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ABSTRACT
The Miocene was a past warm interval considered highly relevant to future climate projections. Whilst 
temperatures during the Miocene were constrained by multiple proxies, the hydrology of the Mio-
cene is still largely unknown. Here we present a new palaeoclimatic analysis of the Middle Miocene 
(Serravallian) Kenslow Member of the Brassington Formation in the United Kingdom to elucidate 
the hydrology of this interval. Using fossil palynomorphs we perform a Bayesian palaeoclimate re-
construction, plant functional type analysis and cluster analysis. Our results show that summer and 
winter precipitation were important factors in the dynamics of Miocene forests, even in a climate 
zone with no pronounced dry season.
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INTRODUCTION

The Miocene is an important geological time interval for pal-
aeoclimatic study (Steinthorsdottir et al. 2021). With elevated 
atmospheric carbon dioxide (CO2) concentrations, near mod-
ern continental distribution and smaller polar glaciers, the 
processes, forcings and feedbacks that operated during this 
epoch are highly relevant to our understanding of the con-
temporary climate system (Steinthorsdottir et al. 2021; Forster 
et al. 2021; Gibson et al. 2022). Substantial attention has been 
paid to temperatures during the Miocene, but substantially 
less progress has been made in understanding the hydrology 
of this warmer world (Gibson et al. 2022; Acosta et al. 2024a). 
Focussing on Europe, precipitation during the Miocene has 
been investigated through mammals (van Dam 2006), her-
petofaunas (Böhme et al. 2008), palaeobotany (Bruch et al. 
2011), paleosol chemistry (Methner et al. 2020) and climate 
modelling (Botsyun et al. 2022). However, there is consid-
erable disagreement between these proxies – both in terms 
of precipitation magnitude and inferred seasonality. Exclud-
ing the more arid Iberian Peninsula, mammals reconstruct 
precipitation values of 800-1300 mm/yr and palaeobotany 
reconstructs 850-1500 mm/yr (van Dam 2006; Bruch et al. 
2011; McCoy et al. 2022). Herpetofaunas reconstruct values 
from 0 to 300 mm/yr (Böhme et al. 2008), which agrees with 
the modelling results of Botsyun et al. (2022), but not those 
of Acosta et al. (2024b). Here we present a new palaeoclimate 
reconstruction and palaeoenvironmental data for the Middle 
Miocene (Serravallian) Kenslow Member from the English 
East Midlands of the United Kingdom (Fig. 1).

The islands that make up the United Kingdom and Ire-
land have a unique position geographically and climatically. 
Positioned on the northern edge of the temperate zone, they 
experience a low degree of precipitation seasonality and, 
due to the influence of warm water currents, a substantially 
moderated temperature seasonality (Mayes 1996). Of the 
few sites in the onshore United Kingdom with Miocene age 
sediments, the Brassington Formation is by far the most 
extensive geographically and stratigraphically (Boulter et al. 

1971; Walsh et al. 2018). Comprised of three members, so 
far only the uppermost Kenslow Member has yielded abun-
dant palaeobotanical and palynological remains (Boulter 
et al. 1971; Walsh et al. 2018; O’Keefe et al. 2020; McCoy 
et al. 2022). The Kenslow Member is diachronous in age 
(ranging from Serravallian to Tortonian) due to its unique 
depositional setting in distinct karstic hollows (Pound & 
Riding 2016; Walsh et al. 2018).

