaluate the relationship between
past species ranges and climate is a challenging issue. First,
data on past climate and on species distributions should
originate from two independent data-sets and both should have
a spatial coverage that minimizes errors of spatial interpretation.
Second, the methods for identifying species, recovering their past
occurrences and reconstructing their contemporaneous climate
values from different proxies should be accurate, reproducible,
and have little error. Over the past decades, pollen data have
proven to be excellent proxies for the reconstruction of past
species distributions (Huntley and Birks, 1983) as well as past
climates (Prentice et al., 1991). However, using fossil pollen
data to evaluate the relationship between a species occurrence
and any climate variable through time requires two important
assumptions: First, fossil pollen data represent an image of an
ecosystem that is in equilibrium with contemporaneous climate.
Second, the observed changes in the past ecosystems are a result
of individualistic responses of taxa to climate (Webb, 1986).

Paleoecologists also assume that species evolution is a slow
process over the late-Quaternary because fossil data do not
provide information on species genetic adaptation to changing
climate but rather on species persistence in situ, their range
expansion/contraction through migration and their extinction
(Davis et al, 2005). Fossil pollen assemblages represent a
static image of their originating ecosystem, one that prevents
evaluating the level of competition between taxa. In the present
study, we considered these fossil data as an instantaneous record
of that species that occurred in various past ecosystems, each of
which occupied portions of a common climate space.
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FIGURE 5 | Thermal amplitude of (A) Picea abies, (B) Fagus sylvatica, and (C) Abies alba for each 1000-year time slice between 10,000 and 3000 years
cal. BP (gray boxplots), the Holocene overall (white boxplots), and the modern (orange boxplots) ranges, respectively. The black line is the median, the boxes
represent the first and third quartiles (25 and 75th quartiles, respectively), and the whiskers represent the minimum and the maximum Tjan range. We consider the
boxes and the whiskers as the Tjan ranges where populations are frequent and sparse, respectively. Red arrows indicate differences between current limits of Tjan
distribution and those over the Holocene. Maps show today’s areas of Picea abies (A"), Fagus sylvatica (B'), and Abies alba (C’) where Tjan values correspond to the
range between the first and third quartiles (orange, corresponding to areas where the species are most abundant) and more extreme values (yellow). The red bars
inside the boxes correspond to the estimated uncertainty related to random spatial sampling and to sample size in Monte Carlo simulations.
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Our results demonstrate that within Holocene ecosystems, the
thermal ranges of P. abies and F. sylvatica differ significantly from
the corresponding modern ones. These two species currently
occur in areas where Tjan is either warmer (F. sylvatica) or cooler
(P. abies) than the occupied regions of the Holocene. Conversely,
A. alba is roughly within the same thermal range as during most
of the Holocene. The finding that the thermal ranges of two
species have varied during the Holocene is partially consistent
with previous studies that used modeled Holocene temperatures
(Maiorano et al., 2013).

Discrepancies between modeled distributions and ones
observed in data on fossil material (e.g., Pearman et al., 2008)
may be partially explained by the relationship between the
numerical abundance and geographic distributions of species,
which is a matter of continuing debate. The traditional view is
that species are most abundant near their geographic range center
and less so toward their range edge (Brown, 1984). However,
when considering the geographic distribution of species based
on their environmental niche (i.e., the niche-biotope duality,
see Guisan et al, 2014), findings are less conclusive for the
hypothesis that species should be most abundant at the center
of their environmental distribution (Sexton et al., 2009). Here, in
close analogy to abundance, we consider frequency of occurrence
along a climate gradient, rather than in geographical space. Thus,
we treat the Tjan median value of each tree species as the point of
greatest frequency of population abundance.

Today P. abies is at its greatest abundance in areas
where Tjan is between ca. —12 and —6°C (Ist and 3rd
quartiles, Figures 5A,A’). Assuming adequate plasticity and
genetic variation, populations in these areas may potentially
withstand a Tjan increase of about 4.5°C in situ (Figure 5A),
while a similar temperature increase may have greater effects
on populations that grow at the upper Tjan limit (mainly from
Romania to the Dalmatian coast). The 1°C difference between
the Holocene ranges and the modern one is not significant if we
take into account the standard error related to the potential bias
linked to the distribution of past species occurrences (Table 1 and
Figure 5). However, an increase of Tjan may have greater effects
on Picea populations at the warm (southern) edge of the species
range than on climatically central populations.

Fagus populations are frequent nowadays in areas where
Tjan is between ca. —2.5 and 1.5°C (inter-quartile range,
Figures 5B,B’), but currently occur infrequently in areas with
Tjan values that are 5°C lower than those observed during the
Holocene (Figure 5B). Unlike P. abies, F. sylvatica populations
frequently occur today in areas that have Tjan values that
are as high as those of the Holocene. Such thermal range
occupancy suggests that, where it is frequent today, Fagus will
likely be threatened by increasing temperature, while the sparse
populations that occur at the cold edge of the distribution
may withstand an increase of Tjan of up to 5°C. F. sylvatica
is more sensitive to cold winter temperature and spring frost
than P. abies, so climate warming may promote its expansion
into areas where the range of the two taxa overlap, such as
southern Sweden and/or potentially in the mid to high elevations
in Poland and the Carpathians. Simulations for the next century
show that F. sylvatica may have to migrate further north

while experiencing a loss of up to 29% of its current habitat
(Kramer et al., 2010). This projection may well be valid since
populations are most frequently located in areas that are at the
highest Tjan values observed in the Holocene thermal range
(Figure 5B). Furthermore, the species migration rate (100-250
m.yrfl) estimated by Tinner and Lotter (2006) is lower than the
velocity of the expected temperature change (~800 m.yr-1) for
the temperate deciduous biome (Loarie et al., 2009). Nonetheless,
the magnitudes of these velocities are highly dependent on the
resolution of the underlying climate data-sets (Dobrowski et al.,
2013).

The patterns shown by A. alba differ from those of P. abies
and F. sylvatica. Unlike the other two species, the full modern
Tjan range of A. alba is at its greatest extent since the early
Holocene (Figure 5C). However, the most frequent populations
occupy a much narrower Tjan range (ca. —3.5 to —1.5°C,
Figures 5C,C’) than during the Holocene (ca. —4 to +0.5°C),
which suggests these environmentally central populations may
be able to withstand a somewhat wider temperature range than
they currently experience (Figure 5C). Conversely, there are
sparse A. alba populations today that experience Tjan as high
as +10°C, which is about 2°C higher than for any known
Holocene population (Figure 5C). Thus, the modern populations
at the warmer end of the species distribution (Mediterranean
mountains) may be threatened by further climate warming.
While ecological niche models suggest that A. alba currently
occupies less than 50% of its potential range (Svenning and
Skov, 2004), our results suggest, in contrast, that this species
currently occupies its full thermal range, and that the distribution
of the populations within that thermal range may change as Tjan
increases. This may occur through latitudinal migration, simple
expansion of population density within other areas of the modern
distribution (but without any further geographical expansion; see
Figure 1E in Guisan et al., 2014), or expansion to fill sparsely
and unevenly populated areas. The discrepancy with Svenning
and Skov (2004) may be related to potential deviations during the
interpolation of their climate data set, or the particular modeling
algorithm they employ.

Ecological modelers and palaeoecologists both aim to address
a crucial question: will major tree species withstand on-
going global warming in situ (because they can tolerate a
wider temperature range than what they currently encounter),
migrate to areas that acquire suitable conditions, or simply
decline. Species modeling approaches suggest that the impact
of future climate change will be substantial in Europe (Thuiller
et al., 2005). On the other hand, some fossil-based distribution
data, such as for A. alba, suggest little risk will arise with
climate warming (Tinner et al., 2013). In contrast, a recent
palaeoecological study (Seppd et al., 2015) shows that the
range of hazel (Corylus avellana) previously expanded about 4°
northward from its current geographical limit in Fennoscandia
as a response to a temperature increase of 2.5°C during the mid-
Holocene, constituting an increase similar to some projections
for response to on-going climate change. Species responses
to climate warming may vary substantially and, thus, require
focused study. While we concentrated on three tree species
because of the direct correspondence between fossil pollen
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taxa (identified to genus) and species-level identification (e.g.,
compared to the 22 European species Quercus that produce
indistinguishable pollen), one might expect that the thermal
ranges of additional tree species may have been different in the
past. Additional gridded proxy data, other than pollen, as well
as identification of fossil taxa using ancient DNA (Parducci and
Petit, 2004) will be needed to address this issue.

