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Abstract Relative pollen productivity (RPP) estimates are fractionate values, oftenin relation to Poaceae, that
allow vegetationcover to be estimated frompollen counts with the help of models. RPPs are especially usedin
the scientific community in Europe and China, with a few studies in North America. Here we presenta
comprehensive compilation of available Northern Hemispheric RPP studies and their results arising from51
publications with 60sites and 131 taxa. This compilation allows scientists to identify data-gaps in need of further
RPP analyses, but alsocan aid themin finding an RPP set for their study region. Wealso present a
taxonomically harmonised, unified RPP dataset for the Northern Hemisphere and subsets for northern America
(including Greenland), Europe (including arctic Russia) and China, which we generated fromthe available
studies. The unified dataset gives the mean RPP for55 harmonisedtaxa as well as fall speeds, which are
necessary to reconstruct vegetation cover frompollen counts and RPP values. Data are openly available at
https://doi.pangaea.de/10.1594/PANGAEA.922661 (Wieczorekand Herzschuh, 2020).

1 Introduction

Pollen records are widely used for the reconstruction of vegetation composition (e.g. Bartlein et al., 1984; Li et
al., 2019). However, suchrecords need tobe interpreted carefully, as different taxa have different pollen
productivities and dispersal abilities. While some taxa produce much and/or light pollen which is transported
over large distances and thus overrepresented in the pollen records compared with vegetation, others produce
little and/or heavy pollenwhich is hardly foundin pollen records despite a high abundance ofthe taxon in the
vegetation (e.g. Prentice, 1985; Prentice and Webb, 1986). To overcome theseproblems, relativepollen
productivity (RPP) has beenestimatedand fall speed of pollen (FSP) measured or calculated for major plant taxa
in severalregions of the world (e.g. Baker et al., 2016; Brostromet al., 2004; Commerford etal., 2013; Wang
and Herzschuh, 2011). Most of these studies are limited to north/central Europe and China. Some major review
studies provide RPPs foranumber of sites and taxa (e.g. Brostromet al., 2008; Li et al., 2018; Mazier et al.,
2012), butastudy compiling allavailable RPPs from the Northern Hemisphere - which would be useful to
identify the most suitable dataset for a site-specific reconstruction - is not available. Foran informed selection of
the best fitting RPP values, a consistent overview of metadata and information on the RPP data assessment is
required.

Combined large-scale RPP datasets are available for Europe (Mazier et al., 2012) and temperate China (Li et al,
2018). Such acompilation has, untilnow, not been available for northern America. By including recent studies,
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we created new datasets for northern America (including Greenland), Europe (including Arctic Russia) and
China (including subtropical regions). Combining these into one Northern Hemispheric RPP dataset might allow
for vegetation reconstructions using broad-scale pollen datasets by adopting a consistent approach.

Here we presenta compilation of available RPP-publications, four large-scale datasets of RPP estimates and fall

speeds (FSPs) for major Northern Hemis pheric plant taxa.

2 Methods
2.1 Literature search

Tofind literature on relative pollen productivity estimates (RPP or PPE), we conducted internetsearches in
Google Scholar (https://scholar.google.de/) and the Web of Science (https://apps.webofknowledge.com/) for the
terms "PPE", “RPP”, "Pollen productivity", "Pollen productivity estimates", and various combinations of our
search terms. Furthermore, we used literature cited in publications on RPPs to gain the mostcompleteoverview
possible of existing literature about Northern Hemispheric RPPs. Of the resulting 63 publications fromour
literature search, 12 were excluded a priori (e.g. if they did not provide RPPs or consisted only of compilations
of previouslyavailable RPP data) and are marked with an x in Table 1.

2.2RPP

2.2.1 RPP Compilation

Al RPP values and, if given, their standard deviation (SD) or standard error (SE) were collected fromthe
literature. If the data were only presentedas figures, values were extracted with the help of Corel Draw X6. The
studiesof Ge et al. (2015), He et al. (2016), Li etal. (in prep), Wu etal. (2013) and Zhanget al. (2017) are only
available in Chinese and RPP values where extracted fromLi et al. (2018), while the study of Chen etal. (2019)
was extracted fromJiang et al. (2020).

While different approaches exist to estimate RPP, the extended R-value (ERV) is the most common approach.
Details on the ERV modeland related assessment criteria can be foundin, forexample, Abrahamand Kozékova
(2012), Buntingetal. (2013) and Li etal. (2018). The maximum likelihood method (decreasing likelihood
function score or increasing log-likelihood with distance) can be usedto identify the relevant source area of
pollen (RSAP) and should reachan asymptotewith increasing sampling distance (Sugita1994). Forreliable
results, thevegetationsamplingarea should be > RSAP (Sugita 1994). Unexpected behaviour of the maximum
likelihood method can occur ifassumptions of the ERV-model are not met (Li etal. 2018). Furthermore,a
sufficient number of randomly selected sites (no of sites >number of taxa for RPP-estimation) is necessary (Liet
a. 2018). Last but not least, forthe correctapplication of the REVEALS model, RPPs need to have a standard
deviation provided, to allow for correct estimation of the vegetation cover.

To allow for further assessmentof the presented RPP data, we collected informationon, forexample, the
maximum likelihood, the vegetationsampling radius, and the site distribution used in the differentstudies.
(Table A2, Wieczorekand Herzschuh (2020), https://doi.pangaea.de/10.1594/PANGAEA .922661). This will
help researchers when creating customised RPP datasets. If RPP estimates for severalmodels (e.g. ERV-
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submodel 1, 2 or 3) were presentedin the original study, we usedall of themforthe RPP compilation and added
the information on which one was chosenas bestfit by the original authorand/or in the RPP-compilations of
Mazier et al. (2012) and Li etal. (2018) (Tables A1, A3, Wieczorekand Herzschuh (2020),
https://doi.pangaea.de/10.1594/PANGAEA .922661).

