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Introduction
Since the early 1990s, the preservation of biodiversity has been 
one of the top priorities of the global environmental agenda (e.g. 
Blondel, 2005; Brown and Caseldine, 1999). Paleoecology has 
made an important contribution to the understanding of biodiver-
sity at several levels (Odgaard, 1999). Various studies using pollen 
stratigraphies have demonstrated significant correlations between 
Holocene plant diversity, climate, and human activities. It is 
widely accepted that, to a certain extent, biodiversity and human 
interference are positively linked (e.g. Birks and Line, 1992; 
Grime, 2001; Paillet et al., 2010; Peet et al., 1983). Recent research 
into these relations mostly focuses on the last 200 years (Birks 
et al., 2016; McGill et al., 2015). Studies that have analyzed longer 
Holocene timescales (e.g. Berglund et al., 2008; Birks, 2007; Birks 
and Line, 1992; Birks et al., 1988, 2015, 2016; Colombaroli et al., 
2013; Felde et al., 2016; Goring et al., 2013; Lindbladh, 1999; 
Lindbladh and Bradshaw, 1998; Matthias et al., 2015; Meltsov 
et al., 2011, 2013; Odgaard, 1994, 1999, 2001, 2013; Weng et al., 
2006) tend to discuss cultural data very superficially – if they are 
even introduced at all. This is remarkable, because these data in 
particular may be key to gaining an understanding of the observed 
trends in biodiversity. The currently dominant monodisciplinary 
approach hampers detailed assessments of the links between past 
human behavior and biodiversity.

This study aims to reconstruct and explain spatio-temporal 
trends in past plant diversity by integrating data on vegetation 
dynamics, human subsistence economy, and land-use patterns. 
The landscape of Northwest France during the greater part of the 

Iron Age and the initial phase of the Roman period (600 BC–AD 
100) is selected as a case study. Compared to many other parts of 
Northwest Europe, this area is rich in paleobotanical data. These 
allow for the reconstruction of the main long-term trends in plant 
diversity and more generally of the changing fabric of the land-
scape. At the same time, increasingly detailed images of the Iron 
Age rural landscape are available because of a steep increase in 
archaeological data (aerial photography, surveys, and excava-
tions). These point to significant changes in land-use history dur-
ing the period under study. The different types of data are 
integrated and used as input for a wider discussion on the relation 
between human agency and plant diversity.

The research questions addressed in the paper are as follows:

1. What are the spatio-temporal trends in plant diversity and 
vegetation dynamics in Northwest France between 600 
BC and AD 100?
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2. How do these trends relate to habitation development, 
land-use patterns, and subsistence economy?

3. What bearing do these results have on wider discussions on 
the relation between human activities and plant diversity?

Context and problem definition
Climate change and human impact are essential in the develop-
ment of ecosystems and their biodiversity over different temporal 
and spatial scales (Berglund et al., 2008; Ricklefs, 1987). Reasons 
for maintaining and enhancing biodiversity include its value as an 
indicator of environmental quality and the preservation of a gene 
base. Systems with higher biodiversity may also be more stable 
and resilient and have a higher productivity (Brown and Casel-
dine, 1999: 3; Chapin et al., 2000; Tilman et al., 2006). According 
to Odgaard (1999), paleoecology can contribute to the under-
standing of biodiversity by (1) providing estimates of ‘base-line’ 
levels of species richness under ‘natural’ conditions, (2) describ-
ing diversity aspects of long-term succession, (3) using paired 
study sites to reveal effects of long-term land-use changes, and (4) 
supplying historical backgrounds to understand diversity varia-
tion. In short, the study of pollen records may lead to better 
insights into the processes influencing long-term trends in plant 
diversity (cf. Berglund et al., 2008; Brown and Caseldine, 1999; 
Birks and Line, 1992; Lindbladh, 1999).

The basic component of biodiversity is species richness, 
which is the number of species (Odgaard, 1999). Another impor-
tant aspect of diversity is evenness or equitability, describing the 
distribution of individuals among the taxa (the relative frequency 
of taxa; Birks and Line, 1992; Meltsov et al., 2013). Palynological 
richness in a pollen count is one proxy for reconstructing the 
alpha diversity trend through time (McGill et al., 2015; Weng 
et al., 2006). In this study, we are also interested in the changes in 
assemblage composition across space for one time period (spatial 
beta diversity; Felde et al., 2016). Finally, the time series of 
reconstructions clearly reflect the biodiversity at landscape level 
(Gamma diversity; Odgaard, 2013).

Studies in this field have significantly increased after the 
introduction of the rarefaction technique in past plant diversity 
research by Birks and Line (1992; see below). Even though the 
species richness in pollen records is biased by various factors 
(see below), rarefaction estimates are generally accepted as 
roughly reliable reflections of trends in past floristic richness. 
So far, most studies have centered on Scandinavia (e.g. Ber-
glund et al., 2008; Lindbladh, 1999; Odgaard, 1994; Seppä, 
1998), Great Britain (e.g. Bunting, 1996; Fossitt, 1996; Skinner 
and Brown, 1999), and Ireland (e.g. Brown, 1999), but other 
regions are receiving attention as well (e.g. Colombaroli et al., 
2013: Switzerland; Meltsov et al., 2013: Estonia). A first study 
into the palynological richness of Northwest France has been 
undertaken by Marguerie (2009).

Various studies of pollen records indicate a positive correla-
tion between human impact and taxa richness (e.g. Balée, 2006; 
Birks and Line, 1992; Birks et al., 2015, 2016; Huston, 1994; Peet 
et al., 1983). An increase in pollen percentages of anthropogenic 
indicators is in most cases closely connected with a rise in the 
number of taxa recorded (Lindbladh, 1999). The ‘intermediate 
disturbance’ hypothesis (Connell, 1978; Rosenzweig, 1997; 
Wilkinson, 1999) states that diversity is higher when disturbances 
are intermediate on the scales of frequency and intensity. It is 
based on the assumption that moderate disturbances interrupt and 
set back the process of interspecific competition and, therefore, 
maintain a nonequilibrium state. This disturbance level is suffi-
cient to prevent the development of dominance by any single 
component but insufficient to cause extinction of components at a 
landscape scale (Birks and Line, 1992). At a wider spatial scale, 
human interferences may create new landscape units and, 

therefore, increase landscape, plant community, and species 
diversity (Berglund et al., 2008; Marguerie, 2009; Matthias et al., 
2015; Meltsov et al., 2011, 2013; Miras et al., 2015; Odgaard, 
1999). Pollen records generally demonstrate a steady increase in 
floristic richness after the introduction of agriculture in the Neo-
lithic, but shorter periods of expansion or contraction can be 
detected. Berglund et al. (2008) describe significant shifts as 
‘diversity events’. Birks and Line (1992) note that floristic rich-
ness today is often greatest at boundaries, particularly ecocline 
boundaries between vegetation types. A floristically rich land-
scape is thus often one with many component vegetation types 
and hence with many boundaries. This is also referred to as a 
highly heterogeneous landscape. Most pollen records demon-
strate a decrease in floristic richness since the 18th/19th century 
AD, because of agricultural intensification and an increasing 
homogeneity in landscape structure (e.g. Birks et al., 2016; 
McGill et al., 2015).

So far, studies into the correlation between past human behav-
ior and plant diversity have been rather one-dimensional. Fossil 
pollen records form the analytic starting point and are used to 
deduce human influence on past ecosystems. When cultural 
(archaeological and historical) data are brought into the picture, 
these discussions remain superficial and undetailed, especially if 
we go back further in time than the last few centuries. The heavy 
reliance on paleobotanical sources in reconstructing the degree of 
human disturbance is remarkable if we take into account the 
important role that is generally ascribed to this factor. This cer-
tainly applies to what in ecological research is referred to as the 
‘Homo sapiens’ or ‘oligocratic’ phase, which is characterized by 
increasing late prehistoric and early historic human forest clear-
ances and land-use changes (e.g. Birks et al., 2016). The lack of 
integration of high-resolution cultural data brings the danger of 
circular logic and hampers detailed assessments of the link 
between human interference and past plant diversity dynamics.

In this study, we analyze pollen records from 30 sites from 
four different regions within Northwest France and compare the 
obtained trends in floristic richness with archaeological data on a 
well-documented protohistoric period: the Iron Age and initial 
stage of the Roman period (600 BC–AD 100). During this time 
span, the cultural landscape underwent a series of changes linked 
to important socioeconomic transformations.

Research area
Northwest France protrudes into the Atlantic Ocean and forms 
the westernmost tip of the European continent (Figure 1). The 
historical rural habitation pattern is dispersed, consisting of iso-
lated farmsteads and small hamlets. Productivist agriculture was 
introduced in the second half of the 20th century, replacing the 
ancient system of polyculture and cattle breeding (Menez and 
Lorho, 2013).

The landscape of western Gaul, on the eve of the Roman con-
quest, did not conform to the ‘mythical’ image of vast and impen-
etrable forests (Marguerie, 1990, 1992). The opposite is true: the 
later Iron Age landscape was relatively open, heavily influenced 
by man, and densely settled. Important overview studies of paleo-
ecological research in Northwest France have been published by 
Marguerie (1992, 2009; Marguerie and Hunot, 2007), Gaudin 
(2004), and David (2014).

The numerous pollen data obtained at the Armorican Massif 
scale were used by David (2014) to estimate the regional vegeta-
tion by the REVEALS model of Sugita (2007). Sugita introduced 
the possibility of grouping multiple small-sized sites (radius = 20 
m) as well, which is useful for the Northwest French situation 
where most basins are relatively small (Table 1).