Evaluating the climatic limits of species distributions through
time is a key issue to understanding species responses to future
climate change. Extended data-sets, such as those arising from
fossil pollen, are sufficient for reconstructing past geographical
distributions of many taxa and for estimating important climate
variables. However, they do not contain any information about
the adaptive evolution of species over the period of interest (i.e.,
the Holocene). When assessing the relationship between past
species distributions and climate change, paleoecologists tend to
assume that ecological responses, such as range shifts, migration
rates, and recolonization, are the dominant processes that impact
observed species distributions (Huntley et al., 1989; Huntley and
Webb, 1989). However, other biotic responses such as phenotypic
plasticity and genetic adaptation were also important during the
Quaternary (Davis and Shaw, 2001). While evolutionary rates are
likely slower than rates of ecological response to climate change,
at least during the late Quaternary, promising developments in
ancient DNA technology (Giguet-Covex et al., 2014) may help
to determine whether or not species genetically adapted to past
climate change.

Fossil records may indicate on-going and successful
accommodation to climate when a species range remains
in dynamic equilibrium with temperature over time (at least
during the late-Quaternary period; Davis and Shaw, 2001). The
assumption that species distributions in the past (or today) are
at equilibrium with their contemporary climate has yet to be
demonstrated. If species are not at equilibrium with climate,
then there may be little justification to expect stasis in realized
niches through space and time (Aratjo and Peterson, 2012).
Based on observed data, Aratjo and Pearson (2005) suggest
that assemblages of plants and breeding birds are closer to
equilibrium with climate than other organisms and, therefore,
their future ranges may be well predicted by niche-based models.
Recent work based on fossil data, however, suggests significant
potential disequilibrium between vegetation and climate at
both leading and trailing edges of species ranges (Svenning and
Sandel, 2013). This apparent disequilibrium arises in part from
the estimated time lag of the response of individual species ranges
to post-glacial warming (Webb, 1986). Thus, strong differences
among species in the degree of distribution equilibrium may
occur due to varying dispersal abilities, competition with other
species, soil conditions, and other factors that may affect the
ability of species distributions to track changing climate.

CONCLUSIONS

Modeling approaches are necessary to project how species
distributions could change in the future. Here we show that
fossil data provide valuable information on how temperature

changes might affect different parts of the range of a species in
different ways. We demonstrate how fossil data can complement
data on contemporary species distributions to provide valuable
information on species tolerances to climate variation. Our
results reveal changes in the thermal ranges of the three species
with respect to an influential climate variable over the past
10,000 years. The results further suggest that differing impacts
of future climate warming, depending on the density (sparsity)
of populations. In parallel with approaches based on climate
models, data on past species occurrences and reconstructed
climates derived from them can provide independent estimates
of whether species can cope with climate change and, potentially,
what parts of their distributions will be the most threatened.

Nevertheless, the past reconstructions need to be constrained
by an evaluation of the infra-specific adaptive ability of
species, their dispersal capacity, their interspecific competitive
ability, and the ecophysiological relationship of each species
to different climate variables. Moreover, one climatic variable
such as Tjan, may be considered as restrictive for evaluating
the ranges of other species than our focal species. Therefore,
other additional climate variables are necessary to better define
the climatic niche of most plant species and their potential
adaptive capacity through time. Water availability, through the
annual amount of precipitation and its seasonal distribution,
is a key variable for species spread, their persistence and
populations expansion. Without an evaluation of these variables,
the question remains as to whether a species is capable of
withstanding a wider climatic range than that occupied currently
and, thus, has portions of the full thermal range that remain
unoccupied.
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In 1916 the time stamp for quantitative palynology was set with Lennart von Post’s initial
paper on pollen analysis and environmental change in the Scandinavian peat bogs.
In the 1930s, Von Post provided a map of the known palynological reconstructions.
This map showed many conspicuous gaps of geographic coverage that have endured
to this day. In particular, environmental reconstruction in arid lands remain much less
known, largely due to the paucity of depositional environments in these areas as well as
challenges with preservation in regions either uniformly dry or subjected to strong wet/dry
phases. Over the last decade we have examined linkages between desert wetland
development and episodes of wet and arid conditions. Desert wetland, or ciénegas,
are recharged by groundwater and appear to be sensitive to climate-driven groundwater
fluctuations. These systems appear to “grow” during wet periods potentially associated
with enhanced El Nifio activity, suggesting an important linkage with groundwater
dynamics and the quantity and frequency of winter precipitation delivery. Hydrologic
conditions in ciénegas are also important controls on the preservation of pollen, where
episodes of aridity coincide with periods of poor pollen preservation. We assess modern
El Nifo events, as analogs of past wet conditions, to provide context on the atmospheric
controls for delivery of moisture into the desert southwest during winter. Our analysis
shows that anomalously high and persistent moisture delivery into the region during
El Nifo events enables the growth of ciénegas, improves preservation of pollen and
promotes the growth of fuels necessary to support wildfire. This paper examines ciénega
sites located in the southwestern region of North America at the US/Mexico Border and
discusses results that addresses a geographical gap identified by Von Post’s original
work in paleoenvironmental research.

Keywords: pollen, charcoal, ciénega, desert wetland, ENSO, El Nifo

INTRODUCTION

The legacy of Lennart Von Post on quantitative paleoecology and palynology cannot be overstated.
While Von Post did not invent palynology, he helped to cement this field of study through his
foundational research conducted in Sweden and Norway during the late 1800s and early 1900s.
Von Post’s approach to paleoenvironmental reconstruction made its way to the American Deserts
via the geochronological work of Ernst Antevs and American researcher Kirk Bryan (Manten, 1967;
Smiley, 1974). While Antevs did not focus on pollen analysis himself, he was interested enough
in the technique to opine on the naming of the methodology (Antevs, 1944) and his work was
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critical to subsequent paleoenvironmental work in the desert
landscapes of southwestern North America (hereinafter
“southwestern deserts”).

Early pollen work in the southwestern deserts focused on
woodland expansion (Clisby and Sears, 1956; Martin and Gray,
1962; Martin, 1963; Mehringer, 1965; Meyer, 1973). This initial
research reported observations of periods where no pollen or
low pollen abundances were recovered. These results altered
the relative abundances of pollen types, which was interpreted
to be caused by differential preservation and the individual
researchers ability to identify degraded pollen grains. For
example, through careful examination, the crumbled or degraded
pollen grains of Pinus, Artemisia, Poaceae, and Amaranthaceae
are easily distinguishable by the presence of distinct wall or
annulated pore characteristic of the particular type. However,
degradation and preservation issues reveal the difficult nature of
arid land palynology. In short, the lack of perennial lacustrine
environments results in discontinuous records of environmental
change. Further, simple abundance in arid lands seems lower than
one might experience in temperate environments. Subsequent
research concentrated on macrobotanical records within woodrat
middens (see Betancourt et al., 1990), instead of the ephemeral
sedimentary nature of desert wetlands (however see Davis et al.,
2002; Mensing et al., 2008).

