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Abstract

With this inaugural editorial, we introduce Vegetation Classification and Survey (VCS), the new gold open access (OA)
journal of the International Association for Vegetation Science (IAVS). VCS is devoted to vegetation classification at
any spatial and organisational scale and irrespective of the methodological approach. It welcomes equally case studies
and broad-scale syntheses as well as conceptual and methodological papers. Two Permanent Collections deal with
ecoinformatics (including the standardised Database Reports published in collaboration with GIVD, the Global Index
of Vegetation-Plot Databases) and phytosociological nomenclature (edited in collaboration with the respective IAVS
Working Group). We discuss the advantages of OA as well as challenges and drawbacks caused by the way it is currently
implemented, namely “pay for flaws” and publication impediments for scientists without access to funding. Being a
society-owned journal, editorial decisions in VCS are free from economic considerations, while at the same time IAVS
offers significant reductions to article processing charges (APCs) for authors with financial constraints. However, it is
recognised that sustainable OA publishing will require that payment systems are changed from author-paid APCs to
contracts between the science funding agencies and publishers or learned societies, to cover the production costs of
journals that meet both quality and impact criteria.

Abbreviations: APC = article processing charge, GIVD = Global Index of Vegetation-Plot Databases, IAVS = Interna-
tional Association for Vegetation Science, JVS = Journal of Vegetation Science, OA = open access, VCS = Vegetation
Classification and Survey.

Keywords

article processing charge (APC), double-blind, learned society, open access, open data, peer review, phytosociological
nomenclature, science funder, serial crisis, vegetation classification, vegetation-plot database

Introduction

Welcome to the first issue of the new journal Vegetation
Classification and Survey (VCS).

After one year of intensive discussion, the Council of
the IAVS decided in June 2019 to start VCS as a third as-
sociation-owned journal, alongside the Journal of Vegeta-
tion Science (JVS) and Applied Vegetation Science (AVS),

which means that now the whole spectrum of vegetation
science is covered by IAVS-owned journals.

The scope of VCS is focused on vegetation typologies
and vegetation classification systems, their methodo-
logical foundation, their development and their applica-
tion. The journal publishes original papers that develop
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new typologies as well as applied studies that use such ty-
pologies, for example, in vegetation mapping, ecosystem
modelling, nature conservation, land use management, or
monitoring. We particularly encourage methodological
studies that design and compare tools for vegetation clas-
sification and mapping, such as algorithms, databases and
nomenclatural principles, or are dealing with the concep-
tual and theoretical bases of vegetation survey and classi-
fication. VCS is for the international audience, meaning
that large-scale studies are preferred, but regional studies
will be considered if they fill important knowledge gaps or
are used to develop and present new methods. Apart from
“regular” articles, VCS will include two special sections,
called “Permanent Collections™:

The Collection Ecoinformatics invites papers present-
ing vegetation-plot databases and other ecoinformatics
data sources relevant for vegetation classification as well
as concepts, methods and tools for using these. VCS has
established a formal collaboration with the Global Index
of Vegetation-Plot Databases (GIVD; http://www.givd.
info) and it will serve as an outlet for reports on GIVD
activities, Short Database Reports (1-2 printed pages, no
text except abstract, no references) and Long Database
Reports (3-15 printed pages). Submissions of Database
Reports must be accompanied by a recent Fact Sheet
from the GIVD website.

The Collection Phytosociological Nomenclature fo-
cuses on nomenclature issues for syntaxa. We encourage
comprehensive nomenclatural revisions of major syn-
taxa, analyses of nomenclatural problems related with the
names of wide-spread high-rank syntaxa as well as Forum
Papers on general nomenclatural issues that are of interest
to an international readership. Further, official documents
issued by the Working Group for Phytosociological No-
menclature (GPN) of the IAVS, such as Reports, Decisions
and Proposals, will be published in this section.

It has certainly not gone unnoticed that the editori-
al team of VCS is largely identical with the one that has
been responsible for Phytocoenologia during the last five
years (Jansen et al. 2016; Biurrun et al. 2019). The reasons
why we and TIAVS decided to start a new journal with a
new publisher are manifold. The situation resembles the
launch of JVS in 1990. Indeed, the words of Eddy van der
Maarel in the inaugural editorial of JVS (referring to the
journal Vegetatio, now Plant Ecology), could equally be
applied to summarise our own decision: “not only did
TAVS as a society lack a real influence on the journal, [...]
the journal became a luxury for libraries in rich countries”
(van der Maarel 1990). We hope that you as readers and
authors will now follow us into a successful future of aca-
demic exchange and development. We, the Chief Editors
of the old and the new journal, are excited about the new
possibilities and we hope for your support. In particular,
we want to thank the members of our very diverse edito-
rial team. Representatives from many regions of the world
have agreed to support the journal and will guarantee an
unprecedented level of expertise to cover research on veg-
etation from all around the globe.

Together with the new journal title and the new pub-
lisher, we also decided to implement some additional
major changes. The most important ones are to go open
access and to introduce double-blind peer review.

Open research

It is acknowledged that research which is freely available
has a greater impact than research hidden behind a pay-
ment wall (Antelman 2004), benefiting science by accel-
erating dissemination and the uptake of research findings
(Eysenbach 2006), especially for developing countries
(Evans and Reimer 2009). Other academic, economic or
societal benefits of an open research approach have been
identified (Tennant et al. 2016) and as part of this ap-
proach the availability of primary data is recognised as be-
ing crucial for the reproducibility of analyses (Reichman
etal. 2011) and must be encouraged.

The development of the Internet and how it redefined
communication and publishing has been the main driver
of the open access (OA) movement (Laakso et al. 2011).
Making printed versions of articles obsolete, the costs per
research article theoretically should have decreased as a
result of not investing material resources in publication
printing and distribution. Instead, the subscription pric-
es within the traditional publishing model have increased
steadily, enabled by the inelastic demand for finding pres-
tigious publication venues for authors.

The way towards open access

The resulting OA initiatives have led to “gold open access”
venues, these are journals that solely publish open-access
papers with the costs of publishing either marginalised
by the publication work being undertaken on an unpaid
voluntarily basis or paid for by the authors via APCs. At
present, however, “green open access” (i.e., the publication
of accepted but unformatted articles on personal web-
pages), and “hybrid” models are still more common. The
latter have become standard in most traditional journals.
Hybrid OA means that additional to the normal subscrip-
tion fee for a journal, individual papers can be paid-oft
from the pay wall restrictions but in most cases without a
reduction of the journal subscription fee. This effectively
means “double dipping” for the publisher (Cheung 2015),
making it attractive within traditional business models,
but without generating momentum for a general shift to-
wards OA. Therefore, such hybrid models have been ex-
cluded from the OA payment regulations of many science
funding institutions.

The biggest challenge of OA is located outside of sci-
ence and is a problem of financial cash flow. As exempli-
fied in Geschuhn (2015) there probably is enough money
in the system to cover all costs of OA publishing. Pub-
lication costs are much more transparent in OA than in
traditional subscription models and average costs have
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been estimated to be much lower. For 2015, a global ex-
penditure of at least EUR 7.6 billion, mostly in the form of
subscription fees, and a production of 1.5 to 2 million pa-
pers has been calculated, resulting in an allocation per ar-
ticle of EUR 3,800 to 5,000 (Geschuhn 2015). This money
would need to be transferred from subscription fees paid
by libraries (mainly for huge bundles of journals from a
small number of mega-publishers) to the APCs for OA
papers. Only if the money is re-purposed from subscrip-
tion fees to individual or bundled APCs, transforming the
underlying business model for publishers and overcoming
the “serial crisis” (McGuigan and Russell 2008), will OA
be as disruptive as predicted. Until recently the most tar-
get-oriented step has been the introduction of “offsetting”
models instead of hybrid approaches. Offsetting means
that for every OA article the subscription fee for the jour-
nal is effectively reduced, making the transition between
subscription and pre-publication business models trans-
parent and flexible.

A widely perceived step towards a complete transition
to OA was the so-called project DEAL between German
science organisations and major global publishers in 2019
and 2020 (Wiley and MPDL Services 2019; Springer-
Nature and MPDL Services 2020). The core objective of
this deal is open access to all research articles written by
corresponding authors based at German science institu-
tions, while paying for such services with a model based
on the number of articles published by the institution. If
this model could be adopted in more countries, it could
become a very powerful driver for a fast shift to OA, be-
cause in this scenario APCs do not have to be covered by
the authors of a paper but are being be paid by a country’s
research institutions.

Challenges of open access

While in the initial phase of the OA movement a broad
believe was predominant among scientists, librarians, and
science funders that “gold open access” would be the solu-
tion to many of the problems of the traditional subscrip-
tion journal system, nowadays scientists are often disillu-
sioned by how OA is implemented in practice:

Firstly, gold open access often only transfers the barri-
ers from one place to another. While published science in
an OA world is accessible to everybody, it does depend on
the financial capabilities of authors and their institutions
whether a relevant piece of science is published or not; as
long as it is based on APCs and no non-discriminatory re-
funding mechanism exists. In the traditional publication
system, libraries in rich countries subsidize the produc-
tion of high-quality journals and good scientific work is
accepted irrespective of the origin and financial capabili-
ties of the authors. Getting access to a published non-OA
article, even if your own library has not subscribed, is in
practice much easier than securing funds for your own
OA manuscript. In fact, APCs are not only prohibitive for
authors from developing countries, but also for many au-

thors in rich countries who are not associated with large
scientific institutions.

Secondly, it has been widely perceived in the scientific
community that a business model that is built on APCs
might jeopardize the quality of scientific journals. Gen-
erally, APCs incentivize quantity rather than quality: the
more articles are published, the more revenue is generat-
ed by the publisher, at least in the short to medium term.
Accordingly, many new OA publishers have been estab-
lished promising faster and higher acceptance rates. In
order to ensure this promise, it is often the employees of
the publisher, instead of respected and independent sci-
entists, that make editorial decisions. However, also tra-
ditional scientific publishers have opened new low-pro-
file OA journals to which they redirect those articles that
did not reach the standards required for acceptance in
their own high-profile subscription journals. We call
this a “pay for flaws” model. It should also be recognised
that there are still hardly any top-tier journals among the
gold OA journals, neither in ecology nor in multidisci-
plinary sciences.

Ways to overcome the challenges

They are far from trivial, but there are ways out of this
labyrinth. Science funders should not pay gold OA fees
independent of the journal’s quality, but should look
more closely into editorial practices and base payment
on the average quality of the outcome (e.g., citation
rates). Editors have to be independent and not employ-
ees of the publisher. Usually reviewers and editors have
made a big contribution to the quality of an article be-
fore it reaches the scientific public and there must be no
incentives or pressure to shortcut this process. Journals
that violate such ethical standards must be excluded
from receiving APCs paid from public money. Moreo-
ver, for those journals meeting specific quality stand-
ards funding agencies should cover different levels of
cost depending on the quality level of the journal, for
example by setting different thresholds depending on
the impact quantile of the respective discipline to which
the journal belongs.

Science funders also need to nurture science as a whole,
not only those scientists employed at high-profile institu-
tions within their own country. Gold OA will only work
properly when we overcome the current situation of in-
dividual APCs paid by authors and replace this with pay-
ments from consortia of science funders and institutions
to publishers or learned societies, to produce high-quality
gold OA journals.

The role of learned societies
Learned societies have always played a major role in

scientific publishing. The first scholarly journals were
founded by learned societies such as the Philosophical
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Transactions by the Royal Society of London in 1665.
Learned societies will also play an indispensable role
in the transition to OA, fostering scientific excellence
beyond economic stimulus. Currently, however, the in-
centives for learned societies are detrimental to OA as
they are paid by publishers for the journals published
under their name and editorial team, as is the case for
the two long-standing IAVS journals. This is often the
predominant source of income for a society which in
turn is used to fund scientific activities, such as grants
and prizes for young scientists or discounts on confer-
ence fees for participants with financial constraints. On
the other hand, membership is coupled with discounts
on journal subscription fees, which is often the major
incentive to become a society member. At least the latter
can be replaced by switching from an incentive for read-
ers to incentives for authors by reducing the APCs, as is
done by the IAVS in the form of a 10% discount for VCS
for IAVS members.

How VCS addresses the challenges

We Chief Editors fully support the open research philos-
ophy. However, we also see the drawbacks of the current
implementation of OA for science in general and the
problems that APC OA causes for many of our authors.

As VCS is owned by a respected scientific associa-
tion, which controls the publication policy and appoints
the Chief Editors, full economic independence from
the publisher is guaranteed. This means that we do not
promise that the acceptance of an article in our journal
will be fast or the revisions easy. However, both authors
and readers can trust on the quality of all articles when
they are published.

It is important that authors consider the bigger picture
if confronted with an APC bill. The whole scientific com-
munity is asked to work within sustainable financing and
it should be recognised that the IAVS will do its best to
distribute financial burdens fairly, by offering reductions
and waivers for authors until more countries find solu-
tions to refund the cost of pre-publication fees. Authors
should discuss with co-authors the best solution for your
manuscript. If in doubt, please contact the editors. The
distribution of good scientific research should not be hin-
dered by financial obstacles!

You can find the current APCs for VCS, set by the
TAVS Publication Committee, at https://vcs.pensoft.net/
about#Article-Processing-Charges. The comparatively low
base price is further reduced for IAVS members, Editorial
Board members, authors from countries with low income
or with financial hardship. Please talk to your research in-
stitution about possibilities for refunding the costs. An in-
creasing number of institutions and funding agencies are
happy to cover the costs for gold open access journals such
as VCS, knowing that in the long term this is an opportu-
nity to move away from the serial crisis of traditional sub-
scription pricing. We hope that the science funding bodies
will recognise the opportunities that learned societies like

the IAVS and medium-sized publishers such as Pensoft of-
fer and consider implementing similar deals to the ones
they have struck with some mega-publishers.

Open data

As important as open access to scientific articles is the
access to the underlying data. In the last decade, we
have seen how the availability of vegetation-plot data at
the national (see Dengler et al. 2011) and international
level (Chytry et al. 2016; Dengler et al. 2018; Bruelheide
et al. 2019) has fostered cooperation and enabled com-
pletely new avenues of research (Bruelheide et al. 2018;
Dengler et al. 2020). Hoewever, for vegetation classifi-
cation there is still much progress to be made. Many
of the analytical methods utilised in the production of
classifications can generate unstable results, as they are
highly dependent on small parts of the input data. The
availability of primary data is an indispensable require-
ment for the reproducibility of ecological research (Re-
ichman et al. 2011).

VCS expects that data will be archived, if possible, in
an appropriate public repository or in electronic Supple-
mentary Information connected to the paper. The authors
should make a statement of where the primary data are
stored. If they are archived in a public repository, a ref-
erence to a DOI (digital object identifier) or permanent
URL (uniform resource locator) should be provided. If the
paper uses data from large multi-contributor databases
such as sPlot, EVA (European Vegetation Archive) or TRY,
which cannot be made publicly available because of the
third-party ownership issues, the data selection released
for the study should be stored in a permanent repository
and made available for re-analyses upon request. As Chief
Editors of VCS we are interested in making all underlying
data permanently available to the scientific public on plat-
forms where the data are easily located and in formats that
preserve the rich and complex information that is con-
tained within vegetation data. You can expect us, together
with related journals, to spearhead the development of
new approaches that will improve on the current scattered
and inconsistent solutions.

Double-blind

The second significant change the editorial team have im-
plemented, compared to our predecessor journal, regards
the peer review system. Following other journals like
Global Ecology and Biogeography, we now have a dou-
ble-blind review system where not only the reviewers are
unknown to the authors but also the other way round (i.e.,
the authors are unknown to the reviewers).

The discussion whether single-blind reviews discrim-
inate specific authors based on their affiliation, gender
and seniority is controversial and the findings context-de-
pendent (Snodgrass 2006; Budden et al. 2008; Webb et al.
2008). However, whether a paper is accepted for publica-
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tion should be made on the basis of the manuscript alone:
Are the methods correct, the conclusions substantiated by
the results and overall does the contribution advance sci-
ence? It should not be dependent on circumstances such as
who wrote the paper or the professional affiliations of the
authors. We have experienced that biases in both direc-
tions can occur, whether manuscripts from young, female
authors from developing countries are assessed over-crit-
ically compared to those from senior, well-known male
authors, or the other way around are just waved through
despite obvious weaknesses. By introducing double-blind
peer review, we want to contribute our part to reducing
such biases where they might exist. We are well aware that
sometimes authors can be guessed from the manuscript
content, but this does not make the approach invalid. Be-
yond double-blind reviews we will always try to do our
best to be fair to all authors, fairness to unknown authors
or institutions, fairness to prolific or to less-published au-
thors, as well as gender equity.

The first papers of VCS

This Editorial goes online together with a group of pa-
pers, covering five continents and much of the journal’s
research spectrum. A study from China examines Pinus
yunnanensis forests, a commercially, culturally and eco-
nomically important tree of south-western China (Tang
et al. 2020). We would like to see more vegetation stud-
ies from this species-rich region, from both natural and
anthropogenically influenced vegetation types. Hunter
and Hunter (2020) report on montane mire vegetation

References

Abutaha M, Elkhouly A, Jirgens N, Oldeland J (2020) Plant commu-
nities and their environmental drivers on an arid mountain, Gebel
Elba, Egypt. Vegetation Classification and Survey 1: 21-36. https://
doi.org/10.3897/VCS/2020/38644

Antelman K (2004) Do open-access articles have a greater research
impact? College & Research Libraries 65: 372-382. https://doi.
org/10.5860/crl.65.5.372

Attorre F, Cambria VE, Agrillo E, Alessi N, Alfo M, De Sanctis M, Malat-
esta L, Sitzia T, Guarino R, ... Fanelli G (2020) Finite Mixture Mod-
el based classification of a complex vegetation system using a large
dataset. Vegetation Classification and Survey 1: 77-86. https://doi.
org/10.3897/VCS/2020/48518

Biurrun I, Bergmeier E, Dengler J, Jansen F, Willner W (2019) Vegetation
classification and its application are relevant globally. Phytocoenolo-
gia 49: 1-6. https://doi.org/10.1127/phyto/2019/0323

Bruelheide H, Dengler J, Purschke O, Lenoir J, Jiménez-Alfaro B, Hennek-
ens SM, Botta-Dukét Z, Chytry M, Field R, ... Jandt U (2018) Global
trait-environment relationships of plant communities. Nature Ecology
& Evolution 2: 1906-1917. https://doi.org/10.1038/s41559-018-0699-8

Bruelheide H, Dengler ], Jiménez-Alfaro B, Purschke O, Hennekens SM,
Chytry M, Pillar VD, Jansen F, Kattge J, ... Zverev A (2019) sPlot - a
new tool for global vegetation analyses. Journal of Vegetation Science
30: 161-186. https://doi.org/10.1111/jvs.12710

from the New England Tablelands Bioregion in Austral-
ia and how it fits into previous classifications. Zeballos et
al. (2020) classify dry subtropical forests in the Espinal
province, Argentina, using vegetation plots, and call for
their urgent conservation. Abutaha et al. (2020) describe
the plant communities and their environmental drivers on
Gebel Elba, Egypt. Finally, Zervas et al. (2020) present a
phytosociological survey of aquatic vegetation in the main
freshwater lakes of Greece.

Classification methods in VCS are not limited to any
specific approach. This is exemplified by the selection of
papers published together with the Editorial. They range
from phytosociology (Guarino et al. 2018) to the EcoVeg
approach (Faber-Langendoen et al. 2014) and we hope to
see many more approaches together with papers that try to
unify different approaches. As explained in our scope (see
Introduction), we also appreciate methodological papers,
such as the one from Attorre et al. (2020), who compare
finite mixture models to a more traditional classification
method. Such comparisons are fundamental to advance
our toolbox for vegetation classification and survey.
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Abstract

Aims: Pinus yunnanesis is commercially, culturally and economically important, but there is a lack of ecological data
on its role in stand dynamics. Our aims are to clarify the structure, composition, regeneration and growth trends of
primary mature P. yunnanensis forests. Study area: The Tianchi National Nature Reserve in the Xuepan Mountains,
Yunlong County, northwestern Yunnan, China. Methods: We investigated forests containing P. yunnanensis, meas-
ured tree ages and analyzed the data. Results: Six forest types were identified: (1) coniferous forest: Pinus yunnanensis
(Type 1); (2) mixed coniferous and evergreen broad-leaved forest: P. yunnanensis-Lithocarpus variolosus (Type 2); (3)
mixed coniferous and deciduous broad-leaved forest: P. yunnanensis-Quercus griffithii (Type 3); (4) mixed evergreen
broad-leaved and coniferous forest: Castanopsis orthacantha-P. yunnanensis-Schima argentea (Type 4); (5) mixed co-
niferous, evergreen and deciduous broad-leaved forest: Pinus yunnanensis-Schima argentea-Quercus griffithii (Type
5); (6) mixed coniferous and evergreen broad-leaved forest: Pinus armandii-Quercus rehderiana-Pinus yunnanensis
(Type 6). The size- and age-structure and regeneration patterns of P. yunnanensis were highly variable within these six
forest types. P. yunnanensis regeneration was well balanced in forest Type 1 as compared to the other five types. All
six forest types were identified as rare and old-growth with P. yunnaensis trees reaching ages of more than 105 years
(a maximum age of 165 years with a diameter 116 cm at breast height) except for the Type 4 forest (a 90-year-old
stand). Growth rates of P. yunnanensis, based upon ring width measurements, were high for the first 10 years, then
declined after the 10th year. In contrast, basal area increment (BAI) increased for the first 25 years, plateaued, and only
declined as trees became older. Trees in the older age classes grew more quickly than younger trees at the same age, a
consequence of either site quality or competitive differences. The BAI of P. yunnanensis in all age classes in the Tianchi
National Nature Reserve was much higher than those of the secondary and degraded natural P. yunnanensis forests
of other areas. Conclusions: The P. yunnanensis forests of the Tianchi area appear to be some of the last remnants of
primeval and old-growth forests of this species. These forests are structurally diverse and contain a rich diversity of
overstory, mid-story, and understory species.

