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1  | INTRODUC TION

Mountains are home to a substantial proportion of biological diver-
sity, especially at tropical latitudes (Spehn et al., 2011). The origin of 
mountain biotas is rather complex, being driven by both geological 
and biological processes (Rahbek et  al.,  2019). Mountain lineages 
originate both from local lowland lineages through niche shift (evolu-
tion) and from preadapted lineages through long-distance dispersal 

(Merckx et  al.,  2015). However, these two processes, which vary 
from region to region, are complicated further by uplift and isolation 
dependent upon geological evolution and past climate changes. Plant 
and animal species found today in East African Highlands forests 
often have close relatives in the forests of Central and West Africa or 
among the separated peaks of East Africa's mountains (Faden, 1983; 
Mairal et al., 2017; Measey & Tolley, 2011). Within East Africa, mon-
tane communities are a distinct region of biotic significance referred 
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Abstract
Fossil pollen believed to be related to extant Hagenia abyssinica were discovered in 
the early Miocene (21.73 Ma) Mush Valley paleoflora, Ethiopia, Africa. Both the fossil 
and extant pollen grains of H. abyssinica were examined with combined light micros-
copy, scanning electron microscopy, and transmission electron microscopy to com-
pare the pollen and establish their relationships. Based on this, the fossil pollen grains 
were attributed to Hagenia. The presence of Hagenia in the fossil assemblage raises 
the questions if its habitat has changed over time, and if the plants are/were wind 
pollinated. To shed light on these questions, the morphology of extant anthers was 
also studied, revealing specialized hairs inside the anthers, believed to aid in insect 
pollination. Pollen and anther morphology are discussed in relation to the age and ori-
gin of the genus within a molecular dated phylogenetic framework, the establishment 
of complex topography in East Africa, other evidence regarding pollination modes, 
and the palynological record. The evidence presented herein, and compiled from the 
literature, suggests that Hagenia was an insect-pollinated lowland rainforest element 
during the early Miocene of the Mush Valley. The current Afromontane habitat and 
ambophilous (insect and wind) pollination must have evolved in post-mid-Miocene 
times.
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to as the Eastern Afromontane Biodiversity Hot Spot (Mittermeier 
et  al.,  2004), which adds significance to understanding its origins. 
The complexity of Africa's tropical upland biogeographic history 
is apparent from disjunct species having varying divergence times 
as calculated by phylogenetic studies (e.g., Couvreur et  al.,  2008; 
Mairal et  al.,  2017). Geologically, the ages of the East African 
Highlands vary from Eocene to Pleistocene (Faccenna et al., 2019; 
MacGregor,  2015; Tadesse et  al.,  2003), further complicating the 
historical biogeography of Africa's montane forest taxa. The most 
definitive way to document the biogeographic history of extant taxa 
found among the highlands of tropical Africa today is to identify 
them, or their ancestors, in the fossil record. Herein, we report the 
presence of the montane endemic genus Hagenia J.F. Gmel. in the 
early Miocene of Ethiopia.

Hagenia J.F. Gmel. is a tropical African Afromontane tree 
genus in the family Rosaceae Juss., subfamily Rosoideae (Juss.) 
Arn. (Ericksson et al., 2003; Potter et al., 2007), with a sin-
gle recognized living species, Hagenia abyssinica (Bruce) J. F. 
Gmelin. Phylogenetically, H.  abyssinica is a member of the tribe 
Sanguisorbeae DC., subtribe Agrimoniinae J. Presl, and its near-
est relative is Leucosidea sericea Eckl. & Zeyh., a monotypic genus 
endemic to southern African uplands (Eriksson et al., 2003; Potter 
et al., 2007). Hagenia abyssinica is a long-lived, dioecious evergreen 
tree up to 25  m tall (Lange et  al.,  1997) whose seeds are wind-
dispersed (e.g., Ayele et al., 2017; Negash, 2010). Trees are slender 
with a short trunk, massive branches, a large rounded crown, and 
ridged flaky bark. Conspicuous golden silky hairs cover the under-
sides of pinnately compound serrated leaves and densely encircle 
the nodes on young stem growth. The flowers are dioecious, fe-
male flowers forming impressive, cascading, thick panicles up to 
60 cm long composed of hundreds of tiny tubular green-pink to 
reddish flowers, each about 8 mm in diameter. A short floral tube 
terminates in conspicuous colored calyx and epicalyx lobes. Male 
inflorescences are slightly less dense, and the flowers are orange 
to brown or cream to white with 8–20 stamens (e.g., POWO, 2019; 
Simion, 2018; UTPD, 2014).

The current distribution of H.  abyssinica includes Burundi, 
Democratic Republic of Congo, Eritrea, Ethiopia, Kenya, Malawi, 
Rwanda, Sudan, Tanzania, Uganda, and Zambia (Figure  1; e.g., 
UTPD, 2014; Simion, 2018; GBIF Secretariat, 2019; Habtemariam & 
Woldetsadik, 2019; POWO, 2019), primarily at upper elevations. As 
such, its natural environment is cool, wet montane forests in rich, 
moist soils. In eastern and central Africa, the genus occurs mainly 
from 2,000 to 3,000 m, with 1,000–1,500 mm of annual rainfall, but 
Hedberg (1989) and Friis (1992) report that it typically occurs be-
tween 2,300 and 3,400 m above sea level from northern Ethiopia 
and Sudan to southern Malawi and Zambia. The species, however, is 
known to tolerate much wider ecological conditions including drier 
forests and woodlands, and can be found at elevations from 1,800–
4,300 m, under mean minimum and maximum temperatures from 5–
36°C, and rainfall as low as about 400 mm a year (e.g., POWO, 2019; 
Simion, 2018; UTPD, 2014). It is also found on rocky soils or in dis-
turbed areas such as roadsides and persists in grasslands formed 

following forest destruction. Hagenia abyssinica is thought to be a 
pioneer, light-demanding species requiring higher soil temperatures 
to germinate (Fetene & Feleke,  2001; Lange et  al.,  1997; Young 
et  al.,  2017). Hagenia abyssinica often co-occurs with Hypericum 
revolutum Vahl (the Hagenia-Hypericum zone), Schefflera volkensii 
(Harms) Harms, Juniperus procera Hochst. ex Endl., and Podocarpus 
falcatus (Bussmann, 2006; Umer et al., 2007). In Ethiopia, some for-
ests are dominated by H. abyssinica or uniquely dominated by a com-
bination of H. abyssinica and Juniperus procera (African pencil-cedar; 
AFT, 2009).

Hagenia abyssinica is recognized in Africa under a number of 
local names, kosso in Amharic, mlozilozi or mdobore in Swahili, and 
as African redwood in English (Orwa et al., 2009). It has become 
increasingly rare, endangered by the escalating destruction of for-
est lands due to human population growth. Many populations are 
scattered and disjunct throughout the range. Reduction in forests 
to open grassland is of concern with respect to H.  abyssinica be-
cause it is an important traditional source of medicine for a variety 
of common ailments. It is still widely employed in the countryside 
as an antihelminthic against intestinal parasites such as tapeworms 
and other cestodes in both humans and animals (Assefa et al., 2010; 
Simion, 2018). In addition to antihelminthic properties, H. abyssinica 
has antimicrobial properties and is used to treat other gastrointesti-
nal problems and a diverse array of diseases and complaints in both 
humans and animals. All parts of the plant are utilized, each desig-
nated for specific symptoms (e.g., Bekele & Reddy, 2014; Jima, 2018; 
Simion, 2018; Wolde et al., 2016a,b). In places where forest land has 
been cleared, one or more H. abyssinica trees can be seen in other-
wise open fields, deliberately left for their value to the local com-
munity. This beautiful tree species is of widespread importance to 
the local population, not only for medicine but also for honey pro-
duction, timber, dye, and in farming to control erosion and enhance 
soil fertility. Wood of the tree is used for construction, furniture 
making, dying of textiles, carving, and for firewood and charcoal 
(Simion, 2018).

