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“Opinion is really the lowest form of human knowledge.
It requires no accountability, no understanding. The
highest form of knowledge is empathy, for it requires us
to suspend our egos and live in another’s world.”

Bill Bullard
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Resumo

A biodiversidade é importante para a manutencdo da saude e funcionamento sustentavel dos
ecossistemas florestais e, por conseguinte, a sua conservacao é significativa em todos os tipos
de florestas, incluindo plantagoes. A regido do Mediterraneo ¢ conhecida como um ‘hotspot’
de biodiversidade, mas também como uma &rea com plantacdes florestais recentemente
estabelecidas, que sdo criticadas pelo baixo nivel de diversidade bioldgica e pelos frequentes
incéndios florestais. Deste modo, incluir a avaliacdo da biodiversidade no planeamento da
gestdo de plantacbes florestais pode beneficiar a conservacdo florestal, a prevencdo de
incéndios e desenvolver alguns novos servigos de ecossistema.

Neste trabalho, procedeu-se ao desenvolvimento de investigacdo sobre: (1) que indicadores
de biodiversidade podem ser considerados no planeamento da gestdo florestal, (2) como
avaliar e qual é o estado da biodiversidade ao nivel do povoamento nas plantacdes florestais
do noroeste de Portugal, (3) como usar indicadores ao nivel do povoamento para avaliar
aspectos da biodiversidade da paisagem em plantacgdes florestais no noroeste de Portugal?

Os resultados demonstram que: (1) o mais conveniente para gestores florestais com diversas
formacbes € considerar indicadores estruturais na integracdo da biodiversidade no
planeamento da gestdo florestal; (2) indicadores estruturais como indicador de espécies
arbdreas, diametro médio (cm) e biomassa arbustiva (Mgha-1) sdo adequados para a avaliacdo
da biodiversidade ao nivel do povoamento. Os povoamentos de eucalipto em locais de baixa
qualidade com regeneracao de arbustos por via seminal apresentaram a menor biodiversidade
média, enquanto que os povoamentos mistos com dominancia de pinheiros, em locais de
melhor qualidade com regeneracdo de arbustos por rebrota, apresentaram a maior
biodiversidade media; (3) o uso do conceito de espécie guarda-chuva é adequado para as
avaliacGes de biodiversidade ao nivel da paisagem e, portanto, aqui é estimada a adequacéo
do habitat de nidificacdo do milhafre-real (Milvus milvus); os resultados sugeriram que o
habitat menos favoravel seria em plantacdes puras de eucalipto, enquanto a floresta de sobreiro
maduro serviria como o habitat mais apropriado a longo prazo.

Palavras-chave: Biodiversidade, indicadores de biodiversidade, planeamento da gestdo
florestal, plantacdes



Abstract

Biodiversity is important for forest ecosystem health maintenance and sustainable functioning
and therefore its conservation is significant in all types of forests, including plantations. The
Mediterranean region is known as a biodiversity ‘hotspot’, but also as an areawith recently
established forest plantations, that are criticized for the low level of biological diversity and
frequent forest fires. Therefore, including biodiversity assessment in forest plantations
management planning might benefit forest conservation, fire prevention and land some novel
ecosystem services.

Here we attempted to investigate: (1) which biodiversity indicators could be considered in
forest management planning, (2) how to assess and what is the state of biodiversity at a stand
level in plantation forestsof northwestern Portugal, (3) how to use stand-level indicators to
assess landscape biodiversity aspects in plantation forests in northwestern Portugal?

Results demonstrated that: (1) the most convenient for forest managers with various
backgrounds is to consider structural indicators in integrating biodiversity in forest
management planning; (2) structural indicators such as tree species indicator, mean diameter
(cm) and shrub biomass (Mg ha') are suitable for stand level biodiversity assessment. Pure blue
gum stands on low-quality sites with shrub regenerating by seed had the lowest mean
biodiversity, while mixed stands with a dominance of pine, on best-quality sites with shrub
regeneration by resprouting had the highest mean biodiversity; (3) using umbrella species
concept is suitable for the landscape level biodiversity assessments, and thus, here is estimated
the red kite (Milvus milvus) nesting habitat suitability; the results suggested that the least
favourable habitat would be in pure blue gum plantations, while mature cork oak forest would
serve as the most appropriate long-term habitat.

Keywords: Biodiversity, biodiversity indicators, forest management planning, plantations



Resumo alargado

Portugal faz parte da eco-regido do Mediterraneo que € conhecida por ser uma das areas de
biodiversidade mais ricas do mundo. Os ecossistemas florestais geralmente hospedam a
maioria da biodiversidade terrestre e desempenham uma fungdo importante na conservagaoda
mesma. No entanto, quase metade das florestas em Portugal sdo plantacGes. As plantacGes
florestais sdo frequentemente criticadas por apresentarem um nivel muito baixo de
biodiversidade, principalmente as espécies exoticas. Embora alguns estudos tenham descoberto
que as plantacfes exoticas geralmente hospedam muitas espécies locais de ervas, arbustos e
passaros.No entanto, recentemente sdo também alvo de criticas, os incéndios florestais que se
tornaram mais frequentes devido as alteracBes climaticas e impGem grandes riscos e
consequéncias ecologicas, econdmicas e sociais. Além disso, os efeitos das alteracdes
climaticas refletem-se em secas mais intensas, inundagoes, epidemias e surtos de doencas.
Aqui, a conservacdo da biodiversidade tem um papel crucial no aumento da resiliéncia dos
ecossistemas florestais em relacdo as alteracdes globais. Deste modo, as politicas e iniciativas
mais recentes exigem gue a biodiversidade seja considerada em todos os tipos de floresta e ndo
apenas nas naturais e protegidas, mas também nas geridas, incluindo plantacGes. A gestdo
florestal tendo a a conservacdo da biodiversidade em mente é importante para as florestas
locais, nacionais, regionais e globais, pois a biodiversidade desempenha uma funcao
importante no funcionamento sustentavel do ecossistema e, assim a sua avaliacdo e
monitorizacao devem ser incluidos nos planos de gestdo dos recursos naturais.

Os gestores florestais tém atualmente uma funcao crucial quando se considera a biodiversidade
no planeamento da gestdo florestal sustentavel. Eles precisam de orientacdo para abordar as
preocupacOes com a biodiversidade e selecionar indicadores apropriados para cumprir a meta
planeada de biodiversidade. E particularmente importante identificar as préaticas florestais que
afetam a biodiversidade e como a gestdo florestal pode beneficiar a biodiversidade florestal.
Uma vez que a maioria das operacfes de gestdo em plantacGes sdo realizadas ao nivel do
povoamento, esta escala € critica para a consideracdo e conservacdo da biodiversidade neste
caso. Além disso, € importante fornecer uma ampla visao geral do estado da biodiversidade
pois algumas espécies que sdo mais moveis do que outras e tém grande variedade de habitats.
Neste ambito, o nivel da paisagem é o mais adequado.

Para avaliar a biodiversidade, os gestores florestais precisam de recorrer a indicadores
apropriados. Os indicadores sdo usados como ‘substitutos’ da biodiversidade, ja que a
avaliacdo detalhada de toda a biodiversidade na floresta é quase impossivel devido a restricdes
técnicas e financeiras. No entanto, ha uma questdo em aberto sobre quais indicadores usar em
diferentes escalas? Essa questdo costuma constituir um desafio até mesmo para os ecologistas e
quando se trata de gestores florestais sem experiéncia em ecologia, pode ser ainda mais
complicada. Assim, o objetivo desta dissertacdo € avaliar a biodiversidade no Vale de Sousa,
no noroeste de Portugal, de uma forma que seja adequada para gestores florestais com formacoes
diversas. O caso de estudo estende-se por uma area de 14. 840 ha, dos quais 97% estao cobertos
por florestas dominadas por eucalipto puro (Eucalyptus globulus Labill). Em menor
percentagem encontram-se povoamentos mistos de eucalipto e pinheiro bravo (Pinus pinaster
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Aiton) e a menor percentagem de castanheiro (Castanea sativa Mill).
Portanto, aqui examinamos:

1. Quiais indicadores de biodiversidade podem ser considerados no planeamento da gestdo
florestal?

2. Como avaliar e qual é o estado da biodiversidade ao nivel do povoamento nas plantacdes
florestais do noroeste de Portugal?

3. Como usar indicadores ao nivel do povoamento para avaliar aspectos da biodiversidade da
paisagem em plantagdes florestais no noroeste de Portugal?

Relativamente ao questdo 1, verifica-se que os indicadores ao nivel do povoamento sdo mais
praticos do que os indicadores ao nivel da paisagem. Além disso, indicadores estruturais de
biodiversidade (por exemplo, arvores grandes e povoamentos florestais antigos) sdo mais uteis
em planos de gestdo florestal do que indicadores de composicdo, pois sdo facilmente
observaveis por ndo profissionais e podem ser obtidos nos inventarios florestais. Indicadores
compdsitos como plantas vasculares, fungos, briéfitas, liquenes e espécies de invertebrados sdo
dificeis de identificar por ndo profissionais e, por isso, sdo impraticaveis. Indicadores
funcionais (por exemplo, ciclagem de nutrientes) ndo sdo suficientemente abordados na
literatura. O uso das bases de dados existentes atualizadas recentemente (por exemplo,
inventarios florestais nacionais e atlas de passaros) é muito eficiente em termos de tempo e
custo. A detecdo remota e outras tecnologias (por exemplo, aplicagdes de smartphone) sdo
considerados promissores para uma recolha eficiente de dados no futuro.

Até que os indicadores para todos os aspectos da biodiversidade florestal se tornem mais
adequados para serem tratados por gestores florestais com varias formacoes, é aconselhavel o
focus nos indicadores estruturais, pois podem ser muito Uteis para a avaliacdo da biodiversidade
florestal.

Em relacdo a questdo 2, seguindo os resultados da questdo 1, foram utilizados trés indicadores
para avaliacdo da biodiversidade: indicador de espécies arboéreas, diametro médio (cm) e
biomassa arbustiva (Mgha). A espécie eucalipto em locais de baixa qualidade com regeneracéao
de arbustos por via seminal teve a menor biodiversidade média, enquanto os povoamentos
mistoscom dominancia de pinheiros, em locais de melhor qualidade com regeneracdo de
arbustos por rebrota tiveram a maior biodiversidade média. A qualidade do local e a existéncia
de espécies de rebrotadoras afetaram a biodiversidade em termos de ritmo de desenvolvimento
e os valores medios no horizonte de 90 anos.

Os indicadores usados no estudo parecem apropriados para avaliagdo da biodiversidade
florestal para plantagfes assim como para outros tipos de florestas. Porém, em relacdoa
biomassa arbustiva, é aconselhavel ter alguma cautela para prevencgéo de incéndios florestais e
considerar valores mais elevados deste indicador em éareas de alta importancia para
conservacao.

Em relacdo a questdo 3, seguindo os resultados da questdo 1, foram utilizados quatro
indicadores para avaliagdo da biodiversidade: altura das arvores, densidade de arvores,
didmetro medio (cm), e frequéncia das atividades silviculturais. Estes sdo os indicadores de



adequacdo de habitat de espécie *guarda chuva’ Milhafre-real, cujo potencial de conservacao
beneficiaria a conservagdo da biodiversidade nas plantacdes do Noroeste de Portugal. Foi
avaliada a adequabilidade do habitat da Milhafre-real no estudo de caso e, adicionalmente,
comparada a adequacao do habitat em sistemas florestais alternativos que sdo sugeridos para
substituir os atuais devido aos recentes incéndios florestais. Os resultados mostram que o
habitat menos favoravel seria nas plantacdes de carvalho comum puro, enquanto o sobreiro
maduro serviria como o habitat mais adequado a longo prazo. Os sistemas florestais mistos de
pinheiro bravo e eucalipto sdo melhores devido a um periodo de rotacdo mais longo do pinheiro
bravo, mas ainda sdo desfavoraveis devido a préticas silviculturais ainda mais frequentes. Os
modelos atuais mais favoraveis sdo os que consideram os castanheiros, porém apenas na ultima
década antes do corte raso. Em relagdo aos modelos alternativos, os povoamentos de pinheiro
puro apresentam duas vezes mais densidade de arvores do que os modelos atuais, porém a
rotacdo é menor. Os carvalhos comuns parecem desfavoraveis devido ao crescimento lento e
altura que nunca atinge o valor ideal para os ninhos. O mais favoravel de todos os modelos
atuais e alternativos é o que considera 0s sobreiros devido a baixa densidade das arvores, altura
suficiente para nidificacdo e auséncia de corte raso para interromper 0s objetivos de
conservacao a longo prazo. Os indicadores que aplicamos podem ser Uteis para a conservacao
de outras aves de rapina com requisitos de habitat semelhantes.

Palavras-chave: Biodiversidade, indicadores de biodiversidade, planeamento de gestdo
florestal, plantacOes



Preamble

The thesis contains 5 chapters: i) the introduction, ii-iv) a set of publishable articles, and v)
final considerations. The introduction focuses on the motivation for the research, namely on the
problems such as the absence of biodiversity addressing in forest management in plantation
forests, literature gaps, challenges, a need for such scientific research and how I am planning to
fill the knowledge gaps. Chapters ii-iv are answers to the research questions of the thesis. A set
of publishable articles is organized as follows:

1) The review article is published in the journal Forests: Cosovi¢, M., Bugalho, M.
N., Thom, D., Borges, J. G. (2020). StandStructural Characteristics Are the Most
Practical Biodiversity Indicators for Forest Management Planning in Europe. MDPI
Forests, 11(3), 343. https://doi.org/10.3390/f11030343
It is the editor’s choice and has 28 citations on Google Scholar, 21 on Scopus

2) The research article is published in the journal Forest Systems: Cosovi¢, M (2022)
Using inventoryvariables for practical biodiversity assessment in plantation stands.
Forest Systems, 31(2), e016. https://doi.org/10.5424/fs/2022312-18856

3) The research article submitted to the journal Ardeola: Cosovi¢, M., Bugalho, M.
N., Vangansbeke, P., Borges, J. G.(2023). Forest plantations as a potential habitat for
the red kite (Milvus milvus) raptor breeding

The final considerations chapter encompasses the result of the research of the thesis and
discusses the impact of such results on existing literature and forest management practices,
presenting limitations and suggestions for future research to follow up.

Writing of the thesis was funded by Fundagéo para a Ciéncia e a Tecnologia (FCT) Portugal,
under a grant number [PD/BD/114076/2015] for PhD student Marija Cosovic. Also, the data
for research articles was provided by ALTERFOR project, “Alternative models and robust
decision- making for future forest management”, H2020-1SIB-2015-2/grant agreement No.
676754, funded by European Union Seventh Framework Programme.