The sixth Regional Pollen Assemblage Zone (RPAZ VI) 
defined by David (2014) for Northwest France covers the period 
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between the end of the Bronze Age and the end of Antiquity (1350 
BC–AD 475). This period is characterized by a decline of the 
main ligneous taxa, except the beech tree, whereas Poaceae 
increase clearly (Figure 2). During the subperiod (RPAZ VIa) 
from the Late Bronze Age to La Tène 1 (1350–250 BC), Corylus 
and Alnus are in constant proportion whereas Tilia, Quercus, 
Ulmus, and Fraxinus decrease gradually. Fagus and Salix increase 
slightly. Poaceae are very well represented. The subzone (RPAZ 
VIb) from La Tène 2–3 to the end of the Roman period (250 BC–
AD 475) is marked by some minor changes such as a small 
decrease in Corylus and Alnus. Ulmus, Fraxinus, and Fagus dem-
onstrate a modest increase, whereas the decline of Quercus ends. 
Poaceae decrease slightly.

Historical sources indicate that later Iron Age Brittany was 
inhabited by the tribes of the Osismii, Coriosolites, Veneti, 
Redones, and Namnetes (e.g. Menez and Lorho, 2013). The 
introduction of systematic aerial photography to the region in 
the 1970s led to the discovery of thousands of protohistoric and 
early historic sites, which are generally recognized by their 
characteristic ditch systems (Langouët, 1991; Leroux et al., 
1999; Figure 3). Detailed (micro-)regional studies have 
assessed the links between archaeological field data and aerial 
photographic information (e.g. Leroux et al., 1999; Naas, 
1999). Since the early 1980s, the region has witnessed a steep 
increase in Iron Age settlement excavations (Menez and Lorho, 
2013). These focused both on ‘inland’ areas (e.g. Le Bihan 
et al., 1990; Menez, 1993) and coastal regions (e.g. Daire, 
2009; Daire et al., 2011; Hyvert and Le Bihan, 1990). The latter 
also harbor numerous salt production sites scattered along the 
coastline (Daire, 2003). As more attention was also given to 
other site types (e.g. cemeteries, cult sites, and infrastructure), 
a detailed image of the Iron Age cultural landscape has emerged.

Methodology
Contrary to previous research, our study takes human land-use 
patterns as a starting point. We are mainly interested in the chang-
ing ‘fabric’ of the Northwest French landscape between 600 BC 
and AD 100. Therefore, the most important trends in land use, 
landscape organization, and subsistence economy were recon-
structed by means of a detailed survey of archaeological litera-
ture. A wide variety of sources was consulted, covering different 
components of the Iron Age cultural landscape (e.g. settlements, 
cemeteries, cult sites, fortifications, field systems, and infrastruc-
ture). The compiled data allow a division in three successive 
phases with markedly different characteristics. There are cur-
rently no indications for significant spatial differences in habita-
tion history on a regional scale (e.g. habitation density) that could 
be of major influence on taxonomic richness estimates, even 
though the subsistence economy of coastal and inland settlements 
may have differed to some extent.

Of all palynological analyses in the Armorican peninsula, a 
selection of 30 well-dated and high-quality pollen-stratigraphical 
sequences was made. The Iron Age period is included in each of 
them. Most span larger parts of the Holocene. The sites cluster in 
four regions: 4 in Western Brittany, 3 in the Morbihan Gulf region, 
15 in the Loire region, and 8 in Eastern Brittany (Figure 1). This 
regional division allows us to trace possible spatial variation in 
palynological richness. At this point, not enough high-quality data 
are available for Central Brittany. Therefore, this region has been 
left out of the research.

All existing data for the 30 sites were reanalyzed for the pres-
ent research and studied integrally. The number of palynologi-
cally analyzed levels dating between BC 600 and AD 100 varies 
between 3 and 23 per site, with an average of about 9 and a total 
number of 272. All sampling contexts consist of small peat bogs 

Figure 1. Location of the study area and distribution of the analyzed palynological datasets, clustered in four regions (GIS processing: Y. 
Rantier).
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with an average diameter of 140 m (Table 1). Samples from small 
basins have the advantage of recording vegetation at both local 
and regional scales (e.g. Broström, 2002). Pollen landing on the 
peat surface was not transported further. These kinds of sites have 
a chance of recording pollen from herbaceous taxa including 
anthropogenic indicators (Lindbladh, 1999).

A total of 172 radiocarbon dates, generally on seeds or twig 
fragments, were obtained for all the pollen sequences used in this 
study. The mean number of radiocarbon dates for each core is 5.7 
(minimum = 3; maximum = 10; Table 1). Each 14C date was cali-
brated to calendar years BC/AD using CALIB4.3 (Stuiver and 
Reimer, 1993) and the IntCal98 calibration dataset (Stuiver et al., 
1998). Problematic for this study is the so-called Hallstatt-plateau 
in the radiocarbon calibration curve between c. 800 and 400 BC, 
decreasing the precision of dates (e.g. Hamilton et al., 2015). 
Therefore, some caution is needed when links are assessed 
between vegetation trends and archaeological data.

Age–depth models were constructed for each sequence based 
on the available datings distributed throughout the core. When the 
pollen stratigraphy only had the minimum number of 14C datings 
(= 3), the model used was CLAM (Blaauw, 2010) with a linear 
regression interpolation. If the number of datings was higher than 
three, RenCurve was used (Lanos, 2004; Lanos and Philippe, in 
press) with a cubic spline interpolation and Bayesian approach 
(David, 2014).

Rarefaction analyses were performed on all pollen sequences. 
This technique permits to detect temporal changes in palynologi-
cal richness (the number of pollen types per sample) which can be 
interpreted as a measure of floristic and landscape diversity (Ber-
glund et al., 2008).

Palynological richness (among others) depends on the number 
of grains counted. The rarefaction analysis puts forward an 
exactly equal pollen count which is usually the lowest value of all 
sequences. With the ‘expected number’ E(Tn) of taxa indepen-
dent of the number of counted pollen grains obtained, the com-
parison between levels of a set of samples is meaningful (Birks 
and Line, 1992). For the first time, rarefaction analysis was per-
formed for a large number of western French Holocene pollen 
sequences. The software used was ‘Past’ (diversity/individual 
rarefaction).

Additionally, an analysis was made of the development of a 
selection of vegetation groups represented in Armorican pollen 
records during the period under study. These data serve to con-
textualize the results of the rarefaction analyses and to assess 
the links with human activity as reflected in archaeological 
data.

In total, five of the most common and relevant habitats were 
selected, based on the pollen-based vegetation community types 
(Leroyer et al., 2009). The first two represent forests. Closed for-
est is a mixed temperate broad-leaved forest, characterized by the 
presence of Quercus, Fagus, Carpinus, Tilia, Fraxinus, and Ilex. 
Open forest results from woodland clearance or use for agro-pas-
toralism and is characterized by heliophilous taxa such as Cory-
lus, Betula, Acer, and Ulmus.

Among the open communities, three anthropogenic groups of 
light-demanding plants are defined. They indicate agro-pastoral 
activities and are associated with apophytes, native plants coloniz-
ing disturbed land or abandoned fields, and anthropochores, non-
native plants related to cultivation (e.g. Behre, 1986; Gaillard 
et al., 1992). Ruderals grow on disturbed and phosphorus-enriched 

Table 1. List of analyzed palynological sites (see Figure 1) with some of their basic characteristics in terms of number of samples of the 
studied period, number of 14C dates, site radius, and references.

No. Site name No. of samples 600 
BC–AD 100

Site radius (m) Total no. of 14C dates References or analysts

Western Brittany 1 Vénec 14 250 3 Visset and Marguerie (1995)
2 Langazel ZA15 8 20 5 Gaudin, 2004
3 St-Jean-du-Doigt 8 20 5 Aoustin and Marguerie
4 Pont er Bellec 4 20 3 Marguerie (2009)

Morbihan Gulf 5 Rohu Pargo 7 150 4 Gaudin (2004)
6 Fogéo 10 20 6 Visset and Bernard (2006)
7 Suscinio 3 20 5 Visset and Bernard (2006)

Loire 8 Cordemais 23 20 4 Cyprien (2001)
9 Lisle 8 13 7 Ouguerram (2002)

10 Poupinière 7 620 6 Ouguerram (2002)
11 Mazerolles 7 600 8 Ouguerram (2002)
12 Nay 8 500 8 Ouguerram (2002)
13 Logné 9 300 5 Barbier and Visset (1997)
14 Gesvres 7 300 5 Ouguerram (2002)
15 Carquefou sond. 9 20 7 Cyprien (2001)
16 Seil 6 20 3 Cyprien (2001)
17 Oudon 16 20 10 Cyprien (2001)
18 Ancenis 9 500 7 Cyprien (2001)
19 Méron 11 100 6 Cyprien (2001)
20 Champtocé 11 75 7 Cyprien (2001)
21 Munet 8 300 6 Cyprien (2001)
22 St Thomas 7 150 4 Voeltzel (1987)

Eastern Brittany 23 Les Noës 5 20 6 Visset et al. (2005)
24 Moulin de Thévalles 9 20 6 Visset et al. (2005)
25 Baforière 6 20 3 Barbier (1999)
26 Glatinié 10 20 10 Barbier (1999)
27 Verderie Haut 5 20 4 Barbier (1999)
28 Lévaré 19 20 6 Barbier (1999)
29 Teilleul C1 9 20 5 Marguerie (2009)
30 Teilleul C2 9 20 8 Marguerie (2009)
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soils in inhabited areas and pastures and include apophyte taxa 
such as Plantago, Convolvulus arvensis, Polygonum aviculare, 
Cuscuta, Brassicaceae, Chenopodiaceae, Caryophyllaceae, Arte-
misia, Ranunculaceae, Potentilla, Trifolium, Urticaceae, Lamiac-
eae, Alchemilla, and Centaureae. Adventive taxa grow within the 
confines of cultivated plants in arable fields: Centaurea cyanus, 
Papaver, Melampyrum, Rumex, and Mercurialis annua. The 
anthropochore ligneous and herbaceous taxa of the crops group 
include Castanea, Juglans, Cerealia, Secale, Linum, Fagopyrum, 
Vicia, and Cannabis. Pollen values were calculated as the percent-
age of total pollen sum excluding Alnus pollen and fern spores.

Pitfalls and premises
Archaeological biases
Despite the steep increase in Iron Age data, there is still a shortage 
of high-quality information on land-use patterns on different spa-
tial scales. The main focus has been on settlements and less on the 
cultural landscape. This study integrates different types of archae-
ological data to sketch a holistic image. Because of a poor preser-
vation of organic material, not much is known yet about 
agricultural practices.