The pollen morphology of H. abyssinica has been studied in re-
lation to pollen of all other genera in tribe Sanguisorbeae, subtribes 
Agrimoniinae (incl. Agrimonia L., Aremonia Neck. ex Nestl., Hagenia, 
and Leucosidea Eckl. et Zeeyh.) and Sanguisorbinae (incl. Cliffortia L., 
Acaena L., Margyricarpus Ruiz et Pav., Polylepis Ruiz et Pav., Poterium 
L., Poteridium Spach, and Sanguisorba L.), by Pérez de Paz (2004) and 
Chung et al. (2010). These studies show that H. abyssinica pollen is 
unique within the tribe and easily identified using combined light 
microscopy (LM) and scanning electron microscopy (SEM). Hagenia 
abyssinica pollen has until now not been studied thoroughly with 
transmission electron microscopy (TEM). Nevertheless, the com-
bined use of LM and SEM provides a uniquely diagnostic suite of 
characters that makes Hagenia the perfect pollen type to be dis-
covered in paleopalynological samples. These would allow for doc-
umentation of the origin and evolution of the genus, together with 
its phytogeographic history. Unfortunately, fossil pollen grains of 
Hagenia are rarely reported from pre-Pleistocene samples and thus 
far have not been documented using combined LM and SEM.
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This study describes the morphology (LM, SEM) and ultra-
structure (TEM) of extant and fossil Hagenia pollen from Africa. A 
comparison of fossil and extant characters provides the basis upon 
which evolutionary trends in the pollen morphology of the genus 
are discussed. Based on the paleoenvironmental reconstructions, 
conclusions are drawn regarding the paleoecology of Hagenia and 
how its ecological range may have shifted (niche evolution) since the 

early Miocene. The pollination of Hagenia is discussed in relation to 
palynological records, present day field observations from literature, 
morphology of anthers, and mode of anther dehiscence. Also, along 
with the Hagenia pollen, additional Sanguisorbeae (studied with 
combined LM and SEM) and Rosaceae fossils are used to calibrate 
divergence ages within the family/tribe and that of the African genus 
Hagenia.

F I G U R E  1   Distribution map of Hagenia abyssinica (red circles) based on GBIF Secretariat (2019). Location of the early Miocene (21.73 Ma) 
Mush Valley paleoflora, Ethiopia, is marked with a yellow star. Pliocene localities in Ethiopia are marked with white stars. Pleistocene 
localities in Ethiopia, Kenya, Tanzania, and Burundi are marked with black stars (for details see Discussion; The fossil record of Hagenia)
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2  | MATERIAL AND METHODS

2.1 | Origin and preparation of samples

2.1.1 | Pollen

Extant flower material (Table 1) from the Missouri Botanical Garden 
(MO) was prepared according to the protocol outlined in Grímsson 
et al.  (2017), Grímsson et al.  (2018) and Halbritter et al.  (2018, pp. 
103–105, Acetolysis the Fast Way). Fifty pollen grains from each 
sample were measured and studied with LM and SEM, and five pol-
len grains with TEM.

Fossil Hagenia pollen was recovered from four samples within 
the lacustrine shales in the Mush Valley: MU7 at 4.0 m in the sec-
tion of Currano et al. (2020, Figure 2), MU18 at 10.1 m, DDMU-2 at 
16.1 m, and DDMU-1 at 17.7 m. The sedimentary rock samples were 
processed and fossil pollen grains extracted according to the method 
explained in Grímsson et al. (2008). The fossil pollen grains were in-
vestigated both by LM and SEM using the single grain method as 
described by Zetter (1989) and Halbritter et al. (2018, pp. 121–123). 
Five to ten fossil Hagenia pollen from each sedimentary sample were 
measured and studied with LM and SEM, and two to four grains with 
TEM. Additional fossil Sanguisorbeae pollen (see Appendix) origi-
nate from the early to middle Miocene of Assoyo de los Mineros, 
South America, and the middle Miocene of Botn, Iceland (Table 2). 
SEM stubs with fossil pollen produced under this study are stored 
in the collection of the Department of Paleontology, University of 
Vienna, Austria.

For ultrastructural study of fossil and extant pollen, grains were 
prepared using the advanced TEM protocol by Ulrich and Grímsson 
(2020). Subsequent to SEM investigation, fossil pollen grains were 
transferred directly from SEM stubs, with a micromanipulator, into a 
final embedding mold filled with a mixture of Agar low-viscosity resin 
(LV-resin) and acetone for infiltration and final embedding. Pollen of 
Hagenia abyssinica (from Ethiopia, coll. J.J.F.E. de Wilde, 5,836 [MO]; 
from Burundi, coll. J. Lewalle, 5,739 [MO], from Tanzania, coll. Y.S. 
Abeid, 3,376 [MO], and from Malawi, coll. I.F. LaCroix, 4,822 [MO]) 
was first acetolyzed and then transferred directly with an acetone 
filled pipette into the final embedding mold. Following polymer-
ization, ultrathin sections were made with a diamond knife on a 
Reichert Ultracut microtome and collected onto formvar film-coated 
copper grids. For contrast, sections were stained with uranyl acetate 
(U, for 40 min), followed by lead citrate (Pb, for 3 min) (Hayat, 2000). 

For the detection of endexine, sections were treated with 1% aque-
ous potassium permanganate (KMnO4) solution for 5 min (Weber & 
Ulrich, 2010).

Technical note: The heat of the electron beam in TEM sometimes 
leads to problems when the pollen has been sputter coated and the 
formvar coated grids are thin. The formvar film adjacent to the gold 
cover can expand and rupture, resulting in a gap between the pollen 
wall and the gold cover, which can increase until the film completely 
ruptures (Ulrich & Grímsson, 2020).

2.1.2 | Anthers

Anthers from extant flowers (Table 1) were prepared for SEM to in-
vestigate the pollination mode of H. abyssinica by observing anther 
dehiscence and the presence/absence of pollen coatings and Ubisch 
bodies. The characteristic extent of dehiscence is well preserved in 
dried specimens (Castellanos et al., 2005). Open and closed anthers 
from different flowers were dissected, mounted on SEM stubs with 
double-sided adhesive tape, and sputter coated with gold (Halbritter 
et al., 2018).

2.2 | Phylogeny

The concatenated alignment and the consensus tree from Xiang 
et  al.  (2017) were downloaded from TreeBase (Piel et al., 2009) 
(matrix S22054). The single orthologous alignments were extracted 
using the python script split_concat_nexus.py (from https://gist.
github.com/brant​fairc​loth/2999578), obtaining a total of 172 
alignments. Taxa without any data were removed from the align-
ments using the program pxclsq from the phyx collection (Brown 
et  al.,  2017). Maximum Likelihood (ML) trees were generated for 
each ortholog group using RAxML ver. 8.0.0 (Stamatakis, 2014) run 
using the script raxml_wapper.pl (https://sco.h- its.org/exelixis/web/
software/raxml/index.html). A GTR model with Gamma-distributed 
rate variation and a proportion of invariable site model was employed 
for all tree searches. Five loci were then selected for the clock analy-
sis using the approach of Smith et al. (2018) as implemented in the 
SortaDate script repository (Smith, 2019). First, the variance in the 
path between root and tips was calculated and then the proportion 
of splits present in the consensus tree of Xiang et al. (2017). Then, 
these metrics were combined and the five best loci were assessed. 

