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vegetation data. RSAP was estimated to 145 m using the 
maximum likelihood method. RPP was obtained for 18 taxa 
of which two taxa had unreliable RPP (Amaranthaceae/
Chenopodiaceae and Vitex negundo). RPPs for Castanea, 
Cupressaceae, Robinia/Sophora, Aster/Anthemis-type, 
Cannabis/Humulus, Caryophyllaceae, Brassicaceae and 
Galium-type are the first ones for China. Trees, except 
Robinia/Sophora (RPP = 0.78 ± 0.03) have larger RPPs 
than herbs other than Artemisia (RPP = 24.7 ± 0.36). The 
RPPs for Quercus, Pinus and Artemisia are comparable with 
other RPPs obtained in China, the RPPs for Pinus, Quercus, 
Ulmus, Cyperaceae and Galium-type with the mean RPPs 
obtained in Europe, and RPP for Cupressaceae with that for 
Juniperus in Europe. The values for Aster/Anthemis-type, 
Caryophyllaceae, Asteraceae SF Cichorioideae and Juglans 
differ from the few RPPs available in China and/or Europe.

Keywords Pollen-vegetation relationships · Cultural 
landscapes · ERV model · Shandong province · China

Introduction

Quantitative reconstructions of anthropogenic land-cover 
change at the regional to continental spatial scale, espe-
cially the relative size and distribution of open and wooded 
land area, are of great value in answering research ques-
tions related to climate change (e.g. Gaillard et al. 2010; 
Strandberg et al. 2014). In this study, we estimate rela-
tive pollen productivity (RPP) of major tree and herb taxa 
in ancient agrarian landscapes of central and southern 
Shandong, central eastern China (Fig. 1), as the first step 
of a larger project using RPPs and Sugita’s REVEALS 
model (Sugita 2007a) to achieve pollen-based quantita-
tive reconstructions of Holocene regional vegetation cover 

Abstract In this study we estimate relative pollen produc-
tivity (RPP) for plant taxa characteristic of human-induced 
vegetation in ancient cultural landscapes of the low moun-
tain ranges of Shandong province in eastern temperate 
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evant source area of pollen (RSAP) of moss polsters and 
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in northern and temperate China as a contribution to the 
PAGES LandCover6k initiative (http://www.pastglobal-
changes.org/ini/wg/landcover6k/intro). The aim of the 
initiative is to provide quantitative descriptions of Holo-
cene anthropogenic vegetation cover for climate model-
ling, with the goal of studying the impact of past land-use 
change as one of the many forcings of past climate change. 
Because earlier RPP studies in China were performed in 
forest, desert, steppe and meadow vegetation with little 
human impact, there was a need for RPP of cultivated 
crops, ruderals and taxa characteristic of grazed land.

RPP can be calculated using the Extended R Value (ERV) 
model (Parsons and Prentice 1981; Prentice and Parsons 
1983; Sugita 1993, 1994) given that modern pollen and 
related vegetation data are available. In the last decades, 
many studies have been conducted to estimate RPP for 
major taxa in various landscapes of Europe (see syntheses 
in Broström et al. 2008; Mazier et al. 2012): wooded vegeta-
tion in UK (Bunting 2003), Estonia (Poska et al. 2011) and 
Poland (Baker et al. 2016); forest-tundra ecotone in western-
central Sweden (Von Stedingk et al. 2008); open and semi-
open cultural landscapes of southern Sweden (Sugita et al. 
1999; Broström et al. 2004, 2005), Denmark (Nielsen and 

Fig. 1  Location of the study area (a) and distribution of the sampling 
sites (b). a Location of study areas for our study and earlier investiga-
tions: a Wang and Herzschuh (2011), b Wu et al. (2013), c Li et al. 
(2011), d Xu et  al. (2014), e Ge et  al. (2015), f Li et  al. (2015). b. 

Vegetation map of the study area and location of the study sites for 
collection of moss polsters (pollen samples) and vegetation surveys. 
c, d Common cultural landscapes in the study area

http://www.pastglobalchanges.org/ini/wg/landcover6k/intro
http://www.pastglobalchanges.org/ini/wg/landcover6k/intro
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Sugita 2005), the Swiss Plateau (Soepboer et al. 2007) and 
the Czech Republic (Abraham and Kozáková 2012); mown 
meadows and pasture lands in western Norway (Hjelle 1998; 
Hjelle and Sugita 2012); wooded pasture landscapes of the 
Jura mountains in Switzerland (Mazier et al. 2008); vari-
ous vegetation communities in southern Greenland (Bunt-
ing et al. 2013a). The impact of vegetation survey methods 
on the relevant source area of pollen (RSAP) sensu Sugita 
(1994) and RPP estimates was discussed in Bunting and 
Hjelle (2010) and a standardized vegetation-survey pro-
tocol was proposed by Bunting et al. (2013b). The rela-
tively high number of RPP estimates available in Europe 
made it possible to test and use the models developed for 
quantitative reconstruction of vegetation cover such as the 
Landscape Reconstruction Algorithm (LRA: REVEAL and 
LOVE models) (Sugita 2007a, b) and the Multiple Scenario 
Approach (MSA; Bunting and Middleton 2005). REVEALS 
reconstructions over the Holocene are now available for a 
large part of Europe (Nielsen and Odgaard 2010; Fyfe et al. 
2013; Trondman 2015; Trondman et al. 2016; Marquer et al. 
2014). LOVE reconstructions were performed in southern 
Sweden (Cui et al. 2014; Mazier et al. 2015), Denmark 
(Overballe-Petersen et al. 2013) and Britain (Fyfe et al. 
2013). The MSA was applied in northern Sweden (Karls-
son et al. 2008).

Model-based quantitative reconstructions of plant cover 
are spatially limited due to the unavailability of RPPs in 
large parts of the world. RPP are available in e.g. northern 
America for tree taxa (Calcote 1995) and some herb taxa 
(Commerford et al. 2013), and in southern Africa for a few 
savanna taxa (Duffin and Bunting 2007). A relatively large 
number of RPP studies were conducted recently in China. 
RPPs for the four major taxa (Artemisia, Chenopodiaceae, 
Cyperaceae, Poaceae) characteristic of the Tibetan Plateau 
were applied in REVEALS-based reconstructions showing 
that the proportions of Artemisia and Chenopodiaceae in the 
modelled vegetation were greatly reduced compared to pol-
len percentages, while Cyperaceae had a larger relative frac-
tion in the vegetation than in the pollen assemblages (Wang 
and Herzschuh 2011). Moreover, the REVEALS-based 
cover of the four taxa resulted in lower values of species-
composition turnover than pollen percentages, which indi-
cated that the previously reported vegetation changes might 
have been overestimated. RPPs for herbs and a few trees and 
shrubs are available for desert and semi-desert vegetation 
(Li et al. 2011), steppe and meadow vegetation of northern 
China (Xu et al. 2014; Ge et al. 2015), and several forest-
types of northeastern China (Li et al. 2015) (Fig. 1). So far 
no attempts have been made to obtain RPP estimates for 
taxa related to human-influenced landscapes in northeastern 
China, which hampers reconstruction of cultural landscapes 
over the Holocene in the area with the most intensive human 
impact over the past three millennia (Fu 2003). We chose 

as study area the central and southern low mountains of the 
Shandong province (Fig. 1) where ancient land-use struc-
tures and practices dating to the last 1,000 calendar years are 
still partly preserved (Xiuqi Fang pers. comm.). Therefore, 
we assume that this landscape is a better analogue of past 
agrarian landscapes in terms of vegetation and flora than 
modern agrarian landscapes. The vegetation of the study 
region is a mosaic of crop cultivation, weeds and ruderals on 
terraces, pasture land, and patches of woodland (Fig. 2). The 
weed and ruderal flora is rich and is assumed to include a 
mix of species that might have been characteristic of earlier 
traditional agriculture.

The study area

The Shandong province is one of the most important agri-
cultural provinces of China located in the lower reach of 
the Yellow River drainage basin in central-eastern China 
(Fig. 1). The study area is ca. 100 km (longitudinal distance) 
×200 km (latitudinal distance) large, and located between 
the latitudes 35°00′ and 36°30′N and the longitudes 117°00′ 
and 118°30′E. The elevations are <500 m a.s.l except for 
some mountains tops >1,000 m a.s.l. high (Fig. 1). The 
bedrock is characterized by limestones in the low mountain 
areas up to elevations of ca. 500–1,000 m, while granite 
and gneisses predominate at higher elevations. The cli-
mate of central and southern Shandong belongs to the sub-
humid, warm climate zone with mean annual temperatures 
of 12–14.5 °C and annual precipitations of 700–900 mm 
occurring mainly between June and September.