Pollen analysis biases
As discussed at length in previous research, the interpretation of 
pollen data in terms of past floristic richness is not unproblematic 
(Brown, 1999; Brown and Caseldine, 1999; Birks et al., 2015; 
Felde et al., 2016; Goring et al., 2013; Matthias et al., 2015; Lind-
bladh, 1999; Odgaard, 1999, 2001, 2013; Weng et al., 2006). The 
relationship between the number of pollen types in an assemblage 
and the number of plant species around a site is complex and 
biased by many factors, such as the lack of taxonomic precision, 
differential pollen production and dispersal, and the sample size.

Some pollen types can only be identified at a genus or even fam-
ily level. As families may consist of a large number of species, this 
leads to a considerable reduction in pollen richness values. How-
ever, the taxonomic precision might not limit the pollen-based 
diversity approach (Matthias et al., 2015). The pollen studies used 
here come from two laboratories (POLEN and ArcheoSciences) 
which use the same referential of taxonomy, follow identical pub-
lished illustrations and keys (Beug, 2004; Faegri and Iversen, 1989; 
Reille, 1992), and share their reference collection.

According to Matthias et al. (2015), the bias related to production 
and dispersal may not inhibit a correspondence between landscape 
diversity around a site and pollen diversity in a surface sample.

Figure 2. Estimated vegetation cover between the Bronze Age and Modern period in the Armorican Massif based on palynological analyses 
(REVEALS model). Modified after David (2014): (a) enclosures, (b) souterrains, (c) stelae, (d) tribes, (e) fortifications, and (f) salt production.
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Finally, when various pollen samples are combined or com-
pared, it is almost inevitable that different pollen counts are repre-
sented. This is corrected for by rarefaction analysis (Birks and 
Line, 1992; see above).

Results: Iron Age habitation and 
land-use patterns
Macroregional trends
Iron Age Northwest France had a distinct character, marked by 
the distribution of specific cultural elements (e.g. promontory 
forts, stone stelae, and so-called souterrains used for storage) and 
artifact styles (Henderson, 2007; Figure 3). The Iron Age is char-
acterized by a significant increase in settlement density (e.g. Giot, 
1995; Le Bihan et al., 1990; Menez and Lorho, 2013). This obser-
vation is based on the dense distribution patterns of souterrains, 
stone stelae, and settlement sites. Giot (1995) estimates the popu-
lation of Brittany in the last centuries BC at between 150.000 and 

300.000 inhabitants, corresponding with a density of about 3–10 
persons/km2. Small rural farmsteads, generally enclosed by 
ditches, were the dominant settlement type.

Diachronic patterns
Many archaeologists note marked differences between the First 
(800–450 BC) and Second (450–50 BC) Iron Age (e.g. Giot, 
1995; Henderson, 2007). Remains of First Iron Age settlements 
are rare and generally consist of diffuse distributions of settlement 
refuse, reflecting a dynamic settlement system (see below; Menez 
and Lorho, 2013). By contrast, Second Iron Age settlements are 
abundant and easily recognizable. The main diachronic trends in 
settlement foundation and abandonment have recently been ana-
lyzed by Menez and Lorho (2013; Figure 4). A first small peak in 
settlement foundations appeared around 550 BC (Figure 5). In the 
late 5th and early 4th century, various settlements and cemeteries 
were abandoned. In the late 4th and early 3rd century, a recovery 
sets in, which accelerated greatly until the middle of the 1st 

Figure 3. Distribution patterns of a selection of elements characterizing Iron Age Brittany: (a) enclosures (partly also dated to the Roman 
period, or undated; after Gautier, 2002), (b) souterrains (after Le Goffic, 2002a), (c) stelae (after Le Goffic, 2002b), (d) ‘tribal’ division according 
to historical sources (modified after Pape, 2002), (e) coastal promontory forts and large (>25 ha) inland fortifications (partly based on 
Henderson, 2007), and (f) primary salt production regions (after Daire, 2003).
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century BC. Many settlements were abandoned in the decades 
following the Gallic Wars (58–51 BC), followed by a renewed 
expansion in the 1st century AD.

Settlement patterns
Iron Age settlements mainly appear at the edges of plateaus and 
promontories and on slopes nearby stream valleys (Giot, 1995; 
Le Bihan et al., 1990; Menez and Lorho, 2013; Figure 6). 

Various sites are situated in coastal areas (e.g. Baudry and 
Daire, 2013; Daire et al., 2011; Menez et al., 1990). The aver-
age distance between settlements is 500–2000 m, but in some 
microregions, contemporary sites from the last two centuries 
BC are only a few hundred meters apart (Le Bihan et al., 1990; 
Menez and Lorho, 2013). These generally have a small territory 
and may demonstrate that a certain level of ‘saturation’ had 
been reached. In the late 1st century BC and 1st century AD, the 
landscape was restructured. Some later Iron Age sites remained 
inhabited, but overall, the network of Roman settlements was 
less dense and consisted of sites of different sizes and charac-
ters – varying from small farmsteads to Gallo-Roman villa sites 
and early agglomerations (Henderson, 2007; Menez and Lorho, 
2013).

Landscape texture
Besides settlements, the Iron Age landscape structure was deter-
mined by fortifications, cemeteries, and ritual sites. Iron Age for-
tifications can broadly be divided into promontory forts (French: 
éperons barrés) and fortified inland sites (e.g. Henderson, 2007; 
Maguer, 1996; Wheeler and Richardson, 1957). Promontory forts 
are coastal promontories with defense systems. Fortified inland 
sites generally appear on hilltops near the confluence of streams. 
Both categories may have fulfilled a variety of functions such as 
refuges, temporary domestic residences, trading sites, and sym-
bolic centers (e.g. Buchsenschutz, 1984; Henderson, 2007). Com-
pared to other parts of France, the forts in our study area are small 

Figure 4. ‘Life spans’ of Iron Age settlements in Brittany with high-resolution excavation data (e.g. large-scale research, 14C dates, detailed 
studies of find materials; after Menez and Lorho, 2013).

Figure 5. Generalized trends in Iron Age settlement foundation 
and abandonment in Brittany, divided in ‘time slices’ of 50 years. 
Graph based on the dataset of well-investigated sites depicted in 
Figure 4 (after Menez and Lorho, 2013).
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(<30 ha) and lack evidence of ‘urbanized’ elements (Giot, 1995; 
Henderson, 2007).

Small, dispersed cemeteries were dominant between the 6th 
and 4th century BC. Their life span was maximally 100–150 years 
(Menez, 1993; Menez and Lorho, 2013). Hardly anything is 
known about burial customs between the 3rd and 1st century BC 
(Menez and Lorho, 2013; Tanguy et al., 1990). Iron Age ritual 
practices were varied (Bouvet et al., 2003; Giot, 1995). Some cult 
sites were later overbuilt with Gallo-Roman temples (Bouvet 
et al., 2003). Various ritual offerings (e.g. weapons and pottery) 
have been retrieved from bogs, lakes, and streams (e.g. Allard 
et al., 1971; Léjars, 2014). Cult sites probably formed structuring 
elements in the densely settled later Iron Age landscape (Le 
Bihan, 2002).

Subsistence economy, agricultural expansion, and 
diversification
The Iron Age economy was essentially based on crop cultivation 
and cattle husbandry. For Northern France, Zech-Matterne (2015; 
cf. Zech-Matterne et al., 2009, 2013) recognizes three successive 
agricultural regimes. In the Bronze Age and First Iron Age, poly-
culture was practiced. Different cereals (e.g. barley, emmer wheat, 
spelt, and millet) were cultivated on small, well-maintained fields. 
The Second Iron Age witnessed specialization on specific spe-
cies. Field systems were larger and maintained less intensively 
and appeared on a wider diversity of soils. The Roman period 
demonstrated another scale enlargement and further specializa-
tion. Specific to Northwest France are an early appearance of 
buckwheat and rye and a relatively high proportion of leguminous 
species (Malrain et al., 2013; Marguerie, 1992). The rare bone 
assemblages retrieved from settlements generally consist of cat-
tle, pig, sheep, and goat, complemented with dog, horse, birds, 
and deer (Baudry, 2012; Giot, 1995; Méniel et al., 2009). At vari-
ous coastal sites, many remains of seasonally exploited sea food 
are found, such as mussels, scallops, sea snails, oysters, and sea 
urchins (e.g. Dupont and Mougne, 2015; Giot et al., 1986; 
Mougne et al., 2014). Other coastal settlements fully depended on 
agriculture (Hyvert, 1990; Le Bihan et al., 1990).

The last three centuries BC witnessed economic expansion 
and diversification, probably linked to the expanding Roman 
consumer market (e.g. Galliou, 1990; Henderson, 2007; Menez 
and Lorho, 2013). The settlement density increased, field sys-
tems expanded, and well-maintained road networks were cre-
ated. Local iron production increased, leading to the 
improvement and diversification of agricultural tools such as 
plowshares, sickles, and scythes (Giot, 1995; Langouët, 1990). 
Numerous salt production sites date to this phase (e.g. Daire, 
2003; Gouletquer, 1970). Some settlements developed into 
regional production, storage, and trading centers (Henderson, 
2007; Menez, 2009). Local coins were produced from the mid-
dle of the 2nd century BC onward (De Jersey, 1994). The aban-
donment of many farmsteads after the Gallic Wars may be 
attributable to their economic fragility and the loss of life in 
the war (Menez and Lorho, 2013).

Generalized phases
To conclude, the Iron Age was a period of rapid societal and land-
scape change. Based on archaeological data, three generalized 
phases in landscape development can be distinguished.

Phase 1 (600–300 BC): Characteristic is a dynamic settlement 
system, consisting of self-sufficient farmsteads practicing a 
system of polyculture. Settlements and cemeteries were rela-
tively short-lived.

Phase 2 (300–50 BC): A dense, more ‘stable’ settlement pat-
tern emerged. Human influence on the landscape increased 
greatly. Agricultural production was on a larger scale and 
more specialized. Simultaneously, an economic diversifica-
tion took place.