TA B L E  1   Herbarium material used for this study

Taxon Collector Date Coll. No. Country Elevation (m) Herbarium

Hagenia abyssinica Willd. J.J.F.E de Wilde 18.10.1969 5,836 Ethiopia 2,700 MO

Hagenia abyssinica Willd. J. Lewalle 20.05.1979 5,739 Burundi No record MO

Hagenia abyssinica Willd. Y.S. Abeid 30.07.2009 3,376 Tanzania 2,150 MO

Hagenia abyssinica Willd. R.E. Yereau et al. 26.01.2008 7,008 Tanzania 1980 MO

Hagenia abyssinica Willd. A.S. MKeya 26.08.1997 922 Tanzania 1,500 MO

Hagenia abyssinica Willd. I.F. LaCroix 26.09.1987 4,822 Malawi 2,200 MO

https://gist.github.com/brantfaircloth/2999578
https://gist.github.com/brantfaircloth/2999578
https://sco.h
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F I G U R E  2   Light microscopy micrographs of Hagenia abyssinica from six different sites in Africa. (a–e) Ethiopia, 2,700 m a.s.l. (coll. J.J.F.E. 
de Wilde, 5,836 [MO]). (f–j) Burundi, elevation unknown, (coll. J. Lewalle, 5,739 [MO]). (k–o) Tanzania, 2,150 m a.s.l. (coll. Y.S. Abeid, 3,376 
[MO]). (p–t) Tanzania, 1980 m a.s.l. (coll. R.E. Yereau et al., 7,008 [MO]). (u–y) Tanzania, 1,500 m a.s.l. (coll. A.S. MKeya, 922 [MO]). (z–d′) 
Malawi, 2,200 m a.s.l. (coll. I.F. LaCroix, 4,822 [MO]). (a, b, f, g, k, l, p, q, u, v, z, a′) Polar view, optical cross section. (c, h, i, m, n, r, w, x, b′, c′) 
Equatorial view, optical cross section. (d, e, j, o, s, t, y, d′) Equatorial view, high focus. Scale bars – 10 µm

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)

(u) (v) (w) (x) (y)

(z) (a’) (b’) (c’) (d’)
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The five selected loci (ORTHOMCL46200, ORTHOMCL58800, 
ORTHOMCL97220, ORTHOMCL116510, ORTHOMCL122180) 
were then concatenated in a single alignment. The matrix was then 
trimmed to only include Rosaceae. Thirteen fossil taxa were added 
as tips, and the ages of these taxa were implemented as uniform dis-
tribution, taking into consideration the uncertainty in the dating of 
the strata where the fossils were recovered (see Tables 2 and 3). The 
placement of the fossil taxa was constrained using expert-based as-
signation, while the backbone topology (of the extant taxa) was fixed 
to the consensus topology from Xiang et al. (2017). A dated analy-
sis using the fossilized birth–death prior was run using MrBayes ver. 
3.2.7 (Ronquist et al., 2012) as implemented on the CIPRES Science 
Gateway (Miller et al., 2010). The prior on the age of the tree was 

set as a uniform distribution between the oldest age for the oldest 
fossil in our analysis (56 Ma) and the age of the oldest eudicot fossil 
(125 Ma) (Coiro et al., 2019). A GTR plus gamma model was employed 
on five separate partitions for the five loci, with the substitution 
rates and the gamma shape parameters unlinked over the parti-
tions. A single Independent Gamma Rate clock model was applied 
to all partitions. The sampling probability parameter of the fossil-
ized birth–death prior was set to 0.02 (the proportion of extant spe-
cies of Rosaceae sampled in our matrix), and the sampling strategy 
was set to ‘diversity’. Six independent metropolis coupled runs (with 
one cold chain and three heated chains) were run for 50,000,000 
generations, sampling every 5,000 generations. Convergence of the 
mcmc chains was checked using Tracer, until the Effective Sample 

Locality
Arroyo de los 
Mineros Mush Botn

Taxona  Acaena vel Polylepis Hagenia Sanguisorba

Location Near the Arroyo 
de los Mineros 
(stream of miners), 
adjacent to 
Canadon Beta, 
north-eastern 
Tierra del Fuego 
Province, coast 
of the Gulf of 
San Sebastian, 
Argentina, South 
America

Mush Valley, Debre 
Birhan Woreda, 
Ethiopia, Africa

Botn mine, 
Botnsdalur valley, 
Súgandafjörður fjord, 
Northwest Peninsula, 
Iceland, northern 
North Atlantic

Latitude and 
longitude (ca.)

52°42′S, 68°34′W 9°47΄N, 39°39΄E 66°04′N, 23°22′W

Lithostratigraphy Cullen Formation Unnamed lacustrine 
sediments

Selárdalur-Botn 
Formation

Epoch/Age Early to middle 
Miocene/
Aquitanian to 
Serravallian

Early Miocene/
Aquitanian

middle Miocene/
Langhian

Numerical age (Ma) 21.3–11.1 (absolute 
dating)

22.63–21.73 
(absolute dating)

ca 15 (absolute dating)

Age according to Chrono-, 
biostratigraphy

Chrono-, 
lithostratigraphy

Chrono-, 
magnetostratigraphy

For further info 
on the geological 
background, 
stratigraphy (S), 
paleoenvironment, 
paleoclimate, and 
plant fossils (P)

Vergel & Durango 
de Cabrera, 1988 
(P), Durango 
de Cabrera & 
Vergel, 1989 (P); 
Zamaloa, 1996 
(P), 1999 (S, P), 
2000 (P), 2004 
(S, P); Zamaloa & 
Romero, 1990 (P), 
2005 (P); Zetter 
et al., 1999 (P); 
Garcia-Massini 
et al., 2004 (P)

Danehy, 2010 (S/P); 
Pan et al., 2012 
(S/P), 2014 (P); 
Bush et al., 2017(P); 
Tesfamichael 
et al., 2017 
(S/P); Grímsson 
et al., 2019 (P); 
Currano et al., 2020 
(S/P)

Moorbath et al., 1968 
(S); Kristjánsson 
et al., 1975 (S), 2003 
(S); McDougall 
et al., 1984 
(S); Hardarson 
et al., 1997 
(S); Grímsson 
et al., 2007a (S/P), 
2007b (P), 2008 
(P); Grímsson 
& Denk, 2007 
(P); Grímsson & 
Símonarson, 2008a 
(P),  (P); Denk 
et al., 2011 (S/P)

aEarliest known fossil pollen records that include micrographs for verification. 

TA B L E  2   Information on sample sites
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Size of most parameters reached a value higher than 200 or higher 
than 100. A consensus tree was summarized using the ‘allcompat’ 
options of the ‘sumt’ command.

3  | RESULTS

3.1 | Pollen descriptions

The pollen terminology follows Punt et al. (2007; LM) and Halbritter 
et al. (2018; SEM). Pollen of the single extant Hagenia species, H. ab-
yssinica, is described first, followed by a description of the fossil. For 
practical reasons, the fossil pollen is classified as a morphotype (MT) 
named after the locality where the grains were found.

3.1.1 | Hagenia abyssinica (Bruce) J. F. Gmelin

Description
Pollen, monad, P/E ratio suboblate to subprolate, shape straight-
triangular to convex-triangular dipyramid, straight-triangular to 
convex-triangular in polar view, elliptic to circular or rhombic 
in equatorial view; equatorial diameter 25–35  µm in LM, 22.7–
27.7 µm in SEM, polar axis 21.3–30 µm in LM, 21–27 µm in SEM; 
tricolporate, apertures protruding, operculate, operculum 17.5–
22.5 µm long in LM, 16.9–20.5 µm long in SEM, 2.5–6.3 µm wide in 
LM, 2.8–5.1 µm wide in SEM; exine 1.8–2.8 µm thick, nexine thin-
ner than sexine (LM); tectate, columellate (SEM); sculpture psilate 
or rugulate in LM, nanogemmate, nanoclavate, and nanoechinate 

or rugulate with nanogemmate/clavate/echinate suprasculpture 
in SEM (Figures 2–5; Tables 1 and 4).