Taxonomic reference: Editorial Committee of Flora Republicae Popularis Sinicae (1959-2004) for vascular plants.

Abbreviations: BA = basal area; BAI = basal area increment; DBH = diameter at breast height; H = height; RBA = relative
basal area.

ml_le Copyright Cindy Q. Tang et al. This is an open access article distributed under the terms of the Creative Commons Attribution

License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.
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Introduction

In East Asia, warm-temperate pines (e.g., Pinus yunnan-
ensis, P. kesiya, P. massoniana, P. taiwanensis, P. roxburghii,
P thunbergii) grow mainly at low to mid-high elevations
on dry or humid mountain slopes, cliffs, rock barrens, or
ridges. They also grow in valleys and on disturbed sites
in subtropical and warm-temperate areas. Temperate/
cold-temperate pines (e.g., P. densata, P. wallichiana, P.
pumila) occur at high elevations or in cold locations, being
able to withstand cold and snow. Warm-temperate species
of Pinus often form a mosaic of stand structures across the
landscape of subtropical China (Tang 2015). P. yunnanensis
(Yunnan pine) is native to subtropical southwestern China
at 400-3,100 m above sea level (m a.s.l.), but mainly be-
tween 1,600-2,900 m ranging 23°-30°N and 96°-108°E (Jin
and Peng 2004; Chen et al. 2012; http://www.eFloras.org).
The more northern ecological partner, Pinus tabuliformis,
is widely distributed at 100-2,600 m ranging 31°N-44°N,
101°30’E-124°25’E in temperate areas of China and Ko-
rea. The southern ecological partner, Pinus kesiya, is found
at mainly 700-1,800 m in southeastern Tibet, southern
Yunnan, northeastern India, Laos, Myanmar, Philippines,
Thailand, Vietnam (Xu 1990; Wen et al. 2010; http://www.
eFloras.org). In many localities P. yunnanensis occurs in al-
most pure stands. In the subtropical zone, P. yunnanensis
is often found in early or intermediate-successional stands
after destruction of the evergreen broad-leaved forest by
human activities or after forest fires (Tang 2015). In general
forest stands of P yunnanensis present a young age struc-
ture (Wang et al. 2018). Old-growth or primary mature P,
yunnanensis forests are now confined to a very few nature
reserves in Yunnan and southeastern Tibet.

P, yunnanesis is commercially (resin and timber), cultur-
ally and economically important, but there is a lack of eco-
logical data on its role in succession and stand dynamics.
There are studies on P. yunnanensis community succession
after fire (Tang et al. 2013), seed germination following fire
(Su et al. 2017), seedling growth under experimental con-
ditions (Cai et al. 2016), regeneration in plantations (Wang
et al. 2017), secondary growth forests, degraded and re-
stored forests in central Yunnan (e.g., Chen and An 1993;
Peng et al. 2005, 2012; Shi et al. 2009; Yang 2010), as well
as its genetics (e.g., Yu et al. 2000; Xu et al. 2011; Wang et
al. 2013). However, studies of forest stand characteristics
including species diversity, size and age structure, as well
as growth rates of the old-growth P. yunnanensis forest are
not available. Li et al. (2007) identified a P yunnanensis
forest in Yongren, central Yunnan as an old-growth forest
with trees having a maximum DBH of 48 cm and a corre-
sponding age of 257 years, but they did not provide data
on ring width and did not explain how they collected age
data. In addition, no information regarding stand charac-

teristics was provided. An understanding of forest features
and population structure of old-growth forests is crucial
for gene bank and biodiversity conservation.

The Tianchi National Nature Reserve of Yunnan is des-
ignated to protect old-growth and primary mature for-
ests dominated by P. yunnanensis. The Reserve affords a
unique opportunity to study P. yunnanensis over a wide
range of elevations, forest types, and age classes, includ-
ing old-growth forest stands. We address the following
questions: What are the structural features of forests con-
taining P. yunnanensis in the Tianchi National Nature Re-
serve? What are the population structure and regenera-
tion patterns of this species? What are the growth trends
in the study area based upon ring area and width data?

Methods
Study area

The Tianchi National Nature Reserve is located in the
subtropical zone of Yunnan between an elevation range of
2,100 to 3,226 m The Reserve includes Tianchi and Long-
mashan areas in the Xuepan Mountains, Yunlong County,
northwestern Yunnan, China (Figures 1a, b).

The mountain slopes of our study area have the red or
yellow-reddish soil in 2,100-2,300 m elevation zone, the
yellow-brown soil in 2,300-2,700 m zone and the brown soil
in 2,700-3,200 m zone (Su et al. 2013). The water content of
surface soil is 16.7% on average, ranging from 9.6% to 21.4%
at 2,500-2,700 m (Jin and Peng 2004). It is characterized by
a subtropical, humid climate that is largely controlled by
the summer monsoon of India and the East Asian summer
monsoon. The temperature lapse rate with elevation is 0.56
°C /100 m (Su and Wang 2013). The mean annual tempera-
ture is 13.8 °C at 2,000 m and 7.1 °C at 3,200 m with a warm
month mean of 19.7 °C at 2,000 m and 13.4 °C at 3,200 m
in June and a cold month mean of 6.5 °C at 2,000 m and
0.3°C at 3,200 m in January. The mean annual precipitation
i$975.1 mm at 2,000 m and 1,313.5 mm at 3,200 m, of which
about 80% falls between March and October. The monthly
relative humidity is greater than 85%.

Study species

The focal species of this study is P yunnanensis (Figures
2a-e). P yunnanensis is an evergreen coniferous species
that can grow to mature heights over 30 m, or assume
shrub-like forms in extremely dry habitats. Needles are 2
or 3 per bundle. Seed cones shortly pedunculate, green,
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Figure 1. The study area. (a) Yunlong County in northwestern Yunnan. (b) The Tianchi National Nature Reserve in
Yunlong County. (c) Plots located in the Tianchi National Nature Reserve.

maturing to brown or chestnut brown. Seeds with mem-
branous wings are anemophilous (wind-dispersed). P,
yunnanensis is a light-demanding species. It appears to be
drought resistant, but requires forest gaps or disturbances
to regenerate. Its distribution center is located on the pla-
teau of Yunnan, also extending east into western Guizhou,
northeast into western and southwestern Sichuan, south
into southern Yunnan, southeast into western Guangxi,
and northwest into southeastern Tibet, China.

Data collection and analysis

The forests in the study area are subjected to a range of
natural and anthropogenic factors (such as elevations,
topography, natural disturbances and human activities)
thus, are structurally and floristically heterogeneous and
the landscape pattern of vegetation is small mosaic patch-
es. We selected plots in each patch containing P yun-
nanensis in the study area. During July-August 2017, we
established 24 plots containing P. yunnanensis between
2,530 and 3,100 m in this specific area of the Reserve
(25°49°48”-25°5770"N, 99°13’14”-99°20°34”E) (Figure
Lc). The plots were established in the locations depend-
ing on access. The plot size varied between 20 m x 20 m

to 40 m x 30 m where plot size depended on the size of
the patch. Patch size was determined by species composi-
tion and topographic similarity. General information was
noted including slope positions, altitude, slope exposure,
slope inclination, and disturbance history.

Tree stems were classified into four classes based on
their vertical position, crown position, and height: emer-
gent layer (H > 28 m tall), canopy (20 m < H < 28 m tall),
subcanopy (8 m < H < 20 m tall), and shrub layer (1.3 m
< H < 8 m tall). For all individuals greater than 1.3 m tall,
DBH was used to calculate basal area and then basal area
(BA) for each species found in a plot could be determined.

Understory woody species less than 1.3 m tall were
divided into two classes: (1) 5 cm < H < 50 cm tall for
seedlings and (2) 50 cm < H < 130 cm for saplings. Within
these two classes, each individual was identified, count-
ed, and measured for height and percentage foliage cover.
For the species in each plot, all individuals at least 1.3 m
in height were identified to species level, numbered and
tagged, noted whether healthy, unhealthy, or dead.

We obtained 71 increment cores from P. yunnanensis
trees of varying DBHs in the study area. For each tree
trunk, a single increment core was taken from at 1 m above
ground level. The length of time from the position at 1 m
in height to ground level was estimated to be nine years
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Figure 2. Pinus yunnanensis and its forest in the Tianchi
National Nature Reserve. (a) Three needles per bundle
and a seed cone of P. yunnanensis. (b) Branches with
foliage and seed cones of P. yunnanensis. (c) The P.
yunnanensis forest. (d) A P. yunnanensis tree with 33 m
tall and 116 cm DBH. (e) Saplings of P. yunnanensis in
a canopy gap.

based on field observations. The nine years was added to
the data of ages we obtained from each increment core.
For comparison, we also obtained 61 increment cores of
P. yunnanensis from naturally regenerated secondary for-
ests of Kunming and Yongren, central Yunnan. Tree age
was determined using the software WinDENRO tree ring
analysis system. From this analysis, we were also able to
determine ring widths and to calculate basal area incre-
ments (BAI). The following formula was used to calculate
BAI: X-(X-1) where X is the basal area at year X (last year
of growth) and X-1 is the basal area of the tree measured
up to the year previous to X. BAI is used in forest growth
studies because it accurately quantifies wood production
based on the ever-increasing diameter of a growing tree
(Rubino and McCarthy 2000).

In each plot, the relative basal area (RBA, %) of each
species was used as a measure of abundance of the species.
Plant communities were classified using a floristic similari-
ty dendrogram with Relative Serensen and Group Average
clustering [PCORD software (McCune and Mefford 1999)].

Dominance was determined using a dominance
analysis according to the RBA of each species (Ohsawa
1984). The communities were named according to dom-
inant species.

Diversity was calculated for each forest stand using
species richness (number of species), the Shannon-Wie-
ner’s diversity index (Shannon-Wiener index) (Pielou
1969) and Simpson’s diversity index (Simpson index)
(Lande 1996). The measurement unit bit (logarithm bases
2) for Shannon-Wiener index was used. The proportion

of total number of individuals was applied for calculat-
ing the diversity indices. Differences in species richness
and diversity indices among habitats were analyzed by the
non-parametric Kruskal-Wallis all-pairwise comparisons
test, using Analyze-it Software (https://analyse-it.com;
2009). In order to examine tree growth in P. yunnanensis
over time across all age classes both ring width (mm) and
BAI (mm?) were used.

Results
Forest types, stratification and species diversity

From our 2017 vegetation study, six distinct forest com-
munities (at the 62% floristic similarity threshold) were
classified according to the floristic similarity dendrogram
(Figure 3a). These were: (1) Type 1: coniferous P. yunnan-
ensis forest distributed in valley bottoms, slopes and ridges
at elevations of 2,570-2,990 m; (2) Type 2: coniferous P
yunnanensis and evergreen broad-leaved Lithocarpus vari-
olosus mixed forest distributed in mid slopes at elevations
2,680-2,760 m; (3) Type 3: coniferous P. yunnanensis and
deciduous broad-leaved Quercus griffithii mixed forest
distributed in lower slope positions at elevations 2,530—
2,550 m; (4) Type 4: evergreen broad-leaved and conif-
erous mixed forest Castanopsis orthacantha-P. yunnan-
ensis-Schima argentea distributed in valleys at elevations
2,570-2,600 m; (5) Type 5: coniferous, evergreen and de-
ciduous broad-leaved mixed forest P. yunnanensis-Schima
argentea-Quercus griffithii distributed in lower and mid
slopes at elevations 2,530-2,890 m; (6) Type 6: coniferous
and sclerophyllous evergreen broad-leaved mixed forest P
armandii-Quercus rehderiana-P. yunnanensis distributed
in upper slopes and ridges at elevations 3,040-3,100 m.

The landscape pattern of these six forest types in the
Tianchi area was a mosaic determined by elevation and
topography as well as various natural and anthropogen-
ic disturbances. P. yunnanensis is consistently one of the
dominants in each of these six forest types. In forest Type
1 the disturbance histories were diverse and included
landslides, cattle and goat browsing, evidence of lightning
strike on older trees. In contrast, disturbance histories for
the other five forest types mainly consisted of landslides.
Additionally, there was evidence of selective cutting and
other human activity (such as collecting leaf litter) in the
forest understory in Type 2 and Type 3 forests.

Figure 3b depicts the stratification of P yunnanensis
with each of the six forest types. In Type 1, P. yunnan-
ensis dominated the canopy (20-28 m) and subcanopy
(8-20 m) layers. It reached 35 m in height in the emergent
layer. In addition, many P. yunnanensis individuals were
found in the shrub layer. This is a typical primary mature
forest of P. yunnanensis. A few trees of Lithocarpus craibi-
anus and Schima argentea were present in the canopy and
subcanopy layers. Alnus nepalensis and Quercus griffithii
were found along the forest edge. In the shrub layer, Lyo-
nia ovalifolia and Sorbus folgneri are the main members.
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breviations for (a): PY = Pinus yunnanensis; LV = Lithocarpus variolosus; QG = Quercus griffithii; CO = Castanopsis
orthacantha; SA = Schima argentea; PA = Pinus armandii; QR = Quercus rehderiana.

In Type 2, P. yunnaensis reached both the emergent lay-
er (28-35 m) and the canopy, but only a few were found in
the subcanopy and none between 1.3-12 m. Lithocarpus
variolosus and Pinus armandii, Cyclobalanopsis oxyodon
were found in the subcanopy and shrub layers.

In Types 3 and 4, the maximum height of P. yunnaen-
sis also reached 35 m in the emergent layer. In Type 3, P
yunnaensis and Quercus griffithii shared the canopy and
subcanopy. In Type 4, Castanopsis orthacantha, P. yunnan-
ensis and Schima argentea co-occupied the canopy and
subcanopy. In Type 5, P. yunnanensis, Schima argentea
and Quercus griffithii co-dominated the canopy, subcan-
opy and shrub layers.

Type 6 is found above 3,000 m (3,040-3,100 m). Two
pine species, P. armandii and P. yunnanensis, occupied the
canopy layer, while in the emergent layer only P. armandii
reached 38 m tall. Sclerophyllous evergreen broad-leaved
Quercus rehderiana shared the subcanopy with the two

pine species. In the shrub layer, Rhododendron delavayi,
Lyonia ovalifolia, Viburnum cylindricum were common. In
forest Types 3, 4, 5 and 6, there were fewer individuals of P,
yunnanensis in the shrub layer than that of P. yunnanensis
in the shrub layer of Type 1. The emergent layer of each
forest type was made up of light-demanding, long-lived
species (i.e. P yunnanensis in the first four forest types,
and P. armandii in the last two forest types).

The floristic composition of woody species in the six
forest types is shown in Table 1. In total, 68 woody species
comprised of 3 coniferous, 37 evergreen broad-leaved and
28 deciduous broad-leaved species belonging to 47 genera
in 26 families were recorded in the 24 plots (Table 1 and
Suppl. material 1). While the plots pooled for each forest
type, 48 and 33 woody species were found respectively
in Type 1 P. yunnanensis forest and Type 5 P. yunnanen-
sis-Schima argentea-Quercus griffithii forest. In contrast,
fewer than 25 woody species were found in each of the oth-



12 Cindy Q. Tang et al.: Pinus yunnanensis forests, population and growth in Tianchi Reserve, Yunnan

Table 1. Floristic composition of woody species (height = 1.3 m) in the six forest types. The relative basal area in % is giv-
en. Background shading indicates dominant species. PY = Pinus yunnanensis; LV = Lithocarpus variolosus; QG = Quercus
griffithii; CO = Castanopsis orthacantha; SA = Schima argentea; PA = Pinus armandii; QR = Quercus rehderiana.

Forest type Type 1 Type 2 Type 3 Type 4 Type 5 Type 6
Dominant species PY PY, LV PY, QG CO, PY, SA PY, SA, QG PA, QR, PY
Range of elevation (m) 2570-2990 2680-2764 2530-2546 2576-2583 2530-2890 3042-3100
Number of plots 1 3 2 2 4 2
Total area of plots (m?) 5100 1800 1000 800 2400 1800
Coniferous

Pinus yunnanensis 74.37 4391 49.88 23.66 34.41 17.05
Pinus armandii 4.58 10.49 0.6 6.63 53.06
Tsuga dumosa 0.03 . . 0.51 0.05
Evergreen broad-leaved

Lithocarpus variolosus 1.87 23.76 . . . .
Rhododendron irroratum 1.42 . 0.63 0.25 1.61 0.68
Schima argentea 1.06 . 1.93 20.67 30.89 .
Lithocarpus craibianus 0.64 . . 6.87 2.45 0.94
Rhododendron delavayi 0.53 115 1.43 0.22 1.94 2.79
Lyonia ovalifolia 0.32 0.3 1.46 012 0.12 0.2
Quercus rehderiana 0.26 . 0.02 . 0.08 20
Rhododendron basilicum 0.23 - 2.23 . - .
Viburnum cylindricum 018 0.35 017 0.01 0.09 0.05
Pieris formosa 0.14 . . . 0.09 116
Cornus capitata 0.05 0.79 . . 0.5 .
Eurya nitida 0.05 2.03 . 0.25

Rhododendron decorum 0.02 193 - E
Schefflera shweliensis 0.02 . 0.02 0.02
Cotoneaster franchetii 0.01 - . 0.001 -

Gaultheria fragrantissima 0.01 . . . 0.01

Symplocos lucida 0.01 . 0.05 . 0.001 .
Acanthopanax evodiaefolius var. gracilis 0.001 0.23 . . 0.001 0.05
Daphne papyracea 0.001 . . 0.03
Ternstroemia gymnanthera 0.001

Rhododendron tanastylum 0.001

Litsea yunnanensis 0.001 .

Cyclobalanopsis oxyodon . 4.4

Machilus longipedicellata . 0.41

Quercus guajavifolia . 0.36

Illicium simonsii . 0.05

llex dipyrena . 0.01 .

Castanopsis orthacantha . . . 37.47 .

Symplocos sp. . . . 619 1.47

llex cornuta . . . 0.01 .
Quercus aquifolioides . 2.89
Deciduous broad-leaved

Alnus nepalensis 5.78 . 0.22 . 1.89 .
Quercus griffithii 5.47 3.63 38.71 0.07 117 0.001
Cerasus clarofolia 1.48 0.18 214 1.56 1.89 .
Acer davidii 0.7 . 0.01 0.04 0.77 0.61
Populus davidiana 0.4 0.87 0.07 . 0.93 0.08
Schisandra sphenanthera 0.4 . 0.44 . . .
Sorbus folgneri 0.06 0.001 . 013 0.03 0.03
Enkianthus quinqueflorus 0.05 . . . 09 0.16
Litsea pungens 0.02 . . 0.47

Elaeagnus umbellata 0.01

Betula insignis 0.01

Toxicodendron succedaneum 0.01

Pyrus xerophila 0.01

Coriaria nepalensis 0.01

Hypericum sp. 0.01

Rosa macrophylla 0.01 . . .

Berberis diaphana 0.001 . 0.001 . 0.01

Rosa sp. 0.001 . 0.001 -
Cotoneaster acuminatus 0.001 . . . . 0.01
Rubus stans 0.001 . . . . 0.001
Rosa multiflora 0.001 -
Viburnum betulifolium 0.001 .

Betula alnoides - 2.5 E E - -
Sorbus vilmorinii . 2.03 . . . 0.01
Rhododendron yunnanense . 0.61

Decaisnea insignis . 0.01 . .

Salix matsudana . 1.98 0.98

Zanthoxylum simulans . . . 0.05 .

Rubus hypopitys . 0.51

Symplocos paniculata . . . . 0.3

Hydrangea macrophylla . . . . 0.08

Ligustrum quihoui . . . . 0.01

Padus obtusata . . . . 0.001

Acer oliverianum - - - - 0.001 omn
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er four forest types (Types 2, 3, 4 and 6) (Figure 4a). How-
ever, species richness (average number of species among
the plots of each forest type) was not significantly different
among all the forest types (Figure 4b). Among the six for-
est types, diversity indices (ranging from 1.9-2.3 for the
Shannon-Wiener index, 0.75-0.86 for the Simpson index)
were not significantly different (Figures 4c, d).