2.2.2 Continental RPP Datasets

Todevelop large-scale datasets for America (including Greenland), Europe (including Arctic Russia), Chinaand
the Northern Hemisphere, we confined ourselves to those studies in which the prerequisites for the ERV-model
are met, i.e. acorrectmaximum likelihood curve, vegetationsampling radius > RSAP, and number of sites >
numberoftaxa. Furthermore, we only used studies providing standard errors or standard deviations. However,
some exceptions were made: studies withoutinformationon RSAP or likelihood, forexample, were included if
they were previously foundto be reliable by Mazieret al. (2012) orLi et al. (2018). In America particularly,
only afew studies are available. We thus incorporated further studies and indicate which assumptions are not
met. We followed the authors of the original publications in the choice ofthe most reliable ERV model, but
included previous assessments of Li et al. (2018) and Mazieret al. (2012).

To be able to compare RPPs of different studies, it is necessary that alluse the same reference; in our case
Poaceae in accordance with most other studies. It is possible to recalculate RPP values based on other reference
taxa by settingtheoriginal reference taxon to the RPP value resulting fromother studies and recalculating all
other RPPs based onthatratio (Mazieret al. 2012, Li etal. 2018). Of thosestudies selected forthe continental
RPP datasets, threedid nothave Poaceaeas theoriginal reference and did notinclude an RPP for Poaceae. The
studyofBuntinget al. (2005, reference taxon Quercus) did notprovide standard deviations, so we used the
values provided by Mazier et al. (2012) forthis study, includingthe standarderror. The RPPs of Li et al. (2015,
reference taxon Quercus) were recalculated based onthe mean Quercus RPP provided by Lietal. (2017), Zhang
etal. (2017, Changbai), and Zhanget al. (2020). The RPPs of Matthias et al. (2012, reference taxon Pinus) were
recalculated based on the mean Pinus RPP provided by Rasanenet al. (2007) and Abrahamand Kozakova
(2012). The study of Jiang et al. (2020) used Quercus asthe referencetaxon butincluded a value for Poaceae,
which was usedas basis forrecalculation.

With the remaining RPPs, two datasets of RPP were created. To obtain a reasonable taxonomic harmonisation,
we assigned broader taxonomic levels to some taxa ofthe original publications. Wekept all original values for
the analyses, and calculated means per harmonised taxon for the final datasets if more than one value of finer
taxonomic levels was available (Table 2).
In the choice of reliable values, we mainly followed the strategy of Mazier et al. (2012) and Li et al. (2018).
Dataset v1includesall values of the chosenstudies, except those RPPs which havean SD (or SE) > RPP.
Dataset v2is further reduced with thefollowing steps:
e IfN>5, the highestand smallest RPPs are excluded
o If N=4, the most deviatingvalue fromthe Taxa-specific mean is excluded. Exception: if two values are
from the same study (they are generally similar), their mean is calculated and used for the overall mean
(= Salix in America; Betula, Fabaceae and Larix in China; Rumexin Europe). The most deviating
value is chosenbased on the resulting mean. Exception in America: Betulawith 4 values fromonly two
studiesare all kept.
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e IfN=3, avalueis only excluded ifit is strongly deviating (>100% ofthe mean ofall values) —
Caryophyllaceae of Li etal., in prep in China. Exceptions: in America Asteraceae and in Europe
Apiaceae with three values fromonly two studies are all kept, as the two similar ones came fromthe
same study.

o IfN=2, all values are kept, except if one seems less reliable (Larix, Matthias et al. 2012)

Dataset v2was created separately foreach continentand is comparable to the Alt-1 dataset of Li et al. (2018)
and PPE.st2 of Mazier et al. (2012).

To calculate the SEof averaged RPPs, the delta method (Stuartand Ord, 1994, details in the supplementof Li et
al. 2020) was applied. Forthe calculation of an RPP from pollen counts, a variance-covariance matrix is created.

If only RPP £ SD (or SE) are available, the covarianceis set to 0and thefinal equation results in:

i=1(van)
(n*n)

Some problems arise fromthe labelling of standard errors and standard deviations. While some studies provide
standard deviations, others provide standard errors or give no information. Some studies provide standard
deviations, which are labelled as standard errors in other studies. Given this ambiguity, we used every value as it
is and noted if standard deviation or standarderror are said to be given.

2.2.3 Northern Hemispheric dataset

The majority of RPP studies concentrates on China and Europe, with one study from Arctic Russia and few
studies fromnorthern America. Wethus decided to createa Northern Hemispheric dataset to be applied only for
broad-scale studies forwhich otherwise RPP data for various taxa would be lacking. The dataset for the whole
Northern Hemisphere was calculated with all data of the continental datasets.

We conducted Kruskal-Wallis tests onthe dataset v2 between the continents for each taxon. Additionally , we
conductedthe tests on the variability between taxa, onceforthe Northern Hemisphere and separately foreach

continent, including only taxa with n>2.
2.3 Fall speeds

To use RPP values with, forexample, the REVEALS model, fall speeds are necessary for the distance weighting
of pollen input. Fall speeds were extracted fromthe compiled literature of the RPP datasets. If several values
were available for one taxon (see Table A4), we calculated the mean with unique values, so if several studies had
the same fall speed for onetaxon, we usedonly one of them. Taxonomic levels were combined accordingto

Table 2. Fall speeds for continental datasets were calculated based on studies used for RPP data.
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3 Dataset descriptionand results
3.1 RPP Compilation

The compilation of RPP studies includes data from 49 studies, 43 ofthemusing a formof the ERV-model
(Tables A1, A2, A3, Wieczorek & Herzschuh (2020); https://doi.pangaea.de/10.1594/PANGAEA .922661).
Twenty-nine studies used Poaceae as the referencetaxon, while 20 studies used different taxa. The summary
provides original RPP values with thegiven reference taxon. Only those used forthe RPP datasets contain
further RPP values recalibrated to Poaceae as the reference. An overview of all locations of the compiled RPP
studiesis givenin Fig. 1, which clearly shows the absence of studies in Central Asiaand large parts of Russia.
Only a few studies havebeen conductedin North America. Not all studies provide information onthe likelihood
or RSAP, hampering the assessment of the reliability of the presented RPP values. Other studies do not provide
standard deviations, leading to inaccurate results in subsequent applications.

3.2 RPP Datasets

Of 60 RPP-datasets, 28 (coming from 23 studies) were excluded prior to the calculation ofthe combined RPP
datasets.