Recent work on the oldest occurrence of the Kenslow 
Member at Bees Nest Pit (Fig. 1) has revealed an evolving 
forested wetland was present during the Serravallian (McCoy 
et al. 2022). Towards the base of the section a conifer forest 
was dominant, which shifted to a mixed mesophytic forest 
and finally a small open-canopy peat producing wetland at 
the top of section (McCoy et al. 2022). This change in the 
sedimentology, from clay to lignite, is also reflected in the 
fungal assemblage reported from this section (Fig. 1). In 
palynology samples taken from the lignite, there is an increase 
in the diversity and abundance of freshwater saprotrophic 
fungi (Pound et al. 2022). The Mean Annual Temperature 
(MAT) of the Serravallian Kenslow Member was reconstructed 
using the crestr and CRACLE packages on the palynology 
published by Pound & Riding (2016) as 13.7°C ± 0.3°C, 
and Mean Annual Precipitation (MAP) of around 1000 mm 
(Gibson et al. 2022). However, Gibson et al. (2022) could 
not confirm the lack of seasonality proposed by McCoy et al. 
(2022). Finally, in the first application of a fungal-based recon-
struction technique, Pound et al. (2022) showed either a Cfa 
or Cfb Köppen-Geiger climate class was present during the 
Serravallian, suggesting no seasonality in rainfall, with either 
hot, or warm, summers.

The aim of this paper is to provide a new palaeoclimate 
reconstruction, plant functional type analysis and biome 
determination for the Kenslow Member flora that can resolve 
the uncertainties in the late Serravallian climate of the United 
Kingdom, and find a direction towards consensus in the late 
Middle Miocene hydrology of Europe. This has implications 
for our understanding of atmospheric circulation during this 
warmer than present time interval.

MOTS CLÉS
Paléoclimat,

Royaume-Uni,
Serravalien,
hydrologie,

palynologie.

RÉSUMÉ
La saisonnalité contrôle la végétation d’une forêt de la fin du Miocène moyen en Europe.
Le Miocène a été un intervalle chaud, consideré très important pour les projections climatiques du 
futur. Même si les températures du Miocène ont été contraintes par de multiples proxys, son hydro-
logie est toujours largement méconnue. Ici nous présentons une nouvelle analyse paléoclimatique du 
Membre de Kenslow (Miocène moyen, Serravallien) de la Formation Brassington au Royaume-Uni, 
pour comprendre l’hydrologie de cet intervalle. En utilisant des palynomorphes fossiles, nous réalisons 
une reconstitution paléoclimatique bayésienne, une analyse des types végetaux fonctionnels et une 
analyse en clusters. Nos résultats montrent que les précipitations estivales et hivernales constituaient 
des facteurs déterminants dans la dynamique des forêts du Miocène, même dans une zone climatique 
sans saison sèche marquée.
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MATERIAL AND METHODS

Using the 58 pollen assemblages from the KM-19 section 
of McCoy et al. (2022), we apply three techniques to recon-
struct the biome and climate of the Kenslow Member flora 
from Bees Nest Pit. Full details of sampling location, geology 
and palynological processing are provided in McCoy et al. 
(2022). In brief, the section sampled was 133 cm in depth 
with present-day topsoil from 0 cm to 5 cm, lignite from 5 cm 
to 21 cm and clay with wood fossils for the remainder of the 
stratigraphy (Fig. 1). New quantitative palaeoclimate values 
are reconstructed using crestr (Chevalier 2022a). From these 
a Köppen-Geiger classification (Beck et al. 2018), Whittaker’s 
biome classification (Whittaker 1970) and Holdridge’s biome 
classification (Holdridge 1947) are defined. Using the same 
data, Plant Functional Types (Utescher et al. 2021a, b) and 
statistically defined groups (Pound & Salzmann 2017) are 
determined to reconstruct the sub-biome vegetation for the 
Kenslow Member and identify correlation between climate 
and vegetation.