The co-authors of the articles and supervisors received the support from BIOECOSY'S project
“Forest ecosystem management decision-making methods an integrated bio-economic
approach to sustainability” [LISBOA-01-0145-FEDER-030391, PTDC/ASP-SIL/30391/2017)
], the Forest Research Centre a research unit funded by Fundacdo para a Ciéncia e a Tecnologia
I.P. (FCT), Portugal [UIDB/00239/2020], the FCT contract DL 57/2016/CP1382/CT0030,
project CERTFOR (PTDC/ASP-SIL/31253/2017), FEDER funds through the Programme
COMPETE and FCT funds to CEABN-InBIO through UID/BIA/50027/2013 and POCI-01-
0145-FEDER-006821.
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1. Plantation forests in Portugal: current situation and challenges

Forest covers about 35% of Portugal’s land, according to data from the 6™ National Forest
Inventory (ICNF 2013; Nunes et al. 2019). That is 3,155 000 ha, and out of the total forest area,
48.40% are plantation forests that spread over 1,526 000 ha (ICNF 2013; FAO 2015; Pra et al.
2019). According to FAO (2020), a plantation forest is defined as “an intensively managed planted
forest that at maturity is composed of one or two species, has one age class, and has regular tree
spacing”. The most dominant tree species in Portugal’s forests is blue gum (Eucalyptus globulus)
covering 800,000 hectares (Salvado 2015; Nunes et al. 2019) which is 26% of all forest cover (Pra
et al. 2019). In the 1950s the area covered with blue gum was about 50 000 ha (ICNF 2013; Branco
et al. 2014), which signifies the proportions of the introduction of this exotic species in Portugal.
The main products of blue gum plantations are paper and cardboard, where the production
corresponds to 5% of all national exports (Sarmento and Dores 2013; Martins et al. 2011; Nunes
et al. 2019). Therefore, the pulp and paper sector is very developed in Portugal, contributing to
approx. 4000 jobs (Nunes et al. 2019). However, in the past decades, since the introduction of the
eucalyptus longhorn beetle (Phoracantha semipunctata Fab.) and other diseases, the vitality of blue
gum treesis seriously affected and threatens to cause significant economic loses in the future.
Additionally,there are numerous negative ecological impacts of blue gum plantations such as
compromising native biodiversity and water resources (Pra et al. 2019), and therefore forest
managers are encouraged to think of converting plantations into woodlands with native tree
species.

The second dominant tree species in Portugal is maritime pine (Pinus pinaster) and it covers over
714,000 ha, which is 23% of all forests (ICNF 2013; Branco et al. 2014). Maritime pine is native
species, however, similarly to blue gum, the plantations expanded in the past century, particularly
between 1928 and 1974, when one of the largest ever in Europe continuous pine forests was created
(Nunes et al. 2019). The most important products from maritime pine plantations are timber,
pallets, boards, and resin which make a revenue of around 306 million Euros in exports (Mendes
et al. 2004; Branco et al. 2014). However, maritime pine is seriously affected by outbreaks of the
pine wilt nematode (Bursaphelenchus xylophilus) since the 2000s, which causedgreat economic
losses in the Portuguese sawmill industry, and a tendency among forest managersto convert pine
plantations into eucalypt ones (Rodrigues 2008; Pra et al. 2019).

In the past, the most dominant species in northern Portugal was the common oak (Quercus robur)
andin the southern area, it was the cork oak (Quercus suber) (Ramil-Rego et al. 1998; DGRF 2007,
Proencaetal. 2010). While in the southern area, cork oak still covers a large area, northern Portugal
suffered a significant transformation regarding forest cover to this day. The southern cork oak
ecosystems are relatively ecologically stable and less prone to forest fires, while northernforests are
affected by severe forest fires almost every year in the past decade. Also, pests and diseases are
additionally causing economic losses, which are predicted to increase due to the mainly
monocultural character of plantations.

Therefore, it is necessary to consider alternative forest management where forest ecosystem
resilience providing is included in forest management plans. To create stable and resistant
2



ecosystems that will provide sustainable ecosystem services, it is crucial to focus on biodiversity
conservation. Only in such a way, the long-term social and economic benefits for forest
stakeholders are possible. Also, it is important to understand that forests and the numerous plants
andanimals that live there have intrinsic values that go beyond human benefit from it.

2. Forests and biodiversity

2.1 What is biodiversity?

Biodiversity is ‘the variability among living organisms from all sources including inter alia,
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are a
part; this includes diversity within species, between species and of ecosystems’ (Convention on
Biological Diversity, United Nations 1992). Forest biodiversity is defined as the variety of all
forms of life and their organisation within the forest area (Hunter 1990; Winter et al. 2011).

2.2 Forest biodiversity policies and initiatives

Regarding policies and initiatives that address biodiversity conservation in European forests, there
are (1) global-level policies and (2) EU-level policies. Global-level initiatives that advocate the
management of forests in a sustainable manner and forest protecting were initiated with the United
Nations Conference on Environment and Development (UNCED) in Rio 1992, where ‘Rio forest
principles’ were adopted (European Commission 2010). Here, the concept of Sustainable Forest
Management (SFM) has been first developed and it is defined as an integrated approach to the
management and ‘use of forests and forest land in a way and at a rate that maintains their
biodiversity, productivity, regeneration capacity, vitality and potential to fulfil, now and in the
future, relevant ecological, economic and social functions at local, national and global levels and
does not cause damage to other ecosystems’ (PEFS 2010).

Right after, the Convention on Biological Diversity (CBD) entered into force on 29 December
1993, intending to conserve biological diversity and call for the sustainable use of the components
of biodiversity and fair and equitable sharing of the benefits originating from the use of genetic
resources (CBD 2017).

In regards to the pan-European level, the Ministerial Conference on the Protection of Forests in
Europe (MCPFE) ‘led by European national forestry authorities’, had a great contribution to
defining SFM through resolutions, criteria and indicators (Winkel and Sotirov 2016). Since
MCPFE in Helsinki 1993, subsequent conferences (Lisbon MCPFE 1998 and Vienna MCPFE
2003) continued to actualize recommendations for SFM and forest protection criteria, along with
the indicators for national reporting (see Table 1) (European Commission 2010). Further, at the
MCPFE conferences in Warsaw 2007, Oslo 2011 and finally, Madrid 2015, the achievements in



regards to progress in SFM were discussed as well. However, until 2011 MCPFE remained a non-
legally binding process and its implementation is questionable due to failed attempts to assess
‘trade-0ffs between objectives such as enhancing biodiversity, timber production, and the
importance of the European forests for recreation’ (Winkel and Sotirov 2016). Nevertheless, the
‘negotiations for a Legally Binding Agreement on Forests in Europe’ were started in Oslo MCPFE
2011, thus making a historic step in the matter of European forests policy (Forest Europe 2017). To
this day, the negotiations are still in process. In 2010, MCPFE became officially named Forest
Europe. All EU Member States and the Commission have signed the resolutions, thus ‘confirming
SFM and multifunctionality as a core approach to forestry’.

The basis of European legislation related to biodiversity conservation consists of two policies: the
Birds Directive and the Habitats Directive. The first was adopted in 1979 to protect wild birds and
their habitats within the EU, while the latter was adopted in 1992 to protect wildlife habitats of
rare, threatened or endemic species, in the same area (European Commission 2009). To provide
more viable conservation of species and habitats listed under these two directives, the network of
protected areas called Natura 2000, has been established and takes over 18 % of the EU territory
(European Commission 2017a).

In 2005, the EU Commission presents a Communication on the implementation of the EU Forestry
Strategy (FS)(European Commission 2016). The strategy ‘sets out common principles of EU
forestry — SFM and multi-functionality - and lists international processes and activities to be
followed at EU level’ (European Commission 2010). This policy is followed by The EU Forest
Action Plan (FAP) in 2006, and is made based on FS and aims in coordinating policies and actions
related to biodiversity maintaining and enhancing, carbon sequestration, integrity, health and
resilience of forest ecosystems at multiple geographical scales (European Commission 2010).
Further, the Green Paper on forest protection and information has been adopted in 2010 (European
Commission 2016). The objective of the Green Paper is to ‘launch the debate on options for a
European Union (EU) approach to forest protection and information in the framework of the EU
Forest Action Plan’ (European Commission 2010).

Regulation 1293/2013 ‘establishes the Environment and Climate Action sub-programmes of the
LIFE Programme for the funding period, 2014-2020° and also aims in supporting ‘sustainable
development and the achievement of the objectives and targets of the Europe 2020 Strategy’
(European Commission 2017b). The LIFE Programme is the EU’s funding instrument for the
environment and climate action and was first initiated in 1992. On October 22, 2014, the
Regulation on Invasive Alien Species (Regulation (EU) No 1143/2014) was adopted by European
Parliament to manage the introduction and spreading of exotic invasive species in Europe
(European Commission 2020a).

Finally, the EU biodiversity strategy is adopted as a response to the international Convention on
Biological Diversity and its commitments taken by the EU in 2010. Initially, it was adopted as a
Resolution on the mid-term review of the EU Biodiversity Strategy for 2020 (European
Commission 2017¢). While the most recent event was the adoption of the EU Biodiversity Strategy
for 2030 in June 2020, where some of the aims are’(1) to turn at least 30% of the EU land


https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1417443504720&uri=CELEX%3A32014R1143

into effectively managed and coherent protected areas, (2) to restore degraded ecosystems and stop
any further damage to nature, (3) plant over 3 billion diverse, biodiversity-rich trees’ (European
Commission 2020b). Another initiative that addresses biodiversity is the European Green Deal,
which is a set of proposals to create “EU's climate, energy, transport and taxation policies fit for
reducing net greenhouse gas emissions by at least 55% by 2030, compared to 1990 levels”
(European Commission 2023). Here, preserving the Environment, and therefore biodiversity, is
one of the priorities.

Table 1: Policies and processes on forest biodiversity at the EU level

Year EU Legal/regulatory Non-legally

level instrument binding
Policy instrument

1979 Birds Directive +

1992 Habitat Directive +

1993 MCPFE Helsinki +

1998 MCPFE Lishon +

2000 MCPFE Vienna +

2005 Forestry Strategy (FS) +

2006 EU Forest Action Plan (FAP) +

2007 MCPFE Warsaw +

2010 Green Paper +

2011 MCPFE Oslo +

2012 EU resolution biodiversity strategy 2020 +

2013 EU Regulation (LIFE) +

2014 Regulation on Invasive Alien Species +

2015 MCPFE Madrid +

2020 EU Biodiversity Strategy for 2030 +

Regarding forest biodiversity policies in Portugal, the most relevant law that recently entered into
force in 2018, prevents any further spreading of eucalypt plantations to new areas (Law No.
77/2017) (Praetal. 2019). The law followed one of the most devastating forest fires that took place
in 2017 and left unprecedented consequences such as the loss of numerous animal and human lives
anddestroyed hundreds of hectares of forests and shrublands.

According to the above, the evolution of policies and motivation for policy tailoring were initially
related to halting biodiversity losses, which were occurring at an alarming rate globally, due to
human actions. The focus was on threatened species and habitats. The implementation of policies
took place at a very low pace and biodiversity is still having a declining trend globally. Particularly
problematic are tropical countries where thousands of hectares of forests are being lost on yearly
basis due to agriculture and illegal logging. In Europe, forest area is increasing, however, land
fragmentation and simplification are still occurring. Such actions are causing changes in
disturbance patterns (Noss and Csuti 1997; Paine et al. 1998; EImqvist et al. 2003). Hence, the
latest threat to forest biodiversity is climate change which is projected to have a detrimental effect
and cause ecological, economic and social consequences. Due to climate change, the disturbance
occurrence and intensity are projected to increase in both natural and managed forests (Woods et al.
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2005; Pawson et al. 2013; Verheyen et al. 2016). The effects of climate change are already obvious
where forest fires, droughts, floods, pests and disease outbreaks are intensified.

Natural resources and ecosystem services sustainability strongly depend on ecosystem resilience,
particularly in the face of a changing climate that brings uncertainty (Gunderson and Holling 2002;
Elmqvist et al. 2003). Ecosystem resilience is the measure of disturbance that an ecosystem can
sustain and still keep its original state or appearance (Holling 1973, 1996; EImqvist et al. 2003); it is
also the capacity of a biological system affected by disturbance and change, to rearrange and re-
establish itself (EImquvist et al. 2003). Biodiversity plays a critical role in ecosystem resilience and
stability. For instance, certain pests and diseases usually attack certain plant species and therefore,
the ecosystems with rich biodiversity will be less affected by biological outbreaks than the
ecosystems with low biodiversity. About 15-20% of European forests are yearly affected by pests
and diseases that lead to tree dieback or decreased biomass production (Verheyen et al. 2016).

Correspondingly, forests rich in genetic, structural, functional and compositional biodiversityare
more likely to adjust to changing environment, than forests with poor biodiversity such are
monocultures (van Hensbergen 2006; Bauhus et al. 2010; Verheyen et al. 2016). Here, biodiversity
conservation has a crucial role in increasing forest ecosystems' resilience towards global change
facing. Therefore, future policies and initiatives should be inviting biodiversity conservation in all
types of forests and not just natural and protected but managed as well.

Finally, the recent and still ongoing pandemic outbreak of the virus COVID-19, which has left
severeconsequences on humankind, is linked to forests and forest biodiversity destruction by some
worldwide organisations such as United Nations (UN). The latest Biodiversity strategy for 2030
(European Commission 2020b), underlines the importance of biodiversity for the resilience of
future disease outbreaks, and plans ‘putting biodiversity on the path of recovery by 2030 for the
benefit of people, climate and the planet’.

2.3 Forest management and biodiversity

Forest management is defined as “the practical application of biological, physical, quantitative,
managerial, economic, social, and policy principles to the regeneration, management, utilization,
and conservation of forests to meet specified goals and objectives while maintaining the
productivity of the forest” CSU (2019). Around 30% of the world’s forests (ca. 1.2 billion ha) and
57% of European forests excluding Russia are managed for wood biomass production (FAO 2010;
Purahong 2014). Forests are biological systems that host most of the world’s terrestrial
biodiversity (Ozanne et al. 2003; Gao et al. 2014) and provide numerous ecosystem services, thus
the role of forests in a changing environment is of unprecedented importance (Shvidenko et al.
2005; Proenca et al. 2010).

Since addressing biodiversity in management became a necessity due to resilience provision,
halting further biodiversity losses and demanding accordingly tailored policies, forest managers
need to be knowledgeable about biodiversity conservation. A vast area of European forests, with
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different ownership patterns, management categories and ecologic conditions, needs to be managed
in a manner that inevitably includes addressing biodiversity. Otherways, with ‘business as usual’

and environmental change, biodiversity losses will likely aggravate (Warren et al. 2013; Newbold
et al. 2015). Besides all of those reasons, forest managers ought to be mindful that the forests they
manage locally, have importance for the global biodiversity context (Noss 1999). Also, there are
additional motivations for biodiversity enhancement in managed forests such as preventing losses
of aesthetical and recreational values, supporting awareness of intrinsic values and rights of all
species, and promoting economic and social values of species (Failing and Gregory 2003).

Therefore, the management of natural resources, and thus forests, need to focus on resilience
reinforcement as a means of dealing with uncertainty and surprise. Here, biodiversity has a critical
role and for this reason, forest management and policy need to be shaped accordingly (Folke et al.
2002; Elmquvist et al. 2003).