Stand structure and regeneration
Diameters of cored trees ranged between 2-116 cm and

ages ranged between 11-172 years old. Diameter and age
were significantly correlated (Figure 5, R? = 0.86).
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Figure 4. Changes in species richness and diversity
among the six forest types. (a) Total number of species
of plots of each forest type. (b) Average number of spe-
cies among plots of each forest type. (c) Shannon-Wie-
ner index. (d) Simpson index. Forests sharing the same
letters do not differ significantly by non-parametric
Kruskal-Wallis all-pairwise comparisons test, P < 0.05.
The bar indicates the standard deviation. Forest types:
Type 1 = Pinus yunnanensis forest; Type 2 = Pinus yunna-
nensis-Lithocarpus variolosus forest; Type 3 = Pinus yun-
nanensis-Quercus griffithii forest; Type 4 = Castanopsis
orthacantha-Pinus yunnanensis-Schima argentea forest;
Type 5 = Pinus yunnanensis-Schima argentea-Quercus
griffithii forest; Type 6 = Pinus armandii-Quercus rehderi-
ana-Pinus yunnanensis forest.

Diameter size-class frequency distributions of P. yun-
nanensis and other co-dominant tree species in all six for-
est types are shown in Figure 6. In the monodominant P,
yunnanensis forest (Type 1), five height classes of P. yun-
nanensis corresponded to five peaks in the diameter distri-
bution, indicating sporadic regeneration. But among the
peaks, the four highest peaks appeared in the very small
DBH classes (0-20 cm), the last peak being in 30-35 cm
DBH. The five sub-populations were found in open patch-
es, which provided some direct sunlight to the light de-
manding P. yunnanensis saplings and young trees on the
forest floor. A large number, 251, of well-established seed-
lings/saplings (20-128 cm in height) of P. yunnanensis and
a very few (5-16) seedlings/saplings of other canopy tree
species were found in canopy gaps and forest edges.

In the P yunnanensis-Lithocarpus variolosum forest
(Type 2), the two dominants also showed a sporadic pat-
tern of regeneration. There were no young trees (less than
5 cm DBH) of either P. yunnanensis or L. variolosum, be-
cause the evergreen L. variolosum crowns in the subcan-
opy layer allowed very little sunlight to reach the forest
floor, resulting in poor regeneration of the two species.

In the P. yunnanensis-Quercus griffithii forest (Type 3),
the two dominant species showed sporadic regeneration.
Two P. yunnanensis and five Quercus griffithii trees were
found between 100-125 cm and 30-75 cm DBH, and trees
between 5-25 cm DBH were not abundant. Deciduous
Quercus griffithii had four peaks within the DBH-classes
of 10-40 cm.

In the Castanopsis orthacantha-P. yunnanensis-Schima
argentea forest (Type 4), all the three dominant species
showed sporadic regeneration. The dominants C. ortha-
cantha, P. yunnanensis and S. argentea’s maximum diam-
eters reached only 55, 50 and 45 cm DBH, respectively. In
Type 3 and Type 4 forests, which are found at the low el-
evations (2,530-2,590 m), human impact was evident, as
open spaces left after selective tree felling for timber dur-
ing previous decades.

In the P. yunnanensis-Quercus griffithii-Schima argentea
forest (Type 5), P yunnanensis and Q. griffithii had sporadic
regeneration while S. argentea showed an inverse-J shaped
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Figure 5. Relationships of age and DBH.
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Figure 6. DBH-class frequency distribution of dominant species in various forest types. Type 1 = Pinus yunnanensis

forest; Type 2 = Pinus yunnanensis-Lithocarpus variolosus forest; Type 3 = Pinus yunnanensis-Quercus griffithii forest;

Type 4 = Castanopsis orthacantha-Pinus yunnanensis-Schima argentea forest; Type 5 = Pinus yunnanensis-Schima
argentea-Quercus griffithii forest; Type 6 = Pinus armandii-Quercus rehderiana-Pinus yunnanensis forest.

pattern indicating a very active and recent pattern of re-
generation. In this forest type, one tree of P yunnanensis
reached 90 cm DBH while two trees of S. argentea reached
130-140 cm DBH. Q. griffithii’s DBH ranged 0-60 cm.

In the P armandii-P. yunnanensis-Quercus rehderiana
forest (Type 6) at the highest elevations (3,040-3,100 m),
the three dominant species all showed a sporadic pattern
of regeneration. They had peaks at 15-20 (for P. arman-
dii), 0-5 (P. yunnanensis) and 5-10 (Q. reheriana) cm
DBH-classes. While the two pine species reached 60 cm
DBH, Q. reheriana reached 85 cm DBH. Young trees and

saplings of Q. reheriana appear both under canopy trees
and in open spaces suggesting a somewhat shade-toler-
ant species in contrast to the two shade-intolerant pine
species.

A few well-established seedlings/saplings (fewer than
30) of either P. yunnanensis or other canopy tree species
were found in Types 2-6.

As a whole, there has been a relatively steady recruit-
ment of P. yunnanensis trees over time peaking some 15
to 30 years ago. Although for trees taller than 1.3 m, there
appears to be fewer trees in the period between 2002 and
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2017 (the most recent age class), the seedling data (251
well-established seedlings/saplings) suggest that the re-
generation has been good since 2002.

Growth rate and age-structure

Diameter growth of trees can be estimated by ring width
and basal area increment. Changes in either may indicate
increases or decreases in growth. The growth rate among
the 71 samples varied greatly. In general, when the trees
were less than 10 years old, the average growth rate of ra-
dius (ring width) was relatively high, with 4.04 mm/year,
ranging from 5.56 to 2.97 mm/year. Thereafter, the average
rate of radial growth fell to 2.50 mm/year between ages
20-30 years, and 1.63 mm/year between 31-60 years, and
1.17 mm/year for trees 61-100 years old. For trees greater
than 100 years old, the average growth rate was 0.55 mm/
year. At the other extreme, the rate of height growth
slowed within the first 10 years (data not shown). It took
about nine years on average to reach 1 m tall. Trees in all
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Figure 7. Growth trends of Pinus yunnanensis of the
Tianchi National Nature Reserve. (a) The basal area
increment for trees in the four age classes (i.e., 0-40,
40-80, 80-120, 120-164 years). (b) The ring width for
trees in the four age classes.

the four age classes (0-40 years, 40-80 years, 80-120 years,
120-164 years) had a similar pattern to that ring widths
started high and decreased in a reverse J-shape (Figure 7a)

P yunnanensis trees exhibited basal area increments
(BAI) that rapidly increased with age for the first 20 years
in all trees older than 40 years (Figure 7b). In trees young-
er than 40 years, BAI gradually increased during the first
10 years, then the level remained roughly the same until
age 30 years, and decreased between ages 30-40 years. For
trees with an age greater than 80 years, BAI plateaued be-
tween age 20 and 30 years and maintained that plateau
until between 70 and 80 years old at which point BAT in
all trees declined (Figure 7b).

Moreover, P. yunnanensis trees in the older age classes
grew faster during the first 40 to 80 years than younger
trees at the same age. In other words, trees of P. yunnanen-
sis generally grew faster during the period 1853-1897 (red
line) than 1897-1937 (green line) than 1937-1977 (yel-
low line) than during 1977-2017 (blue line) in the Tianchi
area (Figures 7a, b).

Figure 8 shows the age-structure of P. yunnanensis in
various forests. The observed maximum age of P. yunnan-
ensis was at least 105 years in all the forest types except
Type 4. In the Type 1 forest, there were many P. yunnan-
ensis presented in the young to middle age-classes. The
oldest tree was 135-years; most trees were between 15 and
30 years old. The other two sub-peaks were at 30-60 years.
Recruitments were in a sporadic pattern corresponding to
their frequency distribution in DBH-classes (Figure 6). In
canopy gaps and forest edges, 251 seedlings/saplings over
four-years-old but younger than 12 years were found (data
are not shown). In the Type 2 forest, tree ages ranged from
16 to 120 years, and no trees less than 15-year-old were
found, suggesting that regeneration was not occurring.
P. yunnanensis in Types 3 and 4 was discontinuously dis-
tributed in the age-classes. While P. yunnanensis in Type 3
reached 165 years, there were none less than 15 years old.
Only eight established seedlings/saplings of P. yunnanen-
sis were found in canopy gaps and forest edges. In Types 5
and 6, the forest ages reached 135 and 105 years, respec-
tively. The numbers of P. yunnanensis trees in these two
forest types show three very small peaks between 15-60
years but poor recruitment in age-classes of less than 15
years. As a whole in the age class data for all the forest
types, P. yunnanensis’ presence of young and old individ-
uals indicates frequent regeneration as well as dominance
at maturity in the Tianchi area. The Type 1 forest appeared
to have the most frequent episodes of regeneration.

Discussion

Ecological traits and forest characteristics

P, yunnanensis is a light-demanding species with wind-dis-
persed seed that depends upon canopy gaps or distur-

bances for regeneration. It can mono-dominate a forest
or co-dominate with diverse species in various mixed
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Figure 8. Age frequency distribution of Pinus yunnanensis in the six forest types. Forest type 1 = Pinus yunnanensis
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griffithii forest; Forest type 4 = Castanopsis orthacantha-Pinus yunnanensis-Schima argentea forest; Forest type 5 =
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nus yunnanensis forest.

forests. The overstory dominance of P. yunnanensis over
a wide range of forest types and elevations suggests that
this species plays an important role as an early succession-
al species whose longevity assures presence in later suc-
cessional stages. Among the evergreen broad-leaved trees
(e.g. species of Schima, Quercus, Castanopsis and Lithocar-
pus) with which it co-occurs, it survives best on disturbed
micro-sites or steep slopes (Figure 3a, Suppl.material 1).
These ecological traits are very similar to those of Pinus
roxburghii found in the Bhutan Himalaya (Wangda and
Ohsawa 2006). Moreover, P. roxburghii is also associated
with evergreen broad-leaved trees of Quercus (e.g. Q. la-
nata), the deciduous broad-leaved trees of Quercus (e.g. Q.
griffithii) and shrubs of Rhododendron (e.g. R. arboretum),
Viburnum (e.g. Viburnum cylindricum), Lyonia (e.g. L.

ovalifolia), etc. In some of our study stands, P. yunnanen-
sis co-dominates with deciduous broad-leaved Q. griffithii
or coniferous P. armandii; similarly, its northern ecologi-
cal partner Pinus tabuliformis is associated with decidu-
ous broad-leaved trees of Quercus aliena var. acutiserrata
and coniferous P. armandii in the Qinling Mountains, or
Quercus mongolica (previous Q. wutaishanica) and Betu-
la platyphylla in the Zhiwuling Mountains; P. tabuliformis
is also shade-intolerant and its regeneration depends on
disturbances (Yang et al. 2007; Wang et al. 2009; Lin 2009;
Chai et al. 2012). In other of our study stands, P. yunnan-
ensis co-dominates with evergreen broad-leaved Schima
argentea and Castanopsis orthacantha; similarly, its south-
ern ecological partner, also a pioneer and fast-growing
pine tree, P. kensiya is associated with Schima wallichii
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and species of Castanopsis including Castanopsis hystrix,
C. echidnocarpa, C. delavayi and C. calathiformis (Li et
al. 2013). Pinus kensiya occupies northern tropical and
southern subtropical areas.

The Shannon-Wiener index of our study P. yunnanensis
forest (1.9) tends to be higher than the natural mature P,
kensiya forest (1.7) in the Ailao Mountains of central Yun-
nan (Song et al. 2011); and it is also higher than the sec-
ondary P. yunnanensis forests in Luquan (1.5) and Qiong-
zhusi (1.6), central Yunnan (Tang et al. 2010). All six study
forest types had P. yunnanensis trees at least 90 years; these
old-growth P. yunnanensis forests were stratified into mul-
ti-layers including emergent, canopy, subcanopy and shrub
layers. In contrast, the 15-20 years old secondary P. yun-
nanensis forests of central Yunnan are simply composed of
canopy and shrub layers. Often these forests are so dense
that even the shrub layer is depauperate.

Recruitment patterns and growth trends

In the Tianchi National Nature Reserve of Yunnan, more
seedlings/saplings were found in the Type 1, mono-dom-
inant P. yunnanensis forest than in the mixed forest types
(Types 2-6), because various disturbances including
landslides, browsing, or lightning strike were noted in this
forest type (Figure 3a). In the Tianchi area, seedlings/sap-
lings of P yunnanensis appear as uneven clusters. Seedling
heights after the first four years following germination av-
eraged only 6-10 cm. It then took another five years on
average to reach 1 m in height. The initial height growth
is slow as a result of competition for light as well as the
allocation of carbon for root development; however, for
seedlings growing in more open environments, such as
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Figure 9. A comparison of relationships of DBH and
height of Pinus yunnanensis between the old-growth
forest of the Tianchi National Nature Reserve (a) and
the 14 years-old P. yunnanensis plantation of Shiping,
central Yunnan (b). Data source: Su et al. (2010) for (b).

along roadsides, height growth can be much greater tak-
ing between four to seven years to reach 1 m. The mortal-
ity of young seedlings is high during the first four years.
This pattern of seedling growth and survival is similar to
that observed with natural regeneration of plantations of
P. yunnanensis of central Yunnan (Wang et al. 2017).

After successful establishment, tree height of P yun-
nanensis increases as DBH increases (Figure 9a). As the
height approaches 24 m, the increase slows considerably.
When trees of P. yunnanensis are smaller than 8 cm DBH,
the height increase per year in the Tianchi area is similar
to that of the plantation trees in Shiping, central Yunnan
(Figure 9b). When both plantation and Tianchi trees are
about 12 cm DBH, the Tianchi trees are 2 m taller than
the plantation trees. The soil in Shiping is red earth and
the climate is drier. Soil type significantly affects P. yun-
nanensis forests’ species diversity and growth (Yang 2010).
P yunnanensis trees grow best in humid habitats with
soils rich in nutrients (Jin and Peng 2004; Hu 2009). The
humid habitat with yellow-brownish soil in the Tianchi
area is more favorable for the growth of P. yunnanensis.
Hu (2009) found a P. yunnanensis tree with a height of
56 m and a DBH of 86 cm in Baimalinchang of Yongren
and it was 137-years-old. In contrast, Li et al. (2007) noted
in a P. yunnanensis forest in Yongren, central Yunnan that
there was a 257-year-old P. yunnanensis tree with a DBH
of only 48 cm. This species can survive in very dry areas,
generally with stunted and a crooked stature. The life span
of P yunnanensis growing on moderate to good sites may
be around 180-280 years.

P yunnanensis is a relatively fast-growing species in
terms of tree ring width among the conifers of China.
It attains a diameter of about 50 cm in 80 to 100 years,
depending upon site quality. The patterns of ring width
and basal area increment for P. yunnanensis trees grow-
ing in the Tianchi area where only site and time affected
the patterns is shown in Figures 10a, d. In a secondary
forest in central Yunnan where tree growth is impacted
by site, time and human activity (such as extracting res-
in), the patterns of ring width and basal area increment
are shown in Figures 10b and e. For both trees from the
Tianchi forest and the secondary forest, ring widths start-
ed between 4 and 6 mm/yr and decreased in a reverse
J-shaped pattern. A seemingly small difference in ring
widths translates into very large differences in basal area
increment (compare Figures 10d, e). For P. yunnanensis
trees in a highly degraded forest in southwestern Sichuan,
ring width showed a wave pattern (Hinckley et al. 2013).
This wave pattern resulted from periodic branch remov-
al interspersed by periods of crown recovery. Clearly, as
site quality increases and human activity decreases, tree
growth increases. The maximum basal area increment ap-
proached 1,500 mm? per year for trees at Tianchi whereas
trees in the secondary forest of Yunnan and southwest Si-
chuan only approached 750 mm?/yr.

As noted earlier, trees of the older age classes grew fast-
er than younger trees at the same age in the Tianchi area
(Figures 7a, b). This probably resulted from differences in
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Figure 10. Comparisons of growth trends of Pinus yunnanensis among the old growth forest of the Tianchi National
Nature Reserve (a & d), the secondary forest of central Yunnan (b & e), and the degraded forest under human pres-
sure of western Sichuan (c & f). Data sources: Our own field work as seen this study for (a), (d), (b) and (e); Hinckley

et al. (2013) for (c) and (f).

stand development such as the timing of canopy closure
and the growth and development of competing species.
It might also be resulted from differences in aspect where
P yunnanensis’ light-demanding nature would result in
better growth on southern versus northern slopes. Differ-
ences in disturbance regimes such as landslide frequen-
cies and intensities also might have impacted the growth
pattern. Finally, rapid global climate changes over many
decades may be an additional important factor influenc-
ing growth. All the combined factors may lead to the ob-
served differences.

Old-growth forests

The P. yunnanensis forests of the Tianchi area appear to
be some of the last remnants of primeval and old-growth
forests of this species. These forests are structurally diverse
and contain a rich diversity of overstory, mid-story, and
understory species. These forests also are valuable as a
seed source and can serve as a genetic reservoir.
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Abstract

Aims: Gebel Elba is an arid mountain range supporting biological diversity that is incomparable to any other region of
Egypt. This mountain has a vegetation structure and floristic community similar to the highlands of East Africa and the
southwestern Arabian Peninsula. We aimed to provide the first classification of the vegetation units on Gebel Elba and
identify the environmental factors controlling their distribution. Study area: Wadi Yahmib and its tributaries, which
drain the north-western slopes of Gebel Elba, south-eastern Egypt. Methods: On the basis of 169 relevés, we used
TWINSPAN to classify the perennial vegetation. We calculated separate GAMs for the deciduous and evergreen species
to describe the patterns for each leaf strategy type with elevation. We used CCA to quantify the relationship between
the perennial vegetation and the studied environmental factors. To estimate diversity and our sampling strategy, we
used rarefaction curves for species richness. Results: We identified seven communities along the elevational gradient of
Wadi Yahmib and its tributaries. We found that each community was restricted to a confined habitat depending on its
drought resistance ability. Deciduous Vachellia woodland was the main vegetation type on Gebel Elba, while evergreen
Olea woodland appeared in small fragments at higher elevations. We analysed the distribution patterns of deciduous
and evergreen trees along the elevational gradient. We found a turnover at 500 m, indicating a potential ecotone between
the Vachellia and Olea woodlands that was occupied by a Ficus community. CCA revealed the importance of altitude
and soil quality in determining the vegetation structure of Gebel Elba. The species richness increased with elevation as
a result of reduced stress and increased water availability at the upper wadis. Conclusions: This study identified seven
vegetation units in the study area and showed the importance of orographic precipitation, soil quality and the complex
topography in determining the habitats.

Taxonomic reference: Boulos (2009); names updated according to POWO (2019).

Abbreviations: CCA = Canonical Correspondence Analysis; GAM = Generalized Additive Model; TWINSPAN = Two
Way Indicator Species Analysis.

Keywords

Acacia, Afromontane forest, classification, ecotone, Eritreo-Arabian, soil, vegetation, woodland

Introduction

The Eastern Desert of Egypt is characterized by coastal ~ Egypt and Sudan (Kassas and Zahran 1971; Abd El-Ghani
mountain ranges running parallel to the Red Sea. The most ~ and Abdel-Khalik 2006). The flora of the Gebel Elba range
biodiverse mountain range in the region is the Gebel Elba  is much richer than those of other coastal mountain ranges.
in the south-eastern corner of Egypt, on the border between  In total, 458 plant species have been collected within the
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License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
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area of Gebel Elba, representing almost 21% of the Egyp-
tian flora (Boulos 2008; Zahran and Willis 2009). The oth-
er mountain ranges overlooking the Red Sea are less rich in
plant diversity, with less than 130 species recorded in total
(Zahran and Willis 2009). The proportion of Afrotropical
elements on the Gebel Elba is much higher than those in
any other region of Egypt (Abd El-Ghani and Abdel-Khalik
2006; Al-Gohary 2008). This range represents the northern
limit of the Eritreo-Arabian province and the Sahel regional
transition zone in Africa (Zohary 1973; White 1983), in-
cluding the Somalia-Masai regional centre of endemism
(White 1983; White and Léonard 1991; Boulos 2008). Thus,
the Gebel Elba is considered one of the seven main phyto-
geographical regions of Egypt (Boulos 2009).

The biodiversity of the Gebel Elba region is unique to
Egypt, and many globally threatened species are found
there (IUCN 2019). In 1986 this area was declared the Ge-
bel Elba National Park, covering nearly 36,000 km?. Gebel
Elba Mountain is the core part of this protected area. The
richness of vegetation on Gebel Elba is related to its oro-
graphic precipitation. The proximity of Gebel Elba to the
sea and its windward position create a unique ecosystem,
known as a “mist oasis”, that is found nowhere else in Egypt,
but is comparable to similar ecosystems in Erkwit, Sudan,
and the southern part of the Arabian Peninsula (Kassas
1956; Kiirschner et al. 2004; Hegazy and Lovett-Doust
2016). Because of moisture-laden north-eastern winds, the
vegetation is much richer on the northern slopes of Gebel
Elba than on the southern slopes (Zahran and Willis 2009).
Thus, both species richness and abundance are much higher
on the mountain than in the exposed open desert (Abuta-
ha et al. 2019). On the foothills of the mountain, Vachellia
tortilis (synonym: Acacia tortilis) forms an extensive natural
woodland landscape (Zahran and Willis 2009).