Filipova-Marinova et al. (2010), Andersen (1967), Theuerkaufet al. (2015), Sjogren (2013), and Sjogren et al.
(2008a, 2008b) do not presentRPP-values based on ERV-models.

The likelihood functionscore should decreaseand approach an asymptote when reaching the RSAP (see
methods). Within the sampled vegetationarea, the curvedoes notapproachan asymptote in the studies of
Calcote (1995) and Chaput & Gajewski (2018), meaning that vegetation compaositionis not studied upto the
RSAP. As furthermore Poaceae was not used as the referenced taxon, we decided to not usethese data despite
the scarcity of studies in northern America. In the studies of Han et al. (2017) and Xu et al. (2014), the likelihood
function score increases. We followed the assessment of Li et al. (2018) and did not incorporatethese RPPs. The
likelihood function score further increases in the study of Ge et al. (2017, year 2014 data). Data from He etal.,
(2016) are not usedin accordance with Li et al. (2018), as pollen are sampled froma pollen trap, which might
behave differently compared to moss polisters or lakes. In the study of Hjelle and Sugita (2012), the likelihood
function score does notapproachan asymptote. Sugita et al. (1999, 2006) do not provide informationon the
likelihood and RPP values are given without information on standard deviation or standard error. The studies of
Twiddleetal. (2012) and Li etal. (2011) do not provide standard deviations or errors for the presented RPP
values. The study of Wu et al. (2013, original publication in Chinese) was rejected by Liet al. (2018) because of
a too large sampling area and we followed this assessment. Theuerkaufet al. (2013) does not provide
information on the maximum likelihood orthe RSAP. Data from Chen et al. (2019) were extracted from Jiang et
al. (2020) butincludedinsufficient informationon thestudy designandthe ERV-approach. Data fromthe study
of Qin et al. (2020) have been rejected has they had very high values for most taxa compared to other studies,
which we assume was a systematic problemofthe study. The study of Fang et al. (2019) was excluded because
it was designedto test different methods for RPP estimation and was carried out in patchy vegetation without
enoughsites.
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On the other hand, some studies were incorporated despite missing information or likelihood curves that did not
meet our criteria:

Hijelle (1998) and Nielsen (2004) do not provide informationon the likelihood buthave been included in the
dataset of Mazieretal. (2012, i.e. was assessed by an expert). Bunting et al. (2013) do not provide information
on the likelihood nordo they sample vegetation up to thevalue of RSAP. The scarcity of data fromnorthern
Americatogether with Poaceaeaas a reference taxon led us tothe decision to keep these RPPs. While the
likelihood function score should decrease and reachan asymptoteat the radius of the RSAP, the log-likelihood
shouldincrease before reaching the asymptote. This is not the case for the study of Commerford et al. (2013),
but data have beenincluded due to scarcity of American studies. At the boreal forest site of Hopla (2017), the
likelihood function score does notreach an asymptote. Again, these data havebeenincluded dueto the scarcity
of American studies.

3.3 Continental and Northern Hemispheric RPP Datasets

All RPP data in the final dataset are given relativeto Poaceae. Of 49 publications covering 60sites, 27
publicationsand 31 sites are included in the final PPE datasets (10 studies and 11 datasets for China, 14 studies
and 16 datasets for Europe, 3studies and 4 datasets for America). We have RPP data for 33 taxa in China, 34
taxa in Europe and 25taxa in northern America. The Northern Hemis pheric dataset consists of RPP values and
fall speeds for55 taxa (Tables 3-6, Wieczorekand Herzschuh (2020);
https://doi.pangaea.de/10.1594/PANGAEA .922661). Twenty-eighttaxa are available in only one ofthe
continental datasets (13in China, 6 in America, 9 in Europe).

In Datasetvl, 11 RPP values have an SD <1 between thedifferentdatasets, while 15 have an SD >1 (Fig. 2).
The size of RPP as well as the variability of RPP values between continents partly differs between Datasetv1
and v2 (Fig. 2, 3).

Testing the RPP values usedto createthe combined dataset on the variability between taxa shows thatthe taxa
themselves are significantly different fromeach other (Northern Hemisphere: Kruskal-Wallis chi-squared =
99.337, df=29, p <0.001 with Acer, Alnus, Apiaceae, Artemisia, Asteraceae, Betula, Carpinus,
Caryophyllaceae, Cerealia, Chenopodiaceae, Corylus, Cyperaceae, Ericales, Fabaceae, Fagus, Fraxinus,
Juglans, Lamiaceae, Larix, Picea, Pinus, Plataginaceae, Populus, Quercus, Ranunculaceae, Rosaceae,
Rubiaceae, Rumex, Salix, Tilia; China: Kruskal-Wallis chi-squared =27.599, df = 9, p <0.01, with Artemisia,
Asteraceae, Betula, Chenopodiaceae, Cyperaceae, Fabaceae, Juglans, Larix, Pinus, Quercus; Europe: Kruskal-
Wallis chi-squared =56.5, df =21, p <0.001, with Acer, Alnus, Apiaceae, Asteraceae, Betula, Carpinus,
Cerealia, Corylus, Cyperaceae, Ericales, Fagus, Fraxinus, Picea, Pinus, Plataginaceae, Quercus, Ranunculaceae,
Rosaceae, Rubiaceae, Rumex, Salix, Tilia; America: Kruskal-Wallis chi-squared =6.7091, df= 2, p <0.05, with
Asteraceae, Betula, Salix). Furthermore, while some taxa strongly differ between continents when looking at the
absolute deviation (e.g. Artemisia, Fabaceae or Larix) others show no large deviation fromthe overall Northern
Hemispheric mean (e.g. Salix, Betula; Fig. 4). And while we found overall significant differences betweentaxa
(describedabove), we did not find significantdifferences between datasets for single taxa (n=6) from two
continents when applying the Kruskal-Wallis test, except for Asteraceae (Fig. 4). This means the differences
between continents are rather small compared to differences between taxa.
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Comparison with taxa available in the compilations of Mazier et al. (2012, Europe)and Liet al. (2018, temperate
China) clearly shows differences in absolute RPP values ora high absolute deviation for some taxa (Fig. 5, e.g.
Juniperus, Artemisia, Rosaceae), while many others (e.g. Alnus, Quercus or Ranunculaceae) havea similar range

of values, especially when considering the absolute deviation.