The spatial landscape patterns of the low mountains are 
the result of geological and biogeographical characteristics 
combined with traditional land-use. The overall landscape 

Fig. 2  Landscape of the study region, province of Shandong, China. 
Low mountains/hills with traditional crop cultivation on terraces 
(solid line), grazing land and woodlands at higher altitudes, and mod-
ern agriculture in the lowlands (dash line). Photo taken by Florence 
Mazier (University of Toulouse), during field work in May–June 2014
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structure at a large spatial scale comprises (1) low moun-
tains with cultivated and abandoned terraces with small 
fields, grazed land, and woodland, and (2) flat, low-lying 
plains occupied by modern agriculture with large culti-
vated fields and planted trees (often Populus sp.). These 
two broad landscape/land-use units are each characterized 
by a relatively consistent vegetation mosaic in terms of 
vegetation patch-size and plant-taxa composition (Figs. 1, 
2). Therefore, the study area was assumed to be suitable 
for calculation of pollen productivity estimates using the 
ERV model (see theoretical background of the ERV model 
in Methods, below).

Modern high-production agriculture of the plains is 
dominated by cultivation of Triticum spp. (wheat), Zea 
mays (maize) and fruit and nut trees including Juglans 
regia (walnut), Castanea mollissima (chestnut), Diospy-
ros kaki (kaki), Zanthoxylum bungeanum (Chinese pep-
per), Malus domestica (apple), Pyrus spp. (pear), Cratae-
gus pinnatifida (Chinese hawthorn) and Prunus cerasus 
(cherry). There are very few weeds and ruderal species 
growing in and between the fields. Both relatively mod-
ern and old-fashioned traditional agriculture are practiced 
on the terraces of the low mountains. Terraces with cul-
tivated fields are separated by soil slopes or high stone 
walls. The slopes are covered with herb or tree vegeta-
tion, e.g. Poaceae (grasses), Selaginella chinensis (starry 
spikemoss), Vitex negundo (Chinese chastetree), Artemisa 
mongolica (besser) and A. annua (sagewort), Lespedeza 
bicolor and L. tomentosa (bush clovers), Humulus scan-
dens (hop), Asteraceae and Caryophyllaceae. The stone 

walls may be covered by vegetation including the same 
taxa as mentioned above. Arachis hypogaea (peanut) and 
Ipomoea batatas (sweet potato) are the dominant culti-
vated crops, but the variety of other crops and planted 
fruit/nut trees is high. Trees and crops may be cultivated 
in the same fields when trees are still young. Fruit trees 
and crops are the same as those cultivated in the low lying 
plains, with the addition of Lonicera japonica (Japanese 
honeysuckle) cultivated for its flowers (used as “tea”). In 
the upper part of the mountains, patches of coniferous for-
est/woodland (planted or natural) and broad-leaved decid-
uous woodland occur together with shrubs, grasslands and 
meadows that are often grazed by sheep and goats. Conif-
erous woodlands/forests are dominated by Pinus densiflora 
(Japanese red pine), P. tabulaeformis (Chinese red pine), 
P. thunbergii (Japanese black pine), and Platycladus ori-
entalis (Chinese thuja), while broad-leaved forests mainly 
consist of Robinia pseudoacacia (Black locust), Quercus 
acutissima (sawtooth oak) and Q. variabilis (Chinese cork 
oak), and shrubs including mainly Vitex negundo, Lespe-
deza spp and Zizyphus jujuba (Chinese date). On the top 
of the mountains, plant cover is scarce and dominated by 
Themeda triandra (red oat grass) and Bothriochloa ischae-
mum (King Ranch bluestem).

Methods

The methodological strategy and flow of methods are shown 
in Fig. 3. Detailed overviews of the theory of the ERV 

Fig. 3  Flow-chart of methods used to calculate relative pollen productivity (RPP) in this study: a vegetation survey strategy; b relative pollen 
productivity calculation strategy
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model and its developments can be found in e.g. Gaillard 
et al. (2008) and Bunting et al. (2013b). More details on the 
underlying theory of the ERV model and the methods are 
presented in the ESM.

Site selection

Because the ERV model assumes that the taxon-specific 
background term ωi for all sites included in the analysis is 
constant at the RSAP distance, the results of the maximum 
likelihood method (likelihood function scores or log likeli-
hood) used to identify the RSAP are very sensitive to the 
overall vegetation structure and composition in the study 
region. Moreover, a statistical method such as maximum 
likelihood requires a random distribution of pollen-vege-
tation sites in the landscape. Ignoring this rule may lead to 
results that are difficult to interpret and estimates of RSAP 
and RPP that are not reliable (Broström et al. 2005). There-
fore, sampling sites were randomly placed using ArcView 
(ArcGIS 10.0) with the rule that the distance between sam-
pling site should be at least 5,000 m in order to avoid auto-
correlation (e.g. Bunting et al. 2013b). Of the 60 random 
sites, 37 were appropriate for data collection, i.e. the areas 
were reachable by car and the sites were reachable by foot 
within no more than two hours walk. The 37 sites are located 
at elevations between 163 and 538 m a.s.l. (Table 1). Field 
work comprising collection of pollen samples and vegeta-
tion surveys around each sampling location was performed 
in May–June 2013 and 2014.

Pollen data

The pollen sample (moss polster) was collected before doing 
any vegetation survey. Several moss subsamples were taken 
within an area of 0.5 m radius at each of the 37 sites. In the 
laboratory, remaining soil particles were removed from the 
moss before pollen extraction. The volume of each moss 
sample was measured by the “water displacement method” 
and treated with (1) 10% cold HCl, (2) 10% hot KOH, (3) 
46% hot HF, and (4) hot acetolysis following a slightly modi-
fied version of the acetolysis procedure of Fægri and Iversen 
(1989). HCl and HF were used to remove any remaining 
calcareous and mineral fractions from the sample. After the 
HCl and KOH treatment, the moss was also sieved through a 
0.25 mm mesh size to remove any larger mineral or organic 
remains.

ESM Table 1 presents the pollen-types that were identi-
fied in the moss samples, their definition, and harmonization 
with plant taxa in the vegetation data. Table 2 presents the 
pollen-types that were finally used for the first, exploratory 
ERV-model run. Pollen identification was performed using 
published pollen identification keys and pollen-type descrip-
tions (Punt et al. 1976–2009; Wang 1995; Beug 2004), the 

pollen atlas of Reille (1995), and reference collections. 
The results of the pollen analysis are shown in ESM Fig. 1. 
Taxonomy and nomenclature of pollen-types or groups of 
pollen-types follow mainly Beug (2004) and Wang (1995) 
(Table 2; ESM Table 1 and ESM Fig. 1).

Vegetation data

Vegetation data was obtained following the standard pro-
tocol published by Bunting et al. (2013b) for Europe. The 
surveys were performed in May–June 2013 and 2014.

Vegetation survey 0–10 m: Vegetation was surveyed in 
1 m2 quadrats, a central one around the site of pollen sam-
pling, and 20 quadrats centred at the distances 1, 2.5, 4.5 
and 7.5 m in all four directions N, E, S, W, and 7.5 m in the 
NE, SE, SW, and NW directions (21 quadrats in total). Plant 
taxa composition was estimated as total cover in percentage 
of the quadrat area.

Vegetation survey 10–100 m: the boundaries between 
vegetation communities were drawn using a compass and 
measuring distances with a hand-held GPS, a modification 
of the standard method described in Bunting et al. (2013b) 
where vegetation communities are drawn while following 
transects from the pollen sampling site out to 100 m. The lat-
ter method is not practical in situations where some bushy or 
wooded vegetation communities are difficult, if not impos-
sible to walk through. Mapping with GPS is also more pre-
cise in terms of the boundaries of the communities. After or 
during mapping, the cover of plant taxa was estimated for 
each community using 1 m2 quadrats in open communities, 
and 6-m radius point surveys in semi-open and forest com-
munities. The major vegetation communities recognized in 
the field are listed in Table 1.