The ultrastructure (TEM) of the four samples studied is very sim-
ilar. The variations in pollen wall thickness is due to different cutting 
angles. In acetolyzed pollen, the resistant exine is well preserved, 
whereas the intine and the living protoplast are absent. The pollen 
wall layers are clearly differentiated using potassium permanga-
nate staining, as the endexine stains electron dense, producing a 
distinct contrast. The pollen wall constitutes a sporopollenin, thick 
structured tectate-columellate ektexine, and a thin monolayered 
compact-continuous endexine. The ektexine is between 0.9 and 
1.53 µm thick, with thick continuous tectum (eutectate), columellate 
infratectum (with short columellae), and thick compact-continuous 
foot layer. The tectum is granular throughout, composed of small 
homogeneous elements. The compact endexine forms a thin (0.09–
0.2 µm) continuous layer, with increasing thickness in the aperture 
area. The operculum, formed by the ektexine, covers most of the 
aperture.

Remarks
Hagenia abyssininca pollen has previously been described and illus-
trated by Pérez De Paz (2004; LM and SEM) and Chung et al. (2010; 
SEM). The morphology presented by these authors is comparable to 
what is documented herein. The ultrastructure of H. abyssinica has 
not been studied successfully before, but see Jiang et al. (2019). The 
stratification of the pollen wall in H. abyssinica, especially the granu-
lar internal tectum, is a characteristic feature. This type of tectum 
also occurs in the closely related genus Agrimonia (Bombosi, 2016). 
A granular tectum is a rare feature in angiosperms but known for 

TA B L E  3   Fossil calibrations employed in our dated analysis

Fossil Age Calibration Formation Reference for age

Amelanchier scudderi 34.7–34 Amelanchier Florissant Fm Prothero and 
Sanchez (2004)

Vauquelinia comptonifolia 53.5–44.5 Vauquelinia Green River Fm Smith et al. (2003)

Neviusia sp. 52–48.7 Neviusia Allenby Fm Read (2000)

Oemleria janhartfordae 49.45–49.35 Oemleria Tom Thumb Member, Klondike 
mountain Fm

Wolfe et al. (2003)

Prunus wutuensis 56.0–47.8 Prunus s.l. Wutu Fm Li et al. (2011)

Holodiscus lisii 34.7–34 Holodiscus Florissant Fm Prothero and 
Sanchez (2004)

Spiraea sp. 52–48.7 Spiraea Allenby Fm Read (2000)

Fragaria sp. 2.94–2.86 Fragaria Lost Chicken sequence Matthews 
et al. (2003)

Rosa germerensis 56–47.8 Rosa Edelman (1975)

Rubus acutiformis 47.8–41.2 Rubus Boscombe Sand Fm British Geological 
Survey (2020)

Cercocarpus myricaefolius 34.7–34 Cercocarpus Florissant Fm Prothero and 
Sanchez (2004)

Sanguisorba sp. 15.97–13.82 Sanguisorba Selárdalur-Botn Fm Table 2

Hagenia sp. 23.03–20.43 Hagenia Unnamed lacustrine sediments Table 2

Acaena vel Polylepis 15.97–13.82 Acaena, Polylepis Cullen Fm Table 2
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example in Asteraceae (Halbritter et  al.,  2018, p. 391). Within 
Rosaceae, the pollen wall stratification of Hagenia and Agrimonia 
is as far as known a unique feature in subtribe Agrimoniinae 
(tribe Sanguisorbeae), and further TEM studies are necessary for 
clarification.

3.1.2 | Mush MT, pollen close to Hagenia abyssinica

Description
Pollen, monad, P/E ratio suboblate to prolate, shape convex-
triangular dipyramid, convex triangular in polar view, elliptic to circu-
lar or rhombic in equatorial view; equatorial diameter 26.9–32.7 µm 
in LM, 21.2–30.8  µm in SEM, polar axis 25–36.5  µm in LM, 24.8–
31.9 µm in SEM; tricolporate, aperture protruding, operculate, oper-
culum 17.3–25 µm long in LM, 15.7–22.5 µm long in SEM, 2.3–5 µm 
wide in LM, 2.2–5.1 µm wide in SEM; exine 1.7–2.7 µm thick, nex-
ine thinner than sexine (LM); tectate, columellate (SEM); sculpture 

psilate in LM, nanogemmate, nanoclavate, and nanoechinate in SEM 
(Figures 6–8; Tables 2 and 4).

The ultrastructure (TEM) of the fossil is similar to that of extant 
H.  abyssinica pollen. The pollen wall constitutes a sporopollenin, 
thick structured tectate-columellate ektexine, and a thin monolay-
ered compact-continuous endexine. The ektexine is between 1.0 
and 1.07  µm thick, with thick continuous tectum (eutectate), col-
umellate infratectum (with short columellae), and thick compact-
continuous foot layer. The internal tectum is granular, composed of 
small homogeneous elements. The compact endexine forms a thin 
(about 0.07 µm) continuous layer, increasing in thickness toward the 
aperture (electron dense). The operculum, formed by the ektexine, 
covers most of the aperture.

Remarks
This is the first fossil Hagenia pollen documented using combined 
LM and SEM, and is the first time to be studied with TEM. The pol-
len morphology (LM and SEM) and ultrastructure (TEM) of the fossil 

F I G U R E  3   Scanning electron 
micrographs of Hagenia abyssinica. (a) 
Pollen in polar view (from Burundi, coll. J. 
Lewalle, 5,739 [MO]). (b) Pollen in polar 
view (from Ethiopia, coll. J.J.F.E de Wilde, 
5,836 [MO]). (c) Pollen in oblique view 
(from Tanzania, coll. R.E. Yereau et al., 
7,008 [MO]). (d) Pollen in equatorial view 
(from Tanzania, coll. A.S. MKeya, 922 
[MO]). (e) Pollen in equatorial view (from 
Malawi, coll. I.F. LaCroix, 4,822 [MO]). (f) 
Pollen in equatorial view (from Ethiopia, 
coll. J.J.F.E. de Wilde, 5,836 [MO]). (g) 
Pollen in equatorial view (from Burundi, 
coll. J. Lewalle, 5,739 [MO]). (h) Pollen in 
equatorial view (from Tanzania, coll. Y.S. 
Abeid, 3,376 [MO]). Scale bars – 10 µm

(a) (b)

(c) (d)

(e) (f)

(g) (h)



5172  |     GRÍMSSON et al.

grains are similar to those of H. abyssinica described above. The fossil 
and extant pollen grains are compared in Table 4 and below.

3.2 | Extant versus fossil Hagenia pollen

The pollen of Hagenia abyssinica and the fossil grains from the Mush 
Valley site are similar in LM and SEM morphology as well as TEM 
ultrastructure. When comparing the extant and fossil pollen, it is 
clear they are closely related and of the same genus; however, they 
exhibit some subtle differences. In equatorial view, pollen of H. abys-
sinica are generally suboblate to subprolate, and most appear to be 
isodiametric (polar axis ± equal to the equatorial diameter) or slightly 
oblate when studied with LM. The fossil Mush MT pollen are subo-
blate to prolate and usually more often distinctly prolate than not. 
The main difference separating the fossil grains from the extant pol-
len is in the sculpture as seen with SEM. Pollen of H. abyssinica are 
distinctly rugulate (for example see Figures 3e, 4e) at interapertural 

areas and with nanogemmate/clavate/echinate suprasculpture in 
SEM. These well-defined rugulae of the extant pollen are not ob-
served in any of the numerous fossil grains studied from the Mush 
Valley site (for example see Figures 6g, h, 7b, d). Most of the pollen 
surfaces in the fossil pollen grains are homogenous from the polar 
regions toward the equator. The nanogemmate/clavate/echinate 
SEM sculpture observed in the fossil grains is the basal sculpture and 
not identified as suprasculpture in any of the studied grains.