4 Discussion and data quality
4.1 RPP compilation

The compilation is, to our knowledge, the first overview of available RPP studies covering thewhole Northern
Hemisphere. It highlights datagaps with respectto certainregions andtaxa and as such guides the design of
future RPP studies. Good geographic coverage is, to date, limited to central/northern Europe and China (Fig. 1).
RPP studies in Russian and North American boreal forests as wellas in tropical regions are largely lacking. The
compilation covers most common taxa, mostly at the genus level, but the taxonomic resolution of available RPPs
varies between studies and depends onthe level to which pollen has been identified. Furthermore, while some
taxa have a large number of available RPPs, for 24 taxa (i.e. ~40 %) only one ortwo datasets are available. By
including additional metadata, our compilation is useful for the identification of available RPP sets at specific
sites and regions and indicates how suitable they may be for further research. For many studies, however,
missing details needed forthe evaluation (e.g. information on the maximum likelihood method) oruse (e.g.
standard deviation) of the RPP values lower their usefulness. It should therefore be stated clearly if data are
presented with standard deviation or standard error.

4.2 Continental and hemispheric PPEdatasets

Using RPPs for pollen-based quantitative vegetation reconstruction (Sugita, 2007; Theuerkaufet al., 2016) has
improved ourunderstanding of environmental change (e.g. Marquer et al., 2014). Inthis paper, we presentRPP
datasets for three continents and one dataset of Northern Hemispheric extratropical RPPs and corresponding fall
speeds, based on a compilation of studies.

We found that RPP values partly vary betweenthe three continental datasets. Some uncertainty arises due to the
use ofinconsistentreference taxa. Most studies used Poaceae, a widespread family, whose pollen is easy to
identify and often preserved in a goodstate. However, as discussed by Brostrémet al. (2008), the pollen cannot
be identified to species level and different studies may thus have used differentspecies of Poaceae for the
reference. Othertaxa at highertaxonomic resolutionsuch as Quercus or Acer are therefore sometimes usedas
the reference taxon (see Table A1, Wieczorek and Herzschuh (2020);
https://doi.pangaea.de/10.1594/PANGAEA.922661).

Reasons forvariable RPP values have been discussed in depth by Brostrémet al. (2008) and Li et al. (2018), and
are mainly methodological factors suchas different sampling designs and environmental factors suchas
vegetation characteristics. Furthermore, pollen taxa fromdifferent sites can contain differentspecies. Liet al.
(2018) discussed in detail for Pinus and Artemisia, that vegetation structureand climate of different Chinese
studyregions, butalso methodological differences like the pollen sample type (moss vs. lake sediment) and
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vegetationsamplingmethod, canexplain the variability of RPPs within one taxon even better thanthe
occurrence of different taxa. This will be even more apparentwhen combining data for the whole Northern
Hemisphere. However, our compilation clearly indicates that taxa have mostly characteristic RPP values (i.e.
within-species variability is low compared to variability between species), while we found no significant
differences betweencontinents (i.e. variability within continents is notlower thanvariability between
continents). This implies, when aiming to compare vegetation change between continents, thattransformation of
pollen data using RPP fromanother continent is better than keeping thedatauntransformed. While one hasto
keep in mind the limited amount of data influencing the statistical power, we conclude that there is no particular
reason to not set upa Northern Hemis pheric RPP dataset. Still, before applying one ofthe datasets presented,
researchers should consult the original publication to be sure it fits their needs and standards and be aware ofthe
rather problematic use of SD and SE, which might have influenced our presented SEs.

5 How to use the datasets

The RPP compilation can be usedto geta good overview of existing RPP studies, to identify researchgapsand
to find RPPs to apply at one’s study area. It is important (i) to use only those RPP data which have been
evaluated by experts or the author as best fit and (ii) to look at the original publication for further information on
howthe RPP estimates have been generated.

The continental datasets can be applied to assess vegetation changes using broad-scale pollen datasets. It is
important to keep in mind that different taxa with different pollen productivities and dispersal abilities are
combined in one RPP value and the applicationto such broad-scale datasets canonly be an approximation. This
is especially important for the Northern Hemispheric dataset, which should not be applied to calculate site-
specific vegetation compositions. This dataset fills data gaps of RPP values in various regions, but at thecost of
accuracy. We consider the presented averaged RPP values as a tool for data transformation to be appliedto
broad-scale pollen datasets. Using thedatasetin this way can account for differences in pollen productivities and
transportation rather than obtaining fully reliable quantitative information aboutthe vegetation coveraround a
specific site.

6 Data Availability

The RPP compilation as wellas the taxonomically harmonised continental RPP datasets are available at
https://doi.pangaea.de/10.1594/PANGAEA.922661 (Wieczorek and Herzschuh, 2020).
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TABLES

520 Table 1: Publications returned by our literature research for relative pollen productivity (RPP) estimates. Literature
not included in all further evaluations is given in italics and marked with an x. If a study has been further examined
butdid not use the ERV-model itisnotedinbrackets.

Abraham and Kozé&kova, 2012 Lietal.,, 2017b

Andersen, 1967 (no ERV) Lietal., 2018 (review)

Baker et al., 2016 Lietal.,in prep (from Lietal., 2018)

x Binney et al., 2011 (no RPPsprovided) Matthiaset al., 2012

Brostrém et al., 2004 Mazier et al., 2008

X Brostrom et al., 2008 (review) Mazier et al., 2012 (review)

x Brostrém, 2002 (PhD thesis, data given in publications) x McLauchlan etal., 2011 (countdata)
x Bunting and Hjelle, 2010 (comparison of different data | Nielsen, 2004

collection methods)

Bunting et al., 2005 Niemeyer et al., 2015

Bunting et al., 2013 Poskaetal., 2011

Calcote, 1995 Qin etal., 2020 (from Jianget al., 2020)
Chaput and Gajewski, 2018 Résénen et al., 2007