Forest managers are now having a crucial role in considering biodiversity in sustainable forest
management planning (European Commission 2020b). They need guidance to address biodiversity
concerns and selectappropriate indicators to fulfil the planned biodiversity goal. It is particularly
important to identifyhow forest practices affect biodiversity and how forest management might
benefit forest biodiversity (Noss 1999). However, there is a question on how effectively forest
managers can undertake this quest, relatively new to them.

2.4 Integration of biodiversity assessment into forest management planning

In recent decades, forest management priorities have certainly changed and new standards have
arisen, such as including aspects with non-monetary value (e.g., biodiversity) in forest
management plans (Ezquerro et al. 2016). Mathematical models are used in forest management
planning to evade extensive data collection and examinations (Pretzsch et al. 2008; Pretzsch et al.
2014). Models attempt to provide a numerical portrayal of physical processes and also, simulate
different scenarios that can be calculated and visualized (Muys et al. 2010). However, forest
models need to be tested and compared with field data for acquiring maximum capacity, and
cannot solely replace basic field measurements (Pretzsch et al. 2014). The first forest model has
been constructed by Réaumur in 1721 in the form of yield tables to help forest management
planning and forecast the production of forest stands (Pretzsch 1992; Lexer et al. 2000). The yield
tables are mainly designed for even-aged mono-specific stands and often assume a specific
management scheme (van Gadow and Hui 1999) are thus inappropriate for assessing the impact of
various forestry treatments on biodiversity (Lexer et al. 2000). There are many models developed
since the first yield tables, however, there are two types that dominate in the research: empirical
and process-based (Kimmins et al. 1990; Bossel 1991; Mohren and Burkhart 1994; Lexer et al.
2000). Empirical models represent trends observed in forest-based measurement plots (Twery and

Weiskittel 2013), while process-based models integrate a mechanistic explanation of the
interaction of the modelled aspects with the environment (Lexer et al. 2000). There are also hybrid
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models, and these are a combination of both empirical and mechanistic methods (Twery and
Weiskittel 2013). Generally, all of these types of models are applicable on various scales such are:
tree level, size class level, stand level, ecosystem, landscape, and the global level (Lexer et al.
2000). Single-tree models are explicitly designed to address the response of forest growth to a
range of forestry treatments and therefore are appropriate for identifying biodiversity variables
(Lexer et al. 2000). Size class models provide significantly more information about the
composition and structure of the stand and allow for the assessment of silvicultural impacts on the
development of the stand (Solomon et al. 1986; Lexer et al. 2000). Distance dependent tree models
provide a thorough explanation of tree distribution and stand structure, (e.g. Pretzsch 1992;
Hasenauer 1994) and thus allow the measurement of an array of proposed structural indicators for
tree distribution and stand structure (Lexer et al. 2000). Lexer et al. (2000) argued that forest
models that do not integrate tree regeneration are not suitable for biodiversity assessment. Also,
the tree mortality variable, in intensively managed forests, is not a valuable indicator for
biodiversityassessment because it is induced by human interventions and not naturally, while in
unmanaged forests it is induced by competition and thus well represents the natural processes
(Shugart 1984;Monserud 1976; Lexer et al. 2000).

Simulators or simulation tools are used to encapsulate models and to project outcomes of
management options (Muys et al. 2010). In the last decade, simulation tools have gradually been
paired with optimization and choice algorithms and approaches (Muys et al. 2010). Optimization
serves for identifying appropriate treatment pathways for individual stands or solving complex
planning problems with multiple objectives e.g., net present value, biodiversity indicator and
landscape metric (Muys et al. 2010). The most commonly used optimization technique in forest
management is Linear Programming (LP), particularly for strategic forest planning issues such as
timber harvesting scheduling (Ezquerro et al. 2016). Other methods such are Metaheuristics (MH)
(e.g., Falcdo and Borges 2002, Bettinger et al. 2002; Pukkala and Kurtilla 2005) or mixed integer
programming (e.g. Constantino et al. 2008, T6th and McDill 2008) have been proposed to address
concerns with a wider range of ecosystem services in forest management planning. When the
decision-maker faces problems in which multiple parameters indicate a degree of disagreement
between each other, decision analysis may be supported further by Multi-Criteria Decision-
Making methods (MCDMs) (Ezquerro et al. 2016; Borges et al. 2017). MCDMs are used in
strategic planning decisions, such as opting between optimum sustained yield and close-to-nature
management and have been effectively integrated into Decision Support Systems (DSS) (Reynolds
et al. 2008; Muys et al. 2010; Nordstrom et al. 2019). Ezquerro et al. (2016) conducted areview of
operational research approaches used for the integration of biodiversity goals into forest
management planning, and their results demonstrated that there is no universality in the choice of
optimisation techniques used among cases as they identified significant variation in the
optimization strategies used to incorporate biodiversity-related aspects into forest management.
LP model building pioneered the use of optimization techniques to address concerns with wildlife



management and biodiversity conservation (Thompson et al. 1973). Currently, the most
predominantly used are MCDMs and MH techniques as well as mixed-integer programs (Kénnyii
et al. 2014; Ezquerro et al. 2016; St John et al. 2016).

It is important for forest managers first to know the temporal and spatial scale of the model and
then to decide on the most appropriate operational research technique (Ezquerro et al. 2016). When
selecting a model-building technique, managers should consider how well it may address multiple
objectives and ecosystem services as well as if there is a need to incorporate the views of the
various stakeholders (Ezquerro et al. 2016). Moreover, they should check whether there is software
available to solve the models, namely in the framework of DSS (Reynolds et al. 2008; Ezquerro et
al. 2016). Regarding the involvement of different stakeholders in decision-making, there is a study
from North-Western Portugal where web-based DSS named wSADfLOR was used to promote
stakeholder access to resources that can lead to improving planning for forestmanagement (Marto
et al. 2019). That is a novel DSS that integrates the functionality of databases, simulators of
vegetation dynamics and biodiversity indicators, optimization and multiple criteria techniques, and
a web-based graphical interface. Also, WSADfLOR considers growth and yield simulation for
holm oak, maritime pine, blue gum and chestnut. The results demonstrated that WSADfLOR is
suitable for tackling diverse contexts of multi-objective and multi-decision-makermanagement
planning including addressing biodiversity in forest management.

3. The thesis aim and research questions

There are numerous studies on considering biodiversity in forest management in Europe, however,
it remains unclear how biodiversity assessment is feasible and which indicators to choose,
particularly by forest managers with no background in forest ecology. Some studies attempted to
address practical forest biodiversity assessment that is simple and cost-effective (e.g., Smith et al.
2008; Coote et al. 2013; Angelstam and Donz-Breuss 2004). However, there is a lack of studies
that examine the general practicality of forest biodiversity indicators used in forest management in
Europe, in various types of forests and scales. Overall, there is a lack of studies that address
biodiversity assessment in forests from the perspective of forest managers. There is a need for
research that provides a starting point in biodiversity assessment that is clear, unambiguous, simple
and cost-effective. Biodiversity is a very complex aspect and thus should be approached step-by-
step. However, if the initial step in the assessment is not appropriately undertaken, the entire
knowledge about biodiversity and the need for conservation would be under question. Therefore,
it is necessary to provide an unambiguous knowledge base on practical ways to assessthe overall
state of biodiversity in forests that would provide forest managers with the possibility to operate
sustainably.

In this thesis, | developed a literature review of forest biodiversity indicators in Europe with a
reference to their practicality. Further, | developed approaches to integrate biodiversity in



forest management using these indicators and assessed the biodiversity value of stand-level forest
management models in northwest Portugal. The main aim of the thesis was to address biodiversity

in forest management in forest plantations of northwest Portugal in a practical manner at a stand
and a landscape scale.

Therefore, the open questions are:

1. Which biodiversity indicators to consider in forest management in Europe?

2. How to assess and what is the state of biodiversity at a stand-level in plantation forests
in northwestern Portugal?

3.

How to use stand-level indicators to assess landscape biodiversity aspects in plantation
forests in northwestern Portugal?
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Abstract: Including biodiversity assessments in forest management planning is becoming increasingly
important due to the importance of biodiversity for forest ecosystem resilience provision and
sustainable functioning. Here we investigated the potential to include biodiversity indicators
into forest management planning in Europe. In particular, we aimed to (i) identify biodiversity
indicators and data collection methods for biodiversity assessments at the stand and landscape levels,
and (ii) evaluate the practicality of those indicators for forest management planning. We performed
a literature review in which we screened 188 research studies published between 1990 and
2020. We selected 94 studies that fulfilled the inclusion criteria and examined in more detail.
We considered three aspects of biodiversity: structure, composition, and function, and four forest
management categories: unmanaged, managed, plantation, and silvopastoral. We used three criteria
to evaluate the practicality of forest biodiversity indicators: cost-effectiveness, ease of application,
and time-effectiveness. We identified differences in the practicality of biodiversity indicators for their
incorporation into management plans. Stand-level indicators are more practical than landscape-level
indicators. Moreover, structural biodiversity indicators (e.g., large trees, canopy openness, and old
forest stands) are more useful in management plans than compositional indicators, as these are easily
observable by non-professionals and can be obtained by forest inventories. Compositional indicators
such are vascular plants, fungi, bryophyte, lichens, and invertebrate species are hard to identify
by non-professionals and thus are impractical. Functional indicators (e.g., nutrient cycling) are not
sufficiently addressed in the literature. Using recently updated existing databases (e.g., national forest
inventories and bird atlases) is very time and cost-efficient. Remote sensing and other technology
(e.g., smartphone applications) are promising for efficient data collection in the future. However,
more research is needed to make these tools more accurate and applicable to a variety of ecological
conditions and scales. Until then, forest stand structural variables derived from inventories can help
improve management plans to prepare European forests towards an uncertain future.

Keywords: forest biodiversity indicators; forest composition; forest structure; forest ecosystem
function; adaptive forest management; adaptive capacity; response diversity; practical indicators

Forests 2020, 11, 343; doi:10.3390/f11030343 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0003-4300-9550
https://orcid.org/0000-0001-8091-6075
https://orcid.org/0000-0002-0608-5784
http://www.mdpi.com/1999-4907/11/3/343?type=check_update&version=1
http://dx.doi.org/10.3390/f11030343
http://www.mdpi.com/journal/forests

Forests 2020, 11, 343 20f 24

1. Introduction

Forests host much of the world’s biodiversity [1,2] and most terrestrial species inhabit these
ecosystems [3,4]. Biodiversity is “the variety of life on Earth and the natural patterns it forms” [5]. Forest
biodiversity is the variety of all forms of life and its organization within the forest area [6,7]. The world’s
terrestrial ecosystems encompass a forest area of 30.6%, with a declining trend [8]. In contrast, Europe’s
forest cover of currently 33% (215 million ha) is increasing [9]. The leading threat to biodiversity is the
loss and the extreme alteration of ‘once naturally dynamic forests’ mainly due to competitive land
use [10-12]. Even though there is limited proof of the current effect of climate change on biodiversity,
researchers propose that climate change could outperform habitat destruction by land use and become
the leading threat to biodiversity in the future [13,14].

Biodiversity is critical for forest ecosystem resilience as it determines the adaptive capacity of a
community and sustainable provisioning of ecosystem services [15,16]. Therefore, to prepare forests
for an uncertain future, biodiversity conservation became one of the most important aspects of forest
management planning. Biodiversity includes a scope of spatial scales and has components related to the
forest structure, (e.g., tree dimensions, canopy complexity, deadwood, and understory), composition
(e.g., diversity within and between species, or species communities), and function (e.g., succession,
decomposition, nutrient cycling) [17-20]. Due to the complexity of biodiversity across multiple
components and scales, extensive evaluations of biodiversity are arduous and costly to embrace,
even for stands of generally basic structure and organization [18-21]. Therefore, it is necessary to
develop indicators to facilitate its assessment and integration into forest management plans [22].
Such indicators are ‘surrogate measures of other components of forest biodiversity” that are used for
the assessment of temporal and spatial changes of biodiversity [4,23]. Indicators need to be practical
for the use of scientists and forest managers with different backgrounds. Practical indicators ideally are
simple to evaluate, repeatable, economic, and ecologically important [24,25]. While numerous studies
thoroughly addressed the importance of biodiversity indicators for biodiversity assessment [21,26,27],
the practical usefulness of those indicators in sustainable forestry is still affected by perplexity and
misconception [28-30]. Some of the leading problems that might cause the confusion about which
indicator to choose from are (a) different spatial scales (i.e., the same indicator might not work for stand
and landscape scale), (b) forest managers with different educational backgrounds (i.e., some managers
might not understand why and where to use specific indicators), (c) unclear definition of the indicator
and target levels (i.e., it is often unclear which biodiversity value is measured and according to what
target level action needs to be undertaken) [30], and (d) facility to measure indicators repeatedly.
Another challenge is to make a compromise between comprehensive biodiversity assessments and the
cost-effectiveness of tools that can be used by forest managers to derive biodiversity indicators [12].
There are several reviews related to the use of biodiversity indicators in forest management planning
in Europe [31-33]. However, no study has summarized yet the practicality of forest biodiversity
indicators and methods for data collection. In particular, open questions are (i) what is the state of the
art of the practicality of forest biodiversity assessment, and (ii) which biodiversity aspects are more
and which are less amenable for forest managers, and why?

Our study sheds light into those questions. Based on a literature review, we discuss the
practicality of biodiversity indicators and tools to collect biodiversity information in European forests.
We distinguish between stand and landscape level as both are important in forest management
planning. Moreover, we account for different forest management categories, including unmanaged
forests, managed forests, plantations, and silvopastoral systems. The review includes four sections:

(1) Biodiversity indicators in European forest research

(2) Integrating biodiversity indicators into forest management

(3) Practical data collection

(4) Literature gaps and implications with forest management planning
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2. Materials and Methods

2.1. Literature Review

We searched for scientific papers on forest biodiversity indicators used in forest management
planning in Europe. We followed the PRISMA (Preferred Reporting Items for Systematic reviews
and Meta-Analyses) statement in designing our review protocol [34,35]. The cutoff date for the
inclusion of publications was February 16th, 2020. We used three combinations of search terms in
Google Scholar and Web of Science: forest AND management AND planning AND biodiversity AND
indicators; “forest management planning” AND biodiversity AND indicators; “forest management
planning” AND “biodiversity indicators”. The studies we found were published between 1990 and
2020. Additionally, we screened references cited by identified papers (‘snowballing’). We evaluated
the relevance of each study based on title and abstract first, and if necessary, we read the introduction
and methods of the remaining studies to determine whether to include it in our review.

The inclusion criteria for the literature were:

e  The research study was performed in Europe;

e  Published in a peer-reviewed scientific journal;

e  Written in English;

e  The scale of research was stand or/and landscape;

e  The focus was on forest biodiversity assessment;

e Biodiversity indicators and methods for data collection were clearly reported and extractable.