In arid regions, environments suitable for pollen preservation
are limited to riparian deposits, ciénegas or wetlands (Davis
et al., 2002; Minckley and Brunelle, 2007), or on the deflated
surfaces of former lake beds (Clisby and Sears, 1956; Martin,
1963; Meyer, 1973). Of these environments, ciénegas are proven
archives of past environments and climate conditions as they
collect charcoal, pollen, and macrofossils over thousands of years
(Martin, 1963; Hall, 1985; Hendrickson and Minckley, 1985;
Davis et al., 2002; Minckley and Brunelle, 2007; Brunelle et al.,
2010; Pigati et al., 2014). The global distribution of desert wetland
deposits has not been mapped, but they are considered to be
widespread, though in other literature they are referred to as
ground water deposits associated with hot or cold springs, seeps,
or other wetland complexes (Pigati et al., 2014; Sdez et al,
2016). However, systematic studies of these complex systems are
relatively recent, variously focusing on lithological, isotopic, or
biological indicators (Minckley and Brunelle, 2007; Quade et al.,
2008; Minckley et al., 2013a; Brunelle et al., 2014; Pigati et al.,
2014 and references therein, Sdez et al., 2016).

Arid and semi-arid environments occupy 40% of the
terrestrial land area on earth and in many cases represent areas
where recent human population growth rates are high relative
to more mesic regions (18.5% between 1990 and 2000; Hassan
et al,, 2005). The consumption of natural resources associated
with rapid population growth places intense pressure on water
resources, such as ciénegas. In addition to being a ready source
of water, ciénegas provide crucial ecosystem services including
erosion mitigation and prevention of the associated lowering of
the water table. Ciénegas have also been identified as regions of
high conservation priority for many reasons including endemism
(Minckley, 1969, 1992; Hendrickson and Minckley, 1985; Abell,
2000). In Arizona, USA where wetland environments occupy
~2% of the land area, ciénegas are critical habitat for at least

19% of the threatened, candidate, or endangered species within
the state (Baker et al., 2004). However, beyond species of
concern, desert ciénegas and riparian corridors may increase
regional biodiversity by up to 50% in some cases (Sabo et al.,
2005).

Over the last decade, we examined sediment collected
from ciénega systems located in the southwestern deserts
to understand the hydrology, ecology, disturbance regimes,
climatology, and environmental change from these critical
systems. Our work builds on the legacies of scholars working
in this region, including Antevs, Martin, and Mehringer (e.g.,
Antevs, 1962; Martin, 1963; Mehringer, 1967). Consideration
of ciénegas as repositories of environmental history was largely
untouched until Hendrickson and Minckley (1985) published
“Ciénegas—Vanishing Climate Communities in the American
Southwest.” Paleoecological research of these sedimentary
environments was largely unexplored until Davis et al. (2002)
published a synthesis of several sites that examined changes in
burning regime with European settlement. However, a large-
scale evaluation of ciénega form and function has not yet been
undertaken (see Pigati et al., 2014).

In this paper, we present data from four ciénega sites in
the Arizona/New Mexico-Mexico borderlands using multiproxy
analyses. Herein, we present data from previously published
research as well as new records to provide a regional perspective
on vegetation and disturbance history from the borderlands
region. We detail our approach to handling differential pollen
preservation and explain how sedimentary indicators may
also provide evidence for hydrology as a control on pollen
preservation. Despite the analytical challenges associated with
ciénega sediments, the environmental record we present here
shows regional coherence of wet-dry episodes. We show
that pollen records from ciénegas provide insight to past
climatological states related to variations in winter precipitation.
For the desert Southwest, this is currently associated with quasi-
periodic El Nifio Southern Oscillation (ENSO) variations. In the
tradition of Von Post, our first objective is to identify conditions
in the sedimentological proxy data (e.g., pollen and charcoal) that
record changes in ciénega systems attributed to climate. For our
second objective, we identify modern episodes that are analogous
to conditions found in the paleoecological record (strong El Nifio
conditions) associated with ciénega growth (e.g., wet episodes)
to assess the dominant atmospheric drivers related to enhanced
winter precipitation in the arid southwest.

To address our first objective, we utilize indices of pollen
preservation and charcoal abundance. We assess pollen
preservation in ciénega systems of southwestern New Mexico
and southeastern Arizona as well as the relationship to past
ENSO variability based on our modern understanding of ENSO
and southwestern North American hydroclimate teleconnections
(Heyer et al., 2017). Further, we put forward past fire activity
near the ciénegas was covariant with ENSO variability, similar
to connections observed in historic southwestern forest fire
research (Swetnam and Betancourt, 1990). Considering fuel
availability produced during antecedent wet seasons is closely
linked to wildfire in arid and semi-arid environments globally
(Krawchuk and Moritz, 2011), we consider our linkage of
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past fire activity and ENSO variability viable. To address our
second objective, on the impact that El Nifio events have on
Southwestern climate, we use high-resolution modern climate
data to assess teleconnections between moisture delivery
and southwestern precipitation anomalies during winter and
spring of strong El Niflo events as a mechanism for sustained
wet conditions that are conducive for pollen preservation in
ciénegas.

REGIONAL DESCRIPTION

The southwestern deserts, particularly those in the Sonoran and
Chihuahuan systems, have a high concentration of ciénegas
(Hendrickson and Minckley, 1985; Minckley et al., 2013b; Cole
and Cole, 2015). These wetlands are found in a variety of
geomorphic contexts along riverine or stream channels, oft-
channel seeps, landslide backfill, and valley bottoms, to name
a few. Often ciénegas are proximal to fault lines, which are
common in the desert basin and range structures of western
North America (Minckley, unpublished).

The modern climatic context of the arid southwest of North
America is characterized as having bimodal precipitation (Mock,
1996; Shinker, 2010). Winter precipitation has broad spatial-
scale patterns with persistent light precipitation delivered by
midlatitude frontal systems (Mock, 1996; Comrie and Glenn,
1998; Shinker, 2010). In contrast, summer precipitation is highly
variable spatially and typically short in duration associated with
convective thunderstorms delivered via the North American
Monsoon System (NAMS; Mock, 1996; Adams and Comrie,
1997; Sheppard et al., 2002; Diem and Brown, 2006; Shinker,
2010). The modern NAMS developed after climate started to
warm and the Laurentide ice sheet began to collapse at the end
of the last ice age. This warming led to the formation of summer
thermal lows that provide a mechanism for drawing moisture
from the Gulf of Mexico and southeastern Pacific (Spaulding,
1991; Adams and Comrie, 1997; Minckley et al., 2004). The
bimodal nature of precipitation in the southwest, especially the
extra precipitation in the summer associated with the NAMS,
provides effective moisture at the surface related to water- and
energy-balance components important for ecosystem and water
resources related to vegetation and the ciénega systems of the
southwest (Shinker and Bartlein, 2010).

In addition to the bimodal climate of the southwest, large-
scale modes of variability such as ENSO impacts southwestern
hydroclimate and ecosystems (Ropelewski and Halpert, 1986;
Cole and Cook, 1998; Gershunov and Barnett, 1998a; Cayan
et al., 1999; Dettinger et al., 2000). El Nifo is the anomalous
warming of the near-surface water off the western coast of
South America that initiated about 5000 years ago (Enfield,
1992; Liu et al., 2014). Its atmospheric counterpart is the
Southern Oscillation, which reflects changes in barometric
pressure (Wallace and Gutzler, 1981; Enfield, 1992). Strong El
Nifo years in the modern record typically result in higher-than-
normal winter precipitation in the southwestern United States;
while strong La Nifia typically causes lower-than-normal winter
precipitation and is typically associated with regional drought
(Shinker and Bartlein, 2009). Studies have identified a north-
to-south precipitation dipole correlated with ENSO in the

western U.S., showing a strong relationship in the southwest
between cool season (Oct-Mar) precipitation and El Nifio events
(Dettinger et al., 1998; Wise, 2010). Further, many studies
have shown statistically significant correlations between ENSO
and western North America precipitation, specifically in the
southwest where spatially coherent correlations are found during
the cool season (Dettinger et al., 1998; Heyer et al, 2017).
However, various modes of ENSO are associated with different
impacts on western NA hydroclimate (Ashok et al., 2007), and
teleconnections can vary on decadal-to-centennial time scales
(Gershunov and Barnett, 1998b), suggesting that southwest
hydroclimate does not always respond to ENSO variability
in a linear manner based on our modern understanding of
southwest hydroclimate and ENSO correlations (Heyer et al.,
2017). However, despite teleconnection variability (Gershunov
and Barnett, 1998b), dipole variability (Wise, 2010) and different
modes of ENSO (Ashok et al, 2007), paleo-sedimentary
records suggest teleconnections between ENSO and southwest
climate are similar to those observed in the modern record,
and have persisted at century-millennial time scales (Barron
and Anderson, 2010; Antinao and McDonald, 2013; Kirby
et al., 2014; Hart et al., 2015). Further, paleoecological records
have revealed the ENSO phenomenon is correlated with fire
regimes of the southwest (Swetnam and Betancourt, 1990).
Therefore, our research on San Bernardino Ciénega suggests
that over centuries-to-millenial scales fire frequency trends are
consistent with ENSO variability, with fire frequency increasing
(decreasing) when El Nifio (La Nifia) was active (Brunelle et al.,
2010).