3.3 | Anthers and dehiscence mode of 
Hagenia abyssinica

Under the dissecting microscope, the male flowers of H.  abyssinica 
are eye-catchingly hairy. Although hairs are abundant on the calyx 
lobes, the stamens are glabrous (Figure 9a–c; Table 1). The stamens 
are filamentous and the small anthers (about 0.6 mm) produce numer-
ous pollen. The anthers dehisce along the longitudinal stomial furrow, 

F I G U R E  4   Scanning electron 
micrographs of Hagenia abyssinica. (a) 
Close-up of polar area (from Tanzania, coll. 
R.E. Yereau et al., 7,008 [MO]). (b) Close-
up of intersection between polar area and 
interapertural area (from Burundi, coll. 
J. Lewalle, 5,739 [MO]). (c) Close-up of 
interapertural area (from Tanzania, coll. 
Y.S. Abeid, 3,376 [MO]). (d) Close-up of 
interapertural area (from Tanzania, coll. 
A.S. MKeya, 922 [MO]). (e) Close-up of 
interapertural area (from Malawi, coll. 
I.F. LaCroix, 4,822 [MO]). (f) Close-up 
of aperture, equatorial view, showing 
operculum (from Ethiopia, coll. J.J.F.E. 
de Wilde, 5,836 [MO]). (g) Close-up of 
aperture, showing operculum, polar view 
(from Ethiopia, coll. J.J.F.E. de Wilde, 
5,836 [MO]). (h) Close-up of intersection 
between aperture and interapertural 
area (from Burundi, coll. J. Lewalle, 5,739 
[MO]). Scale bars – 1 µm

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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F I G U R E  5   Transmission electron microscopy micrographs of Hagenia abyssinica from Africa. (a,b) Cross sections, polar view (a) and 
equatorial view (b), showing the operculate apertures (arrowheads), KMnO4 (from Tanzania, coll. Y.S. Abeid, 3,376 [MO]). (c) Cross section, 
oblique polar view, arrowheads indicating position of apertures, KMnO4 (from Malawi, coll. I.F. LaCroix, 4,822 [MO]). (d) Cross section, 
aperture area, showing thickening of endexine (e), polar view, KMnO4 (from Tanzania, coll. Y.S. Abeid, 3,376 [MO]). (e) Cross section, 
aperture area in equatorial view, remnants from the acetolysis mixture marked with asterisk, KMnO4 (from Ethiopia, coll. J.J.F.E. de Wilde, 
5,836 [MO]). (f) Cross section, oblique polar view, KMnO4 (from Ethiopia, coll. J.J.F.E. de Wilde, 5,836 [MO]). (g–i) Cross sections, transition 
zone between aperture and interapertural area, showing thickening of endexine (e) toward aperture, KMnO4 (g, from Burundi, coll. J. 
Lewalle, 5,739 [MO]; (h) from Tanzania, coll. Y.S. Abeid, 3,376 [MO]; (i) from Malawi, coll. I.F. LaCroix, 4,822 [MO]. (j–l) Cross sections, 
interapertural area showing eutectate tectum (t, arrow), columellate infratectum (i), compact-continuous foot layer (f, arrow), compact-
continuous endexine (e), KMnO4 (j), from Tanzania, coll. Y.S. Abeid, 3,376 [MO]; (k) from Burundi, coll. J. Lewalle, 5,739 [MO]; (l) from 
Ethiopia, coll. J.J.F.E. de Wilde, 5,836 [MO]). KMnO4, potassium permanganate. Scale bars – 10 µm (a–c), 1 µm (d–l)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)
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dividing the thecae into two equal halves thereby releasing the pollen 
monads (Figure 9b,c). Hagenia abyssinica pollen is nearly free of pollen 
coatings (pollenkitt) and mature pollen grains seem to be only slightly 
sticky due to remnants from the tapetum and/or locular fluid. In open 

anthers, thick rounded epidermal unicellular anther hairs are present 
(Figure 9b–f). Inside dehisced anthers only few pollen grains remain 
among anther hairs (Figure 9d–f). Ubisch bodies on the inner anther 
wall are absent (Figure 9f), and starch was not detected (using iodine).

TA B L E  4   Pollen morphology and ultrastructure of extant and fossil Hagenia

J.J.F.E de Wilde, 5,836 
(MO) J. Lewalle, 5,739 (MO) Y.S. Abeid, 3,376 (MO)

R.E. Yereau et 
al., 7,008 (MO)

Equatorial diameter (LM) 25–30 27.5–30 27.5–30 31.3–35

Equatorial diameter (SEM) 24.1–25.6 24.6–25.7 25.1–26.9 25.1–27.2

Polar axis (LM) 21.3–27.5 22.5–25 26.3–27.5 27.5–30

Polar axis (SEM) 21–23 23.7–24.1 26–27 NO

Operculum lenght (LM) 18.8–21.3 17.5–21.3 20–22.5 20–22.5

Operculum lenght (SEM) 17–18 17.7–18.6 19–20 NO

Operculum diameter (LM) 3.8–5.0 3.8–5 3.8–5 3.8–6.3

Operculum diameter (SEM) 3.2–5.1 4.1–5.1 4.1–4.8 3.1–4.1

Sculpture interapertural area 
(SEM)

Rugulate Rugulate Rugulate Rugulate

Suprasculpture (SEM) Nanogemmate, clavate, 
echinate

Nanogemmate, clavate, 
echinate

Nanogemmate, clavate, 
echinate

Nanogemmate, 
clavate, 
echinate

Exine thickness (LM) 1.8–2.5 2.3–2.8 2–2.3 1.8–2.5

Ektexine thickness (TEM) 1.11 1.53 1.07–1.37 NO

Endexine, interaperturate 
(TEM)

0.11 0.2 0.14 NO

Anther hairs (SEM) Present Present Present Present

Ubisch bodies Absent Absent Absent Absent

Starch Absent Absent Absent Absent

A.S. Mkeya, 922 (MO) I.F. LaCroix, 4,822 (MO) Total range extant
Mush (fossil, 
early Miocene)

Equatorial diameter (LM) 30–32.5 25–28.8 25–35 26.9–32.7

Equatorial diameter (SEM) 23.3–27.7 22.7–25.6 22.7–27.7 21.2–30.8

Polar axis (LM) 26.3–28.8 25–27.5 21.3–30 25–36.5

Polar axis (SEM) 23.3–24.6 22.7–23.7 21–27 24.8–31.9

Operculum length (LM) 20–22.5 20–22.5 17.5–22.5 17.3–25

Operculum length (SEM) 18.2–20.5 16.9–18.1 16.9–20.5 15.7–22.5

Operculum diameter (LM) 3.8–5.0 2.5–5 2.5–6.3 2.3–5

Operculum diameter (SEM) 2.8–4.4 3–4.2 2.8–5.1 2.2–5.1

Sculpture interapertural area 
(SEM)

Rugulate Rugulate Rugulate Nanogemmate, 
clavate, 
echinate

Suprasculpture (SEM) Nanogemmate, clavate, 
echinate

Nanogemmate, clavate, 
echinate

Nanogemmate, clavate, 
echinate

Exine thickness (LM) 2.3–2.8 1.8–2.3 1.8–2.8 1.7–2.7

Ektexine thickness (TEM) NO 0.92–1.38 0.92–1.53 1.0–1.07

Endexine, interaperturate 
(TEM)

NO 0.09 0.09–0.2 0.07

Anther hairs (SEM) Present Present Present NO

Ubisch bodies Absent Absent Absent NO

Starch Absent Absent Absent NO

Note:: All measurements are given in micrometers (µm). NO—not observed.
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3.4 | Molecular dating analysis

Our molecular dating analysis retrieves an Early Cretaceous age 
for the crown group Rosaceae (125–113 Ma 95% Highest Posterior 
Density, HPD) (Figure  10). The crown group Rosoideae is inferred 
to have originated not long after, between the Early and Late 
Cretaceous (110–80 Ma). The tribe Agrimonieae (Sanguisorbeae) is 
inferred to have originated in the Palaeogene (65–44 Ma), with the 
Agrimoniinae and Sanguisorbinae originating almost contemporane-
ously (the former 50–29 Ma and the latter 52–29 Ma). The split be-
tween Hagenia and Leucosidea is inferred to have happened between 
the early Oligocene and early Miocene (32–21 Ma).