We selected 188 papers for further investigation, from which 94 papers were finally analyzed for
the review (Figure 1). More details on the search strategy and the selection of the papers are listed as
supporting information in supplementary material in Table S1.

Records identified through
database search (n=188)

v

Records after duplicates Records excluded with justification: (n=23)

removed (n=141)

1) The research was not performed in Europe (3}

‘ 2) We couldn't identify and extract indicators (7)
Records after reviews and 3) The scale was not stand neither landscape (5)
syntheses removed (90) 4) The focus was not biodiversity assessment (4)
¢ 5) Not written in English (1)
6) Not forest ecosystems (1)
Articles assessed for eligibility — » | 7)Could not access the paper (2)
(n=90)
: f
Articles included (n=67) —— > | Additional records identified through references
cited by the identified papers ‘snowballing’ (25)
v /
Final number of articles Records suggested by peers (2)
—
included (n=94)

Figure 1. PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) flow diagram
of the literature review.

2.2. Data Extraction

From each study we extracted (a) the country/countries in which the study was conducted; (b) the
type of biodiversity indicators (compositional, structural or functional); (c) the methods for data
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collection relevant for those indicators; (d) the scale at which the indicator was used; (e) type of forest
where indicators were tested; (f) practicality of the indicator for management.

2.3. Evaluation of Practicality

We evaluated the practicality of biodiversity indicators and techniques for forest biodiversity data
collection according to:

o  Cost-effectiveness, i.e., what were the costs per hectare in Euros? How much workforce is required?

e  Ease (simplicity) of application, i.e., are these indicators simple to use by forest managers with
different backgrounds and can they identify the indicators (e.g., recognize the plant, animal
species, or forest structural variables), and collect the data?

o  Time-effectiveness, i.e., what is the time required for data gathering and assessment?

Ecological meaningfulness is another important aspect of practical indicators (apart from
cost-effectiveness, ease, and time-effectiveness). However, we did not assess it here as different
indicators may have multiple impacts on ecosystem functioning and services outcomes. For instance,
saproxylic beetles and other decomposers are important for nutrient cycling and thus the productivity
of forests [36], whereas structural complexity provides niches for several species with different life
traits and thus structurally complex ecosystems exhibit a high resilience towards environmental
change [36-39].

3. Biodiversity Indicators in European Forest Research

3.1. Geographic Distribution of Case Studies

The case studies were not evenly distributed across Europe. The majority of case studies were
distributed around the Baltic Sea rim (Figure 2). The greatest number of case studies was from Italy
(13 studies), Poland (12), Sweden (12), Germany (9), and Finland (8).

Biogeographic regions
in Europe, 2011

Alpine
Anatolian

Arctic

Atlantic

Black Sea
Boreal
Continental
Macaronesia
Mediterranean

Pannonian

ORRANCECONN

Steppic
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coverage

* Case study area

F[‘J" \Ea_narv Is.
v e
v o7
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Figure 2. Distribution of case studies across biogeographic regions in Europe (note: nine studies had
more than one case study area).
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The practicality of forest biodiversity indicators and data collection methods was addressed in
57 studies (out of 94) (Figure 3). Out of the 57, 34 studies addressed practical data collection methods,
22 addressed practicality of indicators, and one addressed both. Six studies explicitly clearly stated
that they have chosen indicators practical for forest managers or non-professionals and explained

why [12,25,40-43].
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> T c > T c £ - ) © © © © O T © > ®© > © © > £ T ©
T £ 9 &£ ¢ 3 8 2 £ €= § £ 5 & 5 5 ¢ ¢ B ® €
£ &8 5 8 s 8 8 5§ € 8§ &§ & ¢ &8 g ¥ 2 & &5 2 2 % &
c ¢ E £ v w g & 2 £ 3 2 &£ T 353 5 8 ¢ 2 o 5 £ ¢
a 2 5 i c £ & 8 £ 2 6o 9§ < F S & ¢ 2 @ 5 &5
a8 S - A § I » g 0 a x
3 z =
E=
c
=
M Total number of case studies M The number of case studies where practical indicators were used

Figure 3. Ratio of the total number of case studies and the number of case studies that were addressing
the practicality of the biodiversity indicators used. Analysis per country.

We did not identify any studies in the first decade of the study period (Figure 4). In the second
decade, all the studies we selected were addressing practicality, while in the third decade approximately
60% of studies did not address practicality.

A Studies that used practical indicators A Studies that did not use practical indicators

Number of studies

D‘AAAALAAMA A

DN D HP o N DO O
OO OV D DD D PP O
RHSESRCES S RC UG IR CIAN

Figure 4. Temporal evolution of studies on biodiversity indicators, which address (blue) and do not
address (red) practicability of the indicators and data collection methods applied. Note that our review
includes studies until February 16 (i.e., the year 2020 is incomplete).
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3.2. Forest Biodiversity Indicators Used in Studies

The most represented biodiversity attributes related to forest structure were forest inventory
variables (Figure 5 and Table S2 in supporting material) and deadwood (DW). Regarding forest
composition, taxa were the most represented where birds, bryophytes, and fungi dominated in the
literature. Valuable flora and fauna were least covered. Generally, functional indicators (e.g., nitrogen,
phosphorus, and other nutrients availabilities) were underrepresented in comparison to structural
and compositional indicators. Studies were mainly addressing composition (39.6%), structure and
composition (26.4%), structure (18.7%), structure, composition, and function (9.9%), structure and
function (3.3%), composition and function (1.1%), and function (1.1%).

Mortality (1)

Species richness (2)

Valuable flora and fauna (4)
Tree species regeneration (5)
Disturbance (5)

Horisontal structure (5)
Topographic elements (6)
Microhabitats (7)

Nutrient cycling (9)
Fragmentation (10}

Vertical structure (13)
Naturalness (20)

Deadwood (31)

Plant species diversity (34)
Individual species (35}

Forest inventory variables (38)

Taxa (67)

(=]

10 20 30 40 50 60 70 80

Figure 5. Number of biodiversity indicators used in reviewed studies. For details how indicators are
explained and sorted by type of biodiversity (structure, composition, and function) see supporting
material, Table S2.

Regarding the scale, the studies at the stand scale were dominant (55.3%) over the studies at the
landscape scale (31.9%) in the 94 articles revised. Additionally, there were studies addressing stand and
landscape levels simultaneously (12.8%). The greatest number of studies at the stand scale addressed
managed conifer forests (18), followed by managed broadleaved (16) and managed mixed forests (15).
At the landscape scale, managed conifer forests dominate the number of studies (12), followed by
broadleaved managed forests (10) and mixed managed forests (9). Managed forests are fairly covered
at both scales. The least number of studies are on silvopastoral systems at stand (1) and landscape
scales (1) and broadleaved plantations at both scales (one each). We found no studies covering mixed
plantations at the stand and landscape scale. Some studies did not clearly state the scale of analysis
(6.4%) as well as type of forest (e.g., managed, unmanaged, plantation) (11.7%) being addressed.

4. Integrating Biodiversity Indicators into Forest Management

Only four studies reported costs and time effectiveness of biodiversity assessment [12,40,41,44].
Most of the studies reported practicality of indicators if these are ‘easy to evaluate’ but frequently
without explaining why precisely. Additionally, the definition of ‘easy to evaluate’ varied among
studies, where some linked it with ease to recognize the species [25,45] and others with the efforts to
collect the data [4,46]. It can be concluded that the definition is fuzzy. However, it is challenging to
improve clarity as practical features are rarely strictly independent, but rather correlated (e.g., easy to
evaluate saves time and money).
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4.1. The Practicality of Forest Biodiversity Indicators

4.1.1. Forest Species Composition

Tree species composition is easy to use (Table 1) and data is available from national (NFI) and
local forest inventories [4]. Some studies have revealed that plant species diversity is a good proxy for
overall biodiversity [4,47-49]. However, there were also studies reporting that assessing understory
plant species composition is impractical, albeit without explaining why [50-52]. Possibly, identifying
herbaceous or even shrub plant species may require specific and additional training as that is required
for identifying tree species [43,53]. Some authors found plant species diversity and particularly
understory vegetation (Table 2) less useful since it is often not included in NFIs or is not collected in a
standardized way across countries [4,54]. We also found some authors reported vascular plants as
more cost-effective indicators than other taxa [55,56]. In contrast, other authors found vascular plants
and lichens hard to recognize by non-specialists [57,58]. Angelstam and Donz-Breuss [12], for example,
conducted studies in Austria, Poland, Russia, Italy, and Scotland and found that pendulous lichen
is not a practical indicator at large scales, due to variable frequency of occurrence. Additionally,
fungi are costly and time-consuming for the assessment due to seasonal variation and demand for
professional knowledge for identification [59]. Moreover, fungi’s fruiting bodies have a short life and
are hard to detect [60,61]. Fungi monitoring typically requires many surveys within a year, but see
Ambrosio et al. [61]. Nevertheless, species recognition by non-specialists may be possible in the future
through molecular ecology method called DNA metabarcoding [62]. Barsoum et al. [62] applied this
technique for assessing arthropod biodiversity and compared it with surrogate measures of biodiversity,
with a high degree of correspondence.
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Table 1. Practical indicators for various management categories at stand and landscape-level reported in the literature (* indicates the property; - indicates unknown).

Practical Aspects of Indicator Management Category
Sale  piotbversty Practical Indicator CoSample. Recogize  toSwmple. Forest . Forens  Pantatins SRl
Stand Compos. Vascular plants [55,56} * *
Stand Compos. Carabidae beetles [46] * * * * * *
Stand Compos. Spiders [25] * *
Stand Compos. Hoverflies [25] * *
Stand Compos. Tree species compg;s\i]tei;);\t(;)ic[ir:;s]s, abundance, and . " " " . .
Stand Compos. Shrub species compgis‘i/téfsrzt;ic[lg;ess, abundance, and . . N N . .
Stand Struct. Deadwood [2,12,20,63-65] * * * * *
Stand Struct. Canopy cover [2,4] * * * * * *
sand st P ont and forked ey L] * * * '
Stand Struct. Proximity to native forests [25] * * * * * *
Stand Struct. Large trees (mature trees) [12,63] * * * *
Stand Struct. Old forest stands [12] * * *
Stand Struct. Deciduous trees [12] * * *
Stand Functi. Stand age [2,12,25] * * * *
Stand Functi. Available phosphorus (P) [25] *
Stand Functi. Elevation [25] * * * *
Stand Functi. Uprooted trees [12] *
Stand Functi. Thinning frequency [25] * * * *
Stand Functi. Wood-decaying bracket fungi [12] * * *
Lands. Compos. Birds [25,55,56,58] * * * * *
Lands. Compos. Tree species richness [66] * * *
Lands. Compos. Shrub species richness [66] * * *
Lands. Compos. Valuable habitats [4] * * * *
Lands. Struct. Patch shape, proximity, texture, diversity, and size [67] - - - - - - -
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Table 2. Impractical indicators for various management categories at stand scale reported in the literature (* indicates the property). Note that we did not identify

impractical landscape scale indicators.

Impractical Aspects of Indicator Management Category
Scale Type of Impractical Indicator Expensive to Hard to Time-consuming Unmanaged Managed Plantation Silvopastoral
Biodiversity and Authors Sample Recognize to Sample Forest Forest System
Stand Compos. Vascular plants [57,58] * * * * * *
Stand Compos. Lichens [12,57,58] * * * *
Stand Compos. Fungi [59] * * * * *
Stand Compos. Bryophyte [25] * * *
Stand Compos. Invertebrate species . " .
[25]

Plant species diversity " " " " * ®
Stand Compos. [4,54]
Stand Compos. Herb layer [68] * * * * *
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Carabidae (ground beetles) that feed on arthropods can be used as indicators of arthropod
diversity [52,69]. Carabidae may have many advantages as indicators such as wide distribution across
a range of terrestrial habitats, ecologically and taxonomically are a well-known group, and relatively
easy to capture by trapping techniques [46,70-72]. Syrphidae (hoverflies) have also been suggested as
indicators of a diversity of habitat conditions [52]. However, invertebrate species are challenging to
identify by non-specialists, and time-consuming and expensive to sample [25].

Birds are frequently reported as the most practical biodiversity indicators, namely at larger
scales [25,57,58] and are particularly relevant to assess habitat fragmentation [73-76]. However, birds are
more suitable indicators of habitat structure than habitat species composition [77], since its abundance
and richness is mainly correlated with forest structure and less with tree species composition [78-80].

Habitat requirements of birds are most commonly reported in comparison to all other taxa [58,81]
which makes birds more practical than other taxa [55,56]. Nevertheless, for this reason, birds are so
frequently used as surrogates of biodiversity, and not due to their ‘unique intrinsic value’ as biodiversity
indicators [73,82]. However, some authors find birds and other large vertebrates unsuitable as indicators
for overall biodiversity, as these are ‘highly mobile generalists that lack established tolerance levels
and correlations with ecosystem change’ [46,83].

4.1.2. Forest Structure

Deadwood is an easily observable and thus practical indicator [2,20,64]. Pesonen et al. [41]
compared the efficiency of various methods for the data collection on deadwood in Central Finland.
The assessment of one type of deadwood material on a 400 m? area took on average 3.4 min, and the
time required for the walk between plots was estimated at approximately 2 km h~!.

Vertical structural diversity is often analyzed in forest management planning, and thus it is well
known to forest managers [20,50,51]. Canopy cover, stand age, and the proximity of old woodlands
are easily recognizable by non-specialists, ecologically meaningful, and suitable for various types of
forests [2]. Large trees are also used as biodiversity indicators in some studies [12,63]. Further, these
attributes are typically easily extractable from NFIs [4].

4.1.3. Forest Ecosystem Functioning

Practical functional forest biodiversity indicators at the stand scale, reported in the literature,
are stand age, thinning frequency, wet microhabitats, elevation, and available phosphorus [25].
Stand age and thinning frequency can be extracted from stand registers or NFIs. However, the authors
did not explain why they selected phosphorus as a potential indicator and how practical it is to assess.
Additionally, while it is understandable that stand age reflects tree growth, it is not clear what is the
contribution of thinning frequency, wet microhabitats, and elevation for forest ecosystem functioning.
Uprooting, wood-decaying bracket fungi and ungulate browsing were used as practical indicators
in a study of [12]. The authors indicated that the first two indicators are found together in most
cases. However, fungi demand professional knowledge for the identification and are time-consuming
and costly to monitor [59], which decreases the feasibility of this indicator for decaying processes.
The authors did not explain why they selected browsing as a biodiversity indicator and why it is
practical to use it.