Our work has been focused on ciénegas near the US/Mexico
borderlands region in southern Arizona and New Mexico
(Figure 1) in the monsoon-dominated ecotone of the Sonoran
and Chihuahuan deserts and in a region well correlated with
ENSO activity (Wise, 2010; Heyer et al., 2017). Total annual
precipitation is around 254mm (Western Regional Climate
Center, 2017). Summer temperatures are generally around 37°C
while winter temperatures rarely fall below freezing.

SITE DESCRIPTIONS

San Bernardino Ciénega (31.3°N; 109.3°W, 1,160 m asl; Figure 1)
is located in the drainage of Black Draw Wash/Rio de
San Bernardino (RSB) of southeastern Arizona, USA and
northeastern Sonora, MX near the ecotone of Chihuahuan and
Sonoran grassland and desert scrub (Minckley and Brunelle,
2007; Minckley et al., 2009, 2011; Brunelle et al., 2010). Currently
the ciénega surface is dry except for a few artificial impoundments
and small perennial springs.

Cloverdale Ciénega is located in the Peloncillo Mountains,
Coronado National Forest, NM (31°26.141’ N, 108°58.517 W,
1,640 m asl; Figure 1). Cloverdale Ciénega is situated at the
ecotone between Madrean woodland and grassland (Brunelle
et al., 2014), making this location sensitive to changes in
community composition over time. Currently, the Madrean
woodlands form a mosaic of clustered tree stands interspersed
with patches of shrub and grass (Brown, 1982).

Canelo Hills Ciénega (31° 33.833'N, 110° 31.711'W, 1,506 m
asl; Figure 1) is a Nature Conservancy preserve located southeast
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of Sonoita, Arizona on the east side of the Canelo Hills. The area
is a Madrean grassland.

Babocamari Ciénega (31° 37.901'N, 110° 27.178'W, 1,391 m
asl; Figure 1) is southeast of Sonoita, Arizona and located
between the Whetstone and Huachuca Mountains. The site is
considered Madrean grassland.

METHODS
Field

San Bernardino

Sediments were collected from an active spring (Snail Spring),
the incised channel wall of the Rio de San Bernardino arroyo
(RSBA), and the ciénega surface of the San Bernardino National
Wildlife Refuge (SBNWR). The RSBA samples were described
and collected contiguously from a freshly exposed sediment
face with a trowel. A 15-m long core was obtained from
the SBNWR using a truck-mounted 5” (12.7mm) hollow
barrel auger (Minckley et al., 2007). The Snail Springs
samples were collected using a modified Livingstone piston
corer.

Cloverdale, Babocamari, and Canelo Hills Ciénegas

Sediment cores were collected using a vibracore system where
manual probes indicated maximum sediment accumulation.
The vibracore apparatus uses a cement leveling motor
attached to a 3-inch aluminum tube inserted into the
sediments until refusal (bedrock). Sediment was retained
in the aluminum tube by placing an airtight cap on the
top of the tube to create a vacuum, allowing the sediment

core to be removed from the ground without loss. The
cores were transported in the aluminum tube to the
University of Utah and split in the lab for description and
sampling.

Laboratory and Analytical

Once the cores were removed from the aluminum tube, the
color and texture of the sediments were described. Every
contiguous centimeter of the core was examined for charcoal
analysis. For pollen analysis, samples were collected to acquire
a minimum sample resolution of approximately every 200
years. The sediments were weakly stratified, massive, and
organic.

Age-depth relationships were determined for the sediments
based on AMS (accelerator mass spectrometry) dates on
pollen concentrates, lead-210 chronology (when available),
and the surface (collection year; Table 1). Ages are presented
in calibrated years before present (cal yr BP) where 1950
CE is equal to year 0 cal yr BP. The age-depth models
were generated in CLAM (Blaauw, 2010) using smoothing
splines (Figure2). The age model for San Bernardino
was created using multiple linear regressions and was not
rerun due to the multiple publications already based on
the existing chronology (Brunelle et al, 2010 and citations
therein).

Pollen extraction methods followed Faegri et al. (1989). For
pollen analysis, we attempted to identify at least 300 terrestrial
pollen grains to complete the rarefaction curve associated
with pollen diversity (Maher, 1963). Pollen grains were identified
at a magnification of 500X to the lowest possible taxonomic
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TABLE 1 | Radiocarbon dates from the reported sites.

Depth Core Lab number Method Material 14C age Calendar year Error Calibrated (CALIB 7.1)
median probability
0-1 CCo8C - Surface - - -58 - -
14-15 CCo8C - Lead-210 Sediment - 89 1 -
47-48 CCo8C CAIS 4477 AMS Pollen 2,370 - 45 2,413
63-64 CCo8C CAIS 5469 AMS Pollen 2,770 - 25 2,863
95-96 CCo8C CAIS 5470 AMS Pollen 3,280 - 30 3,510
159-160 CCo8C CAIS 4478 AMS Pollen 4,530 - 45 5,163
0-1 BAB10A - Surface - = —60 - -
43-44 BAB10A CAIS 7339R AMS Pollen 1,580 - 24 1,468
75-76 BAB10A CAIS 7340R AMS Pollen 1,663 - 24 1,564
127-128 BAB10A CAIS 7341R AMS Pollen 1,899 - 30 1,848
0-1 CAN10A - Surface - - -60 - -
11-12 CAN10A CAIS 7335 AMS Pollen 190 - 25 180
31-32 CAN10A CAIS 7336 AMS Pollen 1,078 - 25 980
71-72 CAN10A CAIS 7337 AMS Pollen 2,720 - 25 2,814
0-1 RSBO4 - Surface - —54 - -
40-42 RSB04 Beta-204829 AMS Pollen 830 - 40 741
108-110 RSB04 Beta-204374 AMS Pollen 1,200 - 40 1,128
155-160 RSBO4 CAIS 1615 AMS Pollen 1,700 - 45 1,609
175-180 RSB04 Beta-204828 AMS Pollen 2,470 - 40 2,668
375-380 RSB0O4 Beta-203022 AMS Pollen 3,900 - 40 4,335
346-347 SBNWR05 Beta-207161 AMS Pollen 3,740 - 40 4,096
553-554 SBNWR05 Beta-207162 AMS Pollen 3,920 - 40 4,354
667-668 SBNWR05 Beta-207163 AMS Pollen 6,190 - 50 7,087

Depth {ecm)
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T T T T
3000 2000 1000 0 1500
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FIGURE 2 | Age models for previously unpublished cores.
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classification using published atlases (e.g., Erdtman, 1969; Kapp
et al., 2000). Counts were converted to percentages based on the
sum of total terrestrial grains and influx using the sedimentation
rate calculated using the age models. In desert sediments, a
300-grain terrestrial count is not always obtainable because of
poor preservation (Minckley and Brunelle, 2007; Minckley et al.,
2011). Our standard has been to attempt 300-grain terrestrial
counts or 300-1000 Lycopodium spore (exotic spore added as a
tracer) tallies for each depth. If pollen counts do not exceed at
least 100 terrestrial pollen grains we plot pollen presence instead
of abundance to avoid artificial inflation of identifiable pollen

types as presenting ecological significance, an issue common in
earlier studies as detailed in the Introduction.