Phase 3 (50 BC–AD 100): After an initial drop in settlement 
density, the region became fully incorporated in the Roman 
Empire. The settlement pattern was somewhat less dense than 
before and comprised a variety of settlement types. Agri-
cultural production was upscaled. Larger trading networks 
developed.

Figure 6. Schematic overview of some of the main changes in landscape organization in Brittany between the 6th century BC and 1st 
century AD. The first phase is characterized by a relatively low habitation density and dynamic settlement system. This is followed by a strong 
densification of the settlement pattern in the second phase, combined with a more ‘stable’ landscape organization and economic diversification. 
After an initial steep drop in habitation, the third phase is characterized by agricultural scale enlargement and increasing Roman influence. Some 
settlements are continuations of later Iron Age sites.
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Results: Trends in vegetal diversity 
and some vegetation groups
Palynological richness
The palynological richness expressed by the expected number of 
taxa E(Tn) and calculated as a mean value of all the sites demon-
strates a regular increase during the three time periods. The high-
est diversity is reached during the beginning of the Roman period 
(50 BC–AD 100): numbers increase from E(Tn) value 28.25 in 
phase 1 (600–300 BC) to 30.08 in phase 2 (300–50 BC) and 32.34 
in phase 3 (50 BC–AD 100; Figure 7).

In western Brittany an increase in palynological richness is 
observed (26.45 in phase 1, 30.02 in phase 2, and 30.70 in phase 

3), with a strong rise between phases 1 and 2. In the Morbihan 
Gulf (southern Brittany), the E(Tn) values steadily increase: 
18.86 (phase 1), 22.91 (phase 2), and 25.81 (phase 3). Again, the 
strongest increase occurs between phases 1 and 2. In the Loire 
area (southern part of the Armorican Massif), palynological rich-
ness is more or less equal in phases 1 (31.97) and 2 (31.72). Then, 
a period of expansion is identified between phases 2 and 3 (33.65). 
In eastern Brittany (Coglais-Mayenne), a regular increase in 
E(Tn) is observed during the three periods as well: from 25.70 in 
phase 1 to 29.75 in phase 2 and 33.15 in phase 3. The increase in 
the expected number between the phases is significant, especially 
between phases 1 and 2.

All over the study area, the taxomic richness increases 
steadily during the three periods under study, except for the 
Loire area (transition phases 1–2). At the beginning of the 
Roman period, the diversity of the taxa is systematically higher 
than during the Iron Age.

Dynamics of the vegetation structure
Among the five pollen-based community groups selected to ana-
lyze the vegetation dynamics and human impact through time, the 
‘closed forest’ presents the most notable development (Figure 8). 
The average relative percentage of this group within all counted 
pollens (minus alder pollens and fern spores) ranges from 16% to 
19%. On average, the representation of this group progresses over 
time. While the values in phases 1 and 2 are almost equal (16% 
and 16.4%, respectively), a significant increase is witnessed 
between phases 2 and 3 (from 16.4% to 19.3%). This general 
increase of closed forest in a period of increasing human environ-
mental impact is remarkable. Within this trend, some regional dif-
ferences are observed. The Loire region matches the general 
trend: a small rise between phases 1 and 2, followed by a steep 
increase in phase 3 (13.4%, 14.6%, and 20.2%). In the Morbihan 
Gulf, the landscape of phase 1 exhibits relatively few closed for-
ests (7.8%). Phases 2 and 3 are distinguished by higher percent-
ages (10.5%). The trends in eastern Brittany are diametrically 
opposite, with less closed forest over time and the most signifi-
cant decrease between phases 2 and 3 (21.9%, 21.6%, and 19.4%). 
In western Brittany, phase 2 demonstrates a clear drop in closed 
forest pollen, before a marked extension in phase 3 (18.2%, 
15.1%, and 20.3%).

The average trends in the ‘open forest’ group, composed of four 
ligneous heliophilous taxa indicating woodland clearance, differ 
from the closed forest dynamics. A small decrease in open forest 
percentages is visible between phases 1 and 2, whereas those in 
phases 2 and 3 are about equal (15.1%, 13.9%, and 14.2%). Again, 
regional differences are encountered. The open forest trends in 
western Brittany resemble the closed forest developments (11.9%, 
9.1%, and 14%). In the Morbihan Gulf, phase 2 is characterized by 
a strong increase in open forests, followed by a decrease in phase 3 
(4.5%, 9.8%, and 6.4%). In the Loire region, phase 3 clearly dem-
onstrates the highest open forest percentages (9.7%, 9.3%, and 
12.4%). In eastern Brittany, the open forest group significantly 
decreases from phases 1 to 3 (28.7%, 24.6%, and 18%).

Concerning open areas, and more precisely light-demanding 
apophyte herbs and grasses which grow on disturbed soils, the 
‘ruderals’ group decreases gradually when all sites are considered 
(7.1%, 6.5%, and 6%). Similar trends are encountered in western 
Brittany (4.7%, 4.6%, and 4.1%) and the Loire area (9.1%, 7.4%, 
and 5.9%). On the contrary, the Morbihan Gulf (3.1%, 8.2%, and 
8.8%) and eastern Brittany (5.7%, 5.5%, and 6.3%) demonstrate 
an increase, with an especially significant rise occurring during 
phases 2 and 3 in the Morbihan (Figure 8).

Both in the entire study area and in each region, the represen-
tation of crops shows a small increase from the first phase to the 
third. The percentages are always low, around 0.5–2%. Phase 3 

Figure 7. Combined results of the palynological richness 
(expected number of pollen taxa E(Tn) by rarefaction analysis) for 
all sites (top) and grouped per region, with graphical representation 
of the average and the SD of E(Tn) per phase.
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often demonstrates a clear rise in this anthropochore group and 
thus in agricultural practices. As expected, taxa included in the 
‘adventives’ group, which grow on agricultural fields, demon-
strate similar trends. However, in the Morbihan Gulf, adventives 
are more numerous in phase 2 (0.8%, 1.15%, and 0.6%).

Discussion and conclusion
Diversity
Biodiversity was tackled here by species richness (alpha diversity) 
through time (temporal beta diversity) and space (spatial beta 
diversity). As expected based on the archaeologically documented 
growing human environmental impact, beta diversity increases 
during the study period (Figure 7). This trend is common in all 
subareas, except in the Loire region where the values for phases 1 
and 2 are similar. At the beginning of the Roman period, the taxo-
nomic richness is systematically higher than before.

Gaudin (2004) studied the development of the number of 
‘vegetation groups’ on well-drained terrains represented in 
Armorican pollen records. The distinguished vegetation groups 
are (1) arable fields, (2) wasteland and fallow land, (3) meadows 
and pastures, (4) heathland, (5) fallow land, (6) open or pastured 
forests, and (7) inhabited areas. Even though the number of veg-
etation groups represented at a regional scale cannot be equated 
directly with the degree of floristic diversity, it does provide 
insights into the level of landscape heterogeneity and the charac-
ter of the landscape mosaic (Marguerie, 2009). Therefore, a com-
parison of these trends with those in taxonomic richness can 
indicate to which extent both are linked. The development of spe-
cific vegetation groups can either be of natural origin (e.g. caused 

by climate change) or, more frequently, result from human activ-
ity. The number of vegetation groups increases from 3.5 as a mean 
value in the Neolithic to 5.5 in the later Middle Ages. During the 
Iron Age (750–50 BC) and Roman period (50 BC–AD 500), 4.8 
and 5.5 groups are recorded. It can be concluded that the trends in 
species richness and landscape heterogeneity during the period 
under study appear to match quite well.

Vegetation dynamics
While diversity increases gradually as expected by the archaeo-
logical data and thus reflects growing human environmental 
impact, the vegetation dynamics change. While we anticipated an 
increasing openness during the three phases under observation, 
the ‘closed forest’ group is constant or on the rise. As Quercus is 
the dominant taxon, the dynamics of this group mainly reflect 
trends in the representation of this tree.

The overrepresentation of ‘closed forest’ in phase 3 in Western 
Brittany is due to Quercus reaching a remarkable peak during this 
phase at the Vénec site. The other sites show a regular decrease in 
this taxon from phases 1 to 3. Among the ‘open forest’ taxa, Cory-
lus is well represented in the first phase at three sites in this region. 
In the Morbihan Gulf, the increase in Quercus from phases 1 to 3 
ends with a peak in the third phase at Suscinio. In the Loire area, 
the Quercus rise is regular from phases 1 to 3 at seven sites, and 
Fagus demonstrates the same behavior at five sites with an occa-
sional overrepresentation in phase 3. Finally, in Eastern Brittany, 
the decrease in ‘open forest’ is due to the decline of Corylus 
through time at six sites and an overrepresentation of this taxon 
during phase 1 at Ballée Les Noës.

Figure 8. Combined diagrams showing the dynamics of a selection of important vegetation types/communities throughout the three phases, 
for all sites (top) and grouped per region.
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Irrespective of the area, the wooded taxa are always between 
15% and 20% of the pollen assemblages. When these pollen val-
ues are transformed into estimated vegetation cover by the 
REVEALS model, forest vegetation forms about 10–15% of all 
ecosystems in the period under study (Figure 2). These values 
indicate a relatively open landscape. An overview study of paly-
nological research in Iron Age France indicates two clear thresh-
olds in woodland clearances: the first between the early and 
middle La Tène and the second between the middle and late La 
Tène. The first threshold is also characterized by an increase in 
the representation of ruderal herbs. The western part of France 
appears to have been more wooded than most other regions 
(Leroyer et al., 2009). In the French Massif Central, the 2nd cen-
tury AD is a period of widespread woodland exploitation for agro-
pastoral purposes at local and regional scales (Miras et al., 2015).