4  | DISCUSSION

4.1 | The fossil record of Hagenia

The Mush Valley pollen grains presented herein represent the only 
Hagenia fossil pollen documented and illustrated using combined 
LM and SEM. There are currently no macrofossils known that can 
be attributed to this genus. There is an older pollen occurrence 
reported from the Hauga section of the late Oligocene Chilga site 
(27.36  ±  11; Kappelman et  al.,  2003) in northwestern Ethiopia 
(Yemane et  al.  (1985), Yemane et  al.  (1987); Bonnefille,  2010). 
Nevertheless, this identification is unaccompanied by a descrip-
tion or micrographs. Also, an examination of pollen samples for this 
study collected from an adjacent section at Chilga, and certainly of 
equivalent age, revealed no Hagenia pollen. According to Yemane 
et al.  (1985), Yemane et  al.  (1987), Hagenia occurs at less than 5% 
abundance intermittently among pollen samples from the Hauga 
section spanning approximately one million years of deposition. The 
paleoenvironment is reconstructed as dense forest (“swamp for-
est with temperate trees”; Bonnefille,  2010). Other Afromontane 
endemics reported include Hallea rubrostipulata, Macaranga, and 
Afrocrania, (also not described nor illustrated), but Podocarpus and 
Juniperus are absent (Yemane et al., 1985, 1987). Hagenia pollen does 
not occur again in the African fossil record until the Pliocene hominid 
sites Hadar and Gona (Figure 1) in the Afar depression of Ethiopia 
(based on LM observation). At Hadar (3.4–2.95 Ma), Hagenia pollen 
co-occurs in samples with pollen from other high-elevation, humid 
forest taxa including Myrica, Ilex, and Olea (Bonnefille et  al., 1987, 
2004), all of which are interpreted to have blown in from the neigh-
boring highlands (Bonnefille, 2010). The samples at Gona (~2.6 Ma) 
are dominated by Afromontane vegetation elements, particularly 
pollen of Podocarpus, and Hagenia makes up as much as 6.4% of pol-
len grains (López-Sáez & Domínguez-Rodrigo,  2009). The authors 

conclude that dry montane forests thrived close to Gona. Hagenia 
pollen has also been reported from the Pleistocene localities Gadeb 
(2.5–2.3  Ma, Ethiopia; Bonnefille,  1983), Omo Valley (2.5–2  Ma, 
Ethiopia; Bonnefille,  1976b), Olduvai (~1.8–1.2  Ma, Tanzania; 
Bonnefille, 1984), Melka Kunture (1.8–0.6 Ma, Ethiopia; Bonnefille 
et al., 2018), Koobi Fora (~1.6–1.5  Ma, Kenya; Bonnefille,  1976a), 
and Peninj (1.5–1.35 Ma, Tanzania; Dominguez-Rodrigo et al., 2001) 
(all based on LM observations; Figure 1). In all cases, Hagenia pollen 
makes up only a small component of the palynoflora and is thought 
to be allochthonous and transported in by wind or river. Only Gadeb 
is above 2000 m in elevation, and this site is reconstructed as dense 
Ericaceae vegetation, typical of a high-elevation environment. After 
Melka Kunture, Hagenia pollen is not known from Ethiopia until the 
late Pleistocene (Figure 1), ~16,700 years ago (Bale Mountains re-
cord; Umer et  al.,  2007), but is found elsewhere in high-elevation 
core samples from Kenya, Uganda, Burundi, and Tanzania dating to 
as early as the last glacial interval, which reaches back beyond the 
range of radiocarbon dating. Age estimates of 60,000–42,000 years 
ago for samples from Maundi Crater, Mt. Kilimanjaro (Schüler 
et al., 2012), from prior to the last glacial maximum (at about 32,000–
22,000) for samples from Sacred Lake, Mt. Kenya (Olago et al., 1999), 
from > 40,000 B.P. in samples from the Uluguru Mtns (where it is ab-
sent today; Finch et al., 2009), and from Rusaka, Burundi (Bonnefille 
et  al.,  1995), suggest that Hagenia was a component of montane 
forests during appropriate climatic conditions in the Quaternary 
highlands of East Africa for as far back as records go (Bonnefille & 
Riollet, 1988; Olago et al., 1999; Schüler et al., 2012; Taylor, 1990).

4.2 | Phylogenetic relevance

The presence of Hagenia pollen at the early Miocene Mush Valley 
site is relevant to the evolutionary history of the genus, which 
has been assessed in recent phylogenetic studies of the Rosaceae 
by Xiang et al.  (2017) and Zhang et al.  (2017). Xiang et al.  (2017) 
provide dates for the origin of the subfamily Rosoideae at about 
99 Ma, and the age of the split between tribes Agrimonieae and 
Potentilleae by the middle Paleocene at about 63 Ma. Hagenia it-
self is reported to have split from its sister taxon Leucosidea at an 
estimated date of 18 Ma (Xiang et al., 2017). The age of the Mush 
Valley samples is 22.63–21.73  Ma, which makes the occurrence 
of its pollen there inconsistent with the age provided by Xiang 
et al.  (2017) for the origin of the genus. The time difference be-
tween the hypothesized origin of the tribe Agrimonieae at 63 Ma 
and the occurrence of Hagenia fossils at 22.63–21.73 Ma, though 
leaves more than 40 million years for the evolution of genera and 
species currently recognized within the tribe. Zhang et al.  (2017) 

F I G U R E  6   Light microscopy (a, f) and scanning electron microscopy (b–e, g–j) micrographs of fossil Hagenia pollen (Mush MT; same grain: 
a–e; same grain: f–j). (a) Optical cross section in polar (upper) and equatorial (lower) view. (b) Oblique polar view. (c) Oblique polar view. (d) 
Close-up of interapertural area. (e) Close-up of aperture, showing operculum. (f) Optical cross section in polar (upper) and equatorial (lower) 
view. (g) Equatorial view. (h) Close-up of interapertural area. (i) Close-up of aperture, showing operculum. (j) Close-up of area surrounding 
operculum in polar region. Scale bars – 10 µm (a–c, f, g), 1 µm (d, e, h–j)
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provide a much younger date for the origin of the Agrimonieae 
at 36.13 (35.07–39.58 highest posterior density), which provides 
approximately 15 million years for the evolution of the tribe. Our 
analysis (Figure  10), though retrieving ages for the Agrimonieae 
consistent with Xiang et al.  (2017), suggests an older age for the 
Hagenia-Leucosidea split thanks to the integration of the new 
Hagenia fossil pollen. However, the split is still relatively young, 
with the youngest 95% HPD boundary in the Aquitanian.

4.3 | Ecological preferences of fossil and 
extant Hagenia

The discovery of Hagenia pollen at Mush tempts one to use its cur-
rent restricted distribution to infer the ecological setting at Mush, 
but begs the question, is it appropriate to use the ecological en-
velope of extant Hagenia as a key to the past. Today, Hagenia oc-
curs predominantly at elevations from 2,000–3,000  m, within the 

F I G U R E  7   Light microscopy (a, f, i) and scanning electron microscopy (b–e, g, h, j, k) micrographs of fossil Hagenia pollen (Mush MT; 
same grain: a–e; same grain: f–h; same grain: i–k). (a) Optical cross section in polar (upper) and equatorial view (lower). (b) Equatorial view. (c) 
Close-up of polar area. (d) Close-up of interapertural area. (e) Close-up of aperture, showing operculum. (f) Polar view, pollen flattened. (g) 
Polar view, pollen flattened. (h) Close-up of aperture, showing operculum. (i) Polar view, pollen infolded. (j) Oblique polar view. (k) Close-up 
of polar area. Scale bars – 10 µm (a, b, f, g, i, j), 1 µm (c–e, h, k)