A second way we avoid misinterpretation of desert pollen
assemblages is by determining an index of pollen preservation
(“preservation index”) where we consider the number of
Lycopodium tracers to the total number of identified grains.
Studying the way pollen has been preserved can help to determine
changes in the deposition or preservation environment. This
type of examination is a relatively underused technique (Tipping,
2000) that could be more widely used as an interpretive tool
(Tweddle and Edwards, 2010). In our study, the preservation
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index is used as an indicator of a decrease in water table height
that would expose deposited grains to conditions of wetting
and drying which are known to be consistent with deterioration
(Campbell and Campbell, 1994; Tweddle and Edwards, 2010).
The depth to water table in ciénega settings controls the water
level at the surface. In turn, the water table is largely controlled by
the amount of winter precipitation. High preservation indices are
used to indicate wet (active) ciénega surfaces, while low indices
indicate dry (inactive) surfaces.

Volumetric samples were taken from the sediments for
charcoal analysis to reconstruct fire history. Sample volumes
ranged from 1 to 10 cc based on the amount of charcoal found
at various depths throughout the sections. Sample volume was
adjusted to maintain a significant number of charcoal particles,
but to reduce excessive counts (>1,000 particles). Methods and
rationale follow Clark (1988) and Long et al. (1998). While
taphonomic studies of large particle deposition on fluvial wetland
surfaces have not been conducted, isotopic analysis of ciénega
sediments indicates pooling and stagnation of surface waters
(Minckley et al., 2009), suggesting sedimentation of charcoal
fragments would be similar to those of lake and bog surfaces.
Charcoal concentrations (particles/cm?) were converted to influx
(particles/cm?/yr) using the age models.

Statistical Analyses

To compare ciénega CHAR record to regional charcoal
variability, regional charcoal for Arizona, New Mexico, Southern
Utah, and Southern Colorado (i.e., latitude =30, latitude
<38, longitude <105, longitude >113) were collected from
the paleofire database (Blarquez et al., 2014), and used in
correlative analyses. A total of 13 sites were included, of
which all sites are from mid-upper elevations (ie., >2,300
meters) with the exception of the Montezuma Well site (near
1,100 meters). Prior to comparing regional charcoal to ciénega
charcoal, regional charcoal data were averaged (i.e., long-term
average 10,000 cal yr BP—present) and standardized to z-scores.
Charcoal data were then composited using a locally weighted
scatterplot smoother and bootstrapping techniques (Blarquez
etal., 2014).

Prior to correlation analyses, the CHAR and pollen
preservation ratio data were decomposed into pseudoannual
values and then reaggregated into 100-year bins to be comparable
to the Moy et al. (2002) El Nifio event frequency reconstruction.
The time series of all the ciénega sites were then averaged to
provide a comprehensive trend of the series. To quantitatively
describe the relationships between the ENSO index (Moy et al.,
2002) and the preservation ratio and CHAR time series, a
Pearson product-moment correlation was run on the time series
providing correlation coeflicients and p-values.

Correlations were performed between data from 7,700 cal yr
BP to present for mean-pollen preservation, and from 8,100 cal
yr BP to present for mean-charcoal accumulation. Correlations
were between ciénega sites mean-pollen preservation, ciénega
sites mean-charcoal accumulation, regional standardized
charcoal accumulation, and El Nifio events/100 years (Moy
et al, 2002). From 8,100 to 5,400 cal yr BP, only the San
Bernardino ciénega site was active, with pollen preservation

and charcoal accumulation at or near zero, as expected
considering El Nifio event inactivity. Therefore, correlation
analyses from 8,100 to 5,400 cal yr BP is not based on an actual
average. However, we assume a lack of pollen preservation
and charcoal accumulation at the inactive ciénega sites was
due to a lack groundwater recharge, which may represent
a reduction of persistent winter and spring precipitation
potentially associated with reduced El Nifio events (Scanlon
et al., 2006; Heyer et al., 2017). We suggest if the other three
ciénega sites had been active, then pollen preservation and
charcoal accumulation would have been close to zero, similar to
the San Bernardino ciénega. Thus, assuming the other ciénega
sites would have also had pollen preservation and charcoal
accumulation near zero, we only use pollen preservation and
charcoal accumulation data from the San Bernardino ciénega
to calculate the long term mean-pollen preservation (i.e., 7,700
cal yr BP—present) and mean-charcoal accumulation (i.e.,
8,100 cal yr BP—present). From 5,300 to 0 cal yr BP at least
two ciénega sites recorded data, allowing for a mean to be
calculated.

Modern Climate Analog Approach

While proxy data such as charcoal, pollen and macrofossils
provide a record of past ciénega variability from an ecological
perspective, paleoecological data does not provide a record
of the climatic mechanisms that caused such variability
(Shinker et al., 2006). Therefore, understanding modern climate
mechanisms and processes that cause variability in ciénegas
and the sensitivity and range of ecological responses to
such changes are fundamental to ecosystem management. We
incorporate a modern climate analog technique (Mock and
Shinker, 2013) in order to understand the climate processes and
mechanisms associated with ENSO conditions that are evident
in the sedimentological record from ciénega sites across the
United States/Mexico borderlands. The modern climate analog
technique (Mock and Shinker, 2013) relies on the principle
of uniformitarianism and assumes that modern synoptic and
dynamic climate processes operated similarly today as they
did in the past. The modern climate analog approach is an
effective way to identify climate mechanisms associated with
past environmental changes (e.g., as seen in reconstructed
sedimentary pollen analyses; Mock and Brunelle-Daines, 1999;
Shinker et al., 2006; Shinker, 2014). A modern climate analog
is a conceptual model that uses modern extremes (e.g., wet
or dry episodes) as analogs of past events (e.g., vegetation
disturbance associated with changes in ciénega hydrology) to
identify possible synoptic and dynamic patterns that may have
caused past extremes (Edwards et al, 2001; Shinker, 2014).
Such conceptual models of dynamic processes can provide
examples of modern climatic mechanisms as analogs of historic
and past hydroclimatic variability (Mock and Brunelle-Daines,
1999; Shinker et al., 2006; Mock and Shinker, 2013; Shinker,
2014).

The first step in the modern climate analog approach is to
identify conditions in the sedimentological proxy data that record
a change in vegetation and subsequently represents changes in
the cienega system, which would have signaled a change in the
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hydrological cycle. The next step is to use an environment-to-
circulation approach (Yarnal, 1993; Barry and Carleton, 2001;
Yarnal et al.,, 2001; Mock and Shinker, 2013; Shinker, 2014),
which considers the surface conditions based on information
gained from the proxy data collected from cienega sediments.
We use the Multivariate ENSO Index (MEI, Wolter and Timlin,
2011) to identify analogous periods (seasons, years) of anomalous
conditions and treat the selected cases as the modern analog
for past hydrologic variability seen in the sedimentary pollen
record. By identifying extremes (i.e., El Nifio conditions) in the
modern record, the environment-to-circulation approach helps
identify potential dominant synoptic processes that created the
persistent conditions leading to the ecological changes seen in the
sedimentary record.