QUANTITATIVE PALAEOCLIMATE 
RECONSTRUCTIONS

Crestr (Chevalier 2022a) was used to reconstruct Mean Annual 
Temperature (MAT), Mean Annual Precipitation (MAP), Mean 
Temperature of the Coldest Quarter (referred to hereafter as 
Winter Temperature), Mean Temperature of the Warmest 
Quarter (referred to hereafter as Summer Temperature), Mean 
Precipitation of the Warmest Quarter (referred to hereafter as 
Summer Precipitation) and Mean Precipitation of the Coldest 
Quarter (referred to hereafter as Winter Precipitation). Crestr 
takes the present-day geographical distributions of a fossil 
assemblages’ nearest living relatives, and plots the climate space 
probability density functions of all taxa for each assemblage. 
From these, an optima, mean and uncertainty intervals can 
be defined (Chevalier et al. 2014; Chevalier 2019, 2022a). 
Present-day distribution data comes from GBIF (2020a-e), 
and climatology is from WorldClim2 (Fick & Hijmans 2017). 
The script follows the recommended parameterisation, using 
presence-absence of taxa and sampling the modern climate-

taxa space at a global level to account for the non-modern 
analogue nature of Miocene vegetation (Chevalier et al. 2014; 
Chevalier 2019, 2022a). The script is available from Chevalier 
(2022b). The script was run in RStudio (RStudio Team 2022) 
and results were plotted in MatLab. From these quantitative 
reconstructions, the mean values are used to determine a 
Koppen-Geiger classification (Beck et al. 2018; McCoy et al. 
2024), Whittaker’s biome (Whittaker 1970) and Holdridge’s 
biome (Holdridge 1947). In presenting the results we focus 
on the mean value and 50% uncertainty intervals, but all 
data is presented in the supplementary information (SI 1).

PLANT FUNCTIONAL TYPES  
AND POLLEN GROUPS

The assignment of Plant Functional Types (PFTs) is based on 
nearest living relative principles and follows Utescher et al. 
(2021b). The count data of McCoy et al. (2022) was turned 
into a presence/absence matrix. Defining PFT proportions 
via raw count, or percentage data, would ignore differences in 
pollen production, pollination mode and dispersal between 
taxa (Prentice 1985; Escobar-Torrez et al. 2024). Taxa were 
assigned to one, or multiple, of 41 PFTs using François et al. 
(2011) and Utescher et al. (2021b). Where a taxon was assigned 
to more than one PFT, it was proportionally weighted so not 
to overemphasise uncertainty in assignment (Utescher et al. 
2021a). Full PFT assignments are provided in the supplemen-
tary information (SI 2), but for the purposes of visualising 
the results, the 41 PFTs were then grouped based on shared 
characteristics (e.g. drought tolerance, broadleaved evergreen 
vs deciduous). Assigning reproductive propagules (pollen and 
spores) to a PFT has inherent limitations. The biggest of these 
applies to all nearest living relative approaches – the assump-
tion of uniformitarianism and the applicability of a present-
day taxon to one from the Miocene (Utescher et al. 2014). 
A related source of uncertainty, and of particular relevance to 
pollen and spores, is the assumption of particular traits (e.g. 
deciduous or evergreen leaf habit) based solely on nearest 
living relative assignment. Considering these limitations, an 
additional grouping of palynomorphs was made that did not 
rely on uniformitarianism. Pollen and spore count data from 

Table 1. — The five groups defined by cluster analysis and the plant palynomorphs that compose them. Taxonomy follows that originally presented in McCoy 
et al. (2022).

Group Taxa

1 Abiespollenites, Pinuspollenites

2

Artemisiapollenites, Caprifoliaceae, Carpinites, Cathayapollenites,  Iteapollenites,  Keteleeria, Nyssapollenites, 
Oleidearumpollenites, Parthenopollenites, Platycaryapollenites, Rhamnaceae, Salixipollenites, Tetradomonoporites, Urtica, 
Verrucatosporites, Laevigatosporites, Echinatisporites, Stereisporites steroides

3
Cercidiphyllum, Compositoipollenites, Coryloides, Cyperaceae, Ericipites, Ilexpollenites, Juglanspollenites, 

Oleidearumpollenites, Salixipollenites, Tricolpopollenites sp., 

4
Betulaepollenites, Cupressacites, Cupuliferoipollenites, Liliacidites, Sciadopitys,  Tricopopollenites liblarensis, Tricolpopollenites 

fallax, Quercoidites microhenrici, Zonalapollenites
5 Alnipollenites verus, Cedripites, Cyrillaceaepollenites, Graminidites, Myricipites, Piceaepollenites, Quercoidites henrici, 