Vegetation data beyond 100 m: satellite images within 
an area of 1,500 m radius (distance assumed to be larger 
than the RSAP) from the centre of the moss sample area 
were downloaded from Google Earth professional for each 
study site. Landscape/vegetation features differentiated 
by their colour in the images were assigned to vegetation/
land-use units (in total 18) that were defined on the basis of 
the vegetation communities identified in the field surveys 
(ESM Table 2). Once a number of polygons were drawn in 
each vegetation/land-use unit, a map was created by maxi-
mum likelihood classification with ArcView (ArcGIS 10.0) 
(Figs. 3, 4). These vegetation/land-use maps have a resolu-
tion of 25 m2. However, the method used introduces large 
errors that cannot be quantified unless the classification is 
checked in field. Moreover, we assume that the taxa com-
position in each vegetation/land-use unit is homogenous 
over the entire study area and can be estimated as the mean 
composition calculated from the vegetation inventories per-
formed in the field within 100 m at each of the study sites. 
This assumption also leads to errors that are not quantifiable.
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Table 1  Location of the 37 sites included in the study with their elevation and the major plant communities as surveyed in field within a 100 m 
radius area around each moss polster sample

Site Latitude (°) Longitude (°) Elevation (m) Major vegetation communities within 100 m

00B 36.18047 117.8828 424 Abandoned fields with Vitex and herbs; open/dense Pinus woodland; Robinia woodland; planted 
Populus

02B 36.01437 117.9643 489 Open crop field; Castanea woodland; Robinia woodland
03B 35.68601 117.5545 295 Open cultivated Juglans; Vitex shrub; few Platycladus with Vitex and herbs; Platycladus and Ailan-

thus; planted Populus
08B 35.19956 117.4231 245 Open land; open crop field; cherry/pepper tree; planted Platycladus
09B 35.64525 117.7852 379 Robinia woodland; Castanea woodland/plantation; Prunus woodland; cultivated Juglans; open crop 

field; Lonicera
10B 35.53608 117.4653 480 Open land with big rocks; mixed shrubs; few Platycladus with Vitex and herbs
11B 36.48976 117.127 286 Open planted Platycladus; open crop field; cultivated Rosaceae tree; planted Populus; Robinia 

woodland; Diospyros kaki cultivation
12B 35.15175 117.6593 278 Open land; mixed Pinus, Platycladus woodland; Robinia woodland; planted Populus; cultivated 

pepper tree; open crop field
15B 36.41944 117.7971 532 Pinus woodland; Robinia woodland; mixed Pinus, Robinia, Quercus woodland; Vitex shrub; open 

grassland
17B 36.08854 118.1082 568 Open crop field; abandoned field; planted Platycladus; cultivated Juglans and tree
18B 36.41853 117.3864 612 Quercus woodland; open/dense Castanea woodland/cultivation; open grassland; planted Populus; 

cultivated tree
19B 35.33692 117.5995 353 Cultivated field; planted Populus; open grassland; Robinia woodland; pepper tree
20B 36.31104 117.3002 243 Cultivated field; Pinus woodland; Castanea woodland/cultivation
22B 36.13131 118.15 427 Vitex, Poaceae, Artemisia open land; pepper tree with grass; planted Platycladus; cultivated Juglans; 

cultivated crop field
23B 36.12531 118.3031 495 Abandoned field; cultivated tree; open crop field; planted Platycladus; pepper tree; Rosaceae tree
27B 36.33906 117.9758 446 Cultivated tree; open grassland; open crop field
29B 35.25933 117.7204 339 Cultivated Rosaceae tree; Castanea woodland/cultivation; cultivated field; Lonicera field; Vitex 

shrub; planted Platycladus
31B 35.01706 117.4279 140 Open crop field; cultivated pepper tree; open grassland
33B 36.39141 117.6889 342 Robinia woodland; cultivated crop field; Vitex, Poaceae, Artemisia
34B 36.08753 117.6388 2,723 Robinia, Vitex semi-open woodland; Vitex shrubs; pepper tree field; open grass land
35B 35.9814 117.7478 256 Mixed Quercus, Pinus, Platycladus woodland; Pinus woodland; cultivated Rosaceae tree; cultivated 

crop field
36B 35.55586 117.9128 551 Quercus, Castanea woodland; Pinus woodland; mixed Quercus, Castanea, Pinus woodland; open 

grassland
39B 35.33536 117.2114 297 Abandoned field; cultivated field; Robinia woodland; open grassland
41B 36.32947 118.0116 402 Abandoned field with Vitex and herbs; open crop field; cultivated tree
44B 35.92425 118.0051 538 Mixed Pinus, Quercus woodland; Pinus, Robinia woodland; Pinus woodland
46B 36.29144 117.2265 452 Robinia woodland; Castanea woodland; open grassland
48B 35.69747 118.1954 225 Robinia woodland; open crop field; open grassland; planted Platycladus
49B 35.01808 117.5442 267 Open crop field; cultivated pepper tree; open grassland
51B 35.51378 117.8866 491 Pinus woodland
52B 35.59176 117.8339 465 Mixed Pinus, Quercus woodland; cultivated tree; Castanea woodland; cultivated field; planted 

Populus
53B 35.04231 117.6025 356 Planted Platycladus; Robinia woodland; mixed Quercus, Robinia, Diospyros kaki woodland
54B 35.27391 117.3183 263 Abandoned field; Robinia woodland; mixed Quercus, Castanea woodland; Pinus woodland
55B 35.33156 117.0212 163 Robinia woodland; open grassland with rock; planted Populus
56B 35.37328 117.139 249 Mixed Platycladus, Quercus, Robinia woodland; Platycladus, Robinia woodland; Vitex shrub
57B 35.30571 117.5198 317 Planted Populus; open crop field; few Platycladus with Vitex and herbs; Vitex and herbs
58B 35.33456 117.7014 281 Planted Crataegus; abandoned field; cultivated Diospyros kaki; Lonicera cultivation; open grassland
59B 35.96658 118.0315 508 Pinus woodland; Robinia woodland; Robinia, Vitex semi-open woodland; open grassland

See text for details
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Data handling for vegetation input files in the ERV 
models: for each set of vegetation data (0–10, 10–100, 
100–1,500 m), the mean absolute cover (in  m2/m2) of the 
plant taxa included in the analysis was calculated for each 
chosen distance increment. In this study we use a 1 m incre-
ment consistently within the entire distance of vegetation 
survey (1,500 m), following, e.g. Sugita et al. (2010) and 
Mazier et al. (2008). We assume homogeneous vegetation 
cover in each concentric ring, as it is the assumption for 
data analysis using ERV models and related pollen-dispersal 
functions. The computer program used for the ERV model-
based analysis requires vegetation datasets in concentric 
rings with the same width from the pollen-sampling sites 
out to the maximum distance of the vegetation survey if the 
RSAP estimate is to be obtained statistically using a moving-
window regression approach. Considering the importance 
of vegetation data close to the pollen-sampling sites, it is 
justifiable to extract the plant abundance data within a 10-m 
radius with a 1 m increment, and use the same increment 
beyond a 10 m radius for consistency. However, the spatial 
resolution of the vegetation survey data is at the best ca. 
5 m × 5 m beyond 10 m. The errors on (1) the vegetation 
composition and (2) the distances from the pollen sampling 
point at which the various plant taxa are located increase 
strongly between the three vegetation datasets. Nevertheless, 
we assume that compilation of vegetation data in concentric 
rings of 1 m up to 1,500 m does not alter the plant abun-
dance estimates significantly compared to vegetation data 
extracted in larger concentric rings of 5–10 m. However, this 
assumption needs to be tested in future studies.

ERV‑model runs

Besides pollen and vegetation data, other input data needed 
to run the ERV model are fall speed of pollen (FSP) and 
wind speed. We used a constant wind speed of 3 m s−1, 
which is assumed to correspond approximatively to the 
modern mean annual wind speed in continental China. FSP 
for the 24 selected taxa (ERV.I) was calculated using Stoke’s 
law (Gregory 1973) and measurements of the pollen grains. 
For 14 taxa, 30 grains of each taxon were measured on refer-
ence slides. These reference slides were prepared from fresh 
flowers that were dried and washed through a sieve mesh of 
0.2 mm. The material <0.2 mm was then acetolysed (Fægri 
and Iversen 1989), and glycerol was added before preparing 
the slides. For ten taxa, the measurements are from Beug 
(2004, four taxa) and Wang (1995, six taxa) (Table 2). The 
calculated velocities were adjusted by a shape factor follow-
ing McNown and Malaika (1950).