Relating to the process of forest clearance, a strong significant 
relationship exists between the percentage of herbaceous pollen 
and palynological richness (Goring et al., 2013; Meltsov et al., 
2013; Morales-Molino et al., 2011). Increasing openness provides 
habitats for more species than completely forested landscapes do 
(Honnay et al., 2003; Meltsov et al., 2013; Söderström et al., 
2001). However, semi-open landscapes exhibit greater floristic 
richness than completely open or completely forested landscapes 
(Billeter et al., 2008). The period and the region under examina-
tion here correspond to such a semi-open landscape. Since the 
Second Iron Age in Northwest France, human pressure on the 
woodlands, including deforestation practices such as slash and 
burn farming, was strong and induced the development of heath-
lands (Gebhardt and Marguerie, 2006; Vuorela, 1976). This 
expansion is particularly clear during the third phase at the sites of 
Langazel (western Brittany), Cordemais, Logné, Mazerolles 
(Loire), and Ballée-Noës and Baforière (eastern Brittany).

Light-demanding, apophyte and anthropochore herbs from the 
ruderal and adventive groups attest to the presence of meadows, 
pastures, livestock, and cultivated fields. The pollen values of 
these vegetations become a significant part of the pollen diagrams 
from the Second Iron Age onward. While the adventives are more 
or less rising in all areas, the ruderals appear to decrease except at 
the Morbihan Gulf and eastern Brittany. Plantago forms the basis 
of the ruderal group, whereas Rumex is often seen as representa-
tive of the adventives. In all areas, weeds and herbaceous plants 
favored by grazing are predominantly concentrated in phase 3. 
However, some counter-examples are found. In western Brittany, 
for example, Rumex and Plantago are registered in phase 1 at 
Saint Jean du Doigts and Vénec. In the Loire area, phase 1 dem-
onstrates Plantago and Ranunculaceae at Ancenis. In eastern 
Brittany, ruderals are present from the very beginning of the ana-
lyzed period at Thévalles, Lévaré, Ballée-Noës, and Baforière. 
The results may be interpreted as reflecting an agricultural system 
at least partly based on livestock raising, as several indicators of 
grazing became frequent in the diagrams, for example, Plantago, 
Potentilla, and Rumex. This observation is corroborated by the 
rare bone assemblages, mainly consisting of cattle, pig, sheep, 
and goat, found at archaeological sites.

Evenness
More taxa are detected when fewer dominant taxa are present and 
then the pollen evenness is greater (Colombaroli et al., 2013). 
Most of the study sites in Northwest France correspond to marshes 
that developed on valley floors. During their development, the 
marshes frequently host a riparian vegetation mainly comprising 
Alnus. This ligneous hygrophilous vegetation can influence pol-
len dissemination. This type of local vegetation developed around 
the marshes declines as a result of clearances. Compared to the 
previous Sub-Boreal and Late Atlantic, Alnus declines during the 
studied period, and a positive correlation is noticed between 

palynological richness and evenness at that time. The ligneous 
riparian vegetation generally gives way to a reedy marsh. Never-
theless, Alnus is still dominant at Vénec (phases 2 and 3) in west-
ern Brittany, at Suscinio (phase 1) in the Morbihan Gulf, at eight 
sites in the Loire area, and at six sites in eastern Brittany.

In some cases, other taxa are very dominant in the pollen dia-
grams. This applies to Quercus in Langazel (phase 1) and Vénec 
in western Brittany, in Suscinio (phase 3) in the Morbihan Gulf, 
and at Poupinière (phase 2) in the Loire region. Corylus is domi-
nant at Cordemais (phase 2) in the Loire area and at Thévalles, 
Lévaré (phases 1 and 2), and Glatinié (phase 1) in eastern Brit-
tany. Finally, Betula and Salix are dominant at Saint Thomas in 
the Loire area. Low pollen evenness could either reflect a poor 
diversity of plant communities or result from a local dense woody 
vegetation composed of Alnus and/or Corylus getting in the way 
of pollen in the catchment area.

At a wider spatial scale, increasing human interferences may 
create a more fragmented landscape and new habitats with an 
enrichment of the flora by new species of apophytes and anthro-
pochores (Berglund et al., 2008; Marguerie, 2009). Small-scale 
clearances in the landscape are considered to be an important fac-
tor influencing floristic richness in the northern temperate zone 
(Billeter et al., 2008; Meltsov et al., 2011). As noted above, Birks 
and Line (1992) argue that floristic richness in a fragmented land-
scape is greatest at ecotonal boundaries between vegetation types. 
From the first phase onward, our study area was influenced by the 
expansion of clearings, grazing, and farming which led to a 
patchy cultural landscape. The Iron Age and Roman landscapes of 
Northwest France seem to have been complex half-open land-
scape mosaics with an alternating mixture of forests, dry and wet 
meadows, heathland, pastures, settlements, and cultivated fields.

Land use–biodiversity relations
As mentioned, various authors have already stressed a positive 
correlation between human impact and taxa richness. In southern 
Estonia, for example, the pollen dataset of nine small lakes shows 
that pollen richness corresponds to land use and that this pollen 
richness has a strong correlation with nonforested areas (Meltsov 
et al., 2011). In southern Sweden, Berglund et al. (2008) corre-
lated low diversity values with agrarian and settlement crises. In 
the same area, Gaillard et al. (1998) found a significant positive 
correlation between nonarboreal pollen percentages and the per-
centage of open herb vegetation cover. This correlation has been 
clearly demonstrated in our study as well. The increasing richness 
values in our research area correspond with the growing impact of 
human activities on the landscape. This applies to the general 
trends during the 700 years under study.

The paleo-vegetation richness increase can be interpreted as 
the combined effect of four phenomena (Marguerie, 2009):

1. Expansion of new groups of (heliophilic) vegetation in a 
more open landscape because of deforestation. This leads 
to less competition between species, creation of new land-
scape units, and compositional turnover (Balée, 2006; 
Berglund et al., 2008);

2. Heterogeneity of human pressures across an area leads to 
several stages of vegetation successions being present at 
the same time;

3. Introduction of nonnative plants, not only consumables 
and crops but also above all anthropochores such as neo-
phytes that appear due to agricultural practices (plowing 
and manuring) and trade;

4. As shown by Odgaard (1999), the increase in pollen 
richness also results from an increase in total pollen 
production.
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In the study area, the forests were opened up from the Neo-
lithic to improve grazing and cultivation (Marguerie, 2009). Dur-
ing the Iron Age, arable farming is clearly well established. The 
crops, in particular cereals, are frequently registered in the pollen 
assemblages. However, they rarely display constant values during 
the three phases. Most crops are registered in phase 3, but earlier 
recordings are frequent as well. For instance, Cannabis was culti-
vated in western Brittany at phase 1 in Saint Jean du Doigts. In the 
Loire area (Cordemais, Gesvres, and Mazerolles), and eastern 
Brittany (Thévalles and Ballée-Noës), cereals are also present 
from phase 1 onward. The relatively low and discontinuous cereal 
values may point to an extensive agricultural system with nonper-
manent fields. The cereal pollen may originate from a kind of 
shifting cultivation where new lands were continuously cleared 
for cultivation and grazing (Lindbladh, 1999). Based on archaeo-
logical evidence and especially the steep increase in settlement 
sites (often with clearly visible field systems), one might expect a 
more spectacular rise in cereal values during the period under 
study. However, we have noted an economic diversification in 
phases 2 and 3, which means that cereal farming was only one 
component of the late Iron Age and early Roman subsistence 
economy. Unfortunately, current knowledge on Iron Age and 
Early Roman agricultural practices in Northwest France leave a 
lot to be desired.

The well-known ‘intermediate’-disturbance hypothesis by 
Connell argues that biodiversity is higher at intermediate levels of 
disturbance on the scales of frequency and intensity (Connell, 
1978; Rosenzweig, 1997; Wilkinson, 1999). This is corroborated 
by this study and by previous research in Northwest France 
(Gaudin, 2004; Marguerie, 2009). Before this period, the level of 
disturbance was too low to produce diversity maxima. In general, 
most pollen records demonstrate a decrease in floristic richness 
since the 18th/19th century AD (e.g. Birks et al., 2016; McGill 
et al., 2015). According to Berglund et al. (2008), human impact 
in southern Sweden represented an ‘intermediate’ level of distur-
bance from the Late Bronze Age to AD 1800. Comparable results 
are recorded in Denmark by Odgaard (1994). The small degree of 
vegetation openness produced by agriculture during this period is 
important in promoting the coexistence of species (Colombaroli 
et al., 2013). The cultural landscapes resulting from pre-intensive 
agrarian systems clearly contribute to biodiversity (Marty, 2005). 
Human pressure on the landscape prevents the expansion of only 
one vegetation component. In this case, human impact leads to a 
heterogeneity of dynamics levels. If the pressure decreases for a 
long time (e.g. because of population decrease or desertion of an 
area), the levels become more homogeneous (Marty, 2005).

In western France, a decrease in taxonomic richness is observed 
since the 18th century AD too. This is the time of the expansion of 
a more intensive, single-species, modern agriculture, and an 
increasing homogeneity in landscape structure. This cannot be a 
coincidence, and these kinds of practices led to the loss or deep 
alteration of inherited landscapes (Marty, 2005). The anthropo-
genic pressure exerted then exceeded the ‘intermediate’ level and 
had a negative effect (Berglund et al., 2008). A biodiversity reduc-
tion will affect the system resilience ultimately resulting in a loss 
of capacity to positively react to climatic or human pressures.

Implications and considerations
The large geographical area studied in this paper was selected to 
signal and explain large-scale changes in floristic richness and in 
the dynamics of some vegetation groups. Integration of a large 
number of pollen sites allows to assess biodiversity trends in dif-
ferent geographical areas at different spatial scales. Furthermore, 
by comparing pollen data with archaeological information, differ-
ent land-use changes could be distinguished such as the conver-
sion from forests to pastures and croplands (cf. Birks et al., 2016; 

Newbold et al., 2015). This method can also be applied in other 
areas and time frames, provided high-resolution palynological and 
cultural (archaeological and historical) data are available.