Tricolpopollenites ipilensis, Tricolporopollenites sp., Lygodium
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McCoy et al. (2022) was sample normalised to account for 
different total palynomorph count sizes and then the whole 
dataset was subjected to a Box-Cox Transformation in PAST 
4.14 (Hammer et al. 2001). The transformed data was then 
ordinated in a cluster analysis using Euclidean distance to 
group palynomorph taxa. The resulting dendrogram groups 
taxa with similar data patterns in the dataset. This led to five 
clusters which are herein termed Groups 1 to 5 (Table 1). 
The pollen and spore sum for each group was then calculated 
for each sample.

ANALYSIS

Pearsons Correlation was then used to compare the palaeocli-
mate, PFT and Group results. This analysis was performed in 
PAST 4.14 (Hammer et al. 2001). Although this correlation 
coefficient only compares the change in two datasets and 
offers no indication of causality, it is possible to infer a logi-
cal causality between our three datasets: climate is the likely 

driver of changes in PFT and Group data (although plants 
can certainly impact climate at a variety of scales e.g. Notaro 
et al. [2006] and D’Odorico et al. [2013]). Any correlation 
between PFTs and Groups is due to the same data being 
categorised differently and offers insight into the dominant 
PFTs in the context of the cluster analysis defined groups. 
For reporting the correlation coefficients, weak correlation 
is considered to be 0.3-0.39, moderate is 0.4-0.49, strong is 
0.5-0.75 and very strong >0.75. All correlation coefficients 
are presented in Table 2, but only those falling into one of 
the previously defined categories are reported in the results.

RESULTS

Palaeoclimate

The new palaeoclimate reconstructions are presented as the 
mean value and the values at the 50% uncertainty intervals. 
Across the 128 cm record (Fig. 1), MAT ranges from 14.14°C 
(10.92-17.55°C) to 11.48°C (8.32-13.99°C) (Fig 2; SI 1). 
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Summer Temperature reconstructions range from 21.58°C 
(19.35-24.84°C) to 19.52°C (16.92-22.49°C) and Winter 
Temperature from 6.38°C (2.33-11.44°C) to 2.64°C (–1.42-
5.76°C). All temperature reconstructions show a cooling in 
the mean value from 133 cm to 120 cm before warming 
again towards 85 cm (Fig. 2). Above average (the average for 
the entire section: MAT = 12.25°C; Summer Temperature = 
20.22°C; Winter Temperature = 4.05°C) temperatures are 
also reconstructed at 59-57 cm, 38-37 cm, 27 cm and finally 
from 22-12 cm (Fig. 2). The onset of this final period of above 
average temperatures coincides with the change in lithology 
from clay to lignite (McCoy et al. 2022).

MAP reconstructions range from 1260 mm/yr (679-
1347 mm/yr) to 1071 mm/yr (541-1117 mm/yr) with an 
average across the section of 1179 mm/yr (Fig. 3). Inter-
vals of above average MAP is present from 133-90 cm, 
67-65 cm, 23-21 cm and 16-12 cm (Fig. 3). The lowest 
reconstructed MAP is recorded at 27 cm and coincides 
with a warm point in the reconstruction (Figs 2; 3). Sum-
mer Precipitation ranges from 399 mm (186-409 mm) 