We use five strong El Nifio events from the MEI (Wolter
and Timlin, 2011) for the period 1979-2017 (the common
period for the atmospheric circulation data we use). The
selected EI Nifio years (cases) represent similar conditions (e.g.,
El Nifilo modes consistent with anomalous wet winter and
spring conditions in the southwest) to those found in the
sedimentary analyses. Once selected, the case years are used to
calculate and map composite-anomaly values to assess the spatial
configuration of climate processes during the selected anomalous
case years (the modern climate analogs). We use climate data
from the North American Regional Reanalysis (NARR) dataset
(Mesinger et al., 2006), which spans 1979-2017. Use of the
NARR dataset is advantageous for two reasons: (1) it provides
a variety of climate variables that represent atmospheric synoptic
processes (e.g., atmospheric pressure; moisture availability, and
vertical motion) as well as surface conditions (e.g., precipitation
rate and soil moisture); and (2) The spatial resolution (32-
km grids) of the NARR is at a finer scale than large-scale
GCMs. The 32-km resolution of the NARR is valuable for
our area of geographic study because it captures topographic
and climatic diversity of the southwest (Heyer et al, 2017).
For each climate variable in the NARR dataset we use, the
seasonal value (e.g., DJF) of the selected modern analog case
years are averaged together (composited) and compared to
the long-term mean (1981-2010) to create composite-anomaly
values.

Finally, we map composite-anomaly values for selected
modern climate analog case years to analyze and assess the
spatial and temporal variability of our selected modern climate
analogs for surface and atmospheric conditions that would
support ecological change identified in the paleoecological
record. Atmospheric variables (e.g., atmospheric pressure and
specific humidity) are mapped at a continental scale to illustrate
the large spatial scales in which such variables operate. Similarly,
the surface variables (e.g., precipitation rate and soil moisture)
are mapped at the local or regional level to illustrate the spatial
heterogeneity of such processes.

RESULTS

Core Description
The sedimentary deposits were massive, organic rich clays with
interbedded layers of silt and sand.

Age Models

San Bernardino Ciénega

The San Bernardino age model is presented in Minckley and
Brunelle (2007); Blissett (2010), and Brunelle et al. (2010) and is
based on a series of linear regressions using 8 radiocarbon dates.

Cloverdale Ciénega

The Cloverdale age model (Brunelle et al., 2014) is based on
a smoothing spline (CLAM spar 0.1, goodness-of-fit = 22.4,
Blaauw, 2010) based on the surface age, a lead-210 date and 4
radiocarbon dates (Figure 2).

Canelo Hills Ciénega

The Canelo Hills Ciénega age model is not previously published.
It is based on a smoothing spline (CLAM spar 0.3, goodness-
of-fit = 1.99, Blaauw, 2010) based on the surface age, and 3
radiocarbon dates (Figure 2).

Babocamari Ciénega

The Babocamari Ciénega age model is not previously published.
It is based on a smoothing spline (CLAM spar 0.2, goodness-
of-fit = 4.25, Blaauw, 2010) based on the surface age, and 3
radiocarbon dates (Figure 2).

Pollen

San Bernardino Ciénega

The pollen data represent changes in abundances of various taxa
over the last ~8,000 cal yr BP (Figure 3). The Lycopodium curve
indicates depths that have greater or lesser preservation. For
example, the time period centered on 2,750 cal yr BP records a
greater abundance of identified Lycopodium than pollen grains
and reduced pollen preservation. Other interesting shifts in
pollen types include the increase in Poaceae, Cyperaceae, and
Typhaceae/Sparganium type after ~4,500 cal yr BP.

Cloverdale Ciénega

As with the SBNWR site, the amount of Lycopodium represents
the preservation of the pollen grains for the last ~5,500 cal
yr BP (Figure4). At this site preservation is excellent from
the beginning of the record until about 500 years ago. Other
distinctive changes in the pollen include a decline and then
subsequent increase in Cyperaceae centered on ~3,500 cal yr BP.

Canelo Hills Ciénega

The Canelo Hills record spans the last ~3,000 cal yr BP.
Increased preservation as indicated by a decrease in Lycopodium
improves from the beginning of the record toward present
(Figure 5). Cyperaceae and grasses also increase toward present.
Taxa extralocal to the ciénega remain relatively constant with
slight fluctuations (e.g., Amaranthaceae).

Babocamari Ciénega

The Babocamari record represent the last ~1,800 cal yr BP
(Figure 6). Preservation is variable over time as indicated by
increases and decreases in Lycopodium. Cyperaceae shows a
strong increase toward present starting at ~900 cal yr BP. All
other taxa remain relatively constant over the record.
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Charcoal

San Bernardino Ciénega

The San Bernardino Ciénega charcoal record is the longest
published fire history from the desert southwest (Figure 7). The
record spans the last ~8,000 cal yr BP. From ~8,000 to ~5,000
cal yr BP there is essentially no charcoal in the SBNWR record.
After ~5,000 cal yr BP the charcoal influx (CHAR) increases to a
sustained level from 5,000 to 4,000 cal yr BP. After 4,000 cal yr BP
the CHAR stabilizes around a new mean, increasing again around
1,500 cal yr BP.

Cloverdale Ciénega

The Cloverdale charcoal record initiates at ~5,000 cal yr BP and
remains relatively constant for the entire record (Figure 7). There
is a small decrease in CHAR centered on ~1,500 cal yr BP and it
increases significantly in the last couple hundred years.

Canelo Ciénega

The Canelo Hills charcoal record represents the last ~3,000 cal yr
BP (Figure 7). The CHAR slowly increases from the start of the
record to present.
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Babocamari Ciénega

The Babocamari record represents the last ~1,800 cal yr BP
(Figure 7). The CHAR is relatively stable for the entire period and
is of similar magnitude to the Canelo Hills and San Bernardino
Ciénega records.

Modern Climate Analog

Our modern climate analog results illustrated in Figure 8
show composite-anomaly values based on the five strongest El
Nifo events from the Multivariate ENSO index (MEI) (Wolter
and Timlin, 1993, 1998) and include 1982/1983; 1986/1987;
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1991/1992; 1997/1998; and 2015/2016 compared to the long-term
mean (1981-2010). We show winter (DJF) and spring (MAM)
composite-anomaly values because these seasons represent the
greatest impact of El Nifio teleconnections in the region (Heyer
et al, 2017). Additionally, winter and spring are important
seasons for prolonged and persistent wet conditions that would
support preservation of pollen in ciénegas.

During both winter and spring seasons, the southwest region
experienced lower-than-normal atmospheric pressure at the
500 mb level (Figure 8A) indicative of persistent low pressure
troughs. Such conditions are associated with counterclockwise
flow of air around the region that deliver greater-than-
normal moisture from the south via 850 mb specific humidity
(Figure 8B). While the 500mb Omega (vertical velocity)
composite-anomaly maps (Figure 8C) indicate a mixture of
weaker-than-normal (winter) and stronger-than-normal (spring)
rising motions these motions are still associated with greater-
than-normal moisture availability via specific humidity at the
850mb level. Both winter and spring months exhibit greater-
than-normal precipitation values (Figure 8D) in our region of
interest indicating persistent wet conditions through multiple
seasons. The greater-than-normal precipitation along with
lower-than-normal temperatures (not shown) contribute to the
persistence of greater-than-normal soil moisture (Figure 8E)
during both winter and spring months.

Statistical Relationships

The correlations between El Nifio frequency and mean-pollen
preservation ratios and mean-charcoal accumulation (CHAR)
were compelling. The results show a correlation between El Nifo

event frequency and CHAR and pollen preservation, however the
correlation coefficient values strengthen when a lag in the data
is considered. The optimal lag between El Nifo frequency and
CHAR is at 500 years while the optimal lag between El Nifio
frequency and pollen preservation ratios is at 300 years.

DISCUSSION

In this paper we present a quantitative approach for the
interpretation of arid-land pollen sequences and introduce
two new Southwestern desert sites. By merging the traditional
summation and proportioning of terrestrial and non-terrestrial
pollen, first demonstrated by Vonpost (1916) with a Boolean
(presence/absence) and preservation evaluation, interpretations
of absence or degradation can be placed in an ecological context.
Ciénegas have been shown to be highly sensitive to hydrologic
change and might be one of the few terrestrial ecosystems
where state-changes have been identified (Schefter et al., 2001;
Scheffer and Carpenter, 2003; Folke et al., 2004; Heffernan, 2008;
Minckley et al.,, 2011, 2013b). We utilize modern climate analogs
of strong El Nifo years to provide mechanisms for winter and
spring moisture delivery into the region that would support
ecological conditions of ciénega growth and pollen preservation.