Even though the incorporation of different types of data in this 
study has yielded some promising results, their integration is not 
unproblematical. Whatever parameter is taken into account (rich-
ness, vegetation dynamics, and anthropogenic indicators), no 
marked breaks are apparent in the pollen data during the studied 
period. By contrast, the archaeological evidence points to a period 
of rapid and intensive societal change, in various respects. 
Archaeologically, the intensifying land use and agricultural inten-
sification in our study area and period is most clearly visible 
between 200 and 50 BC and in the 1st century AD. This probably 
went hand in hand with further woodland clearances. It is difficult 
to tell whether the abandonment of farmsteads in the turbulent 
decades around the Gallic Wars (58–51 BC) led to some degree of 
forest regeneration and might account for part of the observed 
increase in closed forest. No clear peak in closed forest can be 
discerned in this specific period. This might result from an insuf-
ficient dating resolution of the pollen data. However, this phase of 
unrest may have been too short to leave a clear mark in the paleo-
ecological record.

Future research could focus on exactly the latter topic: are 
archaeologically or historically documented land-use changes on 
small timescales not influential enough to be reflected in richness 
values, or do we not recognize them because the resolution of the 
available dating and palynological data are not sufficient at this 
moment? Detailed interdisciplinary research on a local/microre-
gional level using high-resolution archaeological and environ-
mental data, including well-dated pollen samples, should be able 
to take research in this field to another level.

Acknowledgements
We are grateful to Marie-Yvane Daire (CNRS-CReAAH-Univer-
sité Rennes 1, France) and Yves Ménez (Direction régionale des 
affaires culturelles Bretagne, France) for providing information 
on the Iron Age habitation of the research area and for comment-
ing on an earlier draft of this paper. Florence Mazier (CNRS-GE-
ODE-Université Toulouse 2, France) and Yannick Miras (CNRS-
GEOLAB-Université Blaise Pascal, Clermont-Ferrand, France) 
advised on and assisted with the rarefaction analysis software. 
Yann Rantier (CNRS-ECOBIO-Université Rennes 1, France) 
gave precious help in creating Figure 1. Alistair Bright (Wou-
brugge, Netherlands) edited the final English draft.

Funding
This work was supported by the Institute Écologie et Envi-
ronnement (INEE) of the Centre National de la Recherce Scienti-
fique (CNRS) within the framework of the postdoctoral award 
DIPEE Paysages-Rennes (les dispositifs de partenariat en écolo-
gie et environnement).

References
Allard M, L’elgouach J and Poulain H (1971) Un dépôt de poter-

ies à l’Alnais à Fay-de-Bretagne (Loire-Atlantique). Annales 
de Bretagne 78: 99–115.

Balée W (2006) The research program of historical ecology. 
Annual Review of Anthropology 35: 75–98.

Barbier D (1999) Histoire de la végétation du nord-mayennais de 
la fin du Weichsélien à l’aube du XXIème siècle. mise en évi-
dence d’un tardiglaciaire armoricain: interactions homme-
milieu. PhD Thesis, University of Nantes.

Barbier D and Visset L (1997). Logné, a peat bog of European 
ecological interest in the Massif Armorican, western France: 
bog development, vegetation and land-use history. Vegetation 
History and Archaeobotany 6(2): 69–77.



van Beek et al. 525

Baudry A (2012) Ressources animales et alimentation carnée à 
l’Âge du Fer: le cas du nord-ouest de la France (Bretagne et 
Basse-Normandie). PhD Thesis, University of Rennes 1.

Baudry A and Daire MY (2013) Relationship between people, space 
and places during the Iron Age: Exploitation of coastal space 
and resources through the Island settlements in Western France. 
In: Gheorgiu D and Nash G (eds) Place as Material Culture: 
Objects, Geographies and the Construction of Time. Newcastle 
upon Tyne: Cambridge Scholars Publishing, pp. 277–298.

Behre KE (1986) Anthropogenic Indicators in Pollen Diagrams. 
Rotterdam: Balkema.

Berglund BE, Gaillard MJ, Björkman L et al. (2008) Long-term 
changes in floristic diversity in southern Sweden: Palynologi-
cal richness, vegetation dynamics and land-use. Vegetation 
History and Archaeobotany 17(5): 573–584.

Beug HJ (2004) Leitfaden der Pollenbestimmung für Mitteleu-
ropa und angrenzende Gebiete. Munich: Pfeil.

Billeter R, Liira J, Bailey D et al. (2008) Indicators for biodiver-
sity in agricultural landscapes: a pan-European study. Journal 
of Applied Ecology 45: 141–151.

Birks HJB (2007) Estimating the amount of compositional change 
in late-Quaternary pollen-stratigraphical data. Vegetation His-
tory and Archaeobotany 16: 197–202.

Birks HJB and Line JM (1992) The use of rarefaction analysis for 
estimating palynological richness from Quaternary pollen-
analytical data. The Holocene 2: 1–10.

Birks HJB, Felde VA and Seddon AWR (2016) Biodiversity 
trends within the Holocene. The Holocene 26(6): 994–1001.

Birks HJB, Line JM and Persson T (1988) Quantitative estima-
tion of human impact on cultural landscape development. In: 
Birks HH, Birks HJB, Kaland PE et al. (eds) The Cultural 
Landscape – Past, Present and Future. Cambridge: Cam-
bridge University Press, pp. 229–240.

Birks HJB, Felde VA, Bjune AE et al. (2015) Does pollen-assem-
blage richness reflect floristic richness? A review of recent 
developments and future challenges. In: Felde VA (ed.) Quan-
tifying Modern Pollen – Vegetation – Diversity Relationships: 
An Assessment of Methods to Reconstruct past Terrestrial 
Biodiversity. Bergen: University of Bergen, pp. 71–132.

Blaauw M (2010) Methods and code for ‘classical’ age-modelling 
of radiocarbon sequences. Quaternary Geochronology 5(5): 
512–518.

Blondel J (2005) Biodiversité et sciences de la nature. In: Marty 
P, Vivien FD, Lepart J et al. (eds) Les Biodiversités, objets, 
théories, pratiques. Paris: CNRS Ed, pp. 23–36.

Bouvet JP, Daire MY, Le Bihan JP et al. (2003) La France de 
l’Ouest (Bretagne, Pays de la Loire). Cultes et sanctuaires en 
France à l’Âge du Fer. Gallia 60: 75–105.

Broström A (2002) Estimating Source Area of Pollen and Pollen 
Productivity in the Cultural Landscapes of Southern Sweden: 
Developing a Palynological Tool for Quantifying past Plant 
Cover (Lundqua Thesis 46). Lund: Lund University.

Brown AG (1999) Biodiversity and pollen analysis: modern pol-
len studies and the recent history of a floodplain woodland. 
Journal of Biogeography 26(1): 19–32.

Brown AG and Caseldine C (1999) Introduction – biodiversity 
from palaeoecological data. Journal of Biogeography 26(1): 
3–5.

Buchsenschutz O (1984) Structures d’habitats et fortifications 
de l’âge du fer en France septentrionale (Mémoires de la 
Sociéte Préhistorique Française 18). Paris: Société Préhisto-
rique Française.

Bunting AM (1996) The development of heathland in Orkney, 
Scotland: Pollen records from Loch of Knitchen (Rousay) and 
Loch of Torness (Hoy). The Holocene 6: 193–212.

Chapin FS III, Zavaleta ES, Eviner VT et al. (2000) Consequences 
of changing biodiversity. Nature 405: 234–242.

Colombaroli D, Beckmann M, van der Knaap WO et al. (2013) 
Changes in biodiversity and vegetation composition in the 
central Swiss Alps during the transition from pristine forest to 
first farming. Diversity and Distributions 19: 157–170.

Connell JH (1978) Diversity in tropical rain forests and coral 
reefs. Science 199: 1302–1310.

Cyprien A-L (2001) Chronologie de l’interaction de l’homme et 
du milieu dans l’espace central et aval de la Loire. PhD The-
sis, University of Nantes.

Daire MY (2003) Le Sel des Gaulois. Paris: Ed. Errance.
Daire MY (2009) Islands and archaeological research in West-

ern France. The International Journal of Research into Island 
Cultures 2(3): 52–69.

Daire MY, Marguerie D, Fily M et al. (2011) Le plateau littoral 
du Bas-Léon (nord Finisterère, Bretagne) au 1er millénaire 
avant notre ère: perspectives pour une lecture croisée sur les 
dynamiques du peuplement et du paysage. Norois 220: 2–30.

David R (2014) Modélisation de la végétation holocène du Nord-
Ouest de la France: Reconstruction de la chronologie et de 
l’évolution du couvert végétal du Bassin parisien et et du 
Massif armoricain. PhD Thesis, University of Rennes 1.

De Jersey P (1994) Coinage in Iron Age Armorica (Studies in 
Celtic Coinage 2/Oxford University Committee for Archaeol-
ogy Monograph 39). Oxford: AbeBooks.

Dupont C and Mougne C (2015) Comme une bernique sur son 
rocher: les coquillages marins reflètent-ils l’adaptation des 
populations humaines au milieu insulaire du Mésolithique à 
l’âge du Fer? In: Audouard L and Gehres B (eds) Somewhere 
beyond The Sea. Les îles bretonnes (France): perspectives 
archéologiques, géographiques et historiques (BAR Interna-
tional Series 2705). Oxford: Archaeopress, pp. 22–33.

Faegri K and Iversen J (1989) Textbook of Pollen Analysis. Chich-
ester: John Wiley & Sons.

Felde VA, Peglar SM, Bjune AE et al. (2016) Modern pollen–plant 
richness and diversity relationships exist along a vegetational 
gradient in southern Norway. The Holocene 26(2): 163–175.

Fossitt JA (1996) Late Quaternary vegetation history of the west-
ern Isles of Scotland. New Phytologist 132: 171–196.

Gaillard MJ, Birks HJB, Emanuelsson U et al. (1992) Modern 
pollen/land-use relationships as an aid in the reconstruction of 
past land-uses and cultural landscapes: An example from south 
Sweden. Vegetation History and Archaeobotany 1(1): 3–17.

Gaillard MJ, Birks HJB, Ihse M et al. (1998) Pollen/landscape 
calibrations based on modern pollen assemblages from sur-
face-sediment samples and landscape mapping-a pilot study 
in South Sweden. Palaeoclimate Research 27: 31–52.