Gebel Elba has a unique phytogeographic position and
a floristic composition that is more complex than the total
floral composition of the rest of Egypt. This arid granite
mountain bears floristic similarities and shares common
vegetation with the neighbouring mountains of East Afri-
ca and the southwestern Arabian Peninsula (Kassas 1956;
Hegazy et al. 1998). Gebel Elba and the southwestern
Arabian highlands represent the northern limit of Erit-
reo-Arabian vegetation (Zohary 1973). The vegetation of
the Eritreo-Arabian province is continuous and changes
from deciduous Vachellia-Commiphora woodland at low-
er elevations to evergreen Afromontane forest of Juni-
perus procera at elevations above 2000 m (Zohary 1973;
Kiirschner et al. 2008; Deil 2014; Berhanu et al. 2018). The
evergreen woodland dominated by Olea europaea subsp.
cuspidata represents a transition zone between the lower
montane Vachellia-Commiphora woodland and the upper
montane Juniperus procera forest (White 1983; Kiirsch-
ner et al. 2008). Comparably, Zohary (1973) recognized
three altitudinal zones of Afrotropical vegetation in Gebel
Elba: a lower zone of Vachellia-Ziziphus (pseudo-savan-
na vegetation), a middle zone of Vachellia-Commiphora
(savanna vegetation), and a montane zone of Olea-Ficus
forest fragments. Zahran and Willis (2009) found three

altitudinal belts of vegetation on the northern slopes of
Gebel Elba: a lower zone of Euphorbia cuneata, a middle
zone of E. nubica and a higher zone of moist habitat veg-
etation. Within this higher zone, many evergreen species
were recorded, such as Euclea racemosa, Dodonaea visco-
sa, Carissa spinarum and Olea europaea subsp. cuspidata
(White 1983). The vegetation of Gebel Elba changes from
Vachellia tortilis woodland at lower elevations to forested
vegetation at middle and higher elevations (Abd El-Ghani
and Abdel-Khalik 2006; Zahran and Willis 2009). The
elevational gradient of Gebel Elba is known to harbour a
relatively large number of tree species. Two prominent leaf
strategy types occur (deciduous and evergreen). Howev-
er, these types do not occur evenly across the elevational
gradient; evergreen trees are prominent in the upper alti-
tudes, while deciduous species are more common in the
lower, arid parts of the gradient (Abutaha et al. 2019). The
ecotone between evergreen woodland at higher elevations
and deciduous woodland at lower elevations has not been
studied (White 1983; Berhanu et al. 2018).

Most of the previous studies on Gebel Elba have mainly
focused on wadis, which are temporary waterways that col-
lect run-off water from the surrounding slopes and contain
several microhabitats (Zohary 1973; Gomaa 2014), where
vegetation is rich and continuous (Ahmed 1999; Zahran
and Willis 2009; Abutaha et al. 2019). While the lower el-
evations of wadis show recognizable features of zonal com-
munities, the vegetation on the higher slopes is more var-
iable due to minor differences in habitat and recognizing
clearly defined zonal communities is difficult (Zahran and
Willis 2009). A classification of wadi vegetation is still lack-
ing. Additionally, no agreement has been reached regard-
ing the vegetation zonation of the northern wadis of Gebel
Elba (Al-Gohary 2008; Zahran and Willis 2009). The al-
titudinal range of plant communities and information on
environmental drivers are mostly unavailable. Thus, there
is a need to identify the vegetation units of Gebel Elba and
the environmental drivers controlling their distributions.

In this study, we aimed to describe the altitudinal zo-
nation of the defined plant communities, their composi-
tions and the relations to environmental factors in wadis
on the northern slopes of Gebel Elba. This classification
was based on 169 relevés which have not been previous-
ly sampled on this mountain. We also aimed to analyse
the distribution patterns of deciduous and evergreen trees
along the elevational gradient to identify a transition zone
between the two different leaf strategy types represent-
ing different phytoregions. Finally, we also compared our
findings on the diversity between the different vegetation
communities with previous studies.

Materials and methods
Study area

Gebel Elba Mountain (1435 m) is located at 22.25N and
ranges from 36.25 to 36.43E, nearly 15 km west of the Red
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Figure 1. The location of Gebel Elba in Egypt (left) and the distribution of the vegetation relevés (green dots) sur-
veyed for this study in Wadi Yahmib and its tributaries at the northern slopes of Gebel Elba (right); Wadi Yahmib (1),

Wadi Marafai (2), Wadi Acow (3) and Wadi Kansisrob (4).

Sea coast, south-eastern Egypt (Figure 1). The mountain
itself is formed of a group of granite peaks in the shape
of a square with sides of approximately 15 km by 15 km.
From the central peak, drainage lines (wadis) radiate
in all directions (Ball 1912). The principal wadi on the
northern slopes of Gebel Elba is Wadi Yahmib (Zahran
and Willis 2009). Yahmib is located at the foothills of the
mountain and receives water mainly from three moun-
tainous tributaries: Wadis Marafai, Acow, and Kansisrob,
which drain the western-northern flanks of Gebel Elba
(Figure 1). The substrates of the wadis vary with an el-
evation gradient which increases from east to west; the
substrate of Wadi Yahmib is fine sand, that of Wadi Kan-
sisrob is coarse gravel, and Wadis Acow and Marafai, at
higher elevations, have large granite boulder substrates
(Abutaha et al. 2019).

Gebel Elba has a hyper-arid climate (Harris et al.
2014). The climatic aridity of the region is expressed
in the climate diagram between 1985-2015 (Figure 2)
adopted from Walter and Lieth (1967). The temperature
ranges between 15.3 °C and 38.1 °C, with a mean annual
temperature of 26.1 °C. The area received less than 40
mm of rainfall per year, mainly from winter rainfall and
light summer rainfall (Figure 2). However, Gebel Elba
receives up to 400 mm of orographic precipitation per
year (Goodman and Meininger 1989; Kamel et al. 2015).
Gebel Elba is influenced by winter rain and summer
monsoons, dew falls regularly, clouds and mist shrouds
the mountain (see Figure 5A-B). Although this moun-
tain is surrounded by an extremely arid desert, oro-
graphic precipitation provides a climatic condition that
is favourable for rich plant growth (Ball 1912; Hegazy
and Lovett-Doust 2016).

Vegetation sampling

We conducted vegetation sampling on five visits; two in
2013, two in 2015 and one in 2016. The visits were made
in January or March after the rainy season. We sampled
169 geo-referenced vegetation relevés that were marked
with a GPS device (Garmin eTrex 30x). The relevés (10
m x 10 m) were distributed along transects in the four
studied wadis, i.e., Yahmib, Marafai, Acow, and Kansisrob
(see Abutaha et al. 2019). Locations of the relevés were
selected randomly during the field work. For each relevé,
we assembled a list of all vascular plant species that were
present. We noted the growth forms of the listed species
and identified the life forms according to Raunkiaer’s sys-
tem of classification (Raunkiaer 1934). Furthermore, we
visually estimated the percentage cover of perennial spe-
cies in each relevé. Owing to the arid climatic conditions
of the study area, annual species were only noted as being
present/absent. The nomenclature of the plant species fol-
lowed Boulos (1999, 2000, 2002, 2005, 2009). We updat-
ed the list of taxonomic names according to Plants Of the
World Online (POWO 2019) provided by the Royal Bo-
tanic Gardens, Kew. Voucher specimens were deposited in
the Herbarium of Desert Research Center (CAIH) and the
Herbarium Hamburgense (HBG).

Soil sampling and analysis

We took mixed soil samples from the surface layer (0-
10 cm) of each relevé. We air-dried and analysed the sam-
ples to determine the physical and chemical soil properties.
First, we determined soil texture by sieving with succes-
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Figure 2. Climate diagram of Wadi Yahmib, Gebel Elba
based on CRU datasets TS 4.01. Data is for the period
from 1985 to 2015. The upper red line stands for mean
monthly temperature of 261 °C (left axis); numbers
beside the axis are the mean monthly maximum and
minimum temperatures. The lower blue line stands for
precipitation (right axis). Area shaded with dots (dotted
area), above the precipitation line, and below the tem-
perature line, indicates a dry period.

sively finer meshes (Estefan et al. 2013; AG Boden 2005).
Second, we prepared soil suspensions by the addition of
distilled water in a 1:1 ratio and stirring continuously for
2 hours, then measured the pH and electrical conduc-
tivity (EC) of the suspensions with a pH meter (Jenway
3510) and conductivity meter (Jenway 4510), respectively
(Hendershot et al. 2008; Miller and Curtin 2008). We then
filtered the soil suspensions and used the extracts to deter-
mine the soluble mineral contents. The analyses of major
constituents in the soil extracts (calcium, magnesium, so-
dium, potassium, sulfate and chloride) were determined
using an ion chromatography system, IC (Dionex, ICS-
1100). Carbonate and bicarbonate ions were estimated
with the titrimetric method (Jackson 1967; Estefan et al.
2013). Finally, we estimated the organic matter content by
the weight loss-on-ignition method (Schulte and Hopkins
1996; Combs and Nathan 1998) and determined CaCo,
volumetrically using a Collin’s calcimeter (Piper 1950).

Data analysis
Multivariate analysis procedures

For the floristic classification of the relevés, we imported
a vegetation matrix, including the percentage cover val-
ues of perennial species, into the software Juice, version
7.0 (Tichy 2002), and used the TWINSPAN classification
(Hill 1979). We set the minimum group size to 3, and used

percentage cover values of 0, 5 and 50 as cut levels. As a
fidelity measure, we used the phi value (De Caceres and
Legendre 2009). The calculations of the phi values were
adjusted for equal group sizes. If the phi value exceeded
0.25, a species was considered diagnostic, and if the phi
value was > 0.50, the species was considered highly diag-
nostic; the p-value of Fisher’s exact test was 0.05. Species
with a frequency higher than 70% were considered as con-
stant. To measure correlations between the perennial spe-
cies and relevant environmental drivers, we used canon-
ical correspondence analysis (CCA) for the ordination
(Ter Braak and Prentice 1988). We selected altitude and
edaphic factors after the exclusion of collinear variables
(anions and cations were highly correlated with EC). We
applied biplot scaling and the species were centred. Only
perennials with significant phi values > 0.25 are shown in
the ordination. We performed CCA using CANOCO, ver-
sion 5.0 (Ter Braak and Smilauer 2012).

To better describe and interpret the results of the clas-
sification, we used analysis of variance (ANOVA) and
Tukey’s post hoc tests for the pairwise comparisons to test
for differences in the soil physical and chemical parame-
ters between the identified plant communities. Before the
statistical tests, each soil parameter was logarithmically or
square root transformed in cases where the data did not
follow a normal distribution. The analyses were carried
out using R software (R Development Core Team 2018).

Diversity

To evaluate diversity and our sampling strategy, we used rar-
efaction and extrapolation sampling curves for species rich-
ness to estimate the completeness of our vegetation samples
(Chao et al. 2014). We performed all calculations for the
complete datasets (perennial and annual species) of the four
wadis (transects) and for the identified plant communities.
We constructed the rarefaction curves with the R-based in-
teractive online programme iNEXT (Chao et al. 2016).

Distribution of deciduous and evergreen trees
along the elevational gradient

We wanted to determine the altitude at which the change
from deciduous to evergreen species occurred. To that end,
we first classified each tree species as either deciduous or
evergreen and determined the relative percentage of each
leaf strategy type (LST) for the estimated plant cover per
vegetation relevé along the elevation gradient from 130 to
680 m (14 relevés / 100 m). Then, we calculated separate
generalized additive models (GAM) for each LST using the
mgcv package (Wood 2017) with a binomial distribution
and a cubic regression spline for elevation to model the
relationship between the percentage of respective LST per
relevé and elevation in metres. We plotted the respective
models using the ggplot2 package (Wickham 2016) in R
3.5.0 statistical software (R Development Core Team 2018).



=
% Vegetation Classification and Survey

=

25

Results

Floristic pattern

We recorded 162 vascular plant species (104 perennials
and 58 annuals) belonging to 53 families (Appendix 1).
The most common families were Fabaceae (9%), Poace-
ae (9%), Asteraceae (7%) and Malvaceae (7%). Poaceae is
one of the species rich families in the study area. How-
ever, the grasses were less abundant (frequent) and were
represented by many annual species (Appendix 1; Tables
S1-S7 in Suppl. material 1). In total, 84% of the recorded
species were found in the mountain tributaries feeding
Wadi Yahmib. The number of species varied among the
three tributaries: in Marafai, Acow and Kansisrob, there
were 131, 99 and 76 species, respectively. The lowest num-
ber of plant species (n=26) were recorded in Wadi Yah-
mib itself, located in the open sandy plain. The dominant
life forms were therophytes (36%), phanerophytes (27%)
and chamaephytes (24%). Of all perennial species, 63%
were woody species, including Vachellia tortilis, Balanites
aegyptiaca and Dodonaea viscosa, while 37% were herbs,
such as Forsskaolea tenacissima, Cucumis prophetarum
and Senna italica. We recorded 21 tree species in Wadi
Yahmib and its tributaries (Appendix 1).

Pattern of deciduous-evergreen trees

The response of the two LSTs, i.e., deciduous and ever-
green, showed two clear decreasing and increasing pat-
terns along the altitudinal gradient from 130 to 680 m
(Figure 3). While there was a slight change below 400
m, the deciduous-evergreen ratio changed from 75/25 to
25/75 between 450 m and 600 m, indicating a potential
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Figure 3. The relative proportions of deciduous and ever-
green trees per vegetation relevé along the elevational
gradient at the northern slopes of Gebel Elba. The pat-
tern for deciduous tree species is shown as a dashed line
while the evergreen tree species are represented by a
solid line. The lines are the resulting smoothers of a cu-
bic-regression GAM.

ecotone; the switch between both LSTs was at 500 m. The
smoothness of both GAMs was highly significant, demon-
strating a clear pattern in the data. While there were very
few evergreen species in the lower parts of the gradient
(e.g., Maerua crassifolia), deciduous species did occur in
low numbers at higher elevations, such as Vachellia etbai-
ca (synonym: Acacia etbaica) and V. tortilis.

Classification

Seven woodland communities were described on Gebel
Elba (Figure 4; Table 1). The first two communities (I-II)
contained relevés from middle to higher elevations and
were mainly composed of evergreens, while the commu-
nities (III-VII) in the lower part of the elevational gradient
included relevés from low to middle elevations and were
inhabited by deciduous trees (Tables 1, 2; Tables S1-S7 in
Suppl. material 1). The observed communities were clas-
sified as follows.

I) Dracaena ombet — Olea europaea subsp. cuspidata
community

This evergreen community was confined to the high ele-
vations of Wadi Marafai, from 560 to 680 m. This commu-
nity supported a high coverage of evergreen species and
was characterized by six diagnostic evergreen species in
total, including Olea europaea subsp. cuspidata and Caris-
sa spinarum and two deciduous tree species, Pistacia kh-
injuk and Vachellia etbaica. The wadi bed was dominated
mainly by O. europaea subsp. cuspidata (Figure 5C). The
slopes were characterized by the growth of V. etbaica and
Dracaena ombet. The vegetation in the wadi bed was dense
and more vigorous than that occurring at lower elevations.
In this community, many liana species, such as Pergularia
daemia, Jasminum fluminense and J. grandiflorum, were
climbing on olive trees. The soils of this community were
often loamy sand on the side slopes and sandy loam in the
wadi bed. The presence of large granite boulders increases
water run-off to the main channels.

II) Solanum incanum - Ficus salicifolia community

This community was located mainly in moist habitats near
flowing water or in the water courses of the high-eleva-
tion wadis, Wadis Acow and Marafai, at elevations from
346 to 550 m (Figure 5D). The vegetation consisted of
two diagnostic fig trees (Ficus salicifolia and F. palmata)
and two small shrubs (Solanum incanum and Diceratella
elliptica). A characteristic species, Searsia flexicaulis (syn-
onym: Rhus flexicaulis) from the former community, was
also recorded in this community. The soil supporting this
community was mainly loamy sand, and the organic mat-
ter content was the highest (0.41%, Table 3) of all seven
communities. The organic matter content was related to
the leaf litter of fig trees.
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Table 1. Synoptic table of the seven communities showing percentage constancy values of the diagnostic species and
non-diagnostic species with high constancy (> 70%). Diagnostic species are highlighted in light grey and highly diagnos-

tic species in dark grey.

Community I ] 1 v \" A VY
No. of plots 20 17 36 24 15 23 34
Total no. of species 80 73 84 84 48 68 72
Perennials 50 44 55 53 25 45 40
Annuals 30 29 29 31 23 23 32
No. of diagnostic species 8 4 1 1 2 3 2
Dracaena ombet - Olea europaea subsp. cuspidata community

Olea europaea subsp. cuspidata 90 12 - - - - -
Vachellia etbaica 45 - - - - 4 -
Dracaena ombet subsp. ombet 40 - 3 - - - -
Carissa spinarum 35 - - - - - -
Searsia flexicaulis 55 35 - - - - -
Jasminum grandiflorum subsp. floribundum 30 - - - - - -
Pistacia khinjuk var. glabra 30 6 - - - - -
Triumfetta flavescens 75 41 25 29 - - 6
Solanum incanum - Ficus salicifolia community

Ficus salicifolia 10 47 14 - - - -
Solanum incanum 55 76 17 - 7 - 15
Ficus palmata - 18 - - - - -
Diceratella elliptica - 18 3 - - - -
Vachellia tortilis subsp. tortilis community

Vachellia tortilis subsp. tortilis 10 29 100 79 53 70 4b
Euphorbia nubica community

Euphorbia nubica - - 17 88 33 57 24
Forsskaolea tenacissima 25 47 19 75 53 65 21
Aerva javanica - Abutilon pannosum community

Abutilon pannosum - 24 8 8 100 48 9
Aerva javanica - 18 1 4 67 35 6
Lycium shawii - 18 50 50 73 39 26
Euphorbia cuneata community

Euphorbia cuneata - 6 6 17 7 87 6
Tephrosia purpurea subsp. apollinea - - 1 67 87 83 26
Delonix elata - 6 - - 7 30 -
Balanites aegyptiaca — Vachellia tortilis subsp. raddiana community

Balanites aegyptiaca - - m 38 13 - 85
Vachellia tortilis subsp. raddiana - - 3 8 13 9 4t

-

Iv. VvV VI VI

Figure 4. Dendrogram showing the TWINSPAN classifi-
cation of the seven communities.

III) Vachellia tortilis subsp. tortilis community

This community was the most widespread one in the
study area. The deciduous tree Vachellia tortilis subsp. tor-
tilis was the only characteristic species (Figure 5E). This
community occurred in a variety of habitats from low
to middle elevations (130 to 383 m). The most common
habitats of V. tortilis were the water channels of the wadis
and gravelly terraces. This species was also abundant at
the foot of Gebel Elba. The soil in this community was

always sandy. The substrate deposits varied from fine sand
in Wadi Yahmib to coarse sand deposits with gravel and
rock detritus in the mountainous tributaries.

IV) Euphorbia nubica community

This community usually occurred on run-off slopes and
the delta of Wadi Marafai. It was located in rocky habitats
at middle elevations from 264 m to 379 m. The succulent
shrub Euphorbia nubica was the only diagnostic species
(Figure 5F). The tree layer was mainly absent on the run-
oft slopes, and E. nubica was the dominant succulent shrub,
whereas Forsskaolea tenacissima grew on the lower run-oft
slopes of Wadi Kansisrob. Downward in the delta of Wadi
Marafai, E. nubica grew in rocky outcrops between trees.
We recorded the liana species Cocculus pendulus climbing
on unhealthy trees of Vachellia tortilis and Balanites aegyp-
tiaca in shady localities in the delta of Marafai. The soil
texture was mainly loamy sand. This community had the
highest silt (20.74%) and EC (1.59 mS/m) values.

V) Aerva javanica - Abutilon pannosum community

This community was located along the main channel of the
tributary Wadi Kansisrob and occasionally downstream of
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Figure 5. Representative photos showing Gebel Elba shrouded in mist (A) and clouds (B) accumulation on the Gebel
Elba, and the leading species of the seven derived plant communities; Olea europaea subsp. cuspidata (C), Ficus
salicifolia (D), Vachellia tortilis subsp. tortilis (E), Euphorbia nubica (F), Abutilon pannosum (G), Euphorbia cuneata
(H), and Balanites aegyptiaca (I).

Table 2. Distribution of relevés, communities in the studied wadis, and the elevational gradients of the studied wadis and

the seven communities (I-VII).

Communities Localities relevés per
community
Elevation Yahmib (130-263 m) Kansisrob (210-327 m) Acow (228-410 m) Marafai (350-680 m)
| (560-680 m) _ - - 20 20
] (346-550 m) _ - 9 8 17
1 (130-383 m) 1 1 16 8 36
v (264-379 m) _ s 10 N 2%
Y, (237-275 m) _ 10 5 - 5
Vi (241-320 m) _ 17 6 - 23
vil (196-361m) 1% 1 10 9 34
Total of relevés 25 34 56 54 169

Wadi Acow. It usually occurred in gravelly habitats near
slopes at low elevations, from 237 to 275 m (Figure 5G).
The two diagnostic species of this community were Abu-
tilon pannosum and Aerva javanica. In this community,
trees were less common, and the vegetation mainly con-
sisted of shrubs and herbs, such as Cucumis prophetarum,
Tephrosia purpurea and Lycium shawii. The soil was shal-
low, and the ground texture consisted of medium sand
mixed with gravel and rock detritus. This community
had the highest medium sand and pH values (38.46% and
7.73, respectively).