to 343 mm (138-351 mm) with an average of 369 mm 
(Fig. 3). Above average Summer Precipitation is present from 
133-120 cm and 18-11 cm. Winter Precipitation ranges 
from 241 mm (82-243 mm) to 205 mm (47-192 mm), 
with an average of 220 mm. The mean value being above 
the upper 50% uncertainty level shows the skew in the 
reconstructions and the long tail in the probability density 
function curve (probably caused by family-level nearest 
living relative assignments), the optima (mid-point of the 
probability curve) falls at 109 mm for the lowest Winter 
Precipitation reconstruction (SI 1). There is an overall trend 
towards lower Winter Precipitation up section (Fig. 3). 
Both Summer and Winter Precipitation reconstructions 
also show the low point at 27 cm, coincident with MAP 
and higher temperatures (Fig. 2; 3). Although there is some 
stratigraphical overlap between the above average MAP 
(16-12 cm) and Summer Precipitation (18-11 cm), this is 
not present in the Winter Precipitation (Fig. 3). Instead, 
Winter Precipitation is below average for the entire lignite 
portion of the section (Fig. 3).
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PFTs and groups

The dominant PFTs are Broadleaved evergreen trees (14.15-
23.70%) and broadleaved deciduous trees (13.55-23.00%), 
followed by Wetland (10.42-20.53%), needleleaf evergreen 
trees (9.58-17.34%) and Herbaceous (5.31-23.11%) (Fig. 4). 
The other three PFT groups are present throughout in smaller 
proportions: broadleaved evergreen shrubs reach a maximum 
proportion of 12.02%, broadleaved deciduous shrubs high-
est value is 8.57% and lianas and climbers are present at less 
than 5.33% (Fig. 4). Broadleaved evergreen trees are domi-
nant until 27 cm , after which broadleaved deciduous trees 
more frequently dominate (Fig. 4). Decreases in the propor-
tion of broadleaved evergreen trees below 27 cm depth are 
often at the expense of either needleleaved evergreen trees or 
herbaceous plants (Fig. 4). Herbaceous elements gain their 
greatest proportion at 110 cm, 35-33 cm, 29-20 cm and 
10-7 cm depth (Fig. 4). Wetland taxa decrease from 130-
59 cm, before increasing towards 25 cm depth (Fig. 4). A 
low proportion of Wetland taxa from 25-21 cm is followed 

by increased proportions through the lignite to 8 cm. There 
is no dominance between either drought tolerant or intoler-
ant PFTs throughout the section (Fig. 5).

The cluster defined groups show a dominance of Group 4 
throughout the section, except in samples at 15 cm, 12 cm 
and 7 cm (Fig. 6; Table 1). Group 4 also shows a decreasing 
trend towards the top of section (Fig. 6). Group 1 is initially 
absent, or present as less than 3% of the assemblages, until 
80 cm depth, after which it increases to 30% of samples 
before decreasing towards the top of section (Fig. 6). Group 
2 increases in relative abundance from 42 cm to the top of 
section (Fig. 6). Before this, it is typically present at relative 
abundances greater than 5%, although Group 2 is nearly 
absent from assemblages between 71-61 cm depth (Fig. 6). 
Group 3 is present throughout the section in relative abun-
dances of between 5% and 25%, except from 75-55 cm depth 
(Fig. 6). Group 5 decreases in abundance from 85-63 cm 
depth, before increasing from 9% at 63 cm to 41% at 7 cm 
depth (Fig. 6).
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CORRELATION BETWEEN CLIMATE  
AND VEGETATION

Unsurprisingly, paired temperature variables are very strongly 
positively correlated and paired precipitation variables are very 
strongly and strongly positively correlated (Table 2). This is 
except for Summer Precipitation and Winter Precipitation, 
which are not correlated (Table 2). Winter Temperature 
and Winter Precipitation are strongly negatively correlated, 
whereas Summer Temperature and Summer Precipitation 
are moderately positively correlated (Table 2). Groups 2 
and 4 are weakly positively correlated with MAT (Table 2). 
Summer Temperature does not correlate with any PFT or 
cluster group. Winter Temperature is strongly negatively cor-
related with Group 4 and moderately positively correlated 
with Group 2. MAP is weakly positively correlated with the 
lianas and climbers PFT and weakly negatively correlated 
with broadleaved deciduous trees and needleleaved ever-
green trees PFTs (Table 2). Winter Precipitation is strongly 
positively correlated with Group 4 and weakly negatively 
correlated with broadleaved deciduous tree PFTs. Summer 
Precipitation is weakly positively correlated with Group 3 
and weakly negatively correlated with needleleaved evergreen 
trees (Table 2).