Galliou P (1990) Commerce et Société en Armorique à l’Age 
du Fer, Les Gaulois d’Armorique. La fin de l’Age du Fer en 
Europe Temperée. Actes du XIIe colloque AFEAF, Quimper, 
Mai 1988. Revue Archéologique de l’Ouest 3: 47–52.

Gaudin L (2004) Les transformations spatio-temporelles de la 
végétation du nord-ouest de la France depuis la fin de la 
dernière glaciation. Reconstitutions paléo-paysagères. PhD 
Thesis, University of Rennes 1.

Gautier M (2002) Enclos Gaulois et Gallo-Romains en 
Armorique. In: Tanguy B and Lagrée M (eds) Atlas d’Histoire 
de Bretagne. Morlaix: Éditions Skol Vreizh, pp. 38–39.

Gebhardt A and Marguerie D (2006) Les sols, leur couvert végétal 
et leur utilisation au Néolithique. In: Le Roux CT (ed.) Monu-
ments mégalithiques à Locmariaquer (Morbihan). Paris: Gal-
lia Préhistoire, pp. 13–23.

Giot PR (1995) L’Age du Fer. In: Giot PR, Briard J and Pape L 
(eds) Protohistoire de la Bretagne. Rennes: Éditions Ouest-
France, pp. 205–365.

Giot PR, Daire MY and Querre G (1986) Un habitat protohisto-
rique, le Moulin de la Rive en Locquirec (Finistère). Travaux 
du Laboratoire d’Anthropologie 36. Rennes: Laboratoire 



526 The Holocene 28(4)

Anthropologie-Préhistoire-Protohistoire-Quaternaire-
Armoricains.

Goring S, Lacourse T, Pellatt MG et al. (2013) Pollen assemblage 
richness does not reflect regional plant species richness: A 
cautionary tale. Journal of Ecology 101: 1137–1145.

Grime JP (2001) Plant Strategies and Vegetation Processes. 
Chichester; New York; Toronto: John Wiley & Sons.

Hamilton WD, Haselgrove C and Gosden C (2015) The impact of 
Bayesian chronologies on the British Iron Age. World Archae-
ology 47(4): 642–660.

Henderson J (2007) The Atlantic Iron Age: Settlement and Iden-
tity in the First Millennium BC. New York: Routledge.

Honnay O, Piessens K, Landuyt W et al. (2003) Satellite based 
land use and landscape complexity indices as predictors for 
regional plant species diversity. Landscape and Urban Plan-
ning 63: 241–250.

Huston MA (1994) Biological Diversity: The Coexistence of Spe-
cies on Changing Landscapes. Cambridge: Cambridge Uni-
versity Press.

Hyvert J (1990) Les habitats cotiers Armoricains à l’Age du Fer. 
In: Duval A, Le Bihan JP and Menez Y (eds) Les Gaulois 
d’Armorique. La fin de l’Age du Fer en Europe Temperée. 
Actes du XIIe colloque AFEAF, Quimper 1988 (Revue 
Archéologique de l’Ouest Supplément suppl. 3). Paris: Asso-
ciation Française pour l’Etude de ‘l’Age du Fer, pp. 71–84.

Hyvert J and Le Bihan JP (1990) Les habitats côtiers armoricains 
à l’Age du Fer. In: Duval A, Le Bihan JP and Menez Y (eds) 
Les Gaulois d’Armorique: actes du 12e colloque de l’AFEAF, 
Quimper 1988 (Revue Archéologique de l’Ouest suppl. 3). 
Paris: Association Française pour l’Etude de ‘l’Age du Fer, 
pp. 71–84.

Langouët L (1990) Les artisanats Armoricains au deuxième Age 
du Fer. In: Duval A, Le Bihan JP and Menez Y (eds) Les 
Gaulois d’Armorique: actes du 12e colloque de l’AFEAF, 
Quimper 1988 (Revue Archéologique de l’Ouest suppl. 3). 
Paris: Association Française pour l’Etude de `l’Age du Fer, 
pp. 85–95.

Langouët L (1991) Terroirs, territoires et campagnes antiques. La 
prospection archéologique en Haute-Bretagne – Traitement 
et synthèse des données (Revue Archéologique de l’Ouest, 
Suppl. 4). Rennes: Association pour la Diffusion des Recher-
ches archéologiques dans l’Ouest de la France.

Lanos P (2004) Bayesian inference of calibration curves: Applica-
tion to archaeomagnetism. In: Buck CE and Millard AR (eds) 
Tools for Constructing Chronologies, Crossing Disciplinary 
Boundaries. London: Springer-Verlag, pp. 43–82.

Lanos P and Philippe A (2017) Hierarchical Bayesian modeling 
for combining dates in archaeological context. Journal de la 
Société Française de Statistique.158(2): 72–88.

Le Bihan JP (2002) Habitats et territoires: deux exemples 
armoricains: l’Ile d’Ouessant au Premier âge du Fer, Quimper 
à la Tène finale. In: Garcia D and Verdin F (eds) Territoires 
celtiques, espaces ethniques et territoires des agglomérations 
protohistoriques d’Europe occidentale. Paris: Actes colloque 
AFEAF, pp. 213–225.

Le Bihan JP, Bardel JP, Menez Y et al. (1990) Les établissements 
ruraux du Second Age du Fer en Armorique. In: Duval A, 
Le Bihan JP and Menez Y (eds) Les Gaulois d’Armorique: 
actes du 12e colloque de l’AFEAF, Quimper 1988 (Revue 
Archéologique de l’Ouest suppl. 3). Paris: Association Fran-
çaise pour l’Etude de ‘l’Age du Fer,  pp. 97–113.

Le Goffic M (2002a) Les souterrains de l’Âge du Fer. In: Tanguy 
B and Lagrée M (eds) Atlas d’Histoire de Bretagne. Morlaix: 
Éditions Skol Vreizh, pp. 4–35.

Le Goffic M (2002b) Les stèles de l’Âge du Fer. In: Tanguy B 
and Lagrée M (eds) Atlas d’Histoire de Bretagne. Morlaix: 
Éditions Skol Vreizh, pp.36–37.

Léjars T (2014) Le choix des armes dans les pratiques votives 
des Celtes occidentaux de La Tène moyenne. Archaeologia 
Mosellana 9: 113–135.

Leroux G, Gautier M, Meuret JC et al. (1999) Enclos Gaulois et 
Gallo-Romains en Armorique. De la prospection áerienne à 
la fouille entre Blavet et Mayenne (Documents archéologiques 
de l’Ouest). Rennes: Presses Universitaires de Rennes.

Leroyer C, Boulen M, Marguerie D et al. (2009) Base de don-
nées et S.I.G. palynologiques sur l’âge du Fer en France: une 
autre approche du paysage végétal et de son anthropisation. In: 
Bertrand I, Duval A, Gomez de Soto J et al. (eds) Habitats et 
paysages ruraux en Gaule et regards sur d’autres régions du 
monde celtique (Actes 31e colloque AFEQ, mai 2007). Chauvi-
gny: Association des Publications Chauvinoises, pp. 447–468.

Lindbladh M (1999) The influence of former land-use on vegeta-
tion and biodiversity in the boreo-nemoral zone of Sweden. 
Ecography 22: 485–498.

Lindbladh M and Bradshaw RHW (1998) The origin of present 
forest composition and pattern in southern Sweden. Journal 
of Biogeography 25: 463–477.

Louis GP (1970) Les briquetages armoricains: technolo-
gie du sel en Armorique. Rennes: Travaux du Laboratoire 
d’Anthropologie-Préhistorique, Faculté des Sciences.

McGill BJ, Dornelas M, Gotelli NJ et al. (2015) Fifteen forms of 
biodiversity trend in the Anthropocene. Trends in Ecology & 
Evolution 30(2): 104–113.

Maguer P (1996) Les enceintes fortifiées de l’Age du Fer dans le 
Finistère. Revue archéologique de l’ouest 13: 103–121.

Malrain F, Blancquaert G and Lorho T (2013) Synthèse et per-
spectives. In: Malrain F, Blancquaert G and Lorho T (eds) 
L’habitat rural du second âge du Fer. Rythmes de création et 
d’abandon au nord de la Loire (Recherches Archéologiques 
7). Paris: INRAP/CNRS Éditions, pp.221–234.

Marguerie D (1990) L’environnement à l’Age du Fer en 
Armorique. In: Duval A, Le Bihan JP and Menez Y (eds) Les 
Gaulois d’Armorique: actes du 12e colloque de l’AFEAF, 
Quimper 1988 (Suppl Revue Archéologique de l’Ouest 3). 
Paris: Association Française pour l’Etude de ‘l’Age du Fer,  
pp. 115–120.

Marguerie D (1992) Evolution de la végétation sous l’impact 
humain en Armorique du Néolithique aux périodes histo-
riques (Travaux du laboratoire d’Anthropologie de Rennes 
40). Rennes: Université de Rennes 1.

Marguerie D (2009) Interactions sociétés-milieux dans le nord-
ouest de la France à l’Holocene récent: méthodologie et 
données archéobotaniques. Rennes: H.D.R. University of 
Rennes 1.

Marguerie D and Hunot JY (2007) Charcoal analysis and dendro-
chronology: data from archaeological sites in north-western 
France. Journal of Archaeological Science 34: 1417–1433.

Marty P (2005) Activités humaines et production des espaces 
naturels. In: Marty P, Vivien FD, Lepart J et al. (eds) Les Bio-
diversités, objets, théories, pratiques. Paris: CNRS Ed, pp. 
195–208.

Matthias I, Semmler MSS and Giesecke T (2015) Pollen diversity 
captures landscape structure and diversity. Journal of Ecology 
103: 880–890.

Meltsov V, Poska A, Odgaard BV et al. (2011) Palynological rich-
ness and pollen sample evenness in relation to local floristic 
diversity in southern Estonia. Review of Palaeobotany and 
Palynology 166: 344–351.

Meltsov V, Poska A, Reitalu T et al. (2013) The role of landscape 
structure in determining palynological and floristic richness. 
Vegetation History and Archaeobotany 22: 39–49.