4.1.4. Indicator and Umbrella Species

As it is mostly impossible to measure all aspects of biodiversity in practice, indicator species are
often used as proxies for biodiversity [84-87]. Woodpeckers (Dendrocopos sp.) were used as an indicator
species for biodiversity aspects at the landscape scale such as naturalness [88] and avian diversity [65].
Suitability of woodpeckers as an indicator species lies in the fact that this species depends on critical
forest resources that are rarely found in managed forests (e.g., deadwood, large trees) and therefore
it is expected that other taxa of conservation value (also dependent on these resources) could be
found within the area of a woodpecker as well [89]. Treecreepers (Certhia brachydactyla) were used
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as an indicator of the effect of fragmentation on habitat suitability and abundance of local species.
Among invertebrates, hoverflies were applied as an indicator species of the role of open spaces in
maintaining biodiversity [90]. However, some authors argue that indicators should embrace different
species, with diverging mobility and habitat preferences [30,91-93]. Therefore, Vangansbeke et al. [93]
used a group of indicator species: crested tit (Lophophanes cristatus), coal tit (Periparus ater), nightjar
(Caprimulgus europaeus), and common lizard (Zootica vivipara) to estimate biodiversity at stand-scale.
The results demonstrated a significant relationship between biodiversity and occurrence probability of
these species, except for the common lizard.

A similar aspect to indicator species is umbrella species. Conservation of umbrella species
contributes to an array of other species depending on the same resources [89,94,95]. Typically,
capercaillie (Tetrao urogallus) is tested for this role and particularly for avian biodiversity in temperate
forests [96] or forests with rich diversity [97]. However, indicator and umbrella species should be
taken cautiously, and the relationship between the indicator and indicandum needs to be tested and
validated rigorously before using them [87,98-101].

4.1.5. Correlation and Surrogacy

Testing a correlation between different biodiversity aspects and therefore estimating if one aspect
can be used as a surrogate for another may facilitate biodiversity assessment. The most used surrogates
for biodiversity are bird species richness, and micro-habitat diversity as these are easy to sample and
to quantify [45]. Stand structure parameters, soil class, and plant species composition are reported as
positively correlated in a study by Gao et al. [4]. Landscape structural metrics such are patch shape,
proximity, texture (e.g., land cover classes), diversity, and size, proved good indicators of overall
species richness, woody plants, orthopterans, and reptiles in a study by Schindler et al. [67]. For further
information on the results of correlation used in studies, see supplementary materials, Table S3.

To decrease the odds of creating erroneous or biased surrogates of biodiversity, some authors
suggested the use of several taxonomic groups, instead of a single taxon [62,102,103]. It is also
important to note that using many highly correlated indices creates a problem with the interpretation
of the results and does not provide new information [104,105].

5. Practical Data Collection

Data collection was the most time-consuming part of biodiversity assessment (ca 70% of the time),
while planning (ca 9%), data management (ca 15%), and analysis (ca 6%), required less time in studies
from Scotland, Austria, Poland, Italy, and Russia [12]. The study also found that daily workforce
of 2343 person-days was needed for biodiversity assessment, where 23 were required in the case
studies with lowland areas and 43 with hilly areas. The number of person-days also depended on the
complexity of forests, weather conditions, and accessibility [12].

5.1. Sampling Methods

Sampling is a practical method for data collection since only a sub-set of interest (e.g., trees) and
their spatial relationship is measured if the area is large [106]. However, some sampling methods are
more practical than others. Namely, line-intersect sampling for deadwood volume estimation is less
time consuming than other sampling methods such as circular sample plots [107] or systematically
distributed sample plots [65,108,109]. However, Fridman and Walheim [65] stressed that ‘the use of
line intersect sampling would have caused problems with the determination of all variables needed
for breaking down the DW-results on, e.g., stand age, forest type, and forest management operations
performed’. Medium size plots (ca 25 m) proved to be more efficient than large plots (50 m) for
deadwood volume estimation [41]. Further, Motz et al. [106] tested the efficiency of angle count
and fix radius methods for tree diversity measures sampling. Fixed-radius plots were superior in
measuring most indicators (e.g., stems per hectare and all spatially explicit diversity indices), and the
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effectiveness of this method increased with higher diameter variation. The results of this study refer to
most representative Central European forests and apply to various scales.

5.2. National Forest Inventories (NFIs)

Using existing datasets, such as NFIs, saves time and money [4,68]. The data on forest structure
from NFlIs can be used for the development of ecological indicators for the assessment of valuable
habitats and forest protection zones at the landscape level [68,110,111]. Martin-Queller et al. [66] used
the data for gamma tree, and shrub species richness assessment in silvopastoral systems from the
Third Spanish NFI (Table 3). Similarly, Torras and Saura [63] also used NFI data for the estimation of
snags (stems/ha), large-diameter trees, shrub species abundance, shrub species richness, tree species
richness, and tree species diversity in managed and unmanaged conifer, mixed, and broadleaved
forests. However, the information related to the herb layer was not available in the NFL

The data on deadwood is usually not adequately provided in NFIs such as in boreal countries [12].
Only recently, the information on lying and standing deadwood is starting to be included in forest
inventories in some regions. Another challenge is the accuracy of information regarding the amount of
deadwood, generated by severe disturbances [112]. Not all NFIs have the same standards for deadwood
assessment, which creates the problem for comparison of the results from different inventories [65].
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Table 3. Practical methods for data collection for different biodiversity attributes in three types of forests and types of biodiversity (structure, composition, and

function) Note: not all the authors reported the types of forests clearly, and thus we put in the table information only about those which are clearly reported.

Scale and Type

Practical Data Collection

Practical Data Collection

Practical Data Collection

Practical Data Collection

of Biodiversity Indicator (Atiribute) Method for Managed Forests =~ Method for Unmanaged Forests =~ Method for Plantations for S;;\;(:Ere:lsstoral
Stand Deadwood Smartphone app [42]; NFI [63] Smartphone app [42]; LIDAR [41]; - -
Structure NFI [63]; line-intersect sampling
[107]

Structure Big trees Smartphone app [43]; NFI [63] Smartphone app [43]; NFI [63] - -
Structure Tree density Smartphone app [43] Smartphone app [43] - -
Structure Micro-habitat diversity Satellite images [45] Satellite images [45] - -
Structure Biomass LiDAR [113] LiDAR [113] LiDAR [113] -
Structure Height LiDAR [113] LiDAR [113] LiDAR [113] -
Composition Tree species diversity Smartphone app [43]; NFI[63]  Smartphone app [43]; NFI [63] - -
Composition Shrub species diversity NFI [63] NFI [63] - -
Composition Herbs Smartphone app [42] Smartphone app [42] - -
Composition Bird species richness Satellite images [45]; National Satellite images [45]; National - -

Ornithological Society [114]; Ornithological Society [114];

National bird atlas [89]; gamekeeper register [115]

gamekeeper register [115]
Composition Fungal species richness LiDAR [59] - -
Composition Composition of LiDAR [40] LiDAR [40] - -

forest-dwelling beetles
Function Disturbances Smartphone app [42] Smartphone app [42] - -
Regeneration Smartphone app [42] Smartphone app [42] -

Landscape Deadwood LiDAR + inventory data + LiDAR [41] - -
Structure aerial photographs [41]
Structure Micro-habitat diversity Satellite images [45] Satellite images [45] - -
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Scale and Type

Practical Data Collection

Practical Data Collection

Practical Data Collection

Practical Data Collection

of Biodiversity Indicator (Attribute) Method for Managed Forests =~ Method for Unmanaged Forests =~ Method for Plantations for Ssi;‘;(t)g;sstoral
Structure Height LiDAR [113] - -
Structure Biomass LiDAR [113] - -
Composition Tree species - NFI [66]
Composition Shrub species - NFI [66]
Composition Bird species richness Satellite images [45]; National Satellite images [45]; National - -

Ornithological Society [114,116];
Museum of Natural History
[68]; National bird atlas [87]

Ornithological Society [116];
National bird atlas [87]
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5.3. Flora and Fauna Atlases

The data on bird populations of some studies investigated here were from National Ornithological
Society [114,116], or Museums of Natural History [68]. Further, a National Bird Atlas was a source of
information on bird composition and occupancy in some studies [87,89]. Data on bird composition
were obtained from the National Forest Research Institute [97], and gamekeepers register [115]. Studies
collecting fauna data harnessed atlases and registers for bird data only, while no data of other animal
species were obtained from such sources. Most of the authors used bird maps and atlases as a baseline
for the comparison with their own data. We have not found any study using vegetation maps or
registers to investigate the flora of forests.

5.4. Remote Sensing

Collecting forest biodiversity data by remote sensing technology was applied in numerous studies
and is considered broad-scale, accurate, and more cost-effective and faster than field sampling [40,
41,45,59,68,113,117-119]. Ozdemir et al. [45] used satellite images to predict bird species richness
and micro-habitat diversity in brutian pine (Pinus brutia) forest ecosystems in Turkey. They reported
this approach as ‘potentially’ more efficient (faster and cost-efficient) than field measurements.
Thers et al. [59] used the 2014-2015 Danish national airborne Light Detection and Ranging (LiDAR)
scanning survey (Danmarks Hejdemodel, DHM/Punktsky) for assessing fungal species richness.
The results showed that it is ‘promising that LiDAR-based variables hold information suitable for
detecting major gradients in fungal richness and composition’. Miiller and Brand [40] also used
LiDAR to estimate habitat variables, to model activity, richness, and composition of assemblages of
forest-dwelling beetles, and compare it to ground-based measurements. The results demonstrated
that remote sensing provides more cost-effective data on biodiversity, even in mountain forests, in
comparison to ground-based assessment.

Airborne LiDAR data is an accurate and feasible source of information on forest structure, such as
height and biomass-related aspects, even on large and complex areas [113]. Pesonen et al. [41]
found that the assessment of laying and standing deadwood by the airborne LiDAR is successful in
conservation areas in Finland. However, regarding managed forest, this method can only be used as
an auxiliary source, since the dynamics of deadwood in managed forests is quite different. Instead,
using LiDAR data together with aerial photographs or stand-register data adds to deadwood sampling
efficiency, even more than using only LiDAR data [41].

Some authors reported remote sensing as ‘potentially’ more efficient than field data
collection [45,59], which leads to the conclusion that precise estimation of efficiency is lacking.
However, Miiller and Brand [40] provided a precise report on the costs of biodiversity assessment
by remote sensing technology. They used LiDAR to estimate habitat variables, to model activity,
richness, and composition of assemblages of forest-dwelling beetles, and compare it to ground-based
measurements. The price for LiDAR assessment was 16 €/ha, the price for field data for habitat
variables was 100€/ha and the price for data on beetles was 260€/ha. An additional advantage of
LiDAR assessment is that costs decrease with the extent of the study area due to some fixed costs [40].
Given that costs of LIDAR variables are 5%-10% of ground-based measurement costs and that the
proportion of explained variance compared with field measurement is high, remote sensing data has
great potential in forest biodiversity modelling [40,120].

5.5. Camera Traps

Giithlin et al. [44] compared two techniques of field measurements for the estimation of red
fox (Vulpes vulpes) abundance: camera traps and feces counting. The comparison took costs and
precision into account. They divided costs into categories: initial costs, running costs for the equipment,
travelling costs, and person-days. The total costs of feces counting were 17,057€, while camera traps cost
16,323 €. However, the precision of the camera traps was lower than the precision of the feces counts.



Forests 2020, 11, 343 16 of 24

5.6. Smartphone Applications

A participatory GIS application for smartphones has been developed in Finland to collect the data
on cultural, recreational, and biodiversity aspects from local people [43]. The application contains a
component with information on forest management, ecology, and history of the area. In the second
component, the visitors are asked to leave general feedback on landscape, infrastructure, or application
functioning, and attach the photo. The third component is a game that is developed to attract more
participants to share their opinion on the aesthetical and ecological state of the forest. In the game,
the visitors are asked to answer the questions regarding structural and compositional biodiversity such
as: should there be more trees; should there be bigger trees; should it be more open; should there be
more tree species. No training or age limit is required, as long as the individual is capable of using
a smartphone.

A similar smartphone application for forest biodiversity data collection was developed in
Hungary to complement existing forest and conservation data with missing aspects such are canopy
composition and structure, deadwood, herbs, microhabitats, disturbances, shrubs, and regeneration [42].
The advantage is that this method is simple, fast, and requires less effort than forest inventory.
The method provides more detailed and reproducible information that is comparable with existing
databases. It requires relatively low workforce per plot and has user-friendly direct database recording
(no special equipment is required). The users do not need to be professionals; however, the training is
necessary. The application was developed for low-mountain forests in Hungary; nevertheless, it could
be modified for other forests.

Possible implications in regard to the use of applications for biodiversity data collection are in the
structuring questions for the application users [43]. Hence, the more the questions are non-structured
and open-ended, the harder it is for forest managers to analyze it further. Therefore, it would be
optimal for forest managers to receive mainly straightforward numerical information. The advantage is
that smartphone applications, as a technique, are very popular and will be unmistakably progressively
used in the future [43]. Most of the forest stakeholders own a smartphone, which makes the use of it
more amenable [43,121]. However, the stakeholders who tested the app in the study from Finland
were secondary school students and teachers [43]. The study from Hungary presented the protocol
and, thus there was no testing. Though, they stated that the app is intended for forest management
and nature conservation purposes.

6. Literature Gaps and Implications for Forest Management Planning

Our review revealed a lack of studies on biodiversity indicators for the Atlantic region, particularly
France. Eastern Europe is poorly represented, in particular Boreal, Continental, Steppic and
Anatolian regions. In Central Europe, the case studies are mainly concentrated on the Alpine
region, while Continental regions are missing. The research on biodiversity in Europe is still ‘heavily
biased toward countries with high gross domestic product’ [122,123]. Additionally, there is a bias in
case studies areas, where the studies from Central Europe repeatedly use the same study areas (e.g.,
the Black Forest, the Carpathians, the Alps).

Another problem our study identified here is an inconsistency in the definition of biodiversity.
Many scientists have defined composition as biodiversity aspect, while, e.g., nutrient cycling or soil pH,
they defined as environmental variables. Even though these interpretations are not erroneous, there is
a problem with comparing the results from different studies that did not define biodiversity aspects
equally. Even worse, the biodiversity definition is often missing in studies. Therefore, Feest [77,124]
suggests the development of a common measure of biodiversity consisting of indices such are species
richness, evenness, population, biomass, and conservation value, to facilitate biodiversity assessments.
Additionally, species interactions should assemble the list of biodiversity aspects [124,125].

Most authors focused more on data collection practical methods and less on indicators themselves.
There is a need to test and report more information on time and cost-efficiency and amenability of
indicators. Though, it is clear that data collection is the most time-consuming part of biodiversity
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assessment [12]. Most of the studies focused on the response of biodiversity on some pressure and very
few on measuring the state of biodiversity per se. In such way, the indicators are mainly indirect [77]
and only reflect the changes in biodiversity response to certain pressure over time.

We found that plant species diversity is often used as a surrogate for overall biodiversity [4,47-49].
However, herb species may be particularly hard to identify by non-specialists [57,58]. Data collection is
expensive and mostly unavailable from NFIs [4]. Therefore, future research needs to focus on resolving
which plant species or taxonomic groups may be easier to identify by non-specialists and from such
species assess those working better as biodiversity indicators. Additionally, DNA metabarcoding is an
innovative method for species recognizing and seems promising for non-specialist use [62]. Combining
this method with smartphone applications for species identification, that are lately progressively
developed, would be a more cost-efficient way for overcoming taxonomic impediment then investing
in taxonomic training.