Chen etal., 2019 x Sjogren et al., 2006 (pollen productivity, not PPES)
Commerfordet al., 2013 Sjogren et al., 2008a (no ERV)

x Duffin and Bunting, 2008 (southern Africa - notour focus) | Sjégren et al., 2008b (no ERV)
Fangetal., 2019 Sjégren, 2013 (no ERV)
Filipova-Marinovaet al., 2010 (no ERV) Soephoer et al., 2007

Ge etal., 2015 (from Liet al., 2018) x Soepboeretal., 2008 (no new PPESs)
Ge etal., 2017 Sugita etal., 1999

Grindean et al., 2019 Sugita et al., 2006

Han et al., 2017 x Sugita etal., 2010 (absolute pollen values)
He et al., 2016 (from Lietal., 2018) Theuerkauf et al., 2013

x Heide and Bradshaw, 1982 (pollen percentages) Theuerkauf et al., 2015 (no ERV)

x Hellman etal., 2008 (no new RPPs) x Trondman etal., 2015 (uses PFTs)
Hjelle and Sugita, 2012 Twiddle et al., 2012

Hjelle, 1998 von Stedingk et al., 2008

Hopla, 2017 Wang and Herzschuh, 2011

Jiang et al., 2020 Wu et al., 2013 (from Liet al., 2018)
Kunes et al., 2019 Xuetal., 2014

Lietal, 2011 Zhanget al., 2017 (from Liet al., 2018)
Lietal, 2015 Zhanget al., 2020

Lietal.,2017a
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Table 2: Combination of taxonomic levels.

Pollen morphological

Original morphological pollen taxa

taxon

Abies Abies + Abies alba

Acer Acer + Acer rubrum + Acer saccharum

Alnus Alnus+ Alnus_shrub + Alnus_tree
Asteraceae + Achillea-type + Ambrosia + Anthemisarvensistype + Asterac SF Cichor +

Asteraceae Aster/Anthemis type + Compositae + Leucanthemum vulgare + Saussurea t + Senecio type +
Taraxacum type

Betula Betula + Betula_shrub + Betula_tree

Brassicaceae

Carpinus
Cerealia

Corylus
Elaeagnaceae
Ericales
Fabaceae
Fagus
Fraxinus
Juglans
Juniperus
Lamiaceae
Larix
Picea
Pinus

Plantaginaceae

Poaceae

Ranunculaceae
Rosaceae
Rubiaceae
Rumex

Tilia

Brassicaceae + Sinapistype

Carpinus + Carpinus betulus + Carpinusorientalis

Avena triticum + Avena type + Avena type b+ Cerealia + Hordeum type + Secale + Triticum

type
Corylus + Corylus avellana

Elaeagnaceae + Hippohae

Ericaceae + Calluna + Calluna vulgaris + Empetrum + Vaccinium
Fabaceae + Robinia/Sophora + Cercis

Fagus + Fagussylvatica

Fraxinus + Fraxinusexcelsior

Juglans + Juglansregia

Juniperus + Juniperuscommunis

Lamiaceae + Mentha type (Thymus) + Thymus praecox
Larix + “Larix+Pseudotsuga”

Picea + Picea abies

Pinus+ Pinuscembra + Pinus sylvestris

Plantago + Plantago lanceolata + Plantago media + Plantago montana type + Plantago
maritima

Poaceae + Graminae

Ranunculaceae + Ranunculusacristype + Trollius europaeus
Rosaceae + Filipendula + Potentilla t.

Rubiaceae + Galium type

Rumex + Rumex sect. acetosa + Rumex acetosella + Rumex acetosa t
Tilia + Tilia begoniifolia + Tilia tomentosa + Tilia cordata
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Table 3: Overview of continental and Northern Hemispheric relative pollen productivity (RPP) estimates for woody vegetation with their standard error (SE) (dataset v1) and fall speeds.
All valuesare relative to Poaceae. See Table Al for information onoriginal RPP data, Table A4 for information onoriginal fall speed values, and methods on the creation of dataset vl
535 (Wieczorek and Herzschuh (2020), https://doi.pangaea.de/10.1594/PANGAEA.922661).

China America Europe Northern Hemisphere

Target taxon
(pollen morphological)
woody Acer

Type n RPPvl SE  FS(m/s) n RPPvl SE FS (m/s) n RPPvl SE FS (m/s) n RPPvl SE FS (m/s)

0.23 0.043 0.056 0.23 0.043 0.056
0.45 0.070 0.027
0.88 0.107 0.014
1.02 0.081 0.030
1.10 0.550 0.016
1.11 0.090 0.010
1.30 0.098 0.022
1.59 0.536 0.026
1.67 0.129 0.019
1.78 0.066 0.019
2.24 0.462 0.026
2.42 0.187 0.020
2.92 0.133 0.056
3.28 0.119 0.032
3.45 0.402 0.122
3.58 0.056 0.024
4.31 0.216 0.042
5.87 0.245 0.014
5.96 0.138 0.065
6.88 1.442 0.120
7.21 0.177 0.028
8.46 0.264 0.021

14.31 1.001 0.016

14.64 0.352 0.033

33.05 3.780 0.009

0.45 0.07 0.027
0.53 0.05 0.017
0.40 0.10 0.030

woody Anacardiaceae
woody Rosaceae
woody Tilia

woody Moraceaea
woody Cupressaceae
woody Salix

woody Populus
woody Rubiaceae
woody Corylus

1.08 0.159 0.012
1.17 0.098 0.032

0.35 0.030 0.015

1.10 0.550 0.016
1.11 0.09 0.010
2.02 0.188 0.016
0.67 0.085 0.026

0.59 0.053 0.028
3.42 1.600 0.025
1.75 0.138 0.019
1.44 0.066 0.025

0.032
2.97 0.252 0.022
2.92 0.133 0.056

1.23 0.36 0.019
3.17 0.20 0.012
2.24 0.46 0.024
1.05 0.18 0.020

woody Ulmus
woody Fraxinus
woody Fagus
3.28 0.12 0.032
2.31 0.16 0.119
2.50 0.05 0.021

woody Juglans
0.126
2.08 0.430 0.035

5.73 1.165 0.126
4.88 0.087 0.035
4.31 0.216 0.042

woody Larix
woody Quercus
woody Carpinus

=

5.87 0.25 0.014
29.40 0.87 0.082

woody Castanea
woody Picea
woody Abies
woody Betula
woody Alnus
woody Juniperus
woody Pinus
woody Thymelaceae