VI) Euphorbia cuneata community

This community occurred in the midstream areas of Wadi
Kansisrob and was less frequent in Wadi Acow. It was of-
ten located in rocky habitats at elevations from 241 to 320
m (Figure 5H). Three diagnostic species characterized this
community: two trees, Euphorbia cuneata and Delonix
elata, and one herb, Tephrosia purpurea. The soil of this
community had a high pH (7.63) and was similar to the
soil of community V.
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Table 3. Means and standard deviations for elevation and soil properties of the seven communities (I-VII). ANOVA test is
for original, sgrt, or log data values, where values are not normally distributed. F-value and P-value refer to the ANOVA.
Small letters denote the statistically different groups as identified by ANOVA post-hoc test.

Parameter | 1} n v v Vi Vil F-value P-value
Altitude., @ 617.45 (57.72) ®450.49 (104.09) ©285.92 (96.63) <321.51(57.33) <2553 (19.43) <280.51(39.37) ©278.39(82.94) 4233  <0.001
Coarse sand. __, ©22.88(15.63) °®14.25(4.81) ©10.00 (7.09)  °®12.84 (4.94) ®1113(8.35)  ©15.48(7.83) ©14.39(8.72) 5.073 <0.001
é Medium sand.__ b€27.75(9.71)  <32.80 (9.02) <3610 (12.59) <27.47(8.06)  °38.46(9.36) ©3773(8.64) °3792(12.37) 4997  <0.001
5 Fine sand ©26.36 (10.58) < 33.09 (5.46) °©37.76 (6.80) 937.69 (6.12) 936.78(8.81) °°32.82(8.54) °32.88(8.05) 5997 <0.001
g. Sand._, ©7699 (15.41) < 80.14 (9.33) < 83.87(9.39) <78.00(7.80) ©°86.37(7.69) °86.03(7.49) °85.19(8.16) 3.823 <0.01
3 Silt.,, @ 20.06 (12.63) ©18.75(8.32) 1528 (8.62) °20.74(6.86) °13.07 (7.31)  13.47(718)  *14.04 (7.70) 2.968 <0.01
Clay.,.. ©2.62(3.27) e 0.95 (1.20) ©0.77 (1.00) °£1.21(1.29) ©0.47 (0.57) ©0.36 (0.50) ©0.57 (0.91) 4145 <0.001
pH ©7.26 (0.24) ©7.36 (0.24) ©7.35 (0.23) ®7.30 (0.20) a7.73 (0.24) ©7.63 (0.26) b7.26 (0.26) 1241 <0.001
EC,, €0.74(0.35)  **<0.80 (0.20)  ®*<1.19 (0.98) 21.59 (1.54) 20.84 (0.66) @112 (1.00) @©1.20 (0.56) 4199 <0.001
CaCoO,,, ©1.05 (1.06) @ 1.21 (1.56) ©0.55(0.39) < 0.61(0.31) €0.54 (0.58)  **<0.71(0.50) *<0.57(0.35) 4.096  <0.001
co, .. ©0.03(0.02) °0.04 (0.03) 20.03(0.01) 20.04 (0.02) °0.03(0.02) ©0.03(0.02) °0.04 (0.04) 1.541 0.168
*E: HCO,, . ©0.29 (0.17) @ 0.63(0.62) e 0.35 (0.16) @ 0.47 (0.20) ©0.24 (0.10) ©0.29 (014) °£0.39 (019 5.045 <0.001
E Organic matter., < 0.17(0.08) 20.41(0.30) €0.20 (017) @ 0.35 (0.27) €015 (0.12) abe 0.23 (0.16) ¢ 0.21(0.19) 6.113 <0.001
f.: Ca.,, ©0.05(0.02) °0.09 (0.05) 20.10 (0.08) ©0.14 (0.21) @ 0.07 (0.05) < 0.08(0.08) °0.09 (0.05) 5154 <0.001
3 Mg., ©0.03(0.02) < 0.07(0.07) < 0.04(0.02) ©°0.06(0.04) ©0.02(0.01) ¢ 0.03(0.02) < 0.05(0.03) 4.038 <0.001
Na. ©0.04(0.03) < 0.04(0.03) <©0.07(0.05) <0.06(0.06) < 0.04(0.04) <0.05(0.05) <0.06(0.03) 3.652 <0.01
Ko €0.04(0.03) < 0.09(0.06) < 0.09 (011) 20.12 (0.11) 5 0.05(0.05) ¢ 0.07(0.10)  °0.09 (0.07) 7.485  <0.001
SO, ©0.02(0.05) °0.02(0.02) 20.08 (0.12) ©0.17 (0.55) ©0.08 (0.12) ©0.08 (0.14) ©0.07 (0.07) 1.06 0.389
Cl. €0.04(0.04)  ®0.05(0.05) °0.15(0.20) °0.22(0.43) °<0.08 (0.13) 0.13 (0.20) 0.13 (0.10) 5194 <0.001

log

VII) Balanites aegyptiaca — Vachellia tortilis subsp. raddi-
ana community

This community was located in Wadi Yahmib and in the
deltas of its tributaries at elevations ranging from 196
to 361 m. It was represented mainly by patches in Wadi
Yahmib (Figure 5I) and some patches in the midstream
areas of its tributaries. Balanites aegyptiaca and Vachellia
tortilis subsp. raddiana were the two diagnostic species
of this community. Unlike the V. tortilis subsp. tortilis
community, which occurred in several habitats, this com-
munity was usually restricted to water channels. The soil
supporting this community was usually pure sand with
fine soil deposits.

Environmental drivers

The soils of the study area were characterized as neutral
to slightly alkaline, with the mean pH value ranging from
7.26 to 7.73 (Table 3). The soil texture was pure sand on
the desert plain and changed to sandy loam at higher ele-
vations. The EC (0.74-1.59 mS/m) and mineral contents
were low. The CaCO, content was less than 3% (0.54-
1.21%), and the organic matter content ranged from 0.11
to 0.41% (Table 3), which is considered very low but typ-
ical for arid ecosystems.

The CCA results revealed that the edaphic factors
changed with the elevational gradient (Figure 6). At the
foot of Gebel Elba, the soil texture was defined primarily
by fine and medium sands. High proportion of sands at
low elevations led to poor water holding capacity, and
thus, the EC of the surface layer increased. The vegetation
in the sandy part of the gradient consisted mainly of deep-
rooted tree species, e.g., Vachellia tortilis and Balanites

aegyptiaca. At higher elevations on Gebel Elba, the silt
and clay contents increased, thus supporting the growth
of less drought-resistant species, such as Ficus salicifolia,
Olea europaea subsp. cuspidata, Carissa spinarum and
Pistacia khinjuk (Figure 6). Mountain communities at
lower elevations, mainly in Wadi Kansisrob, contained
plant species suited to higher soil pH values i.e., Abutilon
pannosum and Euphorbia cuneata. Overall, Wadi
Kansisrob was the driest and the least diverse among the
studied mountainous wadis.

Plant diversity (species richness)

The plant diversity in the study area clearly differed between
the four sampled wadis and the seven observed commu-
nities. Generally, Wadi Marafai was the most diverse wadi,
with 131 species, while W. Yahmib was the least diverse,
with only 26 species. When the sampling size was fixed at
24 relevés (Figure 7; Table 4), we expected the wadis to be
ranked as Marafai > Acow > Kansisrob > Yahmib, which
reflected the same order as the altitude gradient. The lower
and upper bounds of the extrapolated species richness curve
did not overlap, although there was some overlap between
Acow and Kansisrob, yet there was still a significant differ-
ence in the lower bound of species richness (Figure 7; Table
4). Interestingly, these two wadis showed greater differences
when the sampling rate was lower (Figure 7). When we com-
pared the upper vs the lower bounds of species richness for
the communities (Table 4), we recognized two main groups.
The first group contained the communities with high spe-
cies richness (I, I, and IV) from the higher wadis, i.e., Acow
and Marafai. The communities located in the lower wadis,
i.e., Kansisrob and Yahmib (III, V, VI, and VII) belonged to
the second group, with significantly reduced species rich-
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Figure 6. CCA ordination showing the relation between
perennial species with phi coefficient > 0.25 and envi-
ronmental factors represented by altitude and seven soil
parameters. Variation is mostly explained by elevation
(Alt), soil texture and pH. The lower left part contains
species from Wadi Kansisrob. The upper part contains
species of the open sandy plain, Wadi Yahmib. The right
part contains evergreen species from mid to higher ele-
vations. Eigenvalues for biplot scaling are 0.60 for axis 1
and 0.16 for axis 2 and the adjusted explained variation
is 11.54%. The legend is placed at the lower right part of
the figure. The diagnostic species for each community
are represented by different symbols; solid symbols for
communities of higher elevations and hollow symbols
for communities from low to middle elevations. For spe-
cies and sand fractions abbreviations see Tables 1, 3.

ness (significant because the upper confidence value did not
overlap with the lower value of the other group).

Discussion
Floristic pattern

Thelocation of Gebel Elba offers alush “mist oasis” ecosystem
where the sea-facing slopes are blanketed by moisture-laden
clouds (Hegazy and Lovett-Doust 2016). Gebel Elba Moun-
tain acts as a refuge for tropical flora in an otherwise arid re-
gional climate. While the flora of Gebel Elba is found across
south Egypt, the floristic composition is similar to that of
neighbouring mountains, such as Jebel Marra, Sudan, and
the Asir Mountains, Saudi Arabia (Wickens 1976; Hegazy et
al. 1998). Fabaceae, Poaceae and Asteraceae have previously
been reported as the most common families on Gebel Elba
and in the arid mountains of East Africa and the southern
Arabian Peninsula (Abd El-Ghani and Abdel-Khalik 2006).
We found that therophytes, phanerophytes and chamae-
phytes were the dominant life forms in Gebel Elba. Similar

t Richness  Lower upper
Wadi Marafai 24 100.15 94.30 106.00
Acow 24 74.02 69.65 78.38
Kansisrob 24 63.62 56.94 70.30
Yahmib 24 25.64 201 3117
Community 1 13 68.11 62.97 73.25
1l 13 65.15 58.88 71.43
1] 13 52.35 47.51 57.20
v 13 63.73 57.82 69.64
\' 13 44,07 37.58 50.56
\Y/| 13 51.54 45.51 57.57
Vil 13 46.26 41.87 50.65

results for life forms were observed in the Eastern desert of
Egypt and in south-western Saudi Arabia (Abd El-Ghani
and Abdel-Khalik 2006). The flora of East Africa and south-
west Asia is influenced by Somalia-Masai elements. The
Somalia-Masai regional centre of endemism is covered by
deciduous and evergreen bushlands, while grasses are rep-
resented by a few annual and short-lived perennial species
(White 1983; White and Léonard 1991). According to Zo-
hary (1973), Gebel Elba and southwestern Arabia harbour
Sudanian floras and represent the northern boundaries of
the Eritreo-Arabian province. This area comprises a belt
of savanna vegetation in East Africa and extends through
tropical Arabia (Zohary 1973; Zahran and Willis 2009).
The Sudanian flora of Gebel Elba is characterized by a large
proportion of tropical shrub and tree species (Zohary 1973;
Abd El-Ghani and Abdel-Khalik 2006; Al-Gohary 2008).
The number of tree species we recorded (n=21) was greater
than other studies found in similar regions in Egypt (e.g.
Boulos 2008). The most abundant species were deciduous
trees at lower elevations, e.g., Vachellia tortilis subsp. tortilis,
V. tortilis subsp. raddiana and Balanites aegyptiaca, while
evergreen trees characterized the higher elevations, such as
Searsia flexicaulis and Olea europaea subsp. cuspidata. It is
misleading to describe the vegetation as savanna depending
on the floristic list only, because Gebel Elba is characterized
by deciduous bushland and grasses contribute little to the
plant biomass (White 1983).
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Classification

Many Saharo-Arabian vegetation types grow in Egypt,
and Sudanian vegetation is represented only in the south-
ern part of Egypt. The Sudanian vegetation is divided
into Nubo-Sindian vegetation, mainly in desert wadis
and depressions, and Eritreo-Arabian vegetation, which
is restricted to the Gebel Elba region (Zohary 1973). Ac-
cording to White and Léonard (1991) and Boulos (2008),
vegetation of the Gebel Elba represents a satellite of the
Somalia-Masai region, and the southern part of the Ara-
bian Peninsula is an extension of this region into south-
west Asia. However, Gebel Elba is lower than the tropical
mountain ranges in the area (Ghazanfar 1991; Hegazy et
al. 1998). The vegetation showed altitudinal zonation that
was comparable to the patterns in East Africa and tropical
Arabia. Two main climatic zones were observed, both of
which are typical for East Africa and tropical Arabia. Pal-
aeotropical Vachellia-Commiphora woodland was present
from the foothills of Gebel Elba to the middle elevations,
and the mist zone showed fragments of Afromontane for-
est dominated by O. europaea subsp. cuspidata (Zohary
1973; Zahran and Willis 2009).

Our classification results for the northern slopes of
Gebel Elba accorded with the observation of Zahran and
Willis (2009). According to Zohary (1973), the lower
elevations of Gebel Elba were classified as Acacietea su-
dano-arabica. This class comprises the bulk of the xero-
tropical vegetation on Gebel Elba from low to middle
elevations. In this study, we described six communities
within deciduous Vachellia-Commiphora woodland and
one community within evergreen Olea woodland. How-
ever, the fine resolution of this study allowed us to char-
acterize specific habitats within each community, thereby
providing a more exact zonation of the plant communities
along the altitudinal gradients.

Only two communities represented the desert plains
and foothills to the mid elevations of Gebel Elba, form-
ing an open woodland; Balanites aegyptiaca - Vachellia
tortilis subsp. raddiana and Vachellia tortilis subsp. torti-
lis, although the former was restricted to the main water
channels. The V. tortilis subsp. tortilis community is more
drought resistant and occurred in several habitats, e.g.,
channels, terraces and gentle slopes. V. tortilis subsp. rad-
diana is much more widespread in the Eastern Desert and
Sinai Peninsula (Zohary 1973; Abutaha 2010; Morsy et al.
2010), whereas V. tortilis subsp. tortilis communities are
mostly confined to the southern part of Egypt, Sudan and
tropical Arabia (Kassas 1957; Ghazanfar 1991; Zahran
and Willis 2009).

In the mountain wadis, the lower part of the eleva-
tion gradient (210-350 m) was more arid than the higher
part (350-680 m). Three communities were recorded in
rocky habitats (stony, rocky outcrops and run-oft slopes)
from low to middle elevations. Stony habitats near run-off
slopes were occupied by Aerva javanica — Abutilon pan-
nosum community. This community was characterized
by frutescent vegetation. The characteristic species were

shrubs and herbs, whereas the tree layer was less estab-
lished. Aerva communities are more common in stony
wadis and the southern slopes of Gebel Elba (Ahmed
1999; Zahran and Willis 2009). Additionally, Aerva javan-
ica and Abutilon pannosum are frequent in the frutescent
communities of the Hijaz Mountains, Saudi Arabia (Abd
El-Ghani 1996). Rocky outcrop habitats are more favour-
able for plants than habitats with shallow soil containing
stones in the upper layer, because rainwater can accumu-
late in rock crevices, leading to well-developed soil. In
addition, rocks offer shade for herbs (Zohary 1973). We
found that the Euphorbia cuneata community dominated
this habitat in the lower parts of the northern slopes of
Gebel Elba. While this community is found on the north-
ern slopes of Gebel Elba and is common in the arid zones
of Erkwit, the species Euphorbia cuneata has occasionally
been recorded in the runnels of the southern slopes of Ge-
bel Elba (Kassas 1956; Zahran and Willis 2009). At middle
elevations, the succulent species, Euphorbia nubica, grows
on run-off slopes and rocky outcrops. Euphorbia cuneata
community is replaced by Euphorbia nubica community
on rocky outcrops as the elevation increases. This distri-
bution pattern of the two Euphorbia communities on Ge-
bel Elba was comparable to that of the coastal mountains
of Sudan (Kassas 1960; Zahran and Willis 2009). While
rainwater is well preserved between boulders in wadi
beds, run-off slopes are dry habitats, and rainfall is less
available for plants (Deil 2014). Thus, the succulent E.
nubica community is the pedoclimax community on the
run-off slopes of Gebel Elba, whereas Vachellia-Commi-
phora woodland is the climax community on wadi beds.
This distribution pattern is comparable to the pattern of
succulent vegetation in Yemen; however, we did not re-
cord any similar communities (Deil 2014).

The higher elevations of Gebel Elba are influenced rel-
atively by monsoon clouds more than the lowlands. The
vegetation in this moist zone is less resistant to drought
and is represented by fragments of Ficus and Olea forest
(Zohary 1973). Similarly to Zohary, we identified two
communities, Solanum incanum - Ficus salicifolia which
is found lower down than Dracaena ombet - Olea euro-
paea subsp. cuspidata; the former represents the Ficus
community, whereas the latter represents the Olea com-
munity. Ficus is a typical wadi species that grows on wa-
ter run-on habitats in Vachellia-Commiphora woodlands
(Zohary 1973; Ghazanfar 1991). Vachellia tortilis subsp.
tortilis is frequent in this community, which also contains
characteristic species of Olea communities. In our view,
this community represents an ecotone (transitional plant
community) between the Vachellia and Olea woodlands.

Dracaena ombet - Olea europaea subsp. cuspidata was
found in the mist zone of Gebel Elba. Many characteristic
species from the evergreen Olea woodland can be observed
here, such as Dodonaea viscosa, Euclea racemosa and May-
tenus senegalensis. The wadi bed was dominated mainly
by evergreen trees, such as O. europaea subsp. cuspidata
and Searsia flexicaulis, which may form forest-like growth
(Abd El-Ghani and Abdel-Khalik 2006). Plant individuals
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were crowded in patches (Zahran and Willis 2009) due
to the presence of many liana species on olive trees, such
as Pergularia daemia, Jasminum fluminense and J. gran-
diflorum. The olive community contained many vascular
species that are the least resistant to drought and are thus
confined to the highest elevations of the northern slopes
of Gebel Elba (Zahran and Willis 2009). The mountain
slopes were characterized by rich Vachellia etbaica growth,
which was also recorded on the northern slopes of three
coastal mountains in the Elba range but not on the inland
mountains (Zahran and Willis 2009). Most of these species
were also very abundant in the wettest zone of the Erk-
wit mist oasis, Sudan (Kassas 1956). Additionally, healthy
populations of Dracaena ombet were observed at higher
elevations on the northern slopes of Gebel Elba (Kamel
et al. 2015; Elnoby and Moustafa 2017). Dracaena ombet
is usually associated with O. europaea subsp. cuspidata on
Gebel Elba, and scattered populations extend southward
from Sudan to Somalia along the African hills that face the
Red Sea (Marrero et al. 1998; Kamel et al. 2015).

According to White (1983) and Kiirschner et al. (2008)
the evergreen ‘Olea woodland’ is in close association
with the Vachellia-Commiphora woodland sensu Zohary
(1973), which characterize the lower slopes and also to
the montane forest communities of Juniperus procera for-
est. Because of the lower topography of Gebel Elba (1435
m), we encountered the Olea woodland but not the up-
per montane Juniperus procera woodland which occured
above ca. 2000 m in the Asir mountains, Saudi Arabia and
the Yemen highlands (Kiirschner et al. 2008). Also, the
Dracaena ombet - Olea europaea subsp. cuspidata com-
munity here is found at lower elevations (560-680 m)
than the community of Tarchonanthus camphoratus - Olea
europaea subsp. cuspidata (1600-2000 m) in the Arabian
Peninsula (Kiirschner et al. 2008).

Environmental drivers

The water supply for plants strongly depends on soil struc-
ture, rainfall, and plant cover. The capacity of soil to store
moisture, in turn, depends on the depth and quality of soil
supporting plant growth (Korner 2012). Sandy soils at low
elevations exhibited poor water storage capacities in our
study. The sandy plain mainly supported the growth of
drought-tolerant trees, e.g., Vachellia tortilis subsp. tortilis,
V. tortilis subsp. raddiana and Balanites aegyptiaca (Zah-
ran and Willis 2009). However, soils in rocky habitats at
higher elevations often have higher water holding capac-
ities. Fine soil material accumulates in rock crevices, and
rainwater is well protected against evaporation (Zohary
1973; Deil 2014). The sandy loamy soils support a dense
growth of Olea trees (Ahmed et al. 2016). Furthermore,
water droplets from mist and clouds increase the mois-
ture content of soils and reduce plant transpiration rates
(Hegazy and Lovett-Doust 2016). The drought stress has
a stronger effect on species richness than physiological
stress associated with extreme soil pH values (Palpurina

et al. 2017). The elevational gradient of the studied wadis
could mirror an inversed stress gradient (Abutaha et al.
2019). In arid climates, water evaporates quickly, lead-
ing to an increase in the alkalinity and EC of soil (Knapp
1973; Abutaha 2010). At higher elevations, orographic
precipitation decreases the pH and EC. This negative re-
lationship between precipitation and soil pH results in fa-
vourable soil conditions for plant growth at higher wadis.
Although we did not determine the soil moisture content,
orographic precipitation and the soil quality at higher el-
evations seem to support the growth of moist vegetation.