Further, we found only one study that reported functional indicators at the landscape scale, and in
general, a few studies reported compositional biodiversity at the landscape scale. The practicality of
landscape biodiversity indicators needs to be addressed in future research, particularly functional
indicators which seems to be underrepresented and rarely estimated in European research studies.
Since there are only a few studies that used functional biodiversity indicators, there is not enough
evidence to discuss the practicality of this category of indicators. We assume that underlying reason is
the fact that functional indicators are very complex and require expensive laboratory equipment for the
assessment. No studies included nitrogen deposition as an indicator, even though that Nitrogen Critical
Load Exceedance (NCLE) was projected to have greater consequences to European biodiversity than
global change [77,124,126-129]. For instance, nitrogen deposition could create new interconnections
between lichens and forest stand properties [130,131].

With a view on data collection, more research and investment into modern technologies (LiDAR
and smartphone apps) is needed to improve the accuracy and applicability. Overall, future research
should integrate forest structure, tree species composition, and ecosystem functionality to provide
broader knowledge on habitat assessment and modelling [113].

7. Conclusions

Vascular plants and generally herb layer, fungi, bryophyte, lichens, and invertebrates are mostly
reported as impractical biodiversity indicators as their identification is challenging for non-professionals,
and the data is mainly unavailable in NFIs. This is problematic since plant species diversity is a
key indicator of overall biodiversity [4,47-49,63]. Structural variables (e.g., old stands, large trees,
and canopy cover) at stand scale [2,4,12,25] are easily observable by non-professionals and are available
in NFIs, which makes them practical. Deadwood is easily observable at stand [2,20,63] and landscape
scales [67,132,133], but often unavailable in NFIs. Generally, stand-level biodiversity indicators are more
practical for forest managers than landscape-level indicators, because forest management is primarily
acting on stand scale [25,134]. Even though there is great relevance in maintaining biodiversity in
production forest stands [135], landscape level is also important and requires more attention in future
research. Additionally, functional indicators are not sufficiently reported in the literature, and, thus,
there is not enough evidence to discuss their practicality. Using the results from correlations and
surrogacy relationships between indicators is a straightforward way to decrease the time and expenses
for biodiversity assessments. However, surrogacy relationships can be spurious and must be tested
under multifarious conditions [87,98-101].

Choosing the right sampling method and the right size of a plot can also contribute to efficient
biodiversity assessments [41]. NFIs are a good source of data on indicators such as tree and
shrub species diversity, and stand age [2,63,66]. Bird registers and atlases can be very useful and
are mainly used as a baseline in bird biodiversity research. Remote sensing technique for data
collection is more cost-effective and faster than field one at both stand and landscape scales, though
more research is needed to provide a precise estimation of biodiversity. Another advantage is that
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remotely sensed data is easier to update in comparison to traditional ways of collecting data, which
simplifies monitoring and reduces costs [123]. Smartphone applications are promising tools for
biodiversity assessment by non-professionals, but future research needs to focus on increasing their
accuracy for the assessment on all levels of biodiversity, at different scales and ecological conditions.
A more accurate and precise estimation of biodiversity will help scientists and practitioners to design
biodiversity-oriented management plans that ultimately increase the adaptive capacity of forests
towards future environmental changes. Additionally, it will facilitate testing policy goal implementation
and clarify setting new policy targets in biodiversity conservation.
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Appendices

1. Search strategy

Table S1: List of papers included in the review/Lists of papers excluded from the review

Pag | Google Scholar Google Scholar Google Google Web of Science Web of Web of
enb | Keywords: forest | Keywords: "forest Scholar Scholar Keywords: forest Science Science
AND management Keywords: Keywords: AND Keywords: Keywords:
management planning™ AND “forest forest AND management "forest "forest
AND planning biodiversity AND | management management | AND planning management management
AND indicators planning” AND AND biodiversity | planning" planning"
biodiversity AND planning AND indicators AND AND
AND indicators Custom range “biodiversity AND biodiversity “biodiversity
1990-2020 indicators” biodiversity Time-span: 1990- | AND indicators”
Custom range 4 220 results AND 2020 indicators
1990-2020 Custom range | indicators Time-span:
About 50,700 Selected: 29 1990-2020 Refined for Time-span: 1990-2020
results 318 results Custom research articles 1990-2020
range 2019- and reviews Refined for
Selected: 59 Selected: 27 2020 303 results Refined for research
papers About Selected: 41 research articles and
16,700 articles and reviews
results reviews 3results
Selected: 1
Selected: 23 23 results
Selected: 8
1. Butchard et al. Franklin 1993; Franklin 1997; | Versluijs et Jayathungaet | Trivinoetal.
2010; Noss 1999; | Angelstam & Humphrey et al. 2019; al. 2020; 2017
Lindenmayer et Petterson 1997 al. 1999; Augustynczi Vangansbeke
al. 2000; Noss Monkkonen et | k et al. etal. 2017;
1990; Franklin al. 2014; 2019a, 2020; Karahalil et al.
1993; Failing & Angelstam et 2017; Trivino
Gregory 2003; al. 2004a,b; etal. 2017
Feris & Angelstam &
Humphrey 1999; Donz-Breuss
Lindenmayer et 2004
al. 2006
2. Hagan & Edenius & Gao et al. Barsoum et Standovar et
Whitman 2006; Mikusiniski 2006; | 2014; Makela | al. 2019; al. 2016;
Lindenmayer Romero- etal. 2012; Ldhmus & Baskent et al.
1999; Angelstam | Calcerada & Romero- Ldéhmus 2008; Edenius
& Petterson 1997 | Luque 2006 Calcerada & 2019; Evans et al. 2006;
Luque 2006 etal. 2019
3. Simberloff 1999 | Gao et al. 2014; Trivino etal. Brownetal. | Traczetal. 2019; | Baskentetal.
Monnkonen etal. | 2016; 2020; Parisi | Augustynczik et 1996
2014; Angelstam | Laarmaan et et al. 2020; al. 2019a; Bertini
et al. 2004a al. 2009; etal. 2019; Lelli
Lexer et al. etal 2019
2000;

Angelstam et
al. 2004b



https://scholar.google.com/citations?user=XRfsynAAAAAJ&hl=en&oi=sra
https://scholar.google.pt/citations?user=sNZ0RVsAAAAJ&hl=en&oi=sra

4, Smith etal. 2008; | Suter etal. 2002; | Anselmeetal. | Augustynczi | Blattertetal.
Barbati et al. Humphrey 2010; Sippola | ketal. 2018
2014; etal.1999; etal. 2014 2019b;
Brockerhoff 2008 | Siitonen et al. Pohjanmies
2001 et al. 2019;
5. Maleque et al. Angelstam et al. Reise et al. Ozdemir et al.
2009 2004b; Makela et 2019; 2018;
al. 2012; Ferris et Muurinen et | Naumov et al.
al. 2000 al. 2019; 2018;
Selkiméki et
al. 2019;
Miina et al.
2020;
Maolder et al.
2019
6 Jonsonn & Jonsel | Fridman & Redon et al. Bujoczek et | Angelstam et al.
1999; Uuemaa et | Walheim 2000; 2014; al. 2020 2018;
al. 2013; Pukkala et al. Ezquerro et al.
Stephens et al. 1997; Lexeretal. | 2016
2007 2000; Baskent et
al. 2005
7 Romero- Lafond etal. Korkmaz et al.
Calcerada & 2015 2018;
Luque 2006; Vangansbeke et
Heink & al. 2017,
Kowarik 2010;
Angelstam et al.
2004a
8 Linnell et al. Mart’in- Lellietal.
2000; Fridman & Queller et al. 2019;
Walheim 2000 2011; Motz et
al. 2010
9 Tischendorf & Pach & Lecina-Diaz | Karahalil et al.
Farig 2003; Podlaski 2015 | etal. 2019 2017; Trivino et
Baskent & al. 2017
Jordan 1996;
Mortberg et al.
2007
10 McElhinny etal. | Angelstam et al. Santos et al.
2005; Angelstam | 2004b; Laarman 2016; Standovar
et al. 2003; et al. 2009 etal. 2016
Fabbio et al.
2003; Mikusinski
etal. 2001
11 Leitao & Ahern Trivino et al.
2002; 2016

Puumalainen et
al.

2002; Poiani et
al. 2000;
Lindermayer &
Likens 20009;
Muler & Brandl
2009; Ranio &
Niemela 2003;
Rodrigues &
Books 2007



https://scholar.google.com/citations?user=0jUqJwcAAAAJ&hl=en&oi=sra

12 Corona et al. Vangansbeke | Broomeetal. | Loehmus etal.
2011; Frank et al. etal. 2017; 2019 2016
2012; Schnidler Angelstam et
etal. 2013; al. 2018
Simberloff 1999;

13 Roberts & Anselme et al. Naumov et al. Kovac et al.
Gilliam 1995; 2010 2018 2016; Mura et al.
Nilsson et al. 2015; Lafond et
2001; Roberge et al. 2015;
al. 2008a;

Roberge et al
2008b;

14 Dale & Byeler
2001

15 Roberge & Badalamenti
Angelstam 2006; etal. 2017
Thompson 2006;

16 Monnkdnnen et Bazile et al. Redon et al.
al 2014 2016 2014;

17 Suter et al. 2002 Treiynisetal. | Hanish etal.

2016 2019
18 Winter et al.
2012; Humphrey
etal. 1999
19 Rudolf et al. 2012
Lundstrom 2011;
Lohmus et al.
2012
20 Angelstam 1997 Magg et al.
2019
21 Dantas de
Paula 2019
22 Suchant & Rubio et al. 2011
Braunisch 2004
23 Nascimbene et al. | Monkénnen 1999; Gil- tena et al.
2009 Redon et al. 2014 2010; Alday et al.
2010;
24 Maleque et al.
2009;
25 Kangas et al. Lafond et al. 2015 | Pesonen et al. Mullen et al.
2015 2010 2008; Roberge et
al. 2008a;
Baskent 2008;
26 Masom & Cullota et al.
Zapponi 2015 2007; Edenius &
Mikusinski 2006;
Ericsson 2006;
27 Siitonen 2001 Velazquez et | Oxborough et al.
al 2019 2006; Gittings et
al. 2006

28 Fleishman et al. Mikolas et al. Maleque et al.

2006 2015; Mura et al. 2006; Rempel et
2015 al. 2004;
29 Roberge et al.

2015




30

Schind
2008

ler et al.

31

de Warnaffe &
Devillez 2002

32

Ferris et al. 2000;
Noss 1999

33

Baskent & Jordan

1996; Hanley
1996

OO OIS, WDN - N

9.
10

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

. List of papers included in the review:

. Karahalil et al. 2017

. Rubio et al. 2011

. Jonsson & Jonsell 1999

. Torras & Saura 2008

. Roberge & Angelstam 2004
. Smith et al. 2008

. Schindler et al. 2008

. Schindler et al. 2013

Romero-Calcerrada & Luque 2006
. Roberge et al. 2008a
Roberge et al. 2008b
Miiller & Brand 2009
Mikusinski et al. 2001
Angelstam & D6nz-Breuss 2004
Angelstam et al. 2018
Anselme et al. 2010
Badalamenti et al. 2017
Basile et al. 2016

Gao et al. 2014

Humphrey et al. 1999
Laarmann et al. 2009
Lafond et al. 2015

Mart mn-Queller et al. 2011
Motz et al. 2010

Naumov et al. 2018

Pach & Podlaski 2015
Pesonen et al. 2010

Redon et al. 2014

Sippola et al. 2014
Treinys et al. 2016

Trivino etal. 2016
Vangansbeke et al. 2017
Ferris et al. 2000

Fridman & Walheim 2000
Kangas et al. 2015
Mikolas et al. 2015

Mura et al. 2015

Roberge et al. 2015




39.
40.
41.
42.
43.
44,
45.
46.
47,
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

Suchant & Braunisch 2004
Suter et al. 2002
Gittings et al. 2006
Rudolf et al. 2012
LSéhmus et al. 2016
Mullen et al. 2008
Oxbrough et al. 2006
Ozdemir et al. 2018
Santos et al. 2016
Standovar et al. 2016
Morelli 2015
Thingstad et al. 2018
Montané et al. 2016

Stachura-Skierczynska & Kosinski 2016

Bottalico et al. 2017
Keren & Diaci 2018
Kosewska et al. 2018
Ranius et al. 2016
Keren et al. 2017
Asbeck et al. 2019
Parisi et al. 2019
Glthlin et al. 2014
Czeszczewik et al. 2015
Kaufmann et al. 2017
Lindberg et al. 2015
Coote et al. 2013
Morelli et al. 2013
Thers et al. 2017
Straw et al. 2017
Renner et al. 2018
Purahong et al. 2014
Pakkala et al. 2015
Paffetti et al. 2012
Cullota et al. 2015
Kovac et al. 2016
Ambrosio et al. 2018
Durak & Durak 2016
Mikulova et al. 2019
Wei et al. 2020
Lecina-Diaz 2019
Parisi et al. 2020
LeSo et al. 2019
Miina et al. 2020
Augustznczik et al. 2019a
Barsoum et al. 2019
Broome et al. 2019
Kermavnar 2019
Lohmus & Lohmus 2019
Lelli etal. 2019
Magg et al. 2019
Velasquez et al. 2019



90. Muurinen et al. 2019
92. Bujoczek et al. 2020
93. Bertini et al. 2019
94, Tratcz et al. 2019

. Reviews and synthesis removed from the list:
Noss 1999

Lindenmayer et al. 2000
Noss 1999

Noss 1990

Failing & Gregory 2003
Feris & Humphrey 1999
Lindenmayer et al. 2006
Hagan & Whitman 2006
9. Lindenmayer 1999

10. Angelstam & Petterson 1997
11. Simberloff 1999;

12. Brockerhoff 2008

13. Maleque et al. 2009

14. Uuemaa et al. 2013

15. Stephens et al. 2007

16. Heink & Kowarik 2010
17. Angelstam et al. 2004a
18. Linnell et al. 2000

19. Tischendorf & Farig 2003
20. McElhinny et al. 2005

21. Angelstam et al. 2003

22. Fabbio et al. 2003

23. Leitao & Ahern 2002

24. Poiani et al. 2000

25. Lindermayer & Likens 2009
26. Ranio & Niemela 2003
27. Rodrigues & Books 2007
28. Corona et al. 2011

29. Simberloff 1999

30. Roberts & Gilliam 1995
31. Nilsson et al. 2001

32. Dale & Byeler 2001

33. Thompson 2006

34. Winter et al. 2012

35. Angelstam 1997

36. Siitonen 2001

37. Fleishman et al. 2006

38. Edenius & Mikusinski 2006
39. Makela et al. 2012

40. Ezquerro et al. 2016

41. Angelstam et al. 2004b
42. Pukkala et al. 1997

43. Baskent et al. 2005

PN A WN P W



44. Baskent et al. 1996

45. Ménkdnnen 1999

46. Masom & Zapponi 2015
47. Baskent & Jordan 1996
48. Korkmaz et al. 2018

49. Rempel et al. 2004

50. Eriksson et al. 2006

51. Molder et al. 2019

4. Research papers removed with reasons:

1. Butchard et al. 2010 (we couldn’t extract forest biodiversity indicators)

2. Franklin 1993 (not from Europe)

3. Barbati et al. 2014 (we couldn’t extract forest biodiversity indicators, and the context is focused on
policy decisions on biodiversity)