Pearson’s Correlation shows that cluster Groups 4 and 5 are 
very strongly negatively correlated (Table 2; Fig. 6). Groups 
2 and 4, Groups 1 and 3, and Groups 2 and 5 are strongly 
negatively correlated. Group 4 is moderately positively cor-
related with broadleaved evergreen tree PFTs and Group 2 is 
moderately negatively correlated with broadleaved evergreen 
tree PFTs, suggesting this is the control behind their propor-
tional relationship (Fig. 6; Table 2). Group 2 is also weakly 
positively correlated with herbaceous PFTs, whereas Group 
5 is weakly negatively correlated with broadleaved evergreen 
tree PFTs (Table 2). Group 1 (positive correlation) and Group 
3 (negative correlation) are associated with needleleaved ever-
green tree and broadleaved deciduous tree PFTs (Table 2). 
Group 1 is also weakly negatively correlated with herbaceous 
and wetland PFTs (Table 2).

DISCUSSION

How dry and seasonal was Europe  
during the Serravallian?
Conflicting proxy results and modelling studies have proposed 
varying degrees of humidity and aridity for the Serravallian 
of Europe (van Dam 2006; Böhme et al. 2008; Bruch et al. 

G
ro

up
 2

G
ro

up
 3

G
ro

up
 4

G
ro

up
 5

20

40

60

80

100

120

10 10 10 10 1030 3020 30 20 20 2040 60 7050 40

%

D
ep

th
 (c

m
)

G
ro

up
 1

Fig. 6. — Cluster analysis defined groupings of Kenslow Member pollen and spores.



9 

Late Middle Miocene seasonality

GEODIVERSITAS • 2026 • 48 (1)

2011; Methner et al. 2020; Botsyun et al. 2022). Most of these 
previous studies have focussed on central European basins and 
basins around the Alps (Böhme et al. 2008; Bruch et al. 2011; 
Methner et al. 2020; Botsyun et al. 2022). For the Serravallian, 
palaeobotany using the Co-existence Approach reconstructs 
850-1500 mm/yr across Central and Eastern Europe (Bruch 
et al. 2011; McCoy et al. 2022), rodent faunas show most 
of Europe (outside of the Iberian Peninsula and Anatolia) to 
have received over 800-1300 mm/yr (van Dam 2006), while 
herpetofaunas reconstruct 0-900 mm/yr for Central and 
Eastern Europe (Böhme et al. 2008). However, as it is highly 
unlikely that the whole of Europe ever received 0 mm/yr for an 
extended period of the Serravallian, the herpetofauna recon-
struction (lower estimate) is not considered robust (Böhme 
et al. 2008). The new results from the Kenslow Member, 
whilst outside of the regions most extensively studied in the 
past, show a comparable MAP to rodent and Co-existence 
Approach reconstructions (Fig. 3). Taking into account the 
50% uncertainty interval on the new results and the +275mm 
uncertainty reported for the herpetofauna-based reconstruc-
tions, shows remarkable overlap between all proxies in the 
region of 900-1200 mm/yr for most of mid-latitude Europe 
during the Serravallian (van Dam 2006; Böhme et al. 2008; 
Bruch et al. 2011). Even if we take the contrary position that 
this overlap is entirely due to the chance overlap of uncertainty, 
it is not unexpected to have different areas in a geographi-
cal region with variable rainfall (Lundqvist & Falkenmark 
2010). Therefore, should we even be asking the question of 
was Europe dry during the Miocene? No, we shouldn’t. Only 
comparison with geographically widespread proxy data will 
help us understand this dynamic variable in deep time.