2.57 0.114 0.056
6.88 1.442 0.120
5.67 0.335 0.024
9.42 0.308 0.021
7.94 1.280 0.016
11.32 0.539 0.036

2.80 0.056

[

11.29 0.17 0.016 6.19 0.149 0.051
2.70 0.120 0.021

20.67 1.540 0.016

[N
P W NN o NNV OO0 T NYIN UTOY WO R P Ul Ok, W

17.49 0.46 0.032
33.05 3.78 0.009

P N OO PO RFRPRNONPPULUONNRPPLPOORL,ORLNEREDO
OO FrPFrPr POPFRPROOKFR OODOOOOONDMDOPFr OPFr OO
O OOk, OO0 NOOO UNNOUULLO dMuPkE bdMOODMOOW
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Table 4: Overview of continental and Northern Hemispheric relative pollen productivity (RPP) values for herbaceous vegetation with their standarderror (SE) (dataset vl) and fall

540 speeds. Allvaluesare relative to Poaceae. See Table Al for informationon original RPP data, Table A4 for information on original fall speed values, and methods on the creation of
dataset vl (Wieczorekand Herzschuh (2020), https://doi pangaea.de/10.1594/PANGAEA.922661). The group of wild herbs istaken from the publication of Matthiasetal. (2012) and
consistsof uncultivated terrestrial herb pollen, including Poaceae, Plantagolanceolata, Rumex acetosa, R. acemsella, and Chenopodiacea.

China America Europe Northern Hemisphere

Target taxon
T RPP vl SE FS RPP vl SE FS RPP vl SE FS RPP vl SE FS
ype (Pollen morphological) n v (m/s) n v (m/s) n v (m/s) n v (m/s)
herbaceous wild.herbs
herbaceous Equisetum

herbaceous Convolvulaceae

0.07 0.070 0.07 0.070 0.034
0.09 0.020 0.021
0.18 0.030 0.043
0.30 0.029 0.020
0.33 0.040 0.038
0.48 0.092 0.021
0.83 0.071 0.032
1.00 0.012 0.023
1.06 0.127 0.019
1.30 0.120 0.013
1.42 0.053 0.029
1.49 0.110 0.014
1.64 0.090 0.013
1.72 0.140 0.044
1.82 0.036 0.030
2.01 0.151 0.015
2.13 0.410 0.042
2.29 0.140 0.022
2.40 0.396 0.013
3.51 0.500 0.069
3.54 0.190 0.026
4.65 0.300 0.013
7.02 0.532 0.014

10.52 0.310 0.007

11.67 0.363 0.012

13.64 0.686 0.012

16.43 1.000 0.010

21.35 2.340 0.010

21.74 1.463 0.032

24.07 3.500 0.012

0.09 0.020 0.021
0.18 0.03 0.043
0.35 0.04 0.020 0.02 0.020 0.021

0.33 0.040 0.038

herbaceous Fabaceae 0.40 0.070 0.021
herbaceous Orobanchaceae
0.89 0.18 0.020 0.07 0.040 0.022
0.86 0.079 0.030

1.00 0.035

herbaceous Brassicaceae
0.53 0.038
1.00 0.048 0.026
0.72 0.080 0.031

herbaceous Ericales

N =

-
i
P DR RPN RROR RPAONRPL, WO R RLRRPL ORFRWOONEROOR R R

P WRFP,r P, NOMOUOOORPROOOUUOR,rPFP,LP ODONOORL,OPMEL OO

1.00 0.03 0.021
1.24 0.19 0.015

[E=N

herbaceous Poaceae

herbaceous Lamiaceae
1.30 0.120 0.013
0.25 0.016 0.032 1

herbaceous Sambucus nigra-type
3.80 0.15 0.029
1.49 0.11 0.014
1.64 0.09 0.013

0.59 0.131 0.025

[EEN

herbaceous Asteraceae
herbaceous Liliaceae
herbaceous Amaryllidaceae
herbaceous Cornaceae
herbaceous Cyperaceae
herbaceous Rumex
herbaceous Apiaceae
herbaceous Campanulaceae
herbaceous Ranunculaceae

1.72 0.140 0.044
0.98 0.025 0.031
2.79 0.172 0.014

4.17 0.10 0.029 0.56 0.026 0.035
1.62 0.209 0.018
2.13 0.410 0.042
2.29 0.140 0.022
7.86 2.65 0.007 1.95 0.100 0.015 1.39 0.161 0.014
3.51 0.500 0.069

3.30 0.207 0.028

herbaceous Cerealia
5.96 0.310 0.019
4.65 0.300 0.012

0.011

[any
O OO0 OONRFRRPFPROOO®UUO WP OKMOOOORLr OpNpOR OFRFR OO

[any

herbaceous Plantaginaceae
0.013
7.57 0.64 0.014

herbaceous Thalictrum
4.28 0.270 0.019
10.52 0.310 0.007
4.33 1.592 0.014

herbaceous Chenopodiaceae
herbaceous Urtica

14.80 0.30 0.010
13.64 0.69 0.012
16.43 1.00 0.010
21.35 2.34 0.010
28.78 1.95 0.026
24.07 3.50 0.012

1.35 0.240 0.016

=

herbaceous Artemisia
herbaceous Elaeagnaceae
herbaceous Humulus
herbaceous Amaranthaceae
herbaceous Caryophyllaceae
herbaceous Sanguisorba

0.60 0.050 0.041

OFr OO0 O0ORFRPROORFRRFPRORFRPRPFPRONNRPRPOOWORPDPMREPLOR,ELOZRLDO
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Table 5: Overview of continental and Northern Hemispheric relative pollen productivity (RPP) values for woody vegetation with their standard error (SE) (datasetv2) and fall speeds. All
values are relative to Poaceae. See Table Al for informationon original RPP data, Table A4 for information on original fall speed values, and methods on the creation of dataset v2
545 (Wieczorek and Herzschuh (2020), https://doi.pangaea.de/10.1594/PANGAEA.922661).