All sets of ERV-model runs include runs using the three 
sub-models (see the ERV model description in ESM) and 
two methods to distance weight vegetation, i.e. the taxon-
specific distance-weighting method for bogs proposed by 

Prentice (1985) (Prentice’s model), and the inverse distance 
(1/d) method for comparison. These sub-models and dis-
tance-weighting methods were implemented in the program 
ERV.Analysis.v1.3.1.exe (Sugita, unpublished). It should be 
stressed that this program implements the original Prentice’s 
model that uses a Gaussian plume diffusion model (GPM) 
of small particles in the air (Sutton 1953). Recently, Theu-
erkauf et al. (2016) and Mariani et al. (2016) used a state-
of-the-art Lagrangian stochastic dispersal model (LSM) 
and concluded that the LSM may perform better than the 
GPM when applied for REVEALS-based reconstructions of 
past regional vegetation in northern Germany (Theuerkauf 
et al. 2016) or for ERV-based estimates of RPPs in Australia 
(Mariani et al. 2016) (see also discussion below).

A first selection of taxa was made with the following cri-
teria: each selected taxon (1) is present in both pollen and 
vegetation data, (2) is represented as pollen in a minimum of 
ten sites, and (3) is characterized by between-sample varia-
tion in pollen percentages and vegetation abundances. This 
set of taxa was used to perform the first set of ERV-model 
runs (ERV.I). Poaceae was chosen as reference taxon (see the 
ERV model theory in ESM). It is the most common refer-
ence taxon used in studies of RPPs in open and semi-open 
vegetation because it is one of the most common pollen-types 
in such vegetation, and has often a close-to-linear pollen-
vegetation relationship. In our case, although there is a large 
deviation of the values around the ideal linear relationship, 
Poaceae has the highest number of values and best spread of 
these values along the gradient (see results below and Fig. 5). 
The RSAP was calculated with the moving-window regres-
sion method (Sugita in Gaillard et al. 2008) using a window 
of 100 m.

The results of ERV.I were used to (1) make a first assess-
ment of the log-likelihood curve and identify the RSAP, (2) 
plot the pollen/vegetation relationships from the three sub-
models at the RSAP distance, and (3) evaluate these relation-
ships. The taxa with non-linear relationships were excluded 
and a second set of ERV-model runs using the same proce-
dure as ERV.I was performed (ERV.II).

The results of ERV.II provided a theoretically correct curve 
of log-likelihood values, i.e. the values increased with distance 
and reached an asymptote. If at this stage (ERV.II) the log 
likelihood curve does not behave in a theoretically correct 
way, further ERV-model runs with different selections of sites 
and/or taxa should be performed. Awkward behaviours of log 
likelihood curves may be due to the selection of taxa with non-
linear pollen-vegetation relationships and/or too large between-
site differences in regional vegetation (unpublished data, pers. 
comm. from several collaborators). It is recommended to 
delete site outliers in terms of regional vegetation composition 
and structure, and pollen-types for which the pollen-vegetation 
relationship is too far from a linear relationship.
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Results

Pollen data

A total of 78 pollen-types were found in the 37 moss sam-
ples, of which 71 were found as plant taxa in the vegeta-
tion surveys (listed in ESM Table 1). Ephedra, Euphor-
biaceae, Larix, Nitraria, Tilia, Typha and Valerianaceae 
were found only as pollen-types. One moss sample had a 

very low diversity of pollen-types and bad preservation of 
the pollen grains and was therefore excluded from further 
analysis. The 28 most common pollen taxa are presented in 
the percentage pollen diagram (ESM Fig. 1). Of those 28 
taxa, Paulownia, Zanthoxylum-type, Betula and Salix were 
deleted before the first set of ERV runs (ERV.I) because 
they had gradients of pollen and vegetation values that 
were too poor. Of those 24 taxa, six additional taxa were 
found to have a relationship of the ERV-adjusted pollen 

Table 2  Harmonization of plant taxa with pollen-morphological-types/pollen taxa

Plant Species Pollen-type Diameter / short and long 
axis of pollen grains (µm)

Fall speed 
(m/s)

Pinus thunbergii, P. tabuliformis Pinus 35, 78.5*** 0.028
Platycladus orientalis Cupressaceae 29.42* 0.01
Robinia pseudoacacia, Sophora japonica Robinia/Sophora 26.17, 28.38* 0.021
Castanea mollissima Castanea 9.96, 15.92* 0.004
Quercus aliena, Q. dentata, Q. variabilis Quercus 27.25, 31.08* 0.025
Juglans regia Juglans regia 36.50** 0.037
Ulmus pumila Ulmus 31, 36.5*** 0.032
Vitex negundo Vitex negundo 21, 30.17* 0.016
Galium aparine, G. bungei, G. verum Galium-type 25** 0.019
Lespedeza bicolor, L. tomentosa Lespedeza-type 33.5, 37.33* 0.036
Vaccaria hispanica, Arenaria serpyllifolia, Malachium aquaticum, 
Silene conoidea, S. jenisseensis, S. aprica, Stellaria media, Dianthus 
chinensis, D. superbus

Caryophyllaceae 36.04* 0.039

Portulaca oleracea, Chenopodium album, Salsola collina, Salsola 
komarovii

Amaranthaceae/ 
Chenopodiaceae

Mean Ø Salsola collina 
and Chenopodium: 30***

0.027

Artemisia annua, A. argyi, A. capillaris, A. eriopoda, A. japonica, A. 
lavandulifolia, A. mongolica, A. sacrorum

Artemisia Mean Ø Artemisia spp: 
22***

0.015

Chrysanthemum lavandulifolium, C. potentilloides, Anaphalis sinica, 
Aster tataricus, Bidens bipinnata, B. pilosa, Carpesium cernuum, 
Coreopsis tinctoria, Erigeron annuus, Galinsoga parviflora, G. 
quadriradiata, Gnaphalium affine, Heteropappus altaicus, H. 
hispidus, Kalimeris indica, K. integrifolia, K. lautureana, 
Leontopodium leontopodioides, Ligularia sibirica, Senecio scandens, 
Solidago decurrens, Tephroseris kirilowii, Tripolium vulgare, Cirsium 
japonicum, Conyza bonariensis, C. canadensis, Eclipta prostrata, 
Turczaninowia fastigiata

Aster/Anthemis-type 29.65* 0.025

Hemistepta lyrata, Saussurea japonica, S. mongolica, S. pectinata, 
Stemmacantha uniflora, Carduus crispus, Cirsium segetum, C. 
setosum, Olgaea tangutica

Saussurea/Carduus/
Cirsium-type

52.79* 0.075

Ixeridium chinense, Ixeris polycephala, I. sonchifolia, Lactuca 
angustata, L. romana, Mulgedium sibiricum, M. tataricum, Picris 
japonica, Pterocypsela elata, P. indica, P. laciniata, Scorzonera 
albicaulis, S. austriaca, S. sinensis, Sonchus asper, S. oleraceus, 
Taraxacum mongolicum, Youngia japonica

Asteraceae SF 
Cichorioideae

30.42* 0.028

Brassica rapa, B. pekinensis, Capsella bursa-pastoris, Cardamine 
hirsuta, C. lyrata, Descurainia sophia, Draba nemorosa, Erysimum 
bungei, E. flavum, E. cheiranthoides, E. macilentum, Lepidium 
apetalum, L. virginicum, Orychophragmus violaceus, Rorippa indica

Brassicaceae 24.25, 30.58* 0.02

Carex breviculmis, C. lanceolata, C. rigescens, Cyperus rotundus Cyperaceae 33.5, 39.5*** 0.037
Humulus scandens Cannabis/Humulus 20.25* 0.01
Poaceae Poaceae 26.5, 29*** 0.022
Zea mays Zea mays 74.50** 0.185
Selaginella tamariscina, S. sinensis Selaginella 36.63* 0.041
Capsicum annuum, Lycium chinense, Solanum tuberosum, S. 
lycopersicum, S. lyratum

Solanum nigrum-type 29.75** 0.027

Fall speed of pollen (FSP) for each pollen was calculated using Stoke’s law (Gregory 1973) and measurements of the diameter (long and short 
axes) of 30 pollen grains from reference collections (*), and from the literature, i.e. Beug (2004) (**) and Wang (1995) (***)
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and vegetation data that again was too poor. Therefore, 
the second set of ERV runs (ERV.II) was performed with 
18 taxa.

Vegetation data

The raw vegetation survey data are not presented in this 
paper. A PCA of (1) the distance-weighted, harmonized 
vegetation (DWHV) data (in  m2/m2) (see methods above), 
and (2) both pollen and DWHV data together did not exhibit 

clear outlier sites except for one site with very low pollen 
concentration (results not shown).