4. Mortberg et al. 2006 (not forest ecosystems)

5. Frank et al. 2012 (could not extract biodiversity indicators and ecosystems not defined)
6. Monnkdnnen et al. 2014 (the focus is not biodiversity assessment, but the competitiveness of timber
production and biodiversity)

7. Nascimbene et al. 2009 (the scale is a tree)

8. Alday et al. 2010 (we could not identify how biodiversity was calculated)

9. De Warnaffe & Devillez 2002 (not written in English but French)

10. Gil-tena et al. 2010 (the focus is not biodiversity assessment)

11. Lundstrom et al. 2011 (the scale is the region)

12. Jayathunga et al. 2020 (couldn’t access)

13. Hanish et al. 2019 (not from Europe)

14. Dantas de Paula 2019 (the scale is global)

15. Evans et al. 2019 (the focus is not biodiversity assessment, but tree dieback)

16. Augustznczik et al. 2020 (could not extract biodiversity indicators)

17. Lohmus et al. 2012 (could not access the paper)

18. Augustznczik et al. 2019b (could not extract biodiversity indicators)

19. Brown et al. 2019 (not from Europe)

20. Pohjanmies et al. 2019 (focus is not biodiversity assessment)

21. Reise et al. 2019 (the scale is national)

22. Selkimaki et al. 2019 (could not extract the indicators)

23. Versluijs et al. 2019 (the scale is biome)

Table S2: Biodiversity attributes and indicators used in the literature sorted by type of biodiversity
(structure, composition, function)

Biodiversity
type

Attribute Explanation Biodiversity Author
indicator



https://scholar.google.com/citations?user=XRfsynAAAAAJ&hl=en&oi=sra

Structure

Deadwood
(DW)

Deceased laying or
standing trees,
branches, pieces of

DW volume; coarse
woody debris
(pieces of DW);

Karahalil et al. 2017; Jonsson & Jonsell 1999; Torras &
Saura 2008; Smith et al. 2008; Roberge et al. 2008a;
Angelstam & D6nz-Breuss 2004; Badalamenti et al.

wood, wood standing DW; 2017; Laarmann et al.2009 ; Lafond et al. 2015; Pesonen
stamps... laying DW; DW et al. 2010; Redon et al. 2014; Sippola et al. 2004;
logs... Trivino et al. 2016; Ferris et al. 2000; Fridman &
Walheim 2000; Roberge et al. 2015; Mullen et al. 2008
;Standovar et al. 2016; Keren & Diaci 2018; Coote et al.
2013; Parisi et al. 2019; Kaufmann et al. 2017; Bujoczek
et al. 2020; Muurinen et al.2019; Augustynczik et al.
2019; Barsoum et al. 2019; Lohmus &Lohmus 2019;
Parisi et al. 2020; Leso et al. 2019; Kovac et al. 2016
Decay stage Bujoczek et al. 2020
Naturalness The level of Uneven-age stands | Stachura-Skierczynska & Kosinski 2016; Roberge et al.

human influence
in the forest

2008b

Large trees Angelstam & D6nz-Breuss 2004; Badalamenti et al.
2017; Lafond et al. 2015; Kangas et al. 2015; Roberge et
al. 2015; Standovar et al. 2016; Roberge et al. 2008b;
Stachura-Skierczynska & Kosinski 2016; Lohmus
&Lohmus 2019; Leso et al. 2019; Wei et al. 2020
Mature trees/forests | Torras & Saura 2008; Redon et al. 2014; Gittings et al.
2006; Angelstam & Ddnz-Breuss 2004; Standovar et al.
2016; Badalamenti et al. 2017; Stachura-Skierczynska &
Kosinski 2016;
Forest - Volume Paffetti et al. 2012; Bottalico et al. 2017; Kovac et al.
inventory 2016
variables
Diameter Pach & Podlaski 2015; Redon et al. 2014; Keren et al.
heterogeneity 2017; Bottalico et al. 2017; Kaufmann et al. 2017; Bertini
et al. 2019; Wei et al. 2020
Canopy cover Smith et al. 2008; Gao et al. 2014; Coote et al. 2013;
Bujoczek et al. 2020; Kermavnar et al. 2019; Parisi et al.
2020; Leso et al. 2019
Tree height Paffetti et al. 2012; Bottalico et al. 2017; Bertini et al.
2019; Parisi et al. 2020
Basal area Paffetti et al. 2012; Bottalico et al. 2017; Bertini et al.
2019; Augustynczik et al. 2019; Parisi et al. 2020; Miina
et al. 2020; Wei et al. 2020; Kovac et al. 2016
Biomass Bottalico et al. 2017; Bertini et al. 2019
Stand age Coote et al. 2013; Leso et al. 2019; Miina et al. 2020
Tree density Bertini et al. 2019; Barsoum et al. 2019;
Vertical Stratification, Vegetation in three | Smith et al. 2008; Gao et al. 2014; Humphrey et al. 1999;
structure layers of layers Mura et al. 2015; Kaufmann et al. 2017; Muurinen et




understory and

al.2019; Kermavnar et al. 2019; Le3o et al. 2019;

overstory Mikulova et al. 2019
vegetation
Shrub layer Coote et al. 2013
Litter cover Smith et al. 2008; Leso et al. 2019; Mikulova et al. 2019
Horizontal The density of Mura et al. 2015
structure vegetation cover
Open space Mullen et al. 2008
Spacing Smith et al. 2008; Mullen et al. 2008

Proximity of old
woodlands

Coote et al. 2013

Microhabitats

Habitat small in
size (e.g. a tree,
small water pool)

Parisi et al. 2020; Smith et al. 2008

Tree-related micro-
habitats

Roberge et al. 2008b; Ozdemir et al. 2018; Standovar et
al. 2016; Asbeck et al. 2019; Augustynczik et al. 2019

Fragmentation

The level of
fragmentation and
the connectivity of
habitats

Schindler et al. 2018; Angelstam et al. 2018; Basile et al.
2016; Schindler et al. 2008

Patch diversity,
size, shape and
aggregation, the

Kovag et al. 2016; Schindler et al. 2008; Basile et al.
2016; Schindler et al. 2018

core area
Edge density, Basile et al. 2016; Schindler et al. 2018
contrast
Topographic Physical properties | Slope Tratcz et al. 2019; Augustynczik et al. 2019; Leso et al.
elements of the area 2019; Mikulova et al. 2019
Elevation Augustynczik et al. 2019; Leso et al. 2019
Composition | Species The number of Schindler et al.2013; Lelli et al. 2019
richness species per
number of
individuals or
biomass
Plant species The number of Plants Gao et al. 2014; Durak & Durak 2016
diversity species per e.g.
stand or landscape
Woody plants Schindler et al. 2013; Kermavnar et al. 2019; Lecina-Diaz
etal. 2019
Shrubs Torras & Saura 2008; Martin-Queller et al. 2011;
Gittings et al. 2006; Wei et al. 2020
Trees Torras & Saura 2008; Badalamenti et al. 2017; Gao et al.

2014; Martin-Queller et al. 2011; Motz et al. 2010;
Redon et al. 2014; Sippola et al. 2004; Ferris et al. 2000;
Kangas et al. 2015; Barsoum et al. 2019; Kermavnar et al.
2019; Lohmus &Lohmus 2019; Parisi et al. 2020; Kovac
etal. 2016

Ground vegetation

Rubio et al. 2011; Humphrey et al. 1999; Lafond et al.
2015; Gittings et al. 2006; Mullen et al. 2008

Native species

Roberge et al. 2008b; Mikulova et al. 2019




Invasive tree

Standovar et al. 2016

species
Endangered species threatened Anselme et al. 2009; Ranius et al. 2016
species with declining or
extinction
Valuable flora | Animals and Kangas et al. 2015; Lelli et al. 2019
and fauna plants of particular
ecological value
Individual - Orchids Schindler et al.2013;
species
Spiders Smith et al. 2008; Mullen et al. 2008; Kosewska et al.
2018; Coote et al. 2013; Barsoum et al. 2019
Hoverflies Smith et al. 2008; Humphrey et al. 1999; Gittings et al.
2006; Straw et al. 2017
Butterflies Magg et al. 2019
Saprophylic beetles | Ranius et al. 2016; Parisi et al. 2019; Magg et al. 2019;
Parisi et al. 2020
Carabid beetles Kosewska et al. 2018; Barsoum et al. 2019; Parisi et al.
2020
Ground-living Lindberg et al. 2015
beetles
Meadow vipers Anselme et al. 2009
Capercaillies Trivino etal. 2016;Mikolas et al. 2015; Suchant &
Braunisch 2004, Suter et al. 2002
Woodpeckers Romero-Calcerrada & Luque 2006; Roberge et al.2008g;
Mikusinski et al. 2001, Basile et al. 2016; Trivino et al.
2016 ; L6hmus et al. 2016
Black storks Treinys et al. 2016
Hazel grouses Trivino etal. 2016
Long-tailed tits Trivino etal. 2016
Flying squirrels Trivino etal. 2016
Red foxes Guthlin et al. 2014
Taxa A taxonomic Birds Czeszczewik et al. 2015; Morelli 2015; Lindberg et al.
groupof any rank, 2015; Coote et al. 2013; Morelli et al. 2013; Renner et al.
suchas a species, 2018; Bujoczek et al. 2020; Velasquez et al. 2019; Magg
family, or class. et al. 2019; Lelli et al. 2019; Augustynczik et al. 2019;
Broome et al. 2019; Lecina-Diaz et al. 2019; LeSo et al.
2019
Bryophyte Jonsson & Jonsell 1999; Smith et al. 2008; Humphrey et
al. 1999; Kaufmann et al. 2017; Coote et al. 2013;
Barsoum et al. 2019; Broome et al. 2019
Coleoptera Jonsson & Jonsell 1999; Miiller & Brand 2009;
Humphrey et al. 1999; Mullen et al. 2008
Flying arthropods Barsoum et al. 2019
Fungi Jonsson & Jonsell 1999; Angelstam & Donz-Breuss

2004; Sippola et al. 2004; Ferris et al. 2000; Kinga et al.
2012; Thers et al. 2017; Lelli et al. 2019; Broome et al.




2019; Ambrosio et al. 2018

Moss Mikulova et al. 2019

Lichens Jonsson & Jonsell 1999; Angelstam & Donz-Breuss
2004; Kaufmann et al. 2017; Lelli et al. 2019; Broome et
al. 2019; Lohmus &Lohmus 2019; Miina et al. 2020

Liverworts Broome et al. 2019

Resident birds

Roberge & Angelstam 2006

Small terrestrial
birds

Schindler et al.2013

Vascular plants

Smith et al. 2008; Humphrey et al. 1999; Kaufmann et al.
2017; Coote et al. 2013; Lelli et al. 2019; Barsoum et al.
2019; Broome et al. 2019; Mikulova et al. 2019

Orthopterans Schindler et al.2013;

Amphibians Schindler et al.2013; Velasquez et al. 2019; Broome et al.
2019

Bats Renner et al. 2018

Reptiles Schindler et al.2013; Vangansbeke et al. 2017; Velasquez
etal. 2019; Magg et al. 2019; Broome et al. 2019

Mammals Velasquez et al. 2019; Magg et al. 2019; Broome et al.

2019

Function Disturbance Natural or human- | The proportion of Roberge et al. 2008b; Angelstam & Ddnz-Breuss 2004
induced changes in | plotswith
tecosystem uprooting

The proportion of
plotswith periodic
flooding

Roberge et al. 2008b

Uprooted trees

Bujoczek et al. 2020

regeneration

Rockfall Standovér et al. 2016
Mortality Dying of forest Individual tree Laarmann et al.2009
trees mortality
Tree sp. Saplings and shoots | Bujoczek et al. 2020; Cullota et al. 2015

Type of
regeneration

Kovac et al. 2016; Lohmus & Lohmus 2019; Standovar et
al. 2016

Nutrient
cycling

The movement of
nutrients in the
environment

Leaf litter nutrient
cycling

Purahong et al. 2014

Soil properties Available Smith et al. 2008
Phosphorus (P)
Nitrogen Durak & Durak 2016
Nutrients Kermavnar et al. 2019; Mikulova et al. 2019
The Kermavnar et al. 2019;

thickness of
organic layer

Ph

Kermavnar et al. 2019; Durak & Durak 2016; Mikulova
etal. 2019
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Table S3: Correlation

| Author

| | Positive correlation | Negative correlation | Method | Tool

| Scale




Indicators used

in the study
Karahalil et Deadwood, Deadwood volume and | he number of Pearson SPSS 16.0 ™ | Stand
al. 2017 crown closure, that understory trees (p < correlation software.
understory trees, | of living trees, crown 0.01) and
altitude, stand closure, altitude (p < DW
age 0.01), and stand
age (p <0.05).
Jonsson & the abundance A strong correlation (P Principal Stand
Jonsell 1999 | of dead trees, < 0.05) between the Component
overall habitat abundance of dead Analysis (PCA)
diversity, stand | trees, overall habitat
age, the total diversity and
richness of stand age
bryophytes
Mosses and vascular Pearson 1ha
plants correlation
coefficients
the number of indicator Pearson 1ha
species of wood-living correlation
fungi and vascular coefficients
plants
The total richness of Pearson 0.25 ha
bryophytes and wood- correlation
living fungi coefficients
wood-living fungi Pearson 1ha
and wood-inhabiting correlation
beetle species coefficients
wood-living fungi Pearson 1 ha
and the total number of correlation
beetle species coefficients
number of wood- number of indicator Pearson 1ha
inhabiting beetle bryophytes and correlation
species and number number of wood- coefficients
of fungi indicator inhabiting beetle
species species
Smith et al. bryophytes, Dunnock, Wren and Goldcrest with bird ANOVA/t-tests Stand
2008 vascular plants, | Blackbird with bird species richness; Total | for categorical
spiders, richness and bird species richness in | variables
hoverflies abundances; Species Older forests was and correlation
and birds; richness of forest negatively correlated (Pearson’s r) for
structural and vascular plants, with site elevation continuous
functional bryophyte and spiders variables
attributes increased with forest
age; available P was
positively
correlated with vascular
plant species richness
Coote et al. bryophytes, Bryophyte species ANOVA:S or t- SPSS (2007); | stand
2013 vascular plants, | richness and relatively tests R
spiders high canopy cover for categorical Development
and birds; plantations on poorly variables and Core
structural and drained soils; bird correlation Team (2012)
functional species richness and analysis using the
attributes more open plantations (Pearson’s) ppcor
with high shrub cover; for continuous package
coarse woody debris variables. (Kim 2011)

and forest-associated
bryophytes; Both




proximity to old
woodland and stand age
and forest-associated
vascular plants; stand
age and forest-
associated spiders

Mikusinski the richness of White-backed and Tree- Linear regression landscape
etal. 2001 woodpecker toed woodpeckers analysis
species (strongly related to
(strongly related | forest) and forest bird
to forest and species diversity
those visiting
other habitats)
and the richness
of other forest
birdspecies
(strongly related
to forest and
those visiting
other habitats)
White-backed and Tree-
toed woodpeckers
(strongly related to
forest) and bird species
diversity strongly
related to forest
Gaoetal. Stand structure | soil class, stand General Linear Microsoft Stand
2014 parameters structure parameters Mixed Model Office Excel
(canopy and plant species 2007
coverage, age of | diversity/composition
canopy trees, are all positively
tree species correlated in general;
composition semi-open canopy and
and canopy plant species diversity
stratification); in young and middle-
soil classes (9); | aged stands; plant
plant species diversity had a strong
diversity positive association
with soil pH in mesic to
moist soil conditions in
temperate and boreal
regions
Humphrey et | syrphid vertical stand structure Stand
al. 1999 (hoverflies) and | showed the best

carabid (ground
beetles)
community
composition and
diversity, and
stand

structure and
field layer
vegetation.

correlation with species
richness and diversity
of both carabids and
syrphids

individual tree
mortality and
composition
and deadwood
structure as an
indicator of
naturalness




Laarmann et | mean deadwood | Nature value score Spearman Stand
al.2009 mingling index | significantly correlation matrix

(DMi), nature correlated with the

value score, diversity index of

diversity index mortality causes

of mortality (CMDI),

causes (CMDI), | indicating that CM are

number of more diverse in semi-

mortality causes | natural stands

(CM) and recent

deadwood

volume (RDV5)
Sippolaetal. | species richness | The results show that Spearman’s non- Stand
2004 of polypores and | the species richness of parametric

timber polypores correlation

variables; and in the boreal forest is

between CWD connected not with the

volume and the | fertility

management the gradient of the

intensity. forest site type, but with

the amount
and quality of CWD.