China America Europe Northern Hemisphere

Target taxon

(Pollen morphological) n RPPv2 SE  FS(m/s) n RPPv2 SE FS(m/s) n RPPv2 SE  FS(m/s) n RPPv2 SE FS (m/s)

Type

woody Acer 0 0 3 0.23 0.04 0.056 3 0.23 0.043 0.056
woody Acardiaceae 1 0.45 0.07 0.027 0 0 1 0.45 0.070 0.027
woody Salix 0 3 0.68 0.01 0.016 3 0.39 0.06 0.028 6 0.54 0.030 0.022
woody Rosaceae 2 0.53 0.05 0.017 1 0.35 0.03 0.015 4 0.97 0.11 0.012 7 0.76 0.064 0.014
woody Tilia 1 0.40 0.10 0.030 0 3 0.93 0.09 0.032 4 0.80 0.070 0.030
woody Moraceaea 0 1 1.10 0.55 0.016 0 1 1.10 0.550 0.016
woody Cupressaceae 1 1.11 0.09 0.010 0 0 1 1.11 0.090 0.010
woody Larix 3 1.60 0.20 0.119 0 0.126 1 0.16 0.05 0.126 4 1.24 0.153 0.122
woody Rubiaceae 1 1.23 0.36 0.019 0 3 1.56 0.12 0.019 4 1.48 0.126 0.019
woody Corylus 1 3.17 0.20 0.012 0 3 1.05 0.03 0.025 4 1.58 0.055 0.019
woody Populus 0 2 0.67 0.09 0.026 1 3.42 1.60 0.025 3 1.59 0.536 0.026
woody Ulmus 2 2.24 0.46 0.024 0 0 0.032 2 2.24 0.462 0.026
woody Fagus 0 0 3 2.35 0.11 0.056 3 2.35 0.107 0.056
woody Fraxinus 2 1.05 0.18 0.020 0 5 2.97 0.25 0.022 7 2.42 0.187 0.020
woody Quercus 5 2.28 0.07 0.021 1 2.08 0.43 0.035 5 2.92 0.10 0.035 11 2.56 0.068 0.024
woody Juglans 3 2.80 0.11 0.032 0 0 3 2.80 0.113 0.032
woody Carpinus 0 0 3 3.09 0.28 0.042 3 3.09 0.284 0.042
woody Castanea 2 5.87 0.25 0.014 0 0 2 5.87 0.245 0.014
woody Picea 1 29.40 0.87 0.082 1 2.80 0.056 4 1.65 0.15 0.056 6 6.46 0.177 0.065
woody Abies 0 0 2 6.88 1.44 0.120 2 6.88 1.442 0.120
woody Betula 3 12.45 0.15 0.016 4 6.19 0.15 0.051 6 494 0.44 0.024 13 7.06 0.212 0.028
woody Alnus 0 1 2.70 0.12 0.021 4 8.49 0.22 0.021 5 7.33 0.174 0.021
woody Pinus 5 16.68 0.51 0.032 0 4 10.86 0.80 0.036 9 14.10 0.454 0.033
woody Juniperus 0 1 20.67 1.54 0.016 1 7.94 1.28 0.016 2 1431 1.001 0.016
woody Thymelaceae 1 33.05 3.78 0.009 0 0 1 33.05 3.780 0.009

19


https://doi.pangaea.de/10.1594/PANGAEA.908862

Table 6: Overview of continental and Northern Hemispheric relative pollen productivity (RPP) values for herbaceousvegetation with their standard error (SE) (dataset v2) andfall
550 speeds. Allvaluesare relative to Poaceae. See Table Al for informationon original RPP data, Table A4 for information on original fall speed values, and methods on the creation of
dataset v2 (Wieczorekand Herzschuh (2020), https://doi.pangaea.de/10.1594/PANGAEA.922661). The group of wild herbsistaken from the publication of Matthias etal. (2012).

China America Europe Northern Hemisphere

Target taxon
Type (Pollen morphological) n RPPv2 SE FS (m/s) n RPPv2 SE FS(m/s) n RPPv2 SE FS(m/s) n RPPv2 SE FS (m/s)