Our interpretive approach allows us to address potential
mechanisms driving ciénega development and controls on their
growth related to regional climate and land-use (Brunelle et al,,
2014). Winter and subsequent spring precipitation appears
important to ciénega form and function through recharging
groundwater systems that feed ciénega complexes. Without
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critical inputs of winter and spring precipitation to support a
water table emergence at the surface, ciénegas are intermittently
dry or nonexistent. Groundwater lags have been shown to have
long residence times of decades to centuries (Rodriguez et al.,
2005; Wolaver et al., 2013) In the Southwest, winter and spring

precipitation is enhanced during El Nifio events (Heyer et al.,
2017). Scanlon et al. (2006) indicated that periods of frequent El
Nifio events result in three times as much groundwater recharge
in the desert Southwest as compared to periods of frequent
La Nina events. Flint et al. (2004) demonstrated with their
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models that the southern part of the Great Basin gets 220%
greater-than-mean recharge during El Nifo years. These studies
suggest a potential link between ENSO and ciénega state changes.
Alternatively, groundwater discharge systems may also respond
to local groundwater depletion via extraction in the present day
(see Pigati et al., 2014; Séez et al., 2016).

San Bernardino Ciénega

At San Bernardino Ciénega the pollen preservation ratio is low
from the beginning of the record ~8,000 cal yr BP until ~5,000
cal yr BP (Minckley and Brunelle, 2007; Minckley et al., 2009,
2011). This transition in preservation coincides closely with our
understanding of the initiation of ENSO active conditions (>5 El
Nifo events per 100 years; Moy et al., 2002). Prior to the onset
of active ENSO, the site was an intermittent wetland based on
the sediment characteristics and the presence of some aquatic-
type pollen grains such as Cyperaceae (Figure 3). After ~5,000
cal yr BP preservation increases (Figure 7) as does the abundance
of wetland pollen taxa (Figure 3). Not only does the pollen
preservation ratio track the initiation of ENSO-active conditions
at ~5,000 cal yr BP, but it also decreases during the “quiet active”
ENSO period from ~4,500 to 2,000 cal yr BP (fewer than 5 El
Nifio events per 100 years), increasing again with the increase in
El Nifio activity after ~2,000 cal yr BP.

The fire history at San Bernardino Ciénega also correlates
closely with the timing of the initiation of active ENSO conditions
(Figure 7). There is essentially no charcoal in the San Bernardino
Ciénega record until before 5,000 cal yr BP (Brunelle et al,
2010). Prior to 5,000 cal yr BP, the majority of rainfall in
the region would have been from summer monsoons. In the
Southwest, increased winter precipitation results in increases in
the production of spring flowering annuals, which creates fine
herbaceous fuels during the summer (Swetnam and Betancourt,
1990; Bowers, 2005). The production of these fuels creates a
fuel continuity which would normally not be present in arid
Southwestern desert ecosystems. Prior to the onset of El Nifio
events, there would have been ignition in the desert with summer
convective storms, but the lack of fine fuel associated with
enhanced winter precipitation would have prevented fire spread.
The absence of charcoal prior to ~5,000 cal yr BP does suggest
minimal fire activity prior to that time. In addition to the step-
wise increase in charcoal at ~5,000 cal yr BP, there is a second
increase in charcoal influx at ~1,500 cal yr BP, coincident with
when El Nifo activity enters its most active phase (Figure 7).
This suggests that once winter precipitation provided the fine fuel
source and fuel connectivity, fire activity and charcoal production
increased, connecting charcoal records and El Nifio activity.

Cloverdale Ciénega

The Cloverdale Ciénega initiates when ENSO enters the active
phase ~5,000 cal yr BP (Figure 7). We propose that the increase
in groundwater recharge associated with El Nifio-enhanced
winter and spring precipitation allowed the water table to rise
to the point of surface saturation/standing water and the ciénega
to form. Scanlon et al. (2006) assert that groundwater recharge
in the desert southwest is controlled by the occurrence of wet
winters and springs associated with El Nifo conditions. The

pollen preservation at Cloverdale Ciénega also improves with
increased activity of El Nifio events (Moy et al., 2002; Figure 7).
Preservation decreases slightly with a small decrease in El Nifio
events ~2,000 cal yr BP, but then preservation increases with
the subsequent increase in El Nifio events. Wetland taxa like
Cyperaceae decrease during the “quiet” El Nifio period starting
around 4,500 cal yr BP possibly indicating a lowering of the
water table (Minckley et al., 2013b; Figure 4). While the pollen
preservation signal remains high for the remainder of the record,
Cyperaceae percentages drop with the introduction of cattle to
the site ~1,600 CE (Brunelle et al., 2014). This extensive use
of the region for cattle grazing at this time led to woody plant
encroachment and a shift in the vegetation community clearly
recorded in the sedimentary pollen record (Brunelle et al., 2014).
The charcoal accumulation rate from Cloverdale Ciénega
follows the general trends of El Nifio frequency with a slight
decline in charcoal accumulation associated with the quieter
ENSO period (Figure 7). The charcoal record suggests a fire
regime controlled by the presence of fine fuels, which would be
enhanced by anomalous winter and spring moisture typical of
strong El Nifio events in the region (Figure 8, also see Heyer
et al,, 2017). The large increase in charcoal accumulation in the
latest part of the record appears to be a decoupling of the natural
fire regime and is likely associated with the encroachment of
woody plants at this time (Brunelle et al., 2014). The decrease in
complete combustion associated with woody fuels would lead to
an increase in the production of charcoal (Marlon et al., 2006).

Canelo Hills Ciénega

The preservation ratio at Canelo Hills increases from the onset
of the record at ~3,000 cal yr BP to present. The wetland record
from Canelo Hills doesn’t initiate until ~3,000 cal yr BP which is
when El Niflo enters a consistently active phase. The initiation of
Canelo Hills is likely related to the winter precipitation recharge
of the aquifer which then allowed water at the surface of the
ciénega. In addition to an increase of preservation, Cyperaceae
grains become increasingly more abundant from about 500 cal yr
BP to present, likely indicating the expansion of the cienega site.
The charcoal accumulation rate slowly increases from the start of
the record to present with dips coincident with decreases in the El
Nifio frequency curve. This again suggests a connection between
El Nio years and fine fuel production and accumulation.

Babocamari Ciénega
Babocamari Ciénega is the youngest ciénega of the four sites,
with a ~1,800 cal yr BP record. As with Cloverdale and Canelo
Hills, there seems to be a strong connection between the state of
ENSO and the initiation of the ciénega. Babocamari initiates after
the very highest peaks in El Nifio event frequency (Figure 7).
There is strong support for the relationship between greater El
Nifo event frequency and increased groundwater recharge in the
Southwestern deserts (e.g., Flint et al., 2004; Scanlon et al., 2006).
Also, like at Canelo Hills, we observe a relatively recent
increase in Cyperaceae. At Babocamari the increase begins
at about 900 cal yr BP, but then drops from ~ 150 to 50
cal yr BP (1,800-1,900 CE). This decrease is likely associated
with EuroAmerican impacts to the landscape (e.g., grazing,
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water diversion, etc.), however we also see the recovery of the
Cyperaceae wetland community in the most recent sample which
likely reflects the restoration efforts underway at the ciénega.