F I G U R E  8   Transmission electron microscopy micrographs of fossil Hagenia pollen (Mush MT). (a) Cross section, oblique polar view, 
showing three operculate apertures (arrowheads), KMnO4. (b) Cross section, oblique polar view, showing an operculate aperture (black 
arrowhead), outermost gold layer (white arrowhead), U + Pb. (c) Detail of pollen wall with aperture (white arrowheads) and interapertural 
area (arrows), the endexine (e) thickens toward the aperture (black arrow), polar view, U + Pb. (d) Cross section showing interapertural area 
and thickening of endexine toward aperture (arrowhead), polar view, U + Pb. (e) Transition zone between aperture and interapertural area, 
aperture (white arrowhead) with thick endexine (e), polar view, U + Pb. (f) Cross section of aperture showing thick endexine (asterisk) and 
operculum (white arrowhead), polar view, KMnO4. (g–h) Cross section of interapertural area showing eutectate tectum (t, arrow), columellate 
infratectum (i), compact-continuous foot layer (f, arrow), compact-continuous endexine (e), and outermost gold cover (electron dense), 
U + Pb (g) and KMnO4 (h). Abbreviations: U + Pb, uranyl acetate/lead citrate; KMnO4, potassium permanganate. Scale bars – 10 µm (a–c), 
1µm (d–h)

(a) (b)

(c)

(d) (e) (f)

(g) (h)
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“Afromontane region” or “Afromontane archipelago-like regional 
center of endemism” (White,  1983) of Central and East Africa. As 
an upland species H. abyssinica could potentially provide information 
about paleoaltitude that is otherwise lacking. However, paleoalti-
tude must be estimated from a proxy independent of plant remains 
because (1) fossil plants may have had different ecological tolerances 
from their living counterparts, and (2) even if ancient and modern 
tolerances are equal, warmer or cooler past climates will influence 
the elevation at which plants grew when they were fossilized. Thus, 
we use other proxies here to estimate roughly the paleoaltitude at 
the Mush site, and review prior conclusions about the local plant 
community and climate around the paleolake. Those data inform, as 
much as possible, our understanding of Hagenia ecology at Mush, 
rather than taking the reverse approach of using living Hagenia to 
understand Mush paleoecology.

Today, the Mush Valley locality is at an elevation of 2,680  m, 
on the northwestern Plateau near the main Ethiopian Rift escarp-
ment. The greatest volume of the Ethiopian Plateau consists of late 
Oligocene flood basalts, which top out at about 2000  m. Higher 
elevations on the Plateau occur in association with Miocene volca-
nism; the Mush Valley paleolake itself formed as a consequence of 
an active shield volcano, Guguftu, nearly 22 Ma (Kieffer et al., 2004). 

There are approximately 700  m thick layers of volcanic and inter-
spersed clastic deposits related to the Guguftu volcano, directly 
overlying basalt traps of an imprecisely known paleoelevation. The 
consensus opinion from a variety of studies indicates deposition into 
the Nile Delta of sediments originating on the Ethiopian Plateau be-
ginning in the late Oligocene nearly contemporaneously with mas-
sive flood basalt eruptions, indicating a topographic high relative to 
the delta region (Faccenna et al., 2019; Fielding et al., 2018; Ismail 
& Abdelsalam,  2012; Macgregor,  2012; Pik et  al.,  2003; Sembroni 
et al., 2016). Most studies, whether using remote sensing coupled 
with nickpoint geomorphology or thermochronometry (e.g., U-Th/
He), conclude that the Blue Nile has been the main, if not only, source 
of sedimentation to the Nile Basin since the late Oligocene, and 
additional episodes of elevation took place between about 22 and 
10 Ma (Pik et al., 2003; Sembroni et al., 2016; Fielding et al., 2018; 
Faccenna et al., 2019). Ismail and Abdelsalam (2012) specify uplift at 
22 Ma associated with development of shield volcanoes such as that 
at Mush (Guguftu). Faccenna et  al.  (2019) are unique in providing 
numerical paleoaltitudinal estimates: the Ethiopian Plateau region 
was 1,800 to 2,200 m at about 40 Ma (prior to flood basalt erup-
tions), and by 20 Ma the region to southeast of Lake Tana (includ-
ing the Mush Valley area) was ~ 2,200–2,400 m. If these estimates 

F I G U R E  9   Scanning electron 
micrographs showing anther dehiscence 
and occurrence of anther hairs in Hagenia 
abyssinica. (a) Closed anther, ventral side, 
visible anther hair (arrowhead) indicates 
beginning of dehiscence (from Burundi, 
coll. J. Lewalle, 5,739 [MO]). (b) Lateral 
dehisced anther showing open anther 
with anther hairs (white arrowhead) and 
few remaining pollen (black arrowheads); 
asterisk indicates endothecium (from 
Tanzania, coll. A.S. MKeya, 922 [MO]). 
(c–f) Dehisced anthers (oblique views) and 
close-ups showing anther hairs (white 
arrowheads) and remaining pollen (arrows) 
inside open anthers (from Malawi, coll. I.F. 
LaCroix, 4,822 [MO]). Scale bars – 100 µm 
(a–e), 10 µm (f)

(a) (b)

(c) (d)

(e) (f)
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are accurate, and other variables are held constant (equal to mod-
ern), this elevation would be appropriate for the growth of Hagenia. 
Paleoclimate at the Mush locality has so far been documented by 
calculation of mean annual precipitation from leaf morphology at 
six stratigraphic horizons, including the specific location of depos-
its also preserving Hagenia pollen (Bush et al., 2017). Precipitation 
estimates have overlapping margins of error and range from about 
1,500–1,600 mm/yr. This is wetter than mean annual precipitation 
at the site today (~1,100 mm/yr). A mean annual temperature has not 
yet been reported for the fossil site, but global paleotemperature 

curves based upon the marine oxygen isotopic record indicate the 
global mean was higher than modern (Zachos et al., 2008).

Taxonomic and morphologic assessments of leaves, phytoliths, 
and pollen are consistent with a closed-canopy, mixed-moist semi-
evergreen forest with limited palm diversity, and showing botani-
cal affinities with species found today in West, Central, and East 
Africa (e.g., Bush et al., 2017; Currano et al., 2020; Danehy, 2010; 
Grímsson et  al.,  2019; Pan et  al.,  2012, 2014). Both Newtonia 
and Tacca (Pan et al., 2012), found today in moist tropical or sec-
ondary forests, and Sclerosperma (Currano et  al.,  2020; Ulrich & 

F I G U R E  1 0   (a) Chronogram obtained 
from our dating analysis of Rosaceae. 
(b) Detail showing only the tribe 
Sanguisorbeae. 95% Higher Posterior 
Density for ages are shown as blue bars

(a)

(b)
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Grímsson, 2020), that today grows in tropical lowland rainforests 
(swamps), were identified at Mush. Moreover, fossil leaf stable car-
bon isotope (δ13C) values match the average for modern African 
tropical rain forests (Bush et al., 2017), and the 1523–1647 mm/yr 
reconstructed mean annual precipitation at early Miocene Mush 
(Bush et  al.,  2017) is comparable to that of modern mixed-moist 
semi-evergreen rainforests in the Guineo-Congolian regional 
center of endemism, one of Africa's eighteen major phytochoria 
(White, 1979, 1983, 1993).

While the Mush paleoflora is consistent with White’s (1983) 
closed-canopy, mixed-moist semievergreen forest described from 
the modern Guineo-Congolian lowlands, geological studies consis-
tently indicate the presence of a mantle plume causing doming (up to 
1,200 m [Faccenna et al., 2019]) and flood basalt eruptions since the 
late Oligocene, followed by additional height in the form of shield 
volcanoes including Guguftu at Mush, and further uplift sometime 
between about 20 and 10 million years ago. According to Faccenna 
et al. (2019), the Mush region would have been as high as 2,400 m. 
Assuming global temperatures warmer than today, and higher rain-
fall, the early Miocene Ethiopian Highlands could have accommo-
dated moist forests structurally similar to those found today in the 
lowland to transitional areas of Central Africa (e.g., the margins of 
the Albertine Rift). If Hagenia was an upland, cool climate, species in 
the early Miocene as it is today, then perhaps its pollen was trans-
ported to the lake basin by long distance downward dispersal from 
higher elevations. Hagenia has not been found among more than 
2,400 fossil leaves examined from Mush. None resembles modern 
H.  abyssinca's pinnately compound leaves and sessile, oblong leaf-
lets with acuminate apices, rounded to subcordate bases, dentate 
margins, and regularly, closely spaced and semicraspedodromous 
secondary veins. Only six leaf types at Mush have toothed margins, 
and none of these match even two of the additional characters de-
scribed above.