Plant diversity (species richness)

In the wadi systems of Gebel Elba, the species richness in-
creased from low to mid elevation, followed by a plateau
pattern from mid to high elevation (Abutaha et al. 2019).
This pattern represented the transition from desert to
mountain wadi systems. The increase in species richness
was the result of reduced climatic stress and increased water
availability. The high species richness from mid to higher el-
evations was related to more climatically suitable conditions
for plant growth and diversity (Ghazanfar 1991; El-Keblawy
etal. 2016; Hoppe et al. 2018). However, there are many oth-
er factors that may affect plant species richness, particular-
ly mountain topography. A complex topography results in
relatively greater habitat diversity. Cliffs, crevices and large
boulders offer more favourable conditions to plants (Zohary
1973; Hegazy and Lovett-Doust 2016). For example, rocky
habitats collect water run-off, supporting dense tree pop-
ulations. Furthermore, the topography offers more shade
for herbs and shrub species. Plant growth is commonly less
constrained by soil moisture shortages at high elevations
than at low elevations. Precipitation often increases with in-
creasing elevation, and the evaporation/precipitation ratio
decreases (Korner 2007). The increase in richness on Gebel
Elba could thus be the result of reduced stress and an in-
crease in water availability due to orographic precipitation
at higher elevations (Abutaha et al. 2019).

Deciduous / evergreen trees pattern with
elevation

The tree limit in arid mountains is mainly determined by
drought resistance (Gieger and Leuschner 2004; Karger et al.
2019). The natural vegetation of Gebel Elba includes decid-
uous and evergreen woodlands (Zohary 1973). The studied
elevational gradient (130-680 m) seems to be a major stress
gradient in terms of water availability and temperature. The
lower elevations are more arid and thus support the growth
of scattered drought-deciduous species such as Vachellia
trees. However, the orographic precipitation at higher eleva-
tions exhibit a trend of increasing evergreen species richness
that are less resistant to drought (Zahran and Willis 2009).
Hence, we can confirm that deciduous species prevail in the
more arid parts of the total elevational gradient and occur
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in the upper parts as they also can cope with the humid
conditions. Nevertheless, drought-resistant deciduous trees
appear to be outcompeted by evergreen species with contin-
uous increasing elevation. Above 500 m, evergreen species
continuously dominate the vegetation relevés. This confirms
our findings from the vegetation classification, i.e. evergreen
Olea and Ficus communities compared with identified de-
ciduous vegetation units Vachellia and Balanites. Local tree
limits can also be greatly altered by fine-scale topography
(Case and Duncan 2014; Karger et al. 2019). Up to 400 m,
the slopes of Gebel Elba mainly comprise of open sandy
plain or stony habitats. From 500 m upward, the mountain
slopes of Wadi Marafai become steeper and narrower, thus
providing more shadow, and the rockier slopes increase wa-
ter runoff to wadi beds (Abutaha et al. 2019).

Conclusion

In this study, we identified seven communities along the
elevational gradients of four wadis in the northern slopes
of Gebel Elba. These communities show an altitudinal
zonation and represent the core of the Eritreo-Arabian
(tropical) vegetation in the Gebel Elba National Park,
Egypt. Two main woodland types are observed in Gebel
Elba; first, a deciduous Vachellia woodland, appearing
in the desert plain and foothills to the mid-elevations of
Gebel Elba (communities III-VII). Second, an evergreen
Olea woodland, at the upper moisture altitudes (commu-
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Appendix 1

Species list including information on growth form and the distribution of species in the studied Wadis (M = Marafai, A =

Acow, K = Kansisrob, and Y = Yahmib).

Family Species incl. author Life Life Growth form Wadi
cycle form M A K Y
1 Acanthaceae Barleria hochstetteri Nees P Ch shrub *
2 Blepharis edulis (Forssk.) Pers. P Ch herb * * *
3 Dicliptera paniculata (Forssk.) |. Darbysh. A Th herb * * *
4 Aizoaceae Aizoon canariense L. A Th herb * * * *
5 Amaranthaceae Achyranthes aspera L. var. sicula L. P H herb * *
) Aerva javanica (Burm. f.) Juss. ex Schult. in Roem. & Schult. var P Ch herb * * *
Jjavanica
7 Aerva lanata (L.) Juss. ex Schult. P Ch herb * *
8 Amaranthus graecizans L. subsp. aschersonianus (Thell.) Costea, D. M. A Th herb * * *
Brenner & Tardif
9 Chenopodiastrum murale (L.) S. Fuentes, Uotila & Borsch A Th herb * * * *
10 Psilotrichum gnaphalobryum (Hochst.) Schinz P Ch herb *
m Pupalia lappacea (L.) Juss. P Ch herb *
12 Amaryllidaceae Pancratium tortuosum Herb. P G herb * * *
13 Anacardiaceae Pistacia khinjuk Stocks var. glabra Schweinf. ex Engl. P Ph tree *
14 Searsia flexicaulis (Baker) Moffett P Ph tree *
15 Searsia glutinosa subsp. abyssinica (Hochst. ex Oliv.) Moffett P Ph tree *
16 Searsia tripartita (Ucria) Moffett P Ph tree *
17 Apiaceae Pimpinella etbaica Schweinf. A Th herb * *
18 Apocynaceae Calotropis procera (Aiton) W. T. Aiton P Ph tree * *
19 Carissa spinarum L. P Ph shrub/liana *
20 Leptadenia pyrotechnica (Forssk.) Decne. P Ph shrub * *
21 Pergularia daemia (Forssk.) Chiov. P Ch liana *
22 Periploca aphylla Decne. subsp. laxiflora (Bornm. ex Drar) Browicz P Ph shrub * *
23 Asparagaceae Dracaena ombet Heuglin ex Kotschy & Peyr. subsp. ombet P Ph tree *
24 Asphodelaceae Asphodelus tenuifolius Cav. A Th herb * * * *
25 Asteraceae Bidens bipinnata L. A Th herb *
26 Bidens schimperi Sch. Bip. ex Walp. A Th herb * *
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27 Asteraceae Echinops hussonii Boiss. P H herb *

28 Launaea nudicaulis (L.) Hook. f. P H herb *

29 Osteospermum vaillantii (Decne.) Norl. P H herb

30 Pegolettia senegalensis Cass. A Th herb *

31 Phagnalon schweinfurthii Sch. Bip. ex Schweinf. P Ch herb

32 Pulicaria petiolaris Jaub. & Spach P H herb

33 Pulicaria undulata (L.) C. A. Mey. P Ch shrub *

34 Reichardia tingitana (L.) Roth subsp. tingitana A Th herb *

35 Senecio flavus (Decne.) Sch. Bip. A Th herb

36 Urospermum picroides (L.) Scop. ex. F. W. Schmidt A Th herb *

37 Boraginaceae Arnebia hispidissima (Sieber ex Lehm.) A. DC. A Th herb *

38 Heliotropium bacciferum Forssk. P Ch herb *

39 Heliotropium supinum L. A Th herb *

40 Heliotropium zeylanicum (Burm. f.) Lam. P Ch herb

41 Trichodesma africanum (L.) R. Br. var. africanum A Th herb *

42 Trichodesma ehrenbergii Schweinf. P H herb *

43 Brassicaceae Diceratella elliptica (DC.) Jonsell P H herb *

44 Farsetia longisiliqua Decne. P Ch shrub *

45 Sisymbrium erysimoides Desf. A Th herb *

46 Burseraceae Commiphora gileadensis (L.) C. Chr. P Ph shrub

47 Capparaceae Boscia senegalensis (Pers.) Lam. ex Poir. P Ph shrub

48 Capparis decidua (Forssk.) Edgew. P Ph tree

49 Maerua crassifolia Forssk. P Ph tree * *

50 Maerua oblongifolia (Forssk.) A. Rich. P Ch liana

51 Caryophyllaceae Cometes abyssinica R. Br. ex Wall. A Th herb *

52 Paronychia argentea Lam. A Th herb

53 Spergularia flaccida (Madden) |. M. Turner A Th herb *

54 Celastraceae Gymnosporia senegalensis (Lam.) Loes. P Ph shrub

55 Cleomaceae Cleome amblyocarpa Barratte & Murb. A Th herb * *

56 Commelinaceae Commelina benghalensis L. A Th herb *

57 Commelina forskaolii Vahl A Th herb *

58 Convolvulaceae Convolvulus hystrix \Vahl subsp. hystrix P Ch shrub

59 Cuscuta chinensis Lam. A Th liana *

60 Cuscuta pedicellata Ledeb. A Th liana *

61 Ipomoea biflora (L.) Pers. A Th herb *

62 Cucurbitaceae Citrullus colocynthis (L.) Schrad. P H herb *

63 Cucumis prophetarum L. subsp. dissectus (Naudin) C. Jeffrey P H herb

64 Cucumis prophetarum L. subsp. prophetarum P H herb * *

65 Kedrostis gijef (Forssk. ex. J. F. Gmel.) C. Jeffrey P Ch liana *

66 Cyperaceae Cyperus laevigatus L. subsp. laevigatus P H sedge

67 Ebenaceae Euclea racemosa Murray subsp. schimperi (A. DC.) F. White P Ph tree

68 Ephedraceae Ephedra foliata Boiss. ex C. A. Mey. P Ph shrub *

69 Euphorbiaceae Chrozophora oblongifolia (Delile) A. Juss. ex Spreng. P Ch herb

70 Chrozophora tinctoria (L.) Raf. A Th herb *

71 Euphorbia cuneata Vahl subsp. cuneata P Ph tree *

72 Euphorbia nubica N. E. Br. P Ch shrub *

73 Euphorbia granulata Forssk. A Th herb

74 Euphorbia sp. L. A Th herb

75 Fabaceae Crotalaria impressa Nees ex Walp. A Th herb

76 Crotalaria senegalensis (Pers.) Bacle ex DC. A Th herb

77 Delonix elata (L.) Gamble P Ph tree *

78 Indigofera spinosa Forssk. P Ch shrub * *

79 Rhynchosia minima (L.) DC. var. memnonia (Delile) T. Cooke P Ch liana

80 Senegalia laeta (R. Br. ex Benth.) Seigler & Ebinger P Ph tree

81 Senegalia mellifera (Benth.) Seigler & Ebinger P Ph shrub *

82 Senna italica Mill. P Ch herb * *

83 Tephrosia purpurea (L.) Pers. subsp. apollinea (Delile) Hosni & El- P Ch herb * *
Karemy

84 Vachellia etbaica (Schweinf.) Kyal. & Boatwr. P Ph tree *

85 Vachellia oerfota (Forssk.) Kyal. & Boatwr. P Ph shrub
var. oerfota

86 Vachellia sp. Wight & Arn. P Ph tree *

87 Vachellia tortilis (Forssk.) Galasso & Banfi subsp. raddiana (Savi) Kyal. P Ph tree * *
& Boatwr.

88 Vachellia tortilis (Forssk.) Galasso & Banfi P Ph tree * *
subsp. tortilis

89 Geraniaceae Erodium neuradifolium Delile ex Godr. A Th herb *

90 Geranium trilophum Boiss. A Th herb *

91 Lamiaceae Lavandula coronopifolia Poir. P Ch shrub *

92 Leucas neuflizeana Courbon A Th herb

93 Ocimum forskoelei Benth. P Ch shrub *

94 Otostegia fruticosa (Forssk.) Schweinf. ex Penzig subsp. fruticosa P Ch shrub *

95 Salvia aegyptiaca L. P Ch shrub *

96 Loranthaceae Plicosepalus acaciae (Zucc.) Wiens & Polhill P Ph shrub *

97 Plicosepalus curviflorus (Benth. ex Oliv.) Tiegh. P Ph shrub *

98 Malvaceae Abutilon bidentatum Hochst. ex A. Rich. P Ch shrub

99 Abutilon fruticosum Guill. & Perr. P Ch shrub *

100 Abutilon pannosum (G. Forst.) Schitdl. P Ph shrub *

101 Grewia tenax (Forssk.) Fiori P Ph shrub

102 Grewia tembensis Fresen. P Ph shrub
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Family Species incl. author Life Life Growth form Wadi
cycle form M A K Y
103 Malvaceae Grewia villosa Willd. P Ph shrub *
104 Hibiscus micranthus L. f. P Ch shrub * * *
105 Hibiscus vitifolius L. P Ch shrub * *
106 Malva parviflora L. A Th herb *
107 Pavonia triloba Guill. & Perr. P Ch herb *
108 Triumfetta flavescens Hochst. ex A. Rich. P Ch shrub * * * *
109 Triumfetta rhomboidea Jacq. P Ch shrub *
110 Menispermaceae Cocculus pendulus (J. R. & G. Forst.) Diels P Ch liana * * * *
m Moraceae Ficus palmata Forssk. P Ph tree *
112 Ficus salicifolia Vahl P Ph tree * *
13 Moringaceae Moringa peregrina (Forssk.) Fiori P Ph tree * *
M4 Nyctaginaceae Commicarpus helenae (Roem. & Schult.) Meikle P Ph shrub * *
15 Oleaceae Jasminum fluminense Vell. subsp. gratissimum (Deflers) P. S. Green P Ph liana *
16 Jasminum grandiflorum L. subsp. floribundum (R. Br. ex Fresen.) P. S. P Ph liana/shrub *
Green
17 Olea europaea L. subsp. cuspidata (Wall. ex G. Don) Ciferri P Ph tree *
118 Orobanchaceae Lindenbergia indica (L.) Vatke P Ch shrub * *
19 Oxalidaceae Oxalis anthelmintica A. Rich. P G herb * *
120 Phyllanthaceae Andrachne aspera Spreng. P Ch herb *
121 Plantaginaceae Nanorrhinum hastatum (R. Br. ex Benth.) Ghebr. A Th herb * * *
122 Plantago afra L. A Th herb * * *
123 Plantago ciliata Desf. A Th herb *
124 Poaceae Brachypodium distachyon (L.) P. Beauv. A Th grass * *
125 Bromus fasciculatus C. Pres| A Th grass *
126 Cenchrus ciliaris L. P H grass * * * *
127 Cenchrus pennisetiformis Hochst. & Steud. A Th grass * * * *
128 Cenchrus setiger Vahl P G grass *
129 Centropodia forskalii (Vahl) Cope P H grass *
130 Cynodon dactylon (L.) Pers. P G grass * *
131 Digitaria nodosa Parl. P H grass *
132 Eragrostis cilianensis (All.) Vignolo ex Janch. A Th grass * *
133 Mel, hris abyssinica (R. Br. ex Fresen.) Hochst. A Th grass * *
134 Panicum turgidum Forssk. P G grass * *
135 Stipagrostis ciliata (Desf.) De Winter P H grass *
136 Tragus racemosus (L.) All. A Th grass *
137 Urochloa deflexa (Schumach.) H. Scholz A Th grass * *
138 Polygonaceae Rumex simpliciflorus Murb. A Th herb *
139 Rumex vesicarius L. A Th herb * * *
140 Portulacaceae Portulaca oleracea L. subsp. oleracea A Th herb * *
141 Primulaceae Lysimachia arvensis (L.) U. Manns & Anderb. A Th herb *
142 Pteridaceae Onychium divaricatum (Poir.) Alston P H herb *
143 Resedaceae Caylusea hexagyna (Forssk.) M. L. Green A Th herb * *
144 Ochradenus baccatus Delile P Ph shrub * * *
145 Rubiaceae Galium spurium L. A Th herb *
146 Salvadoraceae Salvadora persica L. P Ph shrub * *
147 Sapindaceae Dodonaea viscosa Jacq. P Ph shrub *
148 Scrophulariaceae Scrophularia arguta Sol. ex Aiton A Th herb * *
149 Solanaceae Lycium shawii Roem. & Schult. P Ph shrub * * * *
150 Solanum forskaolii Dunal P Ch shrub * * *
151 Solanum incanum L. P Ch shrub * *
152 Solanum nigrum L. var. elbaensis Tackh. & Boulos A Th herb * *
153 Solanum villosum Mill. subsp. villosum A Th herb * *
154 Withania somnifera (L.) Dunal P Ch shrub *
155 Urticaceae Forsskaolea tenacissima L. P H herb * * * *
156 Forsskaolea viridis \Webb A Th herb * * *
157 Parietaria debilis G. Forst. A Th herb * * *
158 Verbenaceae Lantana viburnoides (Forssk.) Vahl P Ch shrub *
159 Violaceae Viola cinerea Boiss. var. stocksii (Boiss.) Becker A Th herb *
160 Zygophyllaceae Balanites aegyptiaca (L.) Delile P Ph tree * * * *
161 Tribulus terrestris L. A Th herb * * *
162 Zygophyllum simplex L. A Th herb * * * *

Supplementary material

Supplementary material 1

Supplementary tables showing the percentage cover and the distribution of perennial species in the studied
relevés for each community. Wadi Marafai (M), W. Acow (A), W. Kansisrob (K), and W. Yahmib (Y).

Link: https://doi.org/10.3897/VCS/2020/38644.suppll
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Abstract

Aims: To use unsupervised techniques to produce a hierarchical classification of montane mires of the study region. Study
area: New England Tablelands Bioregion (NETB) of eastern Australia. Methods: A dataset of 280 vascular floristic survey
plots placed across the variation in montane mires of the NETB was collated. Vegetation types were identified with the
aid of a clustering method based on group averaging and tested using similarity profile analysis (SIMPROF) and through
ordinations using Bray-Curtis similarity and non-metric multidimensional scaling (NMDS). A hierarchical schema was
developed based on EcoVeg hierarchy and was circumscribed using positive and negative diagnostic taxa via similarity
percentage analysis (SIMPER) and importance based on summed cover scores and frequency. Results: We defined one
macrogroup to include all montane mire vegetation of the NETB and within these two groups and twelve alliances. Con-
clusions: Our study re-enforced the separation of bogs from other montane mire systems and confirmed the separation of
fens and wet meadows, a distinction that previously had not been independently tested. Based on our results many exist-
ing montane mire communities of the NETB have been ill-defined at multiple hierarchical levels, leading to confusion in
threat status and mapping. Additionally, nearly half of the alliances we recognise were found to have no correlates within
current classification systems, which necessarily has implications for the effectiveness of current conservation planning.

Taxonomic reference: PlantNET (http://plantnet.rbgsyd.nsw.gov.au/, accessed June 2016).

Abbreviations: BC Act = Biodiversity Conservation Act; EPBC Act = Environmental Protection and Biodiversity Act;
NETB = New England Tablelands Bioregion; NMDS = non-metric multidimensional scaling; PCT = plant community
type; RE = regional ecosystem; SIMPER = similarity percentage analysis; SIMPROF = similarity profile analysis.

Keywords

Australia, bog, EcoVeg, fen, marsh, New England Tableland Bioregion, similarity percentage analysis (SIMPER), wet
meadow, unsupervised classification

Introduction

The first step in understanding the distribution, rarity
and interrelationships of vegetated systems is description
and classification (Franklin et al. 2016; Jensen et al. 2016).
This is particularly true for systems that are under great-
est threat and impact from human activities and which
provide significant ecosystem services. Unfortunately,
vegetation within many areas of the globe have poor sur-

vey coverage and/or inconsistent survey protocols, lead-
ing to insufficient or poor data hampering classification
(Gellie et al. 2017; De Céceres et al. 2018). Even within
areas considered relatively well surveyed, many highly re-
stricted and/or ephemeral systems are likely to be poorly
sampled and incompletely treated within current classi-
fication systems, leading to misunderstandings of their
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placement, function, importance and rarity (Hunter and
Hunter 2017; Hunter and Lechner 2017). Not all classifi-
cation systems are hierarchical in nature, and many have
no clear analytical proof of conceptual links (De Caceres
et al. 2018; Gellie et al. 2017). Ideally, hierarchical clas-
sification systems facilitate integrated understanding of
relationships between vegetation assemblages and also
allow conceptualisations at different ranks to match scales
at which management and investigations may be applied,
from local to global (Faber-Langendoen et al. 2018).

Australia is a dry continent, and thus, the more com-
mon and widely distributed wetlands are those that are
impermanent in nature; that is, they may ‘wet-up’ once a
year, multiple times a year or once within several decades,
often not associated with seasonal patterns, but are dry
more often than they are wet (Paijmans et al. 1985; Bell et
al. 2008; Bell et al. 2012; Hunter and Lechner 2017). Such
wetlands may contain shallow water less than 2 m depth,
but more commonly only have saturated soils or seasonal-
ly standing water a few centimetres depth. Montane areas
within Australia are limited and thus montane wetlands,
in particular, are sparsely distributed and rare within the
continent and poorly sampled across their range (Wahren
et al. 1999; Whinam and Hope 2005).

The montane region bordering northern New South
Wales and south east Queensland has been defined as the
New England Tableland Bioregion (NETB) based on its
unique biological and environmental elements (Thackwell
and Creswell 1995). The Hunter Valley to the south of the
NETB creates a break in the Great Dividing Range and
separates the NETB from more southern montane envi-
ronments in south eastern Australia. Within the NETB a
number of semi-permanent and ephemeral mire systems
locally known as bogs, fens, lagoons (marshes) and sod
tussock grasslands (wet meadows) occur (Hunter and Bell
2007; 2009; Bell et al. 2008; Hunter and Hunter 2016a).
Whinam and Chilcott (2002) showed through unsuper-
vised analyses of floristic plots that the NETB bogs were
dissimilar floristically from other montane bogs further
south in eastern Australia. Hunter and Hunter (2016) also
highlighted the distinct floristic differences between mon-
tane sod tussock grasslands (wet meadows) and those of
other south eastern Australian montane districts. Lechner
et al. (2016), in an analysis of environmental data associ-
ated with montane wetlands, found the NETB was largely
encompassed by a unique montane wetland ecoregion.