Menez Y (1993) Les enclos de type ‘ferme indigène’ en Bretagne: 
quelques reflexions issues de treize ans de fouilles. In: Buch-
senschutz O and Méniel P (eds) Les installations agricoles de 



van Beek et al. 527

l’âge du Fer en Ile-de-France (Actes Colloque Paris, 1993, 
Études d’histoire et d’archéologie Vol. IV). Paris: Presses 
Ecole normale supérieure, pp. 255–276.

Menez Y (2009) Le Camp de Saint-Symphorien à Paule (Côtes-
d’Armor) et les résidences de l’aristocratie du second âge du 
Fer en France septentrionale. PhD Thesis, Paris 1 University.

Menez Y and Lorho T (2013) La Bretagne. In: Malrain F, Blanc-
quaert G and Lorho T (eds) L’habitat rural du second âge du 
Fer. Rythmes de création et d’abandon au nord de la Loire 
(Recherches Archéologiques 7). Paris: INRAP/CNRS Édi-
tions, pp. 169–191.

Menez Y, Daire MY, Hyvert J et al. (1990) Les batiments de 
l’Age du Fer en Armorique. In: Duval A, Le Bihan JP and 
Menez Y (eds) Les Gaulois d’Armorique: actes du 12e collo-
que de l’AFEAF, Quimper 1988 (Suppl Revue Archéologique 
de l’Ouest 3). Paris: Association Française pour l’Etude de 
‘l’Age du Fer, pp. 121–137.

Méniel P, Auxiette G, Germinet D et al. (2009) Une base de données 
sur les études de faunes des établissements ruraux en Gaule. In: 
Bertrand I, Duval A, Gomez de Soto J et al. (eds) Habitats et 
paysages ruraux en Gaule et regards sur d’autres régions du 
monde celtique (Actes 31e colloque AFEQ, mai 2007). Chauvi-
gny: Association des Publications Chauvinoises, pp. 417–446.

Miras Y, Beauger A, Lavrieux M et al. (2015) Tracking long-term 
human impacts on landscape, vegetal biodiversity and water 
quality in the Lake Aydat catchment (Auvergne, France) 
using pollen, non-pollen palynomorphs and diatom assem-
blages. Palaeogeography, Palaeoclimatology, Palaeoecology 
424: 76–90.

Morales-Molino C, Garcoa Anton M and Morla C (2011) Late-
Holocene vegetation dynamics on an Atlantic–Mediterranean 
mountain in NW Iberia. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 302: 323–337.

Mougne C, Dupont C, Baudry A et al. (2014) Acquisition and 
management of the marine invertebrates resources on a pre-
Roman coastal settlement: Dossen-Rouz (Locquémeau-Tré-
dez, Brittany, France). In: Szabó K, Dupont C, Dimitrijevic V 
et al. (eds) Archaeomalacology: Shells in the Archaeological 
Record (Proceedings of the 11th ICAZ International Confer-
ence, Paris – Archaeomalacology Working Group, August 
2010, BAR International Series 2666). Oxford: Archaeopress, 
pp. 203–216.

Naas P (1999) Histoire rurale des Vénètes armoricains (Ve av. 
JC – IIIe ap JC). Saint-Malo: Centre Régional d’Archéologie 
d’Alet.

Newbold T, Hudson LN, Hill SLL et al. (2015) Global effects of 
land use on local terrestrial biodiversity. Nature 520: 45–50.

Odgaard BV (1994) The Holocene Vegetation History of North-
ern West Jutland, Denmark. Copenhagen: Council for Nordic 
Publications in Botany.

Odgaard BV (1999) Fossil pollen as a record of past biodiversity. 
Journal of Biogeography 26(1): 7–17.

Odgaard BV (2001) Palaeoecological perspectives on pattern 
and process in plant diversity and distribution adjustments: 
A comment on recent developments. Diversity and Distribu-
tions 7: 197–201.

Odgaard BV (2013) Reconstructing past biodiversity devel-
opment. In: Elias SA and Mock CJ (eds) Encyclopedia of 
Quaternary Science. 2nd Edition. Amsterdam: Elsevier, pp. 
816–820.

Ouguerram A (2002) Histoire de la vallée de l’Erdre (affluent de la 
Loire, Massif armoricain, France) de la fin du Tardiglaciaire 
aux époques actuelles. PhD Thesis, University of Rennes 1.

Paillet Y, Bergès L, Hjältén J et al. (2010) Biodiversity differences 
between managed and unmanaged forests: Meta-analysis of spe-
cies richness in Europe. Conservation Biology 24(1): 101–112.

Pape L (2002) Les ‘cités’ Gallo-Romaines. In: Tanguy B and 
Lagrée M (eds) Atlas d’Histoire de Bretagne. Morlaix: Édi-
tions Skol Vreizh, pp. 44–45.

Peet RK, Glenn-Lewin DC and Wolf JW (1983) Prediction of 
man’s impact on plant species diversity: A challenge for veg-
etation science. In: Holzner W, Werger MJA and Ikusima I 
(eds) Man’s Impact on Vegetation. The Hague: Springer, pp. 
41–54.

Reille M (1992) Pollens et spores d’Europe et d’Afrique du Nord. 
Marseille: Laboratoire de botanique historique et palynologie.

Ricklefs RE (1987) Community diversity: Relative roles of local 
and regional processes. Science 235: 167–171.

Rosenzweig ML (1997) Species Diversity in Space and Time. 
Cambridge: Cambridge University Press.

Seppä H (1998) Postglacial trends in palynological richness in 
the northern Fennoscandian tree-line area and their ecological 
interpretation. The Holocene 8: 43–53.

Skinner C and Brown AG (1999) Mid-Holocene vegetation 
diversity in eastern Cumbria. Journal of Biogeography 26(1): 
45–54.

Söderström M, Svensson B, Vessby K et al. (2001) Plants, insects 
and birds in semi-natural pastures in relation to local habi-
tat and landscape factors. Biodiversity and Conservation 10: 
1839–1863.

Stuiver M and Reimer PJ (1993) Extended 14 C data base and 
revised CALIB 3.0 14 C age calibration program. Radiocar-
bon 35(1): 215–230.

Stuiver M, Reimer PJ, Bard E et al. (1998) Intcal98 radiocarbon 
age calibration 24000 – 0 cal BP. Radiocarbon 40: 1041–1083.

Sugita S (2007) Theory of quantitative reconstruction of vegeta-
tion I: pollen from large sites REVEALS regional vegetation 
composition. The Holocene 17(2): 229–241.

Tanguy D, Briard J, Hyvert J et al. (1990) Sépultures et habitats 
en Armorique à l’Age du Fer. In: Duval A, Le Bihan JP and 
Menez Y (eds) Les Gaulois d’Armorique: actes du 12e collo-
que de l’AFEAF, Quimper 1988 (Suppl Revue Archéologique 
de l’Ouest 3). Paris: Association Française pour l’Etude de 
‘l’Age du Fer, pp. 139–152.

Tilman D, Reich PB and Knops JMH (2006) Biodiversity and 
ecosystem stability in a decade-long grassland experiment. 
Nature 441: 629–632.

Visset L and Bernard J (2006) Evolution du littoral et du paysage, 
de la presqu’île de Rhuys à la rivière d’Etel (Massif armoric-
ain–France), du Néolithique au Moyen Âge. ArchéoSciences. 
Revue d’archéométrie 30: 143–156.

Visset L and Marguerie D (1995) L’histoire du site du Vénec: 
une tourbière bombée des Monts d’Arrée. Penn Ar Bed 159: 
24–28.

Visset L, Barbier D and Ouguerram A (2005) Le paysage végétal 
dans le Bas-Maine (Mayenne, France), le long de la vallée de 
l’Erve, de la fin du Mésolithique à l’époque récente. Revue 
Archéologique de l’Ouest 22(1): 85–92.

Voeltzel D (1987) Recherches pollenanalytiques sur la végétation 
holocène de la plaine alluviale de l’estuaire de la Loire et des 
coteaux environnants. PhD Thesis, University of Nantes.

Vuorela I (1976) An instance of slash and burn cultivation in 
southern Finland investigated by pollen analysis of a mineral 
soil. Memory of Society Flora Fauna Fenniae 52: 29–45.

Weng C, Hooghiemstra H and Duivenvoorden JF (2006) Chal-
lenges in estimating past plant diversity from fossil pollen 
data: statistical assessment problems, and possible solutions. 
Diversity and Distributions 12: 310–318.

Wheeler M and Richardson KM (1957) Hill-Forts of Northern 
France (Reports of the Research Committee of the Society 
of Antiquaries of London XIX). Oxford: The Society of Anti-
quaries.



528 The Holocene 28(4)

Wilkinson DM (1999) The disturbing history of intermediate dis-
turbance. Oikos 84(1): 145–147.

Zech-Matterne V (2015) Un bouquet de moissons: Evolution des 
plantes cultivées et des cortèges anthropophiles associés, en 
France septentrionale de l’âge du Bronze final à la fin de la 
Période romaine (XIVe s. av. – Ve s. apr. J.-C.). Rennes: HDR 
University of Rennes 1.

Zech-Matterne V, Auxiette G and Malrain F (2013) Essai 
d’approche des systèmes agricoles laténiens dans le Nord-
Ouest de la France: Données carpologiques archéozo-

ologiques et archéologiques. In: Krausz S, Colin A, Gruel K 
et al. (eds) L’âge du Fer en Europe (Mémoire 32). Bordeaux: 
Editions Ausonius, pp. 397–404.

Zech-Matterne V, Bouby L, Bouchette A et al. (2009) L’agriculture 
du VIe au Ier s. av. J.-C. en France: État des recherches car-
pologiques sur les établissements ruraux. In: Bertrand I, 
Duval A, Gomez de Soto J et al. (eds) Habitats et paysages 
ruraux en Gaule et regards sur d’autres régions du monde 
celtique (Actes 31e colloque AFEQ, mai 2007). Chauvigny: 
Association des Publications Chauvinoises, pp. 383–416.