The Mush palynological assemblage has not currently revealed 
any other pollen type typical of long-distance wind dispersal that 
could have originated from high-elevation montane forests. Danehy 
(2010) reported Olea, a high-elevation taxon, from the Mush Valley, 
but Oleaceae pollen grains are not easily assigned to particular 
genera without SEM studies (e.g., Punt et  al.,  1991) and can also 
be confused with pollen from, for example, Euphorbiaceae. Also, 
Podocarpaceae (Podocarpus) and Cupressaceae (Juniperus) pollen 
that are certainly long-distance wind-dispersed taxa and typical of 
modern Afromontane forests have not been observed in any sam-
ple from the Mush Valley site (see also Danehy, 2010). It seems to 
be the general consensus that Hagenia abyssinica is a strictly wind-
pollinated species, with the possibility of long-distance pollen disper-
sal (e.g., Ayele et al., 2009, 2011; Gichira et al., 2017; Negash, 2010). 
Interestingly, a recent study by Schüler et  al.  (2014), on the rela-
tion between Afromontane vegetation and pollen rain, shows that 
Hagenia pollen only occurs in pollen traps located within the close 
vicinity of the parent plant. There is no documentation of Hagenia 
pollen being transported long-distances downhill into communities 
where the plant is not growing. Pollen of other wind-dispersed woody 

taxa, such as Podocarpus, are prominent in pollen traps outside their 
vegetation belts. In this regard, Schüler et al. (2014) concluded that 
the presence of dispersed Hagenia pollen is likely to be a local signal. 
This scenario questions if Hagenia is really wind-pollinated and can 
travel long distances.

Literature reports about the pollination mode of H.  abyssinica 
are inconsistent and vary from wind pollination, with the larger fe-
male inflorescence supposedly trapping pollen dispersed by wind 
(Asmare, 2005; Ayele et al., 2009, 2011, 2017; Gichira et al., 2017; 
Negash, 2010) to pollination by bees, with nectar producing female 
and male flowers (Negash, 2010, p. 181). Bees have been observed 
collecting pollen from male flowers and nectar from female flow-
ers (Fichtl & Admasu, 1994; Asmare, 2005; Ayele et al., 2017), and 
that bees collect pollen and nectar from H. abyssinica is also evident 
from African honey (Legesse, 1995). In this relation, hairs observed 
on floral leaves of male flowers and dehisced anthers in H. abyssi-
nica become relevant (see Results). Floral hairs related to pollina-
tion in the androecium is a rare feature in angiosperms, but found 
in, for example, Commelinaceae (Faden,  1992), Echium, Esterhazya 
(Boraginaceae; Hesse et al., 2000), some Fabaceae (Hughes, 1997), 
and Salvia verticillata (Lamiaceae; Ulrich & Tweraser,  2016). Their 
function is always correlated with pollination by insects and manip-
ulates how they behave on the flower (includes attracting insects, 
climbing structures, collecting pollen), but also affects pollen re-
lease (retaining pollen inside and/or preventing premature pollen re-
lease and/or immediate loss) (Castellanos et al., 2005; Faden, 1992; 
Hesse et  al.,  2000). Hairy anthers are also supposed to restrict 
pollen removal by buzz pollination from bee vibration (Castellanos 
et  al.,  2005; Vallejo-Marín, 2019). Staminal hairs can also attract 
pollinators, for example, with long colored hairs on filaments (e.g., 
Tradescantia) or with staminal hairs contrasting in color with petals 
(e.g., Cyanotis) (Faden, 1992, p. 50). In case of H. abyssinica, the sta-
mens are glabrous but according to literature they are colored or-
ange to white (POWO, 2019; Simion, 2018) and might also attract 
pollinators.

The mode of anther dehiscence also affects the amount of 
pollen released. Pollen of zoophilous plants usually remains in the 
open anther after dehiscence and is gradually exposed over time, 
but, remaining pollen of mainly insect pollinated flowers may also 
be transported passively by wind when flowers wither and pollen 
dries out (Willmer,  2011). Usually, anthers open synchronously, 
releasing all pollen at once (Willmer,  2011). In some of the SEM-
investigated anthers (see Results), the slit seemed to split pro-
gressively, leading to gradual release of pollen, but without proper 
field observation, it remains unclear how the anther splits (syn-
chronously or progressively) and also if pollen is deposited onto 
the hairy calyx lobes (accidental dislocation or secondary presen-
tation). In case of secondary pollen presentation, pollen must be 
sticky to adhere to other floral organs and subsequent pollinators, 
but the Hagenia pollen is without pollenkitt. Moreover, secondary 
pollen presentation is rare in angiosperms, confined to 25 families 
(Howell et al., 1993; Yeo, 1993), and not reported for Rosaceae. It is 
more likely that H. abyssinica pollen is dislocated by wind, visitors, 
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or at full anther dehiscence and is retained among the hairs of the 
calyx lobes where it is accessible to bees. A changing environment 
could cause transition from entomophily to anemophily, or even 
ambophily for reproductive assurance. The colored male and fe-
male H. abyssinica flowers, the occurrence of anther hairs, the re-
stricted distribution of dispersed pollen, the occurrence of pollen in 
honey, and the documented visits of bees to both male and female 
flowers indicate that H.  abyssinica is not strictly wind-pollinated. 
We suggest that Hagenia was primarily insect (?bee) pollinated, as 
indicated by the anther hairs, and over time, in response to environ-
mental pressure gradually changed into ambophily.

The data produced by our study of early Miocene Hagenia pollen 
from the Mush Valley informs our understanding of its evolution-
ary history and offers possible explanations for its current limited 
distribution as an East African Highlands endemic. The new phylo-
genetic analysis indicates the split between Hagenia and its sister 
taxon Leucosidea took place around the Oligocene-Miocene bound-
ary. Thus, the Hagenia pollen at Mush derives from an early relative 
of the living species if not the living species itself. The abundance 
of Hagenia pollen in the paleolake sediments, its likely entomophi-
lous pollination mode, and the rarity of long-distance transport of 
Hagenia pollen today most likely indicate it was present locally at 
Mush, although it has not been recognized among the (large) fossil 
leaf collection. The occurrence of Hagenia at Mush does not itself in-
dicate that the site was at a high paleoelevation, although nickpoint 
and thermochronometric studies indicate drainage to the Nile basin 
by the late Oligocene and further uplift and volcanism at 22  Ma; 
Faccenna et  al.  (2019) suggest the elevation at Mush would have 
been as high as 2,500. Nevertheless, the paleoflora is interpreted 
as a closed-canopy, mixed-moist semi-evergreen forest described 
from the modern Guineo-Congolian lowlands with average yearly 
precipitation of about 1500–1600  mm (Bush et  al.,  2017). These 
modern forests are similar to (elevationally) transitional forests pres-
ent today near the flanks of the Albertine Rift, although Hagenia 
does not occur there. Thus, living Hagenia are the descendants (or 
remains) of an ancestral stock that lived in warmer and wetter condi-
tions than its relatives tolerate today. Descendants evolved in post-
mid-Miocene times, likely in response to environmental pressures 
related to changes in topography, such as development of the Rift 
Valley, and climate. It seems that when rift-related mountain chains 
in East Africa formed, and the climate in lowland East Africa became 
drier, Hagenia was pushed, giving way for competition, to higher ele-
vations. There, on the island mountains, it survives in comparatively 
“cold” but mostly humid environments and is an example of niche 
evolution in response to a complex history of changes in topography 
related to regional tectonics, and climate.
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