Our results show the presence of a humid climate in the 
United Kingdom during the Serravallian that agrees with 
previous reconstructions (Gibson et al. 2022; McCoy et al. 
2022; Pound et al. 2022). Summers are reconstructed mar-
ginally more humid than winters in agreement with Bruch 
et al. (2011), but not substantially enough to shift the Kop-
pen-Geiger classification to a summer wet designation – in 
agreement with fossil fungal evidence (Pound et al. 2022). In 
Europe, the Serravallian hydrology has been proposed to be 
controlled by westerly winds delivering moisture across the 
central basins, especially during winter (Quan et al. 2014; 
Methner et al. 2020). It is also likely that the more oceanic 
position of the United Kingdom would have created a dif-
ferent hydrological regime to central Europe, especially fol-
lowing the contraction of substantial water masses of eastern 
Europe (Piller et al. 2007) and considering that modelling of 
palaeo-waterbodies shows they could have provided a localised 
increase in precipitation (Pound et al. 2014).

The Serravallian climate  
and biome of the United Kingdom

Based on these new reconstructed mean values, the Kenslow 
Member records a Cfb (temperate, no dry season with a 
warm summer) Köppen-Geiger classification. All summer 
temperatures could fall into the Cfa (hot summer) Köppen-
Geiger classification when the 50% uncertainty intervals are 
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taken into account (Fig. 2). Today central England still clas-
sifies as Cfb Köppen-Geiger classification (Beck et al. 2018). 
However, the present-day MAT of Bees Nest Pit is 7.98°C 
with a Summer Temperature of 13.71°C and a Winter Tem-
perature of 2.98°C (Fick & Hijmans 2017). The Serravallian 
of the United Kingdom was around 5°C warmer annually, 
with pronounced summer warming (+6.5°C) and a slightly 
warmer winter (+1°C). Today the average rainfall at Bees Nest 
Pit is MAP = 1042 mm/yr Summer Precipitation = 236 mm 
and Winter Precipitation = 285 mm (Fick & Hijmans 2017). 
This shows the Serravallian climate of the United Kingdom 
had around 10% more precipitation across the year, but this 
rainfall was more concentrated in the summer with 31% of 
the annual amount falling in these three months, rather than 
the 22% in the present climate. In contrast today’s climate has 
just over a quarter of the annual total fall in the three months 
of winter. Whereas in the Serravallian, less than 20% of annual 
precipitation fell during the winter. This slight seasonality 
in the present-day precipitation regime is the result of high-
pressure westerlies and east moving polar jet streams that are 
strongest in winter and spring – delivering more precipitation 
to the United Kingdom (Mayes 1991, 1996). It has previ-
ously been proposed that this climate regime initiated during 
the Serravallian (Quan et al. 2014; Pound & Riding 2016). 
As the Serravallian Bees Nest Pit palynology reconstructs a 
moderately summer-wet climate, rather than the present-day 
winter-wet, it likely predates the onset of significant westerlies 
(Quan et al. 2014).

The MAT and MAP reconstructions place the Kenslow 
Member flora into the Temperate Forest of Whittaker’s (1970) 
biome classification and the Warm Temperate Moist Forest 
of Holdridge’s (1947) biome classification. For Whittaker’s 
(1970) scheme, the 50% uncertainty intervals could place 
the flora into the Temperate Woodland classification due 
to the skew in the probability density curve (Fig. 3). MAT 
and MAP reconstructions (Fig. 2; 3) are consistent with the 
present-day mixed forests of subtropical China (Ge & Xie 
2017) and this interpretation is supported by similar values 
of broadleaved evergreen tree PFTs, broadleaved deciduous 
tree PFTs and smaller proportions of needleleaved evergreen 
tree PFTs (Fig. 6). The reconstructed climate variables for 
the Serravallian Kenslow Member at Bees Nest Pit show the 
presence of a temperate climate with warm summers and no 
dry season (Fig. 2; 3). This agrees with the fossil fungi recon-
structions from the same section (Pound et al. 2022) and 
Co-existence Approach reconstructions (McCoy et al. 2022). 
However, reconstructed MAT is lower than that presented by 
McCoy et al. (2022). Lower MAT reconstructions by crestr, 
when compared to the Co-existence Approach, have been 
previously reported and likely stem from different modern 
data used in the reconstruction (Gibson et al. 2022).