herbaceous wild.herbs 0 0 1 0.07 0.07 0.034 1 0.07 0.07 0.034
herbaceous Equisetum 0 1 0.09 0.02 0.021 0 1 0.09 0.02 0.021
herbaceous Convolvulaceae 1 0.18 0.03 0.043 0 0 1 0.18 0.03 0.043
herbaceous Fabaceae 3 0.20 0.05 0.020 1 0.02 0.02 0.021 1 0.40 0.07 0.021 5 0.21 0.03 0.020
herbaceous Orobanchaceae 0 1 0.33 0.04 0.038 0 1 0.33 0.04 0.038
herbaceous Ericales 0 1 0.53 0.038 7 0.44 0.02 0.030 8 0.45 0.01 0.032
herbaceous Brassicaceae 1 0.89 0.18 0.020 0 1 0.07 0.04 0.022 2 0.48 0.09 0.021
herbaceous Poaceae 10 1.00 0.03 0.021 4 1.00 0.05 0.026 14 1.00 0.035 28 1.00 0.01 0.023
herbaceous Lamiaceae 2 1.24 0.19 0.015 1 0.72 0.08 0.031 0 3 1.06 0.13 0.019
herbaceous Asteraceae 4 3.27 0.19 0.029 3 0.59 0.13 0.025 8 0.22 0.02 0.032 15 1.11 0.06 0.029
herbaceous Sambucusnigra-type 0 0 1 1.30 0.12 1 1.30 0.12 0.013
herbaceous Cyperaceae 3 3.37 0.13 0.029 2 0.98 0.03 0.031 6 0.56 0.02 0.035 11 1.40 0.04 0.030
herbaceous Rumex 0 2 2.79 0.17 0.014 3 0.58 0.03 0.018 5 1.46 0.07 0.015
herbaceous Liliaceae 1 1.49 0.11 0.014 0 0 1 1.49 0.11 0.014
herbaceous Amaryllidaceae 1 1.64 0.09 0.013 0 0 1 1.64 0.09 0.013
herbaceous Cornaceae 0 1 1.72 0.14 0.044 0 1 1.72 0.14 0.044
herbaceous Apiaceae 0 0 3 2.13 041 0.042 3 2.13 041 0.042
herbaceous Campanulaceae 0 1 2.29 0.14 0.022 0 1 2.29 0.14 0.022
herbaceous Cerealia 0 0 4 2.36 0.42 0.069 4 236 0.42 0.069
herbaceous Ranunculaceae 1 7.86 2.65 0.007 1 1.95 0.10 0.015 3 0.99 0.12 0.014 5 256 0.54 0.013
herbaceous Plantagiceae 0 1 5.96 0.31 0.019 8 2.49 0.11 0.028 9 2.87 0.11 0.026
herbaceous Caryophyllaceae 2 4.08 0.10 0.026 1 0.60 0.05 0.041 0 3 2.92 0.07 0.032
herbaceous Thalictrum 0 0.013 1 4.65 0.30 0.012 0 1 4.65 0.30 0.013
herbaceous Chenopodiaceae 3 5.56 0.66 0.014 0 0.011 1 4.28 0.27 0.019 4 5.24 0.50 0.014
herbaceous Urtica 0 0 1 10.52 0.31 0.007 1 10.52 0.31 0.007
herbaceous Artemisia 6 15.07 0.38 0.010 1 1.35 0.24 0.016 2 4.33 1.59 0.014 9 11.16 0.44 0.012
herbaceous Elaeagnaceae 2 13.64 0.69 0.012 0 0 2 13.64 0.686 0.012
herbaceous Humulus 1 16.43 1.00 0.010 0 0 1 16.43 1.000 0.010
herbaceous Amaranthaceae 1 2135 234 0.010 0 0 1 21.35 2.340 0.010
herbaceous Sanguisorba 1 24.07 3.50 0.012 0 0 1 24.07 3.500 0.012
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FIGURES

D Publication included in composite datasets

0 Filipova-Marinova et al., 2010 (no ERV)
1 Chaput & Gajewski 2018

2 Geetal., 2015°

3 Hanetal., 2017°

4 He et al., 2016° (Hulunbeier)

5 He et al., 2016° (Xilinhaote)

6 He et al., 2016° (Sunitezuogq)

7 Lietal.in prep®

8lietal, 2011

9lietal, 2015

10 Lietal., 2017a

11 Wang and Herzschuh, 2011

12 Wuetal.,, 2013°

13 Xu et al., 2014

14 Zhang et al., 2017° (Taiyue)

15 Zhang et al., 2017° (Changbai)
16 Abraham and Kozakovd, 2012
17 Andersen, 1967 (no ERV)

18 Nielsen 2004

19 Bunting et al., 2005 (Calthorpe)

° Data from Li et al., 2018
*Data from Jiang et al., 2020

Figure 1: Map of Northern Hemisphere studies on relative pollen productivity estimates. Studies in italics are not

O Publication not included in composite datasets

20 Bunting et al., 2005 (Wheatfen)

21 Poska et al., 2011

22 Réasanen et al., 2007

23 Matthias et al., 2012

24 Theuerkauf et al., 2013 (small lake)
25 Theuerkauf et al., 2013 (medium lake)
26 Theuerkauf et al., 2015 (no ERV)
27 Bunting et al., 2013

28 Hjelle, 1998 (Coast)

29 Hjelle, 1998 (Inland)

30 Hjelle and Sugita, 2012

31 Sjégren, 2013 Dividalen (no ERV)
32 Sjégren, 2013 Budalen (no ERV)

33 Baker et al., 2016

34 Niemeyer et al., 2015 (moss)

35 Twiddle et al., 2012

36 Brostrom et al., 2004

37 Sugita et al., 1999

38 von Stedingk et al., 2008

39 Sjégren et al., 2008b

included inthe continental relative pollen productivity datasets.
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40 Soepboer et al., 2007

41 Mazier et al., 2008

42 Sjogren et al., 2008a

43 Calcote, 1995 Sylvania

44 Calcote 1995 Wisconsin

45 Commerford et al. 2013

46 Hopla, 2017 (Alaska, Denali)

47 Hopla 2017 (Alaska, Boreal Forest)
48 Sugita et al., 2006

49 Niemeyer et al., 2015 (lake)

50 Jiang et al., 2020

51 Chen et al., 2019* (no coordinates)
52 Qin et al., 2020

53 Zhang et al., 2020

54 Grindean et al. 2019

55 Fang et al., 2019

56 Kunes et al., 2019

57 Lietal., 2017b

58 Ge et al., 2017 (year 2013 data)
59 Ge et al., 2017 (year 2014 data)
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Figure 2: Relative pollen productivity (RPP) datasetvl includingall continental mean RPP values with their standard
error (SE), calculated with the delta method (see methods). Numbers to the right are the standard deviation (SD)
between continental datasets, NH is Northern Hemisphere.
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Figure 3: Relative pollen productivity (RPP) dataset v2 including subsetted continental mean RPP values with their
standarderror (SE), calculated with the deltamethod (see methods). Numbers to the right are the standard deviation
580 (SD) between continental datasets, NH is Northern Hemisphere.
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Figure 4: Absolute percent deviation ofthe Northern Hemispheric relative pollen productivity (RPP) dataset v2 to each
continental RPP dataset. Deviationiscalculated by ABS ((RPP continent - RPPNH)/RPPcontinent)*100. The blue line indicates
an absolute deviation of 50%. Numbers on the right are p-values of a Kruskal-Wallis test of each taxon between the
three continents. Results shown in grey included each RPP set with data, black coloured values only those with N>2
RPP values inat least two continents.
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Figure 5: Relative pollen productivity (RPP) valuesfor selected taxa from different studies (upper panel) and absolute
percentage deviation of the RPP Northern Hemispheric (NH) v2 dataset to previously published datasets (lower panel,
calculated by ABS((RPPstudy - RPPNH)/RPPstudy)*100). Previously published datasets are the Alt-1 dataset of Li et al.

(2018) and PPEst2 of Mazieretal. (2012).

595

25