Relevant source area of pollen

Log-likelihood increases with distance until maximum 
values within 100 to 200 m distance whatever the com-
bination of sub-model and distance-weighting method. 
However, it reaches an asymptote with relatively con-
stant values beyond ca. 150 m only when sub-model 3 is 
used (Fig. 6). When sub-models 1 and 2 are used, the log 

Fig. 4  Examples of vegetation/land-use maps for nine randomly 
selected sites created from Google Earth satellite images for each 
of the 36 sites included in the study. The maps of vegetation/land-
use units were created by maximum likelihood classification with 
ArcView (ArcGIS 10.0). See text for more details. The land-use-type 
IDs are the same as in Table  3. Land-use-types 2, 3, and 4 are not 
present in these sites but occur at other sites. Land use-types: 1 Pinus 

single tree and Pinus woodland; 5 Quercus woodland; 6 Mixed Rob-
inia and Quercus woodland; 7 Robinia woodland; 8 Platycladus sin-
gle tree and Platycladus forest; 9 Planted Populus; 10 Mixed Populus 
and Platycladus forest; 11 cultivated trees; 12 cultivated Castanea; 13 
open land with Vitex and herbs; 14 crop fields; 15 abandoned fields; 
16 field border (trees + crops); 17 rocks; 18 water body
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likelihood values decrease after the maximum values, most 
significantly when sub-model 2 is applied. The distance-
weighting methods used have little influence on the log 
likelihood curve and the RSAP distance. The RSAP calcu-
lated with the moving-window regression is 145 m when 
sub-model 3 and Prentice’s model are used.

Pollen‑vegetation relationships

The scatter plots of the original (percentages) and ERV-
adjusted pollen and vegetation values using sub-model 3 
and Prentice’s model are shown in Fig. 6 and ESM Fig. 2. 
Sub-model 1 (results not shown) and 3 produced comparable 
results in terms of the pollen-vegetation relationship. Pinus 
exhibits the relationship that is closest to an ideal linear rela-
tionship, followed by Artemisia, Quercus, Poaceae, Cyper-
aceae and Asteraceae SF Cichorioideae (Fig. 6). Several taxa 
have relationships characterized by many low values and few 
high values of pollen and vegetation (i.e. Castanea, Juglans, 

Platycladus, Robinia/Sophora), or have strongly deviating 
high values with either high pollen values corresponding to 
low vegetation values or the inverse (i.e. Amaranth./Che-
nop., Cannabis/Humulus, Castanea, Brassicaceae, Galium-
type, Ulmus, Vitex) (ESM Fig. 2).

Relative pollen productivity estimates

The RPP estimates for 18 taxa and their standard errors 
(SEs) calculated using the three ERV sub-models and two 
alternative distance-weighting methods are shown in Fig. 7 
and Table 4. ERV sub-model 2 often produces lower RPPs 
than sub-models 1 and 3, and sub-model 3 higher values 
than sub-model 1 and 2. The ranking of the RPPs is the 
same for all combinations of ERV sub-model and dis-
tance-weighting method, i.e. for tree and shrub taxa Cas-
tanea > Pinus > Quercus > Cupressaceae > Ulmus > Jug-
lans > Vitex negundo, with Ulmus having a RPP of 1, and for 
herb taxa Artemisia > Cannabis/Humulus > Aster/Anthemis-

Table 3  Taxa composition of the vegetation/land-use units extracted from Google images

The 18 taxa in bold are the taxa used in the ERV runs set ERV.II; see text for details. Vegetation/land-use units 1, 5–18 as in Fig. 4; 2 Mixed 
Pinus and Quercus woodland; 3 Mixed Pinus and Platycladus woodland; 4 Mixed deciduous woodland (semi-open). Plant species harmonized 
to pollen-types full names: Art Artemisia, Ast Aster/Anthemis-type, Caryo Caryophyllaceae, Cas Castanea, Cer Cerealia undiff., Che Amaranth./
Chenop., Cich Asteraceae SF. Cichorioideae, Cir Cirsium/Saussurea/Carduus-type. Cru Brassicaceae, Cyper Cyperaceae, Gal Galium, Hum 
Cannabis/Humulus, Jug Juglans, Pin Pinus, Cup Cupressaceae, Poa Poaceae, Que Quercus, Rob Robinia/Sophora, Sel Selaginella, Sol Solanum, 
Ulm Ulmus, Vit Vitex negundo, Zea Zea mays

ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Art 4.82 4.69 2.04 0.1 3 2.1 1.74 0.29 8.82 3.04 0.83 0.58 1.72 0.3 11.82 2.05 0 0
Ast 0.91 5.23 0.58 0 0.21 0.81 0.13 0.14 4.01 1.38 0.59 3.66 1.34 0.2 2.09 0.67 0 0
Caryo 1.48 1.49 0.49 0 3.01 1.48 0.8 0 1.74 0.58 0.43 0.71 4.12 0.01 0.19 1.28 0 0
Cas 0 0 0 0 0 5 0 0 0 0 9.7 73.18 0.61 0 0 0 0 0
Cer 0 0 0 0 0 0.05 0.16 0 0 0 0 0 0.01 3.33 0.02 0.01 0 0
Che 0 0.01 0.58 0 0.04 1.12 2.48 1.56 0.48 0.68 1.9 4.13 0.17 0.46 0.02 0.12 0 0
Cich 1.3 0.47 0.85 0 0.1 1.23 1.3 0.63 4.82 1.82 2.49 0.91 0.71 1.79 0.63 1.11 0 0
Cir 0 0 0.11 0 0 0.1 0.08 0.04 0 0.01 0.44 0.3 0.06 0.22 0.05 0.54 0 0
Cru 0 0.01 0 0 0.03 0.44 1.3 0 0 0 0 0.21 0.71 7.14 0.3 0.01 0 0
Cyper 5.73 4.74 3.69 0 2.23 1.23 0.62 2.34 0 0.78 2.35 1.1 1.37 0.01 0.19 0.1 0 0
Gal 0.39 0.4 0.29 0 0.8 1.58 0.19 0.1 1.25 0.45 0.3 1.1 0.09 0.01 0.07 0.25 0 0
Hum 0 0.13 0.52 0 0.4 0.58 0.3 1.56 0 0.52 0.63 0.54 0.13 0.1 0.12 1.25 0 0
Jug 0 0 0 0 0 0 0 0 0 0 12.43 2.49 0.9 0 0.12 0 0 0
Les 0.39 0.14 0.2 1 0.02 0.01 0.01 0.2 0 0.07 0.12 1.27 0.08 0.01 0.11 2.52 0 0
Pin 74.48 54.84 34.09 2 6.72 4.09 1.82 0 0 0 0 0 0.04 0 0.12 0 0 0
Cup 0 0 7.71 2 0 2.73 7.37 23.02 0 30.59 0 0 1.74 0 0.09 0 0 0
Poa 20.1 20.37 14.1 4 16.01 22.27 26.25 11.51 20.73 22.55 9.64 10.75 21.16 0.09 33.68 20.78 0 0
Que 0.83 26.3 0.28 5 73.9 30.29 0 0 0 0 0 0 0.2 0 0 0 0 0
Rob 0.26 2.17 0.39 1 6.25 28.79 54.59 0.92 0.42 0.45 0.08 0.43 0.55 0.01 1.82 0.26 0 0
Sel 1.82 7.62 11.4 0 0.2 4.86 6.89 11.84 1.25 15.13 3.18 0.64 4.04 0.01 5.8 8.87 0 0
Sol 0 0 0.01 0 0 0.04 0.11 0.02 0 0.01 0.02 0 0.13 1.25 0 0.01 0 0
Ulm 3.91 1.3 1.56 0 0 1.73 0.08 0.76 0 0.25 0.01 0.42 1.73 0.01 0.02 0.61 0 0
Vit 11.98 26.53 11.67 4 11.36 14.11 12.96 7.93 7.7 7.64 1.03 5.41 14.15 0.01 20.9 3.87 0 0
Zea 0 0 0 0 0 0 0 0 0 0 0 0 0.11 1.67 0 0.01 0 0
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type > Galium-type > Poaceae > Brassicaceae > Caryo-
phyllaceae > Asteraceae SF Cichorioideae > Cyper-
aceae > Amaranthaceae/Chenopodiaceae, with Artemisia 
and Cannabis/Humulus having higher RPPs than Cas-
tanea. Trees, except Robinia/Sophora (RPP = 0.78 ± 0.03), 
have larger RPP estimates than herbs, except Artemisia 
(RPP = 24.7). Unfortunately, although cereal pollen was 
found in many of the moss samples (ESM Table 2), the pol-
len-vegetation relationship was too poor to provide a reliable 
RPP estimate.