Bogs of the NETB are characterised by altitudes above
850 m a.s.], commonly on nutrient poor sites with low
pH, saturation occurring seasonally or sporadically, and
shallow standing water infrequent (Hunter and Bell 2007)
(Suppl. material 1: Plate 1). Peat often forms but is largely
created by sedge debris and at times Sphagnum (Hunter
and Bell 2007; Hunter and Bell 2013; Hunter 2016a). Due
to frequent fires, peat accumulation is often thin but can
develop to depth where fires are excluded for long periods
of time (Hunter and Bell 2007). These systems are largely
dominated by cyperaceous taxa with a distinct compo-
nent of woody shrubs species usually 0.5-1.5 m in height

(Myrtaceae, Fabaceae, Proteaceae and Ericaceae) (Hunter
and Bell 2007).

Fens within the NETB are found along watercourses
and flat to concave valley floors generally associated with
mineral rich substrates (Hunter and Bell 2009) (Suppl.
material 1: Plate 1). Fens are dominated by softer leaved
sedges, grasses and herbs and do not have a woody shrub
component within the NETB (Hunter and Bell 2009). Peat
accumulation can occur but is largely based on cypera-
ceous materials and soil pH is slightly acidic to neutral.
Overall fens are far more common within the NETB but
are much less common within the national reserve system
(Hunter 2013).

Lagoons within the NETB may be best described as
semi-permanent or ephemeral marshes (Bell et al. 2008)
(Suppl. material 1: Plate 1). Unlike the other wetlands
they are generally oval in shape and are distinguished by
having a well-defined bank with a sandy lunette on their
downwind shores formed under previous climatic condi-
tions (Bell et al. 2008). Only 58 of these ephemeral marsh-
es are known within the NETB and these are restricted
to the top of the Great Dividing Range almost exclusively
on basalt soils (Bell et al. 2008). Ephemeral marshes dif-
fer in depth and duration of inundation but water, when
present, is less than 1.5 m deep and never persistent. The
lagoons have very localised catchments often only a few
hundred hectares in size or less and thus inundation is of-
ten unpredictable and reliant on very localised rainfall of-
ten unrelated to regional rainfall averages or season. Due
to longer and deeper inundation, the ephemeral marshes,
unlike the other wetland systems on the NETB, can sup-
port free floating and aquatic vegetation usually >20%
vegetation cover (Bell et al. 2008; Hunter 2016a).

The sod tussock grasslands would likely be classed as
spring fed and floodplain wet meadows within the mire
classification (van Diggelen et al. 2006; Hunter and Hunt-
er 2016) (Suppl. material 1: Plate 1). Wet meadows of the
NETB occur within lower physiographic positions and
frost hollows generally on higher nutrient soils which are
seasonally damp or inundated with a few centimetres of
water (Hunter and Hunter 2016).

Within the state of New South Wales, vegetation has
been described into units called plant community types
(PCTs), which are considered an equivalent to an associ-
ation level of nomenclature (Benson et al. 2010) and used
to assign conservation significance and threat. PCTs are
based on a mixture of supervised and semi-supervised
techniques (Gellie et al. 2017), and they have been sub-
sequently placed within an independently derived hierar-
chical system of classes and formations (Keith 2004). As
these classes and formations are circumscribed largely
by supervised methods, and independently from PCTs,
the interrelationships between the two systems and thus
the placement of PCTs within formations and classes has
been achieved by expert opinion without independent
statistical testing (Gellie et al. 2017). The circumscription
of associations within mires of the NETB have been ei-
ther poor, misinterpreted, inconsistent or missed entirely
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within state-based vegetation classifications (Hunter and
Bell 2007; 2009; Hunter and Hunter 2016). For instance,
though Groves (1981) described a Glyceria australis wet
grassland, no such PCT has been formally included in
summaries of vegetation types for the NETB by Benson
et al. (2010), nor wet meadows been included within state
wide classes and formations (Keith 2004). Only four PCTs
currently circumscribe the range of fens, bogs and lagoons
found within the NETB (Benson et al. 2010).

Currently within certain Australian jurisdictions the
development of vegetation community types is based al-
most solely on floristic classification techniques with little
or no influence of environmental factors, although types
may contain environmental terms as descriptors second-
arily to floristics (Sivertsen 2009; Environmental Protec-
tion Authority 2016; Gillie et al. 2018). Although this has
not always been the case due to poor plot data coverage
within New South Wales, any new proposed associations
need proof of floristic distinctiveness via unsupervised
analyses. Floristic distinctiveness via unsupervised anal-
ysis is now a requirement that also applies for listings of
threatened ecological communities on both the Federal
Environmental Protection and Biodiversity Act and the
New South Wales Biodiversity Conservation Act. Thus,
currently for both general classification purposes and for
endangered community listings floristic distinctiveness by
analysis is removed from ecological distinctiveness and is
generally the only method of recognition of types.

A concerted and comprehensive effort has been placed
on plot-based sampling of the montane wetlands of
the NETB in order to describe phytosociological units
through unsupervised means (Bell et al. 2008; Hunter
and Bell 2007; 2009; Hunter and Hunter 2016). Using the
plot-based data and unsupervised floristic analyses, these
studies describe 28 phytosociological assemblages equiva-
lent to associations (Hunter and Bell 2007; Bell et al. 2008;
Hunter and Bell 2009; Hunter and Hunter 2016). The ma-
jority of these associations are not encompassed within
formal PCTs (Benson et al. 2010) and many are difficult
to place within current published classes and formations
(Keith 2004). However, these recent investigations into
NETB mires have been conducted in isolation of each
other and there is a need to provide an understanding of
their interrelationships and to formally place them within
an unsupervised hierarchy. Here we provide a plot-based
analysis of mire assemblages within the NETB, to provide
a formal understanding of the floristic relationships be-
tween the types and derive from analysis a hierarchical
classification above that of association for the mires with-
in the NETB.

Methods
Study area

The study region encompasses the New England Tablelands
Bioregion (NETB; 30,000 km? Figure 1) which lie on the
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Figure 1. Location of the New England Tablelands Biore-

gion within Australia and location of 280 full vascular
floristic survey plots.

Great Dividing Range in eastern Australia. The NETB is
largely restricted to north-east New South Wales but ex-
tends into south eastern Queensland with altitudes ranging
from 700 to 1500 m a.s.1. The region has a strong west-east
rainfall gradient (600-2500 mm) with easterly airflows from
the Pacific Ocean causing orographic influences in the east
(Resource and Conservation Assessment Council 1996).

Field sampling

Data from 280 full vascular floristic survey plots were col-
lated from wetlands within the NETB. The plots were sam-
pled on public lands, where possible first preference was
to occurrences within state conservation reserves and sec-
ondarily within private reserves or travelling stock reserves.
Conservation reserves are un-grazed by non-native animals
while travelling stock reserves are only periodically grazed
by non-native animals with grazing regulated by state gov-
ernment authorities. Thus non-native animal grazing was
absent or minimal and tightly controlled. Standard plot sizes
were 20 m x 20 m. Species were scored using a six-point
modified Braun-Blanquet system based on percentage fo-
liage cover (Westhoft and van der Maarel 1980): 1= 1-5%
cover, uncommon; 2 = 1-5% cover, common; 3 = 6-25%;
4 =26-50%; 5 = 51-75% and 6 = >75%. Plots where placed
across the study area over a ten-year period between 2008
and 2018 within spring and summer. All plots were scored
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for general wetland type (bog, fen, sod grassland, lagoon),
and location and altitude were based on global positioning
system (GPS). All plot data has been submitted for hosting
in version 3 of sPlot (Bruelheide et al. 2019; https://www.
idiv.de/?id=176&L=0) and is listed on GIVD as AU-AU-003
(https://www.givd.info/databases.xhtml). No new data has
been collected for this research with only existing data col-
lected by the authors and previously published separately
being used (see Hunter and Bell 2007; Bell et al. 2008; Hunt-
er and Bell 2009; Hunter and Hunter 2016; Hunter 2018).
Further details of the wetland types investigated, stratifica-
tion and how data was collected for each survey is contained
within these previous publications including information on
species richness, elevation, vegetation cover and height, syn-
optic tables and photographs for each defined association.

Statistical analysis

Primer E (ver. 7.0.11; Quest Research Limited; Ivybridge,
Devon, UK) was used for data exploration, whereby an in-
itial triangular resemblance matrix using Bray-Curtis sim-
ilarity co-efficient was created without transformation, as
the Braun-Blanquet scoring was considered a pre-treat-
ment. Non-metric multidimensional scaling (NMDS) in
two and three dimensions was also created. Clustering
was achieved through group averaging and the similarity
profile tested using similarity profile analysis (SIMPROF)
permutation tests (999 iterations). SIMPROF tests the
statistical significance of every node within a dendro-
gram starting from the top of the dendrogram and (all
points within a single group) and highlighting only those
groups which show within group multivariate structure.
The EcoVeg approach (Faber-Langendoen et al. 2014) was
used to define hierarchical levels and guide the nomen-
clatural of the types. The type and density of data available
allowed for the circumscription of vegetation types at the
medial scales of group and alliance with associations de-
rived from previous published analyses of the same data.
Similarity percentage analysis (SIMPER) identifies the
species driving differences between selected types. SIM-
PER uses the Bray-Curtis similarity measure (Primer E ver.
7.0.11; Quest Research Limited; Ivybridge, Devon, UK) to
identify positively and negatively diagnostic taxa across veg-
etation types. Taxa with combined high fidelity and cover
were also identified and listed for diagnostic purposes and
type delineation. Attempts to place current eastern Austral-
ian state based noncultural units was derived by comparing
diagnostic and non-diagnostic taxa from SIMPER results.
The results of our analyses were used to define mid to
lower level classification levels (macrogroup, group and alli-
ance) based on EcoVeg terminology. It should be noted that
although EcoVeg uses the alliance and association as does the
Braun-Blanquet approach, the nomenclatural and procedur-
al roles are distinct. Previous unsupervised cluster analyses
using Kulzynski similarity measure have been performed
and published on subsets of these datasets defining vegeta-
tion units at approximately the association level (see Hunter

and Bell 2007; Bell et al. 2008; Hunter and Bell 2009; Hunt-
er and Hunter 2016; Hunter 2018). It is the intention of this
analysis to define hierarchical levels above association using
the combined datasets from these previous investigations.

Results

Collectively, all mires within the NETB were defined as
NETB montane mires (Level 5 - macrogroup) (Table 1).
Our analyses support the separation of bogs, fens and
wet meadows as broadly distinct units (Figures 2-4).
Plots sampled within ephemeral marshes did not form
a consistent group in either 2 or 3 axis results and were
distributed throughout the non-bog plots (Figures 2-4).
Both SIMPROF cluster analysis and NMDS ordination
highlight a clear separation of bogs from that of the other
types of mires within the NETB (Figures 2, 3). Bogs are
floristically and often structurally distinct, being the only
mire type on the NETB with a prominent shrub layer (Fig-
ure 5, Table 1). This high-level separation is considered
appropriate for delineating at Level 6 — Group and thus
two groups have been delineated; Baeckea omissa - Lepi-
dosperma limicola NETB montane bog mires and Glyceria
australis — Carex gaudichaudiana NETB fen, wet meadow
and ephemeral marsh mires (Table 1).

Splicing the dendrogram at a similarity of 16, we further
defined 12 alliances all of which are delineated at a level
which shows statistical evidence of multivariate structure
via SIMPROF (Figure 2; Suppl. material 1), two within the
Baeckea omissa - Lepidosperma limicola NETB montane
bogs and 10 within the Glyceria australis - Carex gaudichau-
diana NETB fen, wet meadow and ephemeral marsh mires
(Table 2). General environmental data and average species
richness is given in Table 3 while the percent frequency of
occurrence synoptic results of the most frequent taxa are
presented in Table 4 (full table in Suppl. material 2).

A comparison of the placement of NETB montane
mires with the currently published classification sys-
tems (PCT, class, formation, RE) shows only some con-
gruence with our results (Table 2). The NETB montane
mires would be placed within two formations and at least
three class categories with some types unable to be clear-
ly assigned. Seven of our 12 Alliances are not adequately
circumscribed by current PCTs within New South Wales.
Only one Queensland Regional Ecosystem (RE) describes
montane mires within the NETB and this unit may cover
three of our alliances, leaving three that are known to oc-
cur in this jurisdiction but uncategorized.

Discussion

We have successfully applied a consistent classification
section to montane mire vegetation within the NETB us-
ing unsupervised techniques which have highlighted a
number of differences with the current classifications used
within eastern Australia. Although the EcoVeg approach



41

=
\s=- Vegetation Classification and Survey
-

pub|ebpas v '}|oy ulalspe ay3
ul Ajapjno1nind ‘g N 8y JO SpauD |joJulnd
J1aybIy UIylIm punoy AlUOWILIOD 810|p|

pjjojiupjd pawnog 'snaploispyds
SNJadAD) 'DLID2IIDS WNIYIAT 'DYD1ISIP
Xxa4p)) 'snAyopisAjod sndiios 'psseiddo
X91pD) '118PUD|OS WNIUDISL) 'DIjO413SNBUD
D1D|[93S 'WNUPLIDIPID[IG WNIqojids
'DS0QO|6 BUYIDS| ‘PULIPNDYDIPNDE X810

DIID2IIDS WNJIYIAT 'WNSj0d0USIS
uonjsojog 'sijpdasno sndodA7] 'oupAs|pd DjOIA
'snAyonasAjod snduiids '‘psoqolb auyons|

snapjosepyds
SNJadAD) '11epuUD|OS WNIUDISL) 'DIjOJ13SNBUD
DLID|[83S 'WNUPLIBIPID|Iq Winiqojidg
'0S0QO|6 BUYODS| ‘PULIPNDYDIPNDE X840

Us} sSN09IDJISY DSOGOJ6 BUYIDS| —
DUDIPNDYDIPNDE X30D) :DWIDN J1413U3I0S

iT-T Iy

pupb|96PaS \ "SDBID UISISOM PUD
|DJ3USD UIYIM g N 9Y3 JO SDBUD ||DJUIDI
19MO| 03 |DIPSUL UO PUNOJ A|UOWIWOD

wnupLpIpID|/iq wniqojidT 'pjjAydosairay
S160.10JD}H 'SIjDJ2SND SNdUN[ 'saploindadop
wiN38sIuuad 'DJj0413SNBUD DIID|[91S
'119pUD|OS WNIUDISL) 'DINID SIIDYI08[T
'pupipnoby21pnob xa1p)) 'pssaiddo xaip))

supb3inj} sidejos) 'sniaspboyiid snwoiqiydwyy
'SN30UIDDII} U0ISB0WDI0 'DIjO4I/PAOC
D1/8330 'SN3PNUIS SNWOIqIYdwy 'Wny2I3sip
win|pdsod '0INID SIIDYI08|T 'SILIIOLIIf
51350460UY2D7 'WnijolipA wWnj|AydouApy

pssauddp xaip))

uaj SNodPJJBY
pssauddo xa100) :BUWDN 21313UdIdS

31-g SduDy||Y

JaAo| 3pad b Bulwloy U9 "s@dA] 3d0u
JusWIpaspIaW JualiINu Jaybiy 4o 3jospq
0] pa3211sal A||PNSM "SQJ0) pUD sassoI6
'sabpas Aq pejpulwop pup jussa.d
Al24pa sqniys ‘Hd ybiy o3 e1pispow yaim
$93IS Y214 JUSLIANU PUNO A|UOWIWIOD

DIPUDLI} DPAWSY | 'DIj0413SNBUD
DIUD[[931S 'DSOQOI6 BUYIDS| 'WNUDIIDIPID(IG
wniqojid3 'bys13sip xa102) 'sijpIISNO SNoUN(

'S9p104N29d0[D WNISSIUUSY 'LISPUD|OS
wniupI99) 'DUPLIBGSIS DO 'PSsaiddo xaipD)
'DUDIPNOYDIPNDE X210D) 'SI|0IISND DIISIAID

D1DJN248d0 SIIAX 'DIj04I1SN3QO S1IdDdT
'psjonulds pisyupg '0IPUDIAWOD SIIAX 'DIDIIIS
DISP|OUT 'S8PI0AIId UOWSISI|IDD) 'DSOIIDIS
pIpo.LdaT 'DIjoJIpIl[@q DIUBPOOL) 'SNYIUDIIIUW
sndupoouos) 'wnlpbalb wnuw.iadsoida]
'DjodIWI| DWIBASOPIdaT 'DSSILIO DaYIDG

sepjoindadojo
wiN3asiuuay '148pUDJOS WNIUDISS) 'DUDLISQSIS
DOd 'pssaiddpb xa4p) 'sijpJISND SNOUNL
'DUDIPNDYDIPNDE X8DD) 'SI[DJISND DIIBIAID

saJlw ysiowl [pawayda

puUD MOPDAW 19M 'Ud} PUD|d|qD |
pup|Bug MaN PUDIPNDYIIPNDE X310D)
— SI[D43SND PLISIAIS) :DUIDN d1413USIDS

iz dnoug

pup|ebpas
Aqgnuys 4o pup|abpas b A||pin3onils
42AD| gNIYS JUDUILIOP D YIM SSUIIIBWOS
‘913N @Y JO 1SS0S Y1JOU 8UIBIIX3 [|DJUIDI
19yb1y ay3 03 pa3dLI}sal A||pIsusg

DSONX3|4 S13SNDY) 'WNSO03IASEDD
pwauoljay 'sn3a1i3s uobodqrydwy
'WN3o1IqUIIY UON{SOjDg 'D20/N2PdS DISSOIT
'DIDUIQ DI9SOI( 'DSOLIDIS DIPOIAdDT
'D10[N218d0 SIIAX 'DOdIWI DWIadSOpIdaT

0dID20421W DAY

'WNaj0d0UalSs UONYSOlDg 'SapIoA3Id uowalsl||oD

suadsagnd pdi3s0.43snYy 'DS03IdSEDD
pwiauolay '032143s pisidwpg 'PSONX3[)
s13SNDY) 'sisusoyoliaf bpISIY ‘WNsN3ad

pwuadsawo) 'uunb puwiiadsopida]

B6oqg snoadpqgusy pjodiwi pw.iadsopida]
— luunb pwiaedsopiday WD 21413UsIdS

1z-L sduDy||Y

pup|ebpas
1o pup|abpas Aqqnuys b A||pinN3oNI1S
'SDa.o ||ouipa 1ayBiy ul g 13N 40 4oy
uJe3spe aJqua ay3y Buojp punoy Aluowwio)

119PUD|OS WUNIUDISL) 'SNI|OJINSIG SNUSOYDS
'040[412nDd DIIDINISODLL] 'DSONXS|S SIISNDD
'DIOUIG PISSO0.(] 'PS0IASIDD DLUUSUOIBY |

'DSSIWO Pa)2epg 'pjodiwil puadsopideT

suaquwinooud sniyslapy
'p306UOJS 5175046047 'DIO412nDd DIIDINISODI |
'DSONX3[4 SIISNPY) 'SNIJOJINSIG SNUSOYDS
‘wnsnjal bwladsawo)) 'sisusoyorial bpiIsLIy

0321435 PISOjOIUT
'pdup20dIW DAY 'SepIoA3id uowalsipD
'pjodiwi| buwiisdsopida] 'wWnsajodousls
uopsojog 'pIjoJIpIj|9g PIUSPOOY) 'SNYIUDIDIUW
sndipoouos) 'wniipbaib wnuwisdsolde]
‘pj|Aydosoiw s1opdF 'DSSILWO Paydag

60oq Aqgnuys ojjAydousjw siioodg
— DSS/WO D8X23Dg :BUIDN 21413UsIdg

-l {dupl|y

s9dA3 »o0u AupjusawipasplaW
PUD DIUDD|OA PIDD '8HUDIB UO UBLLO
aAp| 1pad D Bulwio) pup J8AD| qNiys
Juaulwold D Y3Im uapQ ‘Hd Mo| yHm
$931s J00d JUaIIINU UO PUNOJ A[UOWIWIOD)

SeploA31d uowalslp) 'saplouyIDID
wnuwJadsojdaT '0solIDIS DIPOILdaT
'snyaup.Idiw SNdJpd0U0s) 'wnlipnbaib
wnw.adsolda 'pijoJIpljj2g PIUSPOOL) 'DjOdILI|
pwadsopldaT 'WNaj0d0USIS UON{SO[Pg
'pjjAydoidiw s11oPdF 'DSSILO PaXdaDg

DIj0412SNBUD DIID|AIS
'wnuplIBIPJDIq WnIqojidg 'sepoindadojo
wiN38sIuUdY 'bUDLIBGAIS DO 'DSSa1ddD X810
'DUDIPNDYIIPNDE X810 'SI{DIISND DLIBIAID)