The statistically identified groupings differ from those quali-
tatively identified by McCoy et al. (2022). The dominance 
of Group 4 can be explained by the high amounts of Tsuga 
(Endl.) Carrière pollen in this record and the positive correla-
tion with Winter Precipitation likely reflects their dependency 
on precipitation (Fusco 2010; Xiao et al. 2024). Interest-

ingly, Winter Precipitation has a more significant role in the 
present-day distribution of Tsuga species in North America, 
as opposed to the significance of Summer Precipitation on 
East Asian Tsuga species (Xiao et al. 2024). This would imply 
that the Miocene Tsuga species of the United Kingdom were 
closer in bioclimatic requirements to those of North America. 
Previous work on European Tsuga fossils has identified greater 
morphological similarities to those from East Asia (Mai & 
Walther 1978, 1991; Xiao et al. 2024). This disparity between 
reconstructed bioclimatic controls here, and previous mor-
phological studies requires further work to understand the 
evolutionary placement of extinct European conifers.

Group 4 is strongly negatively correlated with Group 5 
(Table 2) and visually it is the decrease in Group 4 and the 
increase in Group 5 that dominates the changes towards the 
top of the section (Fig. 3). Group 5 is not correlated with 
any climatic factor and the increase in Group 5 begins lower 
in section than the onset of lignite formation and below the 
pollen zonation change identified by McCoy et al. (2022). It 
is therefore unknown what Group 5 is responding to, but it 
could be speculated to be either successional (Schneider 1992; 
McCoy et al. 2022) or another abiotic aspect.

Group 1 also shows no correlation with climatic factors 
(Table 2). In contrast to the more diverse Group 5, Group 1 
comprises only the anemophilous Abies Mill. and Pinus L. 
pollen (Table 1) and it is therefore likely this group represents 
long-distance transport into the depositional environment. 
Both are known to travel substantial distances (Yu et al. 2004; 
Poska & Pidek 2010; Ertl et al. 2012), although Abies trans-
port distances may be more species specific (Yu et al. 2004; 
Poska & Pidek 2010). This type of analysis could therefore 
provide a more objective means to eliminate extra-local taxa 
from palaeoclimate reconstructions, should that be desirable 
(Reichgelt et al. 2023).

From the perspective of PFTs, it is clear that MAP is the 
most important variable: lianas and climbers show positive cor-
relation, whilst broadleaved deciduous trees and needleleaved 
evergreen trees show negative correlation (Table 2). Both these 
latter PFTs show negative correlation with seasonal rainfall, 
broadleaved deciduous trees negatively correlate with Winter 
Precipitation, whereas needleleaved evergreen trees negatively 
correlate with Summer Precipitation (Table 2). This may relate 
to summer water availability that favours broadleaved taxa 
(Harvey et al. 2020) and the longer growing season provided 
by mild Winter Precipitation that can benefit evergreen trees 
(Box & Fujiwara 2015).

CONCLUSIONS

The new palaeoclimate reconstructions for the Kenslow 
Member palynoflora show an oceanic type climate with no 
pronounced dry season. However, more rainfall fell during the 
summer than the winter. This contrasts with the present-day, 
implying that the high-pressure westerlies and east moving 
polar jet stream that controls the rainfall regime today was 
not as important. The unique assemblage recorded in the 
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Kenslow Member shows that seasonal availability of moisture 
was a crucial control on the reproducing plant community. 
The correlation between Winter Precipitation and Tsuga 
pollen, suggests these probably extinct taxa had bioclimatic 
responses more like their extant North American relatives. 
This is in contradiction with proposed morphological simi-
larities between European Tsuga macrofossils and extant East 
Asian species.
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