Discussion

In this study we used the original model of Prentice (1985) 
that uses a Gaussian plume diffusion model (Sutton 1953; 
see methods above). Recently, Theuerkauf et al. (2016) used 
a state-of-the-art Lagrangian stochastic dispersal model 
(LSM) and compared the model outcomes with those based 
on a conventional Gaussian plume dispersal model (GPM). 
In the LSM turbulence implies that pollen fall-speed has 
little impact on the dispersal pattern, whereas fall speed is a 
major factor influencing dispersal in the GPM. These authors 
also showed that the REVEALS model (Sugita 2007a) per-
formed better in reconstructing regional plant cover in NE 
Germany when applied with the LSM rather than with the 
GPM. Mariani et al. (2016) found that RPPs and RSAP 

obtained using the LSM appeared to be more realistic when 
compared to the results from the GPM in the wind- and 
animal-pollinated vegetation mosaics of western Tasmania. 
The discussion below is conducted having in mind that the 
use of the GPM is one of the potential methodological fac-
tors influencing our results. A comparison of RPP obtained 
when using the LSM with the RPP obtained in this study is 
in progress.

Pollen‑vegetation relationship

It is common in RPP studies based on field data that few 
taxa have their pollen-vegetation data closely fitting to the 
theoretical ERV-model linear relationship, in particular in 
half-open and open landscapes in Europe (e.g. Hjelle 1998; 
Broström et al. 2004; Mazier et al. 2008; Poska et al. 2011) 
and in China (e.g. Xu et al. 2014; Ge et al. 2015). The latter 
might be due to (1) the generally low pollen productivity 
combined with restricted dispersion of herb pollen (except 
for Artemisia, Poaceae, Cyperaceae and Asteraceae SF 
Cichorioideae), leading to low values in the pollen data cor-
responding to high values in the vegetation data (e.g. Bras-
sicaceae, Galium-type), and/or (2) the generally effective 
dispersion of tree pollen (except for Ulmus and the cultivated 
tree Juglans) and the generally scattered occurrence of such 
trees in the landscape, producing high values in the pollen 
data that may correspond to either high or low values in the 

Fig. 5  Plots of the log likeli-
hood function scores using the 
three ERV sub-models and two 
methods of vegetation distance 
weighting, the taxon-specific 
and the inverse distance (1/d) 
methods, based on pollen data 
from moss samples and vegeta-
tion data within 1,500 m radius 
around the pollen sample at 36 
random sites
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vegetation data (e.g. Castanea, Robinia/Sophora). Further, 
the cultural landscape in our study region is characterized by 
a high cover of cultivated soils with shifting cover of crops, 
weeds and ruderals over the years. However, we assume that 
the cover of the weed taxa for which RPP was estimated (e.g. 
Artemisia, Humulus, Poaceae, Asteraceae SF Asterioideae, 
Asteraceae SF Cichorioideae) at the time of the surveys is 
a fair approximation of the mean cover of these taxa over 
a 1–3 year period of pollen deposition in the moss sample, 
even though the weeds may have changed their spatial dis-
tribution over the years. Other factors influencing the pollen-
vegetation relationship may be stochastic pollen dispersal 
by insects rather than wind transport or pollen transported 
in clumps rather than as single grains, given that the ERV 
model assumes dispersal of single grains by wind and uses 
a Gaussian plume model (GPM) rather than a Lagrangian 
model (LSM).

Relevant source area of pollen (RSAP)

Our results confirm that when absolute vegetation data are 
used sub-model 3 is the most appropriate model to use.

The RSAP is affected by a variety of factors including 
size and type of sediment basin and spatial distribution of 
taxa and vegetation patches in the vegetation/landscape stud-
ied. The effect of basin size on the RSAP has been tested 
in many previous studies showing that the RSAP increases 
with basin size. For instance, in North America, RSAPs of 
50–100 m were estimated for moss samples in small for-
est hollows, 300–400 m for surface sediments from small 
lakes, and 600–800 m for sediments from middle sized lakes 
(Sugita 1993). In Europe, RSAP for moss polster samples 
was estimated to be 400 m in the open and semi-open cul-
tural landscapes of southern Sweden (Broström et al. 2005), 
ca. 300 m in the pasture woodland landscape of the Jura 
Mountains (Mazier et al. 2008), 1,050 m in the modern 
agricultural landscape of central Bohemia (Abraham and 
Kozáková 2012), and 1,000 m in the boreal forest landscapes 
of northern Finland (Räsänen et al. 2007). The variability 
of the RSAP for moss polsters in Europe is most probably 
due to differences between studied landscapes in terms of 
size and spatial distribution of vegetation patches. The lat-
ter has been shown to strongly influence the RSAP (Sugita 
et al. 1999; Bunting et al. 2004; Nielsen and Sugita 2005; 
Gaillard et al. 2008; Hellman et al. 2009a; Poska et al. 2011). 
Hellman et al. (2009a, b) tested these effects using simulated 

hypothetical landscapes and found that the influence of veg-
etation spatial structure was due to its effect on the spatial 
distribution of the taxa involved, i.e. the more fine-grained 
and homogenous spatial distribution of the taxa, the smaller 
the RSAP. The RSAP is also influenced by the plant taxa 
characteristic of the studied landscape. All-herb vegetation 
usually has smaller RSAP than all-tree vegetation, while 
mixed herb-tree vegetation may have larger RSAP than all-
herb or all-tree vegetation (Bunting and Gaillard in Gaillard 
et al. 2008; Bunting and Hjelle 2010). Finally, the RSAP 
estimate may be influenced by the dispersal model used 
(Mariani et al. 2016).

In the case of our study region, we expected a higher 
RSAP than the estimated 145 m because of the large degree 
of openness and the relative scarcity of tree patches at 
the regional spatial scale. However, the satellite maps for 
extraction of vegetation data beyond 100 m were generated 
at a resolution of 25 m2, which created a high-resolution 
patchiness of vegetation/land-use-types comparable to the 
patchiness recorded within 100 m, which could explain the 
relatively small RSAP. The RSAP values obtained in earlier 
studies in China are generally larger, but few of the pub-
lished studies are based on pollen data from moss polsters. 
Li et al. (2015) estimated a RSAP of 2,000–2,500 m for 
moss polsters in the woodlands of the Changbai Mountains 
in north eastern China. The large RSAP probably reflects the 
heterogeneity of the woodland landscape in the study region. 
Interestingly, the RSAP of 145 m in the cultural landscape of 
Shandong is comparable to the RSAP of moss polsters in the 
cultural landscapes of southern Sweden (400 m; Broström 
et al. 2005) and the Swiss and French Jura Mountains (ca. 
300 m; Mazier et al. 2008). Therefore, it would be worth 
testing whether the RSAP in other cultural landscapes of 
the northern hemisphere temperate zone is generally of such 
magnitude.

Relative pollen productivity (RPP) estimates

In this study, few of the pollen-vegetation relationships as 
corrected by the ERV model are perfectly linear (see discus-
sion on pollen-vegetation relationships above). It is unclear 
what effect the poorer relationships in our dataset had on 
the resulting RPP estimates. Estimates of RPP values can 
be tested by using them in pollen-based reconstruction of 
modern or historical plant cover and comparing the results 
with modern or historical plant cover (e.g. Nielsen 2004; 
Hellman et al. 2008). Such a test is in progress for the Shan-
dong province and will be published elsewhere.

The reliability of the RPP estimates can also be assessed 
on the basis of the standard deviation (SD) calculated in 
the ERV analysis (see details in the ESM, description of 
methods). If the SD is larger than the RPP value, it implies 
that the estimated RPP is not different from zero and should 

Fig. 6  Plots of the pollen-vegetation relationship at the distance 
corresponding to the radius of the relevant source area of pollen 
(RSAP = 145  m) as calculated using the ERV sub-model 3 and the 
taxon-specific vegetation distance-weighting method (Prentice’s 
model). Upper panel: original pollen proportion and vegetation abso-
lute abundance. Lower panel: relative pollen loading and absolute 
distance-weighted vegetation abundance

◂
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be considered as unreliable (Sugita, personal communica-
tion). In our study, the RPP estimates for Vitex negundo 
(0.0025 ± 0.0184) and Amaranthaceae/Chenopodiaceae 
(0.18 ± 0.16) are considered as unreliable. Another way to 
evaluate the RPP estimates is to compare the results from 
the ERV sub-models 1 and 3. These sub-models have usu-
ally provided similar values (e.g. Broström et al. 2004; 
Mazier et al. 2008). In our study, when sub-models 1 and 3 
are used, the taxa for which the RPPs are most similar are: 
Artemisia, Aster/Anthemis-type, Caryophyllaceae, Aster-
aceae SF Cichorioideae, Cyperaceae, Cannabis/Humulus, 
Pinus, Quercus, Robinia/Sophora, Ulmus. In contrast, the 
RPPs (sub-model 3; sub-model 1) obtained for Castanea 
(11.49; 4.63), Brassicaceae (0.87; 0.14), Galium-type (1.23; 
0.32), Juglans (0.3; 0.96), and Cupressaceae (1.11; 0.51) 
are significantly different depending on the sub-model used, 
which could suggest that these values should be considered 
with care.