0321435 bISOjOIUT
'pd1020121W DAYDH 'sapIoAid uowalsl|pD
'pjod1wi| puiisdsopidaT 'WNsjod0uals
uoysojbg 'DIjo4Iplj[8q PIUSPOOS 'SNYIUDIIIL
sndupoouos) 'wniipbeib wnuwiadsolds]
'pjjAydosoiw s1opdF 'DSSILIO PaxdaDg

saJlw Bog supjuow pup|e|gp|
pup|Bbug meN bjodiwil bwiadsopida]
— DSSIWO D328Dg :BWDN 21}13UsIdg

;1 dnoig

wnuup Jad ww 00/
BSAOQD ||D4UIDI PUD W OO8 AOGD SIPNHI|D
10 AJUOWIWOD g] JN 943 03 pa3olilsay

VN

VN

pupipnoy21PNDL
Xxa4p) 'wniipbaib wnuwiadsoids]
'SI[DJ3SND DIIBIAS) 'DSSILIO Da)d8pg

SaJiw subjuoW
pupja|qo] pup|Bug maN :|pinbojjo)

*S2UIW DLISIAID)
- X9IDD) — D}290g :DWDN 2I}13USI0S

:dnoiboudppy

uoI3NqLI3SIP PUD S310N

DXP} Uowwod

(¥3dINIS) 21soubpip aAp6aN

(¥3dINIS) 213soubpip annIsod

AYa4pialHy

‘dnoub paljiruapl Yooa UIYIM JOA0D pub Adusnbauy aAIID|NWIND JO J9pJo Buispaidap Ul palsi| 9o DXD3 UOUIWIOD) ‘A3ijuspl dnoub oy
uoIINQII3UOD BUISDaIDBP 4O UBPIO Ul Pa]SI| 81D sa12ads 213S0UBDIP SAIISOH *}UN YODS 10J S830U PUD (J9A0D pub Aduanbaly SAIZD|NUIND UO PasDQ) OXD] JUDUILIOP UOWIWIOD 'saldads pajo
-120ssD Aj9AlRbBau pup 213soubpip aAipBau pupb aAlisod spndul suolldlIdsa( "PIjPJISNY UIS3soa 4o (g1 JN) uolbaiolg pup|a|qo] pup|Bug MaN 843 4O SaJiu 4o uoidldswNollD °L 9|qpL



John T. Hunter & Vanessa H. Hunter: Montane mires of New England Australia

42

pup|sspib
32085N3 1@M IO p|aljglay y ‘paippunul
upy3 JayrpJd dwop sWw023q A|uo usljo
pup spoliad papuaixe 1o} AIp A|abup|
91D 1Dy} SUOOBD| 03 Pa3DIIISSI PUNO

DSJ9AUI X8I0
'DYIUDIODW BUYID[BYDI 'uobodp snusoyds
'seplo.ndadojp wniasiuudy '01o6/dpas si30/0D
'18Q842 5Nj0qo10dS '03/240d113 8]A3020IPAH
'snpun2asqns snauny 'snzpuwpnbs
SOY2UAYI03daT 'DYD1IID SIIDYD08|T

1119046 PIIUCISA
‘PNDY2IPNDE X807 '118PUD|OS WNIUDISE)
'DIj0416UO| Dj|aUDIT 'DJIO[IXD| 8]A30201PAH

'0348JU0D DINISASY/ 'SI|NDDIISIS] X210

uobodo
SNUB0YIS 'snapwpbnbs soyoukyioldsy

pleljgquay uobodo snusoyos — snapwonbs
SOYdoUAYJ03daT :DWDN D1413UsIdS

*0L-Z dupl|y

pup|sspub yo0ssny
39M Y 'sulbipw UooBD| puUD §-z SdUDI||Y
SD 4dNS SMOPDaW J9319M JO sulbiow ayy
punouo puo dwpp A|paipoliad a4o 3oY3
S100|} A3||DA @6DUIDIP 3SO014 P|OD Ul pUNO

DSISAUI X8I0
'DYIUDIODW BUYID[aYDIT 'UoBOodD SNUBOYIS
'saploindadojp wniasiuua '04ebidpas s130/0D
'189a42 sNj0qoJods '03/340d113 8]A30201PAH
'SNPUN23SgNS SNdUN[ 'snabwWpNbs
SOYDOUAYI03daT 'DYIIIID SLIDY208]T

pYy3upl|BS
pISan)) 'PadDIBPAY DJOIA 'SNIDIPIYI0I6
SN2ND( 'SIjNDII38183 XIDD) 'SI|DIISND DIISIA|D
‘1luunb sniadA2 'oupipnoydipNDb X210

pjjAydoualay sibo.iojp 'uobodo
SNU0YDS 's9p10Indadojb wNIasiuusy
'DJpUDLI} PPAWSY | 'DUDLISGSIS DOH

MOPDIU 19M ASSDIB DIPUDIIY DPIWSY |
— DUDIIBGaIS PO :DUIDN D1413U3I0G

:6-g duDl||Y

UdJ 10 PUD|SSDIB %D0SSN3 39M Y/ 'SMOPDAW
19139M 4O SUIBIDW J31IP PUNOID 4O SUOOBD|
JO sulbipw Ja1Ip 8y3 YHM PajypIdosso
S9UII3BUIOS S|I0S APUDS UO puUNOH

oupipNoY2IPNOL
X84pD) 'sapl0Indadojp WNIBSIUUS
'DUDIIBQaIS PO 'snaopddb sninduNUDY
'sI|19016 D2I1UOIS/ 'DIjOJIBUO| DjjaUDI]
'LI8PUD[OS WNIUDISL) 'DIO)4IXD] 8]A3020IPAH
'D3424U0D DJNJIBASY 'SI[NDDIID] XBIDD

pssaiddp
Xxa4p)) 'bjjAydoislay siboiojoH 'sijpi3sno
D1482A|9) 'uobodb SNUBOYIS 'DIPUDII} DPBWSY |

D10/ JIXD| 8]£3020pAH
'SI|ND2138493 X8I0 'D3J2JU0D DjNIBdSY

Us} puUD MopoaWl
19M SN032DQIdY DII8JUOD DNISASY
— SI/ND2138.193 X8IDD) :DWIDN 2113USIDS

18- ddunl||y

pup|sspJb 3o0ssNY
19M JO plaljgJay '‘pup|ysni iy ‘suoobp|
Jo suibiow saddn sy uo pub smoppaw
19m Jadwpp Jo suibipuw 8yl uo usljo
spaJp ab6ouIDIp JID P|od uado ul puno4

oubLIaqaIS
DOd 'sI{D11SND DLIBIAISD 'DUDIPNDYIIPNDE
X34DD) 'SNYyub.IdIW SNAIDd0UOY) 'snsoulbijn
sn307 'sneapddo| snjnaunuby 'seploindedojo
wWiN3asiuuay 'oY2I13SIP X24DD) 'SI[PJISND SNdUNL

DJOJJIXD| 8]A30204PAH 'SIj1o016
D2IUOI3)\ 'DIjO4IBUO| DjjaUDI( 'SI|NDDI3SI87 XBIDD)

Sl|pJ3sno sndunr

MopoaW
19M SN0a2DQJ8Y suddsoindind sniyouad)
— SIJDJ3SND SN2UN[ :DWDN D1413UsIdS

3£~z @dupl||Y

pup|sspJb 3o0ssNY
1M Y "g13N @43 JO SPaJID [DIIUSD UIYM
UOWIWIOD a1ow 3nq 3noybnoiyl puno

SIWIOI[14 S135016PUYIDT
'DUDIIBGaIS PO 'PUDIPNDYDIPNDE X810
'DY2I3SIP X840 '1I8PUD|OS WNIUDID)
'S9p10JN29dOID WINFSSIUUSY 'SI[DIISND DIISIAID)

DJpuplI} bpawWay | ‘wndiuodol
winoLadAH 'snyjup.aoius SNdipd20U0L)

SI[D13SND DLIBIAID

MOpPD3aW 19M Assoub
S1JPJ3SND DIIBIAIS) :BUIDN 21J13UsIdS

19-g duDl||y

pup|abpaes
10 pJa14qJay v "'suoobp| |piswayds o3
pa3o13sal A|lupwiid "g 1IN Y3 Jo sbalp
|DJ3USD BY3 Uly3m abupby Buipiaig
1p8.9 ay3 Jo dol 8yl 1P S81DIISgNS
}|PSPQ UO PUNO4 A[SAISN|IXS 3SOW|Y

pubjUOW saploydwAN 'snappunul
SNIN2UNUDY 'SNSOAJIBU SNWOIqIydwy
'SIWI04I[I) SI2SOI6PUYODT 'DjjIsnd SIIDY209|T
'p3pUIWEB seaploydwAN 'wnidasqo wnoiubg
'SN3DULIDDLIY UOIBBOWDI0d 'SIf1o016
514DY208[3 'DINID SIIDY208|T 'PIDJ2I0YdS
S1JDYD09] 'DUDIYDLIISIP SIIDYD09[F
'SI/D12SND DIIS2AS) 'WnIOILIDA Wn|IAYdoLiApy

D14D2J[DS
winJyaA7 'oyai3sip xaao) 'pupipnoydIipNob
xa.p)) 'psoqolb auydps| ‘bssa.ddp xaip0)

SI/I2DIAN]{ DUWOJOS]| 'D0[2O0YdS
S14DYD08[F 'SI|DIISND SNOUN[ 'SI{DIISND
DILI2AID 'WNY213SIp wnjpdsbd 'snappunul
sNinauNuUDY 'si19016 s1IDY208] '02I310d1IY
9]£3020.4pAH 'siuI0fljI} S13S016DUYIDT]
'DINID S1IDYI08[F 'WINIjOLIIDA WnjAYdoLIA

ysJow |piswayds snosdpqguay
DINOD SIIDYDI03[F — WINI[OLIIIDA
winjiAydoLiAjy :eWDN 21}13ua1dg

*§-g ddupliy

pla14gJey Jo pupjebpes \y ‘Apaeam
AJan ue14Q ‘sulbiow uoobp| Buiypailal
Y3IM PaIDIDOSSD PNUL 39M UO pUNOH

1IUMOIQ XaWNy '149PUD|OS LWINIUDISS)
'uunb snuadAy) 'siuuiofi) s13so16ouyo0]

SN30PUNUI SNINDUNUDY
'S1/DJ3SND DIIBIA|S) 'D31310d11] 8]A1020IPAH
‘wnyonsip wnjodsod 'sij1o046 siipy209|3
'D3N2D SIIDYD08]T 'WNIjO4IIIDA Wn(AYdoLA

SIWIOJI[I} SI3SOIBDUYODT

ysSJoU JO MOPDaW 19M SN082DJJ8Y
SIWIOJI[L) SIISOIBPUYIDT :DWDN DI}13USIDS

-7 ddUpl||vY

'suoobp| jo abpa
Y3 uo pupjebpas Jusupwiad siow Jo
suIbJpw 8y punoio pup sulbiow uoobo|
Builpailal pUDL PNW 39M UO US1JO puno

"DIIDDIIDS WNJIYIA]
'sN3oulID21I] UOJaBOoWDI0 'wnsoulbnup|
wnJpA|Iyd 'wnijoiiipa wnjjAydoriApy
'U0jA32Pp UOPOULD 'pjjisnd s1IDY208]F

'SI/D43SND DIISIA|S) 0210117 8]A10201PAH
‘wnyonsip wnjodsod 'sij1op16 siipy209|g
'D3NDD SIIDYD08[T 'SIWLIOJIIf SI3S0IBDUYIDT

D1IDDJ|DS
winuyaA7 '4o13pje pLIDIISIaH 'Dbnfidonpd
QUIWDPIDY) 'UOIAI2DP UOPOUAD 'SNIOULIDIIIY
uojabownlod — wnsoulbnup| wnipAjiyd

uaj pup ysiow |piawayde
SN082DQJ8Y SNIOULIDIIIY UOISBOWDIOH —
wnsoulBNUD| WnIPA[iyd :DWDN dI}13UaIdS

$€-T ddupl|yY

uoIINQLI3SIP PUD S330N

DXP3 UoWWoD

(43dIIS) 213soubpip aARDBaN

(43dINIS) 213s0ubDIp aA13ISOd

AYaupaalHy




43

~
\s=- Vegetation Classification and Survey
-

VN

Jus|pAInba oN

jus|pAINba oN

jus|pAINba ON

plaiyqey uobodo snusoyoss
— sN3IbWDNbS SOYOUAY103daT :QL-Z @IUbl||Y

Jua|pAINba ON

pup|sspIO

pup|sspi9
aupjuUO|A 93bJadwia]

pup|ebpas pup|ssoib
2055N3 |10IX04 dWDMS — SSPIH MOUS 985 | Dd

MOpDaW 19M Asspub
DJPUDII} DPBWSY | — PUDIISQS]S DO 16~ dUDI||Y

MOPDAW }8M PUD UdJ DIJB4UOD

VN Jua|PAINba ON Jua|pAINba ON Jus|pbAInbs oN pjnJadsy/ — S/jND2I8.197 X81DY) :8-T IUDI||Y
MOPDBU 39M SNOdDQIaY suadspindind

VN pup|ssPIO¢ Jus|pAINba oN Jus|pAINba ON SNJY2USD) — S/PIISND SNDUN[ 2£-T IUDI||Y
pup|sspi MoppaU

Jua|PAINba ON pup|sspio) 9UDIUO|N 93pJadwWa] Jus|pbAINba ON 19M AsSDUB S1/043SND DIISIAID 19-Z IUDI||Y

"YsJow [pJswayds SN0ad0gIay 0INID SLIOYI08/F

VN SPUD|19AA Jo3oMYysal S9)D7 SUDIUOIN spupj3am pup|dn :00S 1Dd — WiNJjo411IDA WNIAYdoLAy :§-Z 92uDl||Y
YSJDU 1O MOPDAW 39M SN082DGJ8Y

VN SPUD|}9AA J930MYySal S8)D7 SUDIUOIA| Jua|pAINba ON SILWIOJI[I) SI3S0JBDUYIDT Hy-Z IUDI||Y
uaj pup ysiow |prawayds

SN082DJJ8Y SNIOULIDILIY U0IBBOWDIOH

VN SPUD|319AA J930MYysal S8)D7 SUDIUOIA Jua|pAINba ON — wnsoulBbnupb| WnipAJiyd €-Z IUDI|Y
ua4 SN0ddDJJ8Y PSOGO[6

VN SPUD|19AA Jo3oMysal sua{ pup sbog aupIUO|A| abpuloip papadwl Jo pupb3am suay pup|ebpas 1785 | Dd BUYIDS| — DUDIPNDYDIPNDE X8107) 1Z-Z IUDI||Y

apna|o ybiy 3o sxpos pup saul| 8bouioip
||ows Buojp pupb|ebpag /'ZL'El Wa1sAs0d8 |puoibay

SPUD[ISAA 1930MYSaI

sua{ pup sbog aupIuUOA|

pupbzem
pub|yaLay/pupn|gniys ubliodll 9313-03] +/S 1| Dd

us} snoedpqlay pssalddo xaupD) 1L~z IUbIl||Y

Jus|pAInba oN

SpUD|SSDJID

SpUD|SSDIO
9UDIUO|N 93pIadwWa]

Jus|pAINba ON

SaJlW ysiouwl [piswayds
puo moppaw 19m ‘Us) g1 3N PUDIPNPY2IPNDE
X24DD) — SI[DJ3SND DIISIAIS) 17 dnodo

VN

SPUD|19AA Jo3oMYysal

sua pup sbog aupIUO|A|

abpuioip papadwl Jo pupb3am suay pup|ebpas 1785 | Dd

B60oq snosdpquay pbjodiwi pwiadsopidse]
— luunb pwiadsopida g-L Iubl||y

apna3|o yb1y 1o sxpos pup saul| 8bouloip
||ows Buo|p pup|abpas — /7L €L U83SAs0da [puoibay

SPUD|19AA Jo3oMYysal

sua4 g sbog aupluop|

(oLoz ‘|e
18 Uosuag Ul 30U) 831UDJB PUD 93IUDIBOINS| UO PUD|IBM

sdwbms yipaH :gLg {(34od ur) sboq supjuon 109 1Dd

B6oq Aqqnuys ojjAydoiojw
5110DdF — DSSIWO D8X280g :L-| dUDI||Y

apn313|o ybiy 10 S3POos pup saul| sboulbip

saliw
6oq subjuOW pup|a|qp] PUD|BUT MBN LJOIWI|

||Iows Buo|p pupb|abpag - £ ZL'€L Wa1SAs029 |puoibay SPUD|19AA Jo3oMYysal sua4 g sbog supluop| VN pwisadsopiday — pssiwo paxoapg | dnoio
S9D7] SUDIUO|A| 'SUSH PUD

SPUD|I9AA sBbog auD1UO|A 'SPUD|SSDIS saliw

VN 193DMYSal 'SPUD|SSDID 9UDIUO|N 93pJadwa] VN auplUOW pup|a|qp] pup|Bug maN :dnoiboidpy

(666L) SWDI[|IA PUD J39]33DS) Wa3sAsod3 [puolbay

(7002 Y1®)) uoizpwiioy

(¥00Z Y33)) ssp|D

(0LOT °|P 32 uosuag) 1.0d

Ay2upIalH

"UOI3DIDOSSD JO JUS|PAINDS PUD|SUSINT BY3 94D IDYM SID SUIBISASODT |[PUOIBSY PUD DWIBYDS UOIZ0DIISSD|D UOI30I869A SS|DAA
UINOG M8 3US1INd 8Y3 JO 1pd 810 UOIIDUIIOS PUD SSDID (1 Dd) S9dA] AHUNUWIUIOD JUD|d "DI|RJ3SNY UJS3SOS UIYIIM SUOIZDDIHISSD|D [DIIYdI0Jaly Bunisixe yim uosupdwo) *g a|qpL



John T. Hunter & Vanessa H. Hunter: Montane mires of New England Australia
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Figure 2. SIMPROF cluster analysis of the full dataset from mires of the New England Tablelands Bioregion of eastern

Australia showing alliances recognised at similarity of 16.
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Figure 3. Ordination of full dataset of plots placed within

mires of the New England Tablelands Bioregion of eastern

Australia. Bogs (B), Fens (F), Sod Tussock Grasslands (G) and Lagoons (L).

typically considers ecological criteria, this is currently not
the accepted general practice used in defining vegetation
types within New South Wales or for state and federal list-
ings of threatened communities. We believe our classifica-
tion allows a better and more consistent understanding of

the floristic relationships between these montane wetland
types that co-occur within the NETB. The current New
South Wales classification schema includes bogs and fens
within the same class separate from wet meadows (Keith
2004). Our results and those of Hunter (2016a) show
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A. Glyceria australis
0-6

B. Carex gaudichaudiana
0-6

C. Baeckea omissa
0-6

D. Lepidosperma limicola
0-6

E. Poa sieberiana
0-6

F. Epacris microphylla
0-6

2D Stress: 0.18

Figure 4. NMDS ordination Segmented bubble plot of the six species with a Pearson correlation greater than 0.5.

Segment sizes are proportional to the Braun-Blanquet score given to each species within plots (0-6).

Figure 5. Broad wetland types found within the New England Tablelands Bioregion. A) Bog, B) Fen, C) Lagoon in its

more common dry phase, D) Sod Tussock Grasslands.

a clear differentiation between bogs and other wetland
types within the NETB.

Previous research has shown that bogs within the
NETB are ecologically and functionally distinct dominat-
ed by taxa with traits dissimilar to those of the sympatric

other wetland types such as fens and wet meadows (Hunt-
er 2016a). Bogs form generally on low nutrient and acid
soils with fire as a more frequent disturbance due to the
dominance of oil-bearing resprouting shrub species. Bogs
are the only wetland types to more consistently allow de-
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Table 3. Comparison of species density and general environmental data for each alliance.

. Mean species density | Elevation (m | Mean vegetation
Hierarchy per 400 m? a.sl) height (m) Water depth (m) Rock type
Alliance 1-1: Granit d volcani
ranite, acid volcanic,

Scientific Name: Baeckea omissa — Epacris 27 940-1372 0.2-6 0-0.2 basalt

microphylla shrubby bog

Alliance 1-2:

Scientific Name: Lepidosperma gunnii - 22 920-1040 0.2-3 0-0.2 Granite

Lepidosperma limicola herbaceous bog

Alliance 2-1: Granit tasedi .
ranite, metasediment,

fcientiﬁc Name: Carex appressa herbaceous 18 446-1120 0.3-12 0-0.2 acid volcanic, basalt

en

Alliance 2-2: Granit tosedi "
ranite, metasediment,

Scientific Name: Carex gaudichaudiana - 8 780-1400 0.3-1 0-0.2 basalt, sediment

Isachne globosa herbaceous fen

Alliance 2-3:

Scientific Name: E’hilxdrum lanuginosum 1% 800-1000 01-1 0-05 Granite

- Potamogeton tricarinatus herbaceous

ephemeral marsh and fen

Alliance 2-4:

Scientific Name: Lachnagrostis filiformis 10 800-1300 0.1-1 0 Basalt, granite

herbaceous wet meadow or marsh

Alliance 2-5:

Scientific Nome: Myriophyllum variifolium 13 1040-1400 01-1 0-15 Basalt, granite

- Eleocharis acuta herbaceous ephemeral

marsh

Alliance 2-6: Granite, metasediment,