Site Synthesis

Continuous records of environmental change reveal how
environments respond to past natural perturbations, and provide
insight into the trajectory and rate of change environments may
experience in the future. Looking for a coherent pattern for
the interpretation of desert wetland records is difficult, because
unlike temperate lakes which can be produced from glaciation,
ciénegas are controlled by local hydrologic conditions (Minckley
et al, 2013b). In addition, during periods of disturbance or
drought the sediments can be lost (Heffernan, 2008; Heffernan
et al,, 2008; Minckley et al., 2013b), so we lack a regional context
that only multiple sites of similar age can provide. However,
there are nested patterns in the data presented here. Wet-dry
episodes seen in the longest record, San Bernardino Ciénega, are
either repeated in the other records through temporal overlap
of ecological histories recorded or the initiation of the younger
records. This suggests that there is a regional climate linkage to
the development, growth and senescence of these wetlands.

The relationship between fire and ENSO is well recorded in
the regional upland forests records of the Southwest (Swetnam
and Betancourt, 1990). To assess this relationship from the
ciénega records, the average CHAR and pollen preservation ratios
were calculated for the 4 sites. These averaged time series were
then correlated with the El Nifio frequency curve (Moy et al,
2002) to determine if statistically significant relationships exist
[e.g., is the frequency of El Nifio affecting the fire regime (CHAR)
or state (wet vs. dry) of the wetland (as indicated by the pollen
preservation ratio)]. When correlations were run on parallel time
series (e.g., “no lag”), the correlation 95% confidence interval
between El Nifio frequency and CHAR was —0.04 to 0.38 with
a p-value of 0.10, and the correlation 95% confidence interval
between El Nifio and pollen preservation was 0.10-0.50 with a
p-value of 0.05 (Table 2). These values do suggest that some of
the variability in CHAR and pollen preservation are controlled
by the frequency of El Nifio. However, when one examines the
CHAR and pollen preservation curves in comparison with the El
Nino frequency curve (Figure 8) a temporal offset is evident. It
is ecologically consistent that if there was a period of increased
El Nifio frequency that the increase in ciénega CHAR might
follow with some lag. To better understand ciénega system lags,
correlation analyses were performed at 100, 200, 300, 400, and
500 years. The analyses demonstrated that average ciénega CHAR
correlates best with El Nifio frequency at a lag of 500 years
with a correlation 95% confidence interval of 0.26-0.62 and p-
value of 0.000026. The same exercise was conducted between
El Nifo and average ciénega pollen preservation data, with the
optimal correlation 95% confidence interval of 0.25-0.61 and
p-value of 0.00004 identified with a lag of 300 years (Table 2).
Again, given the lag in groundwater recharge and emergence
following a period of wet winters and springs (high EI Nino
frequency), and the lag in the drying of a ciénega system following
a series of dry winters (low EI Nifo frequency), it is not surprising
the best fit between the two time series included a several

TABLE 2 | Summary of correlation analyses and results.

Variables 95% Confidence p-value
interval

Mean-pollen preservation and 0.22-0.59 0.0001

mean-charcoal accumulation

Mean-pollen preservation and El Nino events 0.10-0.50 0.005

Mean-pollen preservation and El Nino 0.25-0.61 0.00004

events 300 yr lag

Mean-charcoal accumulation and EI Nino —0.04-0.38 0.10

events

Mean-charcoal accumulation and EI Nino 0.26-0.62 0.000026

events 500 yr lag

Mean-charcoal accumulation and regional —-0.28-0.16 0.57

standardized charcoal

hundred year lag. Also, the fact that we are dealing with multiple
(likely imperfectly) age-modeled systems should be considered in
the evaluation of the statistical correlations between these time
series. The compelling result is the relatively high correlation
values given the comparison of climatic forcings and ecological
responses.

Another observation using the averaged CHAR data comes
from the analysis of the averaged ciénega CHAR with the
regional standardized CHAR. A 95% confidence interval of
—0.26 to 0.15, and a p-value of 0.57 (Table 2) indicate a lack
of relationship between averaged ciénega CHAR and regional
standardized CHAR. While ponderosa pine systems demonstrate
a relationship with ENSO (Swetnam and Betancourt, 1990),
many of the sites in the regional aggregate represent other
forest types where fuel availability is less limited than the
low elevation ciénega sites. In the American Southwest, upper
elevation fire regimes are limited by moisture (low moisture
and fire) whereas fire regimes in the deserts are limited by fuel
availability (Krawchuk and Moritz, 2011). A Peason’s correlation
between average ciénega pollen preservation and average ciénega
CHAR reveal a 95% confidence interval of 0.22-0.59 and p-
value of 0.0001, suggesting fuel availability limited fire at our
sites (Table 2). Further, the different controls on fire regime are
strongly reflected in the lack of correlation between the average
ciénega CHAR and the regional standardized CHAR (Table 2).

von Post (1946) identified the regions of the world where
vegetation history was fairly well known. Conspicuously,
temperate regions were well represented, while arid regions
were largely blank. This map would be fairly similar today.
Desert regions have limited depositional contexts where pollen
data are preserved and, as such, quantifying past changes
requires a degree of creativity. Our approach has been to
take the traditional quantitative method as we have learned
it and apply it as best we can in these contexts. However,
palynology, as is necessarily practiced in arid environments,
requires applying ecological knowledge to the variability within
pollen counts (i.e., poor pollen preservation has meaning, and
plotting percentages is not always appropriate). In doing so we
can provide novel interpretations to the continuous history of
place that sedimentary records provide us.
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In addition to providing the general paleoenvironmental
information for the sites presented here, there are four main
interpretations that we make from these records. (1) The length
of the sedimentary record provides information on groundwater
levels (surface saturation via pollen preservation). (2) The pollen
preservation index can be used to determine when sediments are
continuously vs. intermittently wetted, which we propose as a
proxy for winter precipitation. (3) Our evidence of fire history
provides an indirect record of fuel connectivity away from the
wetlands largely associated with fine fuel production. (4) Finally,
our assessment of modern climate analogs during strong El Nifo
years provides a mechanism for consistent and persistent delivery
of moisture into the region during winter and residual effective
moisture during spring, which supports an active ciénega state,
pollen preservation and production of fine fuels.

CONCLUSIONS

In the palynological tradition of Lennart Von Post, this paper
utilized pollen data to understand the past environment in
a poorly known region. We contribute two new ciénega
reconstructions to the existing body of work of the relatively
sparse paleoenvironmental record in the desert Southwest. Our
objectives were to (1) identify conditions in the sedimentological
proxy data (e.g., pollen and charcoal) that record changes
in ciénega systems attributed to climate; and (2) to assess
the dominant atmospheric drivers related to enhanced winter
precipitation in ciénega systems. In addition to providing
baseline information on the taxa present and fire regimes, we also
detected connections between the frequency of El Niflo events
and sedimentary proxy.

We identified the pollen preservation index as a means to
determine when sediments are continuously vs. intermittently
wetted, which in this region is a proxy for winter precipitation.
We also determined that the length of the sedimentary record
provides information on groundwater levels (surface saturation)
and the state and input of winter precipitation as well as
persistence of effective moisture into spring months. Finally,
fire history from ciénegas may be an indirect record of ENSO
through the production of fine fuels. We propose that with
continued analysis and the addition of more sites, desert ciénega
records may be valuable in filling in the gaps of environmental
reconstruction as an independent indicator of past El Niio
activity.

By using modern climate analogs of strong El Nifio events, we
provide context for the teleconnections between such modes of
variability and persistent wet conditions within desert Southwest
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ciénegas. Since pollen preservation in ciénegas is dependent upon
wet conditions and winter season precipitation associated with
El Nifio events that persist into spring in the Southwest, our
modern climate analog results provide mechanisms for moisture
delivery into the region that would support active ciénegas.
This delivery is a function of persistent lower-than-normal
pressure and higher-than-normal moisture availability delivered
into the region from the subtropics. Our results are specific for
the prolonged wetter-than-normal conditions that persist into
spring during strong El Nifo events. In other words, wetter-
than-normal winters alone are not enough to provide moisture
availability through subsequent spring months. Thus, analyses of
prolonged wet ciénega conditions should consider the impact of
persistence associated with multiple season anomalies, such as
those that occur during strong El Nifo events. Our results sug