It is expected that the taxon-specific distance weight-
ing (dw) method using a GPM will produce different RPP 

estimates than the 1/d dw method. If GPM is applied, the 
1/d method may lead to an overestimation of the RPP of 
taxa with large and heavy grains, while it will underesti-
mate the RPP of taxa with small and light grains (Broström 
et al. 2004; Nielsen 2004; Soepboer et al. 2007; Mazier 
et al. 2008; Poska et al. 2011). However, using a LSM may 
result in smaller differences between RPP estimates obtained 
applying the taxon-specific or 1/d dw methods because FSP 
has less influence on pollen dispersal in LSM than in GPM 
(Theuerkauf et al. 2016).

A comparison of RPPs in China and Europe

Of the RPP estimates available from published studies in 
northern and temperate China (Li et al. 2011, 2015; Wang 
and Herzschuh 2011; Xu et al. 2014; Ge et al. 2015), the 
ones that best can be compared with the RPPs obtained in 
this study are those of Ge et al. (2015) from the meadow and 
steppe landscapes of Inner Mongolia, and of Li et al. (2015) 
from the woodlands of the Changbai mountains, because 
the methods used in these investigations are comparable to 
ours. However, Ge et al. (2015) have used pollen from soil 
samples and Li et al. (2015) did not apply the random sam-
pling approach and the standardized strategy of vegetation 
data collection of Bunting et al. (2013b). There are only six 
taxa for which this study’s RPP values can be compared with 
other published values in China, i.e. Artemisia, Cyperaceae, 
Galium-type, Juglans, Quercus, and Ulmus (Table 5). Sev-
eral additional RPP studies have been performed in mead-
ows, steppes areas, and woodland but were still unpublished 
at the time of the present study. In this discussion, we also 
compare the Chinese RPP values with those obtained in 
Europe (Mazier et al. 2012, RPP dataset standard 2).

Artemisia has a RPP of 24.7 in this study and 19.33 in 
Inner Mongolia (Ge et al. 2015). Some Artemisia species are 
growing in the two environments, others are characteristic 
of either cultural landscapes or meadows and steppes. In 
spite of the different species involved, the RPPs are com-
parable. In contrast, the RPPs of Artemisia from western 
Europe are 10× lower (Mazier et al. 2012). However, the 
species represented in Europe are different. The RPP esti-
mate of Cyperaceae in our study (0.21) is much lower than 
the value obtained in Inner Mongolia (8.9; Ge et al. 2015), 
but closer to the estimate from Europe (0.87). Cyperaceae 
include many different genera and species and therefore 
comparison is problematic.

Our RPP value for Amaranthaceae/Chenopodiaceae has 
a large error estimate (0.18 ± 0.16) and, therefore, is not 
recommended for use in reconstructions. The value from 
Inner Mongolia is, in contrast, very high (21). In Europe, 
the only value available so far is 4.28 (±0.27) (Abraham and 
Kozáková 2012). The large differences between RPP esti-
mates might be due to different species and vegetation-types 
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Fig. 7  Estimates of relative pollen productivity (RPP) with standard 
deviation for 18 taxa estimated with the three ERV sub-models and 
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inverse distance (1/d), based on pollen data from moss samples and 
vegetation data within 1,500 m radius around the pollen sample at 36 
random sites



601Veget Hist Archaeobot (2017) 26:587–605 

1 3

between regions. Our value and that from Europe were 
obtained from studies in cultural landscapes of the temper-
ate zone, while the very high value from Inner Mongolia is 
from meadow and steppe environments. In our study, Che-
nopodiaceae were represented by a few ruderals growing 
in cultivated fields, or cultivated crops (Spinacia oleracea), 
i.e. often removed before flowering. In Europe, the family 
is represented mainly by Chenopodium species growing in 
cultivated fields and along tracks and roads.

The value obtained in this study for Galium-type (1.23) 
is the first one in China and can only be compared with that 
of Europe (2.61).

In order to compare our RPP estimates for trees relative to 
Poaceae with those relative to Quercus (Li et al. 2015), we 
used the mean value of all Quercus RPP relative to Poaceae 
available in China to transform the values for Juglans and 
Ulmus (relative to Quercus) from Li et al. (2015) to values 
relative to Poaceae. We also reran the ERV-model with our 
data using Quercus as reference to check that differences 
between the two studies for RPP published values of Juglans 
and Ulmus were comparable to those found using the method 
above. The values for Quercus RPP relative to Poaceae are 
very close between our study (4.89), the mean for China 
(5.19) and the mean for Europe (5.83), which is reassuring. 
On the other hand, our RPP value for Juglans (0.3) is very 
low compared to that (10.06) of Li et al. (2015). This might 
be due to poor representation of pollen in the moss samples 

from this cultivated tree in our study area (i.e. the trees were 
seldom abundant and often young with perhaps a relatively 
poor flowering), while it is growing naturally in the wood-
lands of the Changbai Mountains and can be assumed to 
have a more abundant flowering if the trees are old. We 
therefore conclude that the RPP we obtained for Juglans is 
certainly not appropriate to use for pollen-based reconstruc-
tion of woodlands. As for Quercus, the RPP value for Ulmus 
in our study area (1.00) is close to the mean value from 
Europe (1.27), but it is much lower that the value from Li 
et al. (2015). This might again be related to the differences 
in species and landscapes between Europe and Shandong 
(human-induced vegetation and low abundance of Ulmus in 
both cases), and the Changbai mountains (dense woodlands 
and high abundance). Our RPP for Pinus (8.96) is similar 
to the European mean RPP (6.38). However, it should be 
stressed that the values of Pinus RPP in Europe vary a lot 
between latitudes and landscape-types.

Methodological differences between studies for vegeta-
tion data collection is another reason for significant differ-
ences in RPP estimates (Bunting and Hjelle 2010). Veg-
etation-survey strategies vary a lot between the published 
studies available from China. Differences in estimates of fall 
speed of pollen (FSP) for the same taxon can also have a sig-
nificant effect on RPP estimates when the distance weight-
ing method uses a Gaussian plume model (Theuerkauf et al. 
2016). When FSP is calculated using Sutton’s equation the 

Table 4  Estimates of relative pollen productivity (RPP) and their standard deviation (SD) as obtained with the three ERV sub-models and two 
methods of vegetation distance-weighting (dw) 1/d and Prentice’s dw

Poaceae is the reference taxon set to RPP = 1

Taxa model1 
1/d

model1 
Prentice’s dw

model2 
1/d

model2 
Prentice’s dw

model3 
1/d

model3 
Prentice’s dw

Artemisia 20.53 ± 0.72 23.27 ± 0.72 12.71 ± 0.4 15.51 ± 0.27 15.65 ± 1.02 24.7 ± 0.36
Aster/Anthemis-type 1.09 ± 0.08 1.35 ± 0.08 0.88 ± 0.06 0.83 ± 0.07 1.21 ± 0.2 1.26 ± 0.4
Caryophyllaceae 1.24 ± 0.1 0.66 ± 0.06 0.41 ± 0.07 0.47 ± 0.08 1.06 ± 0.04 0.87 ± 0.14
Castanea 1.46 ± 0.11 4.63 ± 0.31 2.3 ± 0.13 6 ± 0.38 2.74 ± 0.1 11.49 ± 0.49
Amaranth./Chenop 0.73 ± 0.11 0.7 ± 0.11 0.17 ± 0.1 0.29 ± 0.11 0.11 ± 0.13 0.18 ± 0.16
Asterac. SF. Cichor 0.57 ± 0.06 1.49 ± 0.1 0.39 ± 0.04 0.53 ± 0.05 0.92 ± 0.08 0.86 ± 0.11
Brassicaceae 0.45 ± 0.1 0.14 ± 0.06 0 ± 0.04 0 ± 0.03 0.01 ± 0.09 0.89 ± 0.18
Cyperaceae 0.61 ± 0.11 0.16 ± 0.08 0.56 ± 0.08 0.5 ± 0.08 0.12 ± 0.04 0.21 ± 0.07
Galium-type 0.35 ± 0.11 0.32 ± 0.13 0.31 ± 0.11 0.45 ± 0.16 0.07 ± 0.06 1.23 ± 0.36
Cannabis/Humulus 9.45 ± 0.5 14.59 ± 0.68 3.85 ± 0.1 5.2 ± 0.25 4.73 ± 0.38 16.43 ± 1
Juglans regia 0.4 ± 0.06 0.96 ± 0.11 0.27 ± 0.04 0.94 ± 0.08 1.01 ± 0.04 0.3 ± 0.05
Pinus 8.94 ± 0.35 7.82 ± 0.24 12.9 ± 0.32 12.12 ± 0.1 10.43 ± 0.44 8.96 ± 0.23
Cupressaceae 0.25 ± 0.03 0.51 ± 0.06 0.43 ± 0.03 0.45 ± 0.04 0.31 ± 0.02 1.11 ± 0.09
Poaceae 1 ± 0 1 ± 0 1 ± 0 1 ± 0 1 ± 0 1 ± 0
Quercus 4.84 ± 0.24 4.25 ± 0.2 4.65 ± 0.04 5.65 ± 0.11 5.37 ± 0.33 4.89 ± 0.16
Robinia/Sophora 0.75 ± 0.03 0.69 ± 0.03 0.74 ± 0.01 0.85 ± 0.02 0.78 ± 0.05 0.78 ± 0.03
Ulmus 1.82 ± 0.34 1.28 ± 0.28 0.1 ± 0.12 0.42 ± 0.14 1.55 ± 0.23 1 ± 0.31
Vitex negundo 0.13 ± 0.02 0.12 ± 0.02 0.09 ± 0.01 0.07 ± 0.02 0.06 ± 0.02 0 ± 0.02
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pollen grains of species belonging to a particular pollen 
taxon need to be measured. Pollen taxa can include a large 
number of species, such as Asteraceae SF Cichorioideae or 
Cyperaceae, therefore only some species are selected for 
measurements. The size of pollen grains will also differ 
depending on their origin (lake sediment samples, mosses 
or fresh plant material) and on the preparation methods and 
embedding (glycerine, silicone oil or others). For instance, 
the FSP of Quercus (0.026 m/s) in this study is similar to 
Gregory’s (1973) value, but it is lower than the value used 
in Europe (0.035 m/s) (Mazier et al. 2012), and higher than 
the value (0.018 m/s) provided by Li et al. (2015). The effect 
of these differences in FSP on the RPP values has not been 
tested in this study.

Conclusions

This is the first RPP study performed in cultural landscapes 
in China. Therefore, it is also a test of whether the meth-
ods and models used are appropriate in landscapes strongly 
impacted by humans. The theory of ERV models is based 
on a number of assumptions that are best met in natural 
vegetation or human-induced vegetation with relatively low 
fragmentation, i.e. vegetation with homogenous species 
composition and spatial distribution. Cultural landscapes are 
often very fragmented and may be characterized by sharp 
changes in species composition over a number of spatial 
scales. Nevertheless, several RPP studies in the cultural 
landscapes of Europe showed that it was possible to esti-
mate relevant source area of pollen (RSAP) and RPPs in 
this kind of landscapes (e.g. Broström et al. 2005; Hellman 

et al. 2009a, b; Mazier et al. 2012). In our study, we find that 
the ERV models and the methods used for vegetation data 
collection are also appropriate for the highly fragmented 
and human-impacted cultural landscape of the Shandong 
province, which suggests that the methodology and models 
used are robust.

In this study, nine RPP estimates are new for China 
(Aster/Anthemis-type, Cannabis/Humulus, Caryophyl-
laceae, Castanea, Brassicaceae, Cupressaceae, Galium-type, 
Robinia/Sophora and Vitex negundo), and six are new for the 
world (Cannabis/Humulus, Castanea, Brassicaceae, Cupres-
saceae, Robinia/Sophora and Vitex negundo). RPP estimates 
for common taxa such as Quercus, Pinus and Artemisia are 
reasonably consistent in temperate China. Moreover, the val-
ues for Quercus, Pinus, Ulmus, Cyperaceae and Galium-type 
are comparable with the mean RPP in northern and central 
Europe. The values for Aster/Anthemis-type, Caryophyl-
laceae, Asteraceae SF Cichorioideae and Juglans differ from 
the few estimates available for China and/or Europe. Stud-
ies in Europe have shown that trees generally have higher 
RPP values than herbs (e.g. Broström et al. 2008; Mazier 
et al. 2012) and, therefore, pollen percentages or accumu-
lation rates (PAR) overestimate the cover of trees in past 
vegetation (e.g. Trondman 2015). In this study we find that, 
as in Europe, trees (except Robinia/Sophora, 0.78 ± 0.03) 
have larger RPP estimates than herbs, except Artemisia 
(24.7 ± 0.36).

The taxa for which the RPP estimates are the first values 
published for China are common today in the cultural land-
scapes/human-induced vegetation of temperate north-west-
ern China. Therefore, these RPP estimates are of great value 
for pollen-based reconstructions of past human-induced 

Table 5  Comparison of the relative pollen productivities (RPP) in this study with RPPs obtained in two other Chinese studies, and RPP values 
from Europe

Pollen type/taxon This paper, cultural landscape, 
Shandong

Ge et al. (2015) meadows, 
steppes, Inner Mongolia

Li et al. (2015) 
Woodland; Changbai

Mazier et al. (2012) Europe

Artemisia 24.7 ± 0.35 19.33 ± 0.41 2.56 ± 0.32
Aster/Anthemis-type 1.26 ± 0.4 0.10 ± 0.01 (Leucanth./Anth.-type)
Asteraceae SF Cicho-

rioidae
0.86 ± 0.11 0.16 ± 0.02

Cupressaceae 1.11 ± 0.09 Platycladus spp 2.07 ± 0.04
(Juniperus communis)

Cyperaceae 0.21 ± 0.07 8.9 ± 0.33 0.87 ± 0.06
Galium-type 1.23 ± 0.36 2.61 ± 0.23
Juglans 0.3 ± 0.05 10.06 ± 0.47
Pinus 8.96 ± 0.23 6.38 ± 0.45
Quercus 4.89 ± 0.16 5.19 ± 0.09 5.83 ± 0.15
Ulmus 1 ± 0.3 7.26 ± 1.81 1.27 ± 0.05
Amaranth./Chenop (0.18 ± 0.16) 21.01 ± 2.47 4.28 ± 0.27
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vegetation cover in China. The latter is particularly valu-
able to test hypotheses related to land cover-climate inter-
actions, archaeological questions, and plant diversity/
vegetation dynamics in the past (e.g. Gaillard et al. 2010; 
Fyfe et al. 2013; Marquer et al. 2014; Hultberg et al. 2015). 
Although we could not estimate RPPs for cultivated crops, 
the RPPs for common ruderals in traditional cultivated land 
such as Artemisia, Aster/Anthemis-type, Caryophyllaceae, 
Asteraceae SF Cichorioideae, Cannabis/Humulus and Bras-
sicaceae can be used to achieve an approximate quantifica-
tion of cultivated land using Sugita’s (2007a, b) REVEALS 
and LOVE models.

New useful RPP to estimate the cover of woodland are 
those for Robinia/Sophora and Cupresssaceae. Robinia was 
introduced to China between CE 1877–1878 from Japan. 
However, the pollen morphology of Robinia is very similar 
to that of Sophora, an indigenous taxon in China. Unfor-
tunately, palynologists have seldom separated this pollen-
type. A separation of Robinia/Sophora would be important 
in the future, as well as identification of other pollen-types 
in the Fabaceae family. The RPP obtained for Cupressaceae 
is based on pollen and vegetation data from a single genus, 
Platycladus spp. It is an indigenous taxon, although it is/
has also been planted widely in the mountains above the 
cultivated terraces in recent years. The pollen morphology of 
Platycladus is hard to separate from other Cupressaceae, and 
is seldom separated as a genus in pollen records. Therefore, 
our RPP for Cupressaceae should be used with care when 
the species involved are not known. However, it is interesting 
to note that the RPP estimate for Cupressaceae in China is 
comparable to the estimate for Juniperus in Europe.
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