Treinys etal. | Macrohabitat distances to the forest Stand and
2016 scale(Proportion | edge and houses landscape

of deciduous, were strongly

coniferous, interrelated;

mixed forest the coniferous

and water body | proportion around nests

ina2.8-km at the macrohabitat

radius; scale correlated with

Hydrological the pine proportion at

network density, | the nesting territory

km/km2) scale (r = 0.74,) and the

Nesting territory | pine proportion at the

scale (Volume nesting territory scale

proportion of correlated with the pine

pine, spruce, proportion at the nest

broadleaves...; | site scale (r = 0.55).

Shortest

distance to the

forest edge

Shortest

distance to the

paved road

Shortest

distance to the

dirt road
Vangansbeke | crested tit Coal tits seemed to The probability of General linear R3.0.1(R Stand
2017 (Lophophanes prefer occurrence of the coal | model Core Team

cristatus), coal closed high forest tit was strongly 2013), using

tit (Periparus without open patches, negatively related to a the

ater), nightjar (| without too much higher multimodel

Caprimulgus recreation and from age | recreation pressure and inference

europaeus) and | class the amount of adjacent package

common lizard ( | 81-100. Crested tits had | open patches (MuMIn)

Zootica vivipara
) for estimation
of the
biodiversity of
a patch

a higher probability of
occurrence in large high
forest stands, with

the low recreational
intensity and a limited




amount of border with
open habitat.

The probability of
occurrence for churring
nightjars was higher in
smaller stands with a
high amount of adjacent
open habitat. Also,
some stand age classes
had a much higher
probability of
occurrence for
nightjars, particularly
stands from age class
81-100, 21-40

and uneven-aged
stands.

Ferris et al.
2000

macrofungi
species and plot
environmental
variables

Positive relationships
were recorded between
the increased volume of
deadwood and the
number of species of
wood

saprotrophs, and also
between the species
richness of
ectomycorrhizal fungi
and the number of tree
species present in each
plot. Significant
correlations were also
recorded between the
number of parasitic
fungal species and soil
pH (a positive
response to increasing
alkalinity), and between
the number of litter
colonizing saprotrophs
and tree species
richness

the number of species
of

litter saprotroph was
found to be negatively
correlated

with the number of
tree species present in
each plot

Pearson
correlation

Stand

Suchant &
Braunisch
2004

Capercaillie and
stand variables
(forest stand
type, canopy
closure, age
class, species
mixture,
successional
stage, stand
height, vertical
stratification,
ground
vegetation, soil
type and cover
as well as height
of blueberry
Vaccinium
myrtillus)

Pearsons
correlation
coefficient and
logistic regression

Stand

Landscape




Capercaillie and
landscape
variables
(Altitude (m),
Forest cover %,
Slope®, Linear
infrastructure m
hatl,

Pearsons
correlation
coefficient and
logistic regression

Exposition)
Suter et al. relationships Both Capercaillie and multiple- Stand
2002 between mountain birds regression
vegetation responded positively to analysis
structure and forest structure
avian diversity characterized by
intermediate openness,
multistoried tree layer,
presence of ecotonal
conditions, and the
abundant cover of
ericaceous shrubs
Gittings et forest road species richness of the Pearson’s Stand
al. 2006 width; open open space fauna correlations
space area with positively correlated
species with forest road width;
the richness of Species with larvae
the forest; small | feeding on the foliage
open space; of trees and shrubs
large open associated with the
space; open presence of broad-
scrub hoverfly leaved woody
species groups vegetation; Species
with larvae developing
in surface water
habitats associated with
wet habitat features.
habitat structure | nearly 80%, of the ordination
and hoverfly species associated with analyses of the
species richness | open-space habitats habitat
rather than closed- parameters; non-
canopy forest metric
multidimensional
scaling analysis
(NMS)
Oxborough open space on At a large scale, the Pearson’s Stand and
et al. 2006 ground-dwelling | totalamount of open correlation landscape
spider space within 200 m of
assemblages sampling plots
positively correlated
with species richness
and abundance.
Montané et V. myrtillusand | V. myrtillus showed Overstorey cover Chisquare R Stand and
al. 2016 overstory and mostly positive negatively influenced (x2)and 2 x 2 Development | landscape
understory associations with V. myrtillus cover, its contingency Core Team
grasses and mosses. height, and tables derived 2011

particularly, the
number of fruits

from
presence/absence
of the two cover
types from the
series




of point contacts,
including Yates’s
correction (Kent
& Coker 1992).
Czeszczewik | Bird The basal area of live the density of live trees | Not clear R Stand
etal. 2015 assemblages and | trees had a positive had a negative Development
forest effect on the abundance | significant effect on Core Team
management of birds bird abundance and 2010
practices species diversity
References:

Kim, S. 2011. ppcor: Partial and Semi-partial (Part) Correlation. R package Version; 1.0.

project.org/package=ppcor

Kent, M.; Coker P. 1992. Vegetation description and analysis. Boca Raton (FL): CRC Press

Definitions

Alpha diversity refers to the diversity within a particular area or ecosystem and is usually expressedby
the number of species (i.e., species richness) in that ecosystem (Whittaker 1972).

ALS Airborne laser scanning, also commonly known by the acronym LiDAR (Light Detection And
Ranging) is an active remote sensing technique, used to record the surface of the earth, specifically the
topography of large areas of terrain and objects appearing on it. (gmv.cast.uark.edu/scanning-
2/airborne-laser-scanning)

Beta diversity is diversity between ecosystems (Whittaker 1972).

Compositional variables should represent the types of elements that are characteristic of forests with
a high degree of naturalness (Roberge et al. 2008b);[87]

Coppice systems consist of stands that originate from stool shoots or suckers of vegetative origin(Mura
eta |. 2015).

Coarse Woody Debris (CW), i.e., deadwood pieces with a diameter >= 7 cm (Lafond et al. 2015).

Diversity is ‘the variability among living organisms from all sources including among other things,
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part.
This definition includes diversity within species, between species and of ecosystems’ (Convention on
Biological Diversity 1992).

Double Brest Height (DBH), is the height at which tree diameter is typically measured (1.3m above
the ground). (http://www.fao.org/3/ae578e/AE578E06.htm)

Indicator species are expected to indicate the status of an environment or to serve as proxies for a
larger number of species (Hawskwort & Rose 1970; Block et al. 1986; Furness & Greenwood 1993
Mikusinski et al. 2001).

Indicandum (i.e. the indicated aspect of biodiversity).

http://cran.r-


http://cran.r-project.org/package%3Dppcor
http://cran.r-project.org/package%3Dppcor
https://bio.libretexts.org/Bookshelves/Ecology/Book%3A_Biodiversity_(Bynum)/7%3A_Alpha%2C_Beta%2C_and_Gamma_Diversity
http://www.fao.org/3/ae578e/AE578E06.htm

Light detection and ranging (LiDAR), ‘also known as laser detection and ranging (LaDAR) or
optical radar, or ALS (Airborne laser scanning) is an active remote sensing technique which uses
electromagnetic energy in the optical range to detect an object (target), determine the distance between
the target and the instrument (range), and deduce physical properties of the object based on the
interaction of the radiation with the target through phenomena such as scattering, absorption,
reflection, and fluorescence’. (https://link.springer.com/referenceworkentry/10.1007%2F978-3-319-
23386-4_44).

Fine woody debris, i.e., deadwood pieces with a diameter < 7 cm (Lafond et al. 2015).

Focal species approach is based on the idea that the conservation of specialised and area-demanding
species can contribute to the protection of many naturally co-occurring species (Lambeck 1997; Hess&
King 2002; Roberge & Angelstam 2004; Naumov et al. 2018).

Forest biodiversity is the diversity of all forms of life and their organisation within the forest area (Winter
et al. 2011; Hunter 1990).

Functional variables concern the processes that are characteristic of naturally dynamic forests aswell
as the anthropogenic processes that tend to move the ecosystems away from naturalness (Roberge et
al. 2008b); [87].

Forest of high conservation value as any forest area which has been officially recognised asimportant
for the conservation of forest biodiversity (Roberge et al. 2008a); [88].

Forest naturalness is a ‘complex issue converging forest dynamics, disturbances at different scales,
adaptation to changing the environment and human influence. Also, the level of naturalness is the extent
to which human influence has affected the current forest structure and here forests are classifiedas e.g.
old-growth, natural, recovering, or commercial forests, depending on the signs of management
activities’ (Uotila et al. 2002; Laarmann et al.2009).

Forest inventories gather compositional and structural information from samples that represent large
areas and are used for monitoring national or regional forests (Standovar et al. 2016).

Gamma diversity is a measure of the overall diversity of the different ecosystems within a region
(Whittaker 1972).

Large trees- e.g., trees with a diameter > 70 cm (Lafond et al. 2015).

Macrofungi are those species of fungi which produce a relatively conspicuous sporocarp (fruiting
body); this group includes many Basidiomycetes (excluding rusts, smuts and yeasts) and some
Ascomycetes (Pezizales) (Watling 1995).

Silvopastoral systems (dehesas or montado) are ‘the integration of trees and shrubs in pastures with
animals for economic, ecological and social sustainability’ (
http://www.fao.0rg/3/i1880e/i1880e09.pdf). These systems are typical in southwestern regions of the
Iberian Peninsula (Mart n-Queller et al. 2011).

Species richness is the number of species, species diversity is the number of species in relation to their
abundances and species density is the number of species per unit area. Different indexes can beused to
measure species diversity (e.g. MclIntosh index, which requires a number of individuals of allspecies;
or Berger-Parker index which requires a number of individuals of the most abundant species and a total
number of individuals) Lexer et al. (2000).
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Structural variables refer to the spatial configuration of the elements, their quantities and habitats
found in natural forests (Roberge et al. 2008a).

Forest birds are species that forage or nest in trees and that can breed in extensive forestland.

The natural forest can be defined as an idealized virgin forest condition that is not influenced by
large-scale, systematic human activity (Bradshaw, 2005; Laarmann et al.2009)

The participatory GIS (Geographic Information System), recommends ways to collect, model, and
visualize local information and opinions with GIS tools (Kangas et al. 2015).

Remote sensing is defined as ‘the art, science and technology through which the characteristics of
objects/targets either on, above or even below the Earth’s surface are identified, measured and analysed
without direct contact existing between the sensors and the objects or events being observed’
(https://www.sciencedirect.com/topics/earth-and-planetary-sciences/remote-sensing).

Tree species diversity is based on the number of species and their relative abundance in basal area
(Lafond et al. 2015).

Umbrella species are ‘species whose conservation confers protection to a large number of naturally
co-occurring taxa’ (Fleishman et al. 2000; Roberge & Angelstam 2004; Roberge et al. 2008a).

DNA metabarcoding: ¢ is an approach that combines DNA barcoding with next-generation sequencing
(NGS), which enables sensitive high-throughput multispecies identification on the basis of DNA
extracted from complex samples (Taberlet et al. 2012). DNA metabarcoding uses more or less universal
polymerase chain reaction (PCR) primers to mass-amplify informative DNA barcode sequences
(Straats et al. 2016; Fahner et al. 2016). Subsequently, the obtained DNA barcodes are sequenced and
compared to a DNA sequence reference database from well-characterized species for taxonomic
assignment (Taberlet et al. 2012; Fahner et al. 2016)’ (Arulandhu et al. 2017).
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Abstract

Aim of study: Practically and simply assessing biodiversity by using inventory variables in four types of forest plantation stands (mixed
and pure) including species such are chestnut, blue gum and maritime pine.
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Introduction

Forest plantations are often criticised due to a low
compositional and structural biodiversity (Newbold et
al., 2015; Yamaura et al., 2019), particularly mono-spe-
cific stands with exotic tree species (Hunter, 1990; Hart-
ley, 2002; Carnus et al., 2006). Forest biodiversity is the
diversity of all forms of life and its organisation within
the forest area (Hunter, 1990; Winter et al., 2011). Fo-
restry plantations are formed by planting or seeding for

purposes that could be economical (e.g., timber and fi-
bre production) or protection (e.g., soil conservation and
carbon sequestration) (Carnus et al., 2006; Stephens &
Wagner, 2007). Indeed, natural forests typically host
higher biodiversity than plantations, although the lat-
ter may support higher biodiversity than other intensive
land uses, e.g. agriculture (Stephens & Wagner, 2007).
The concern is that plantation forests with low biodi-
versity are considered more susceptible to disturbances
and environmental changes than natural forests (Lugo,
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1992; Carnus et al., 2006; Bassi et al., 2008; Proencga et
al., 2010). Biodiversity contributes to the resilience of
forest ecosystems and the delivery of different ecosys-
tem services (https://millenniumassessment.org/en/
Frameworkhtml; Proenca et al., 2010). It is necessary,
therefore, to include biodiversity conservation aims in
forest management plans (Ezquerro et al., 2016). As
most of the management operations in plantations are
performed at a stand level, it is critical to ensure that
biodiversity conservation is addressed at this scale (Si-
milé et al., 2006; Smith et al., 2007). Moreover, asses-
sing biodiversity at larger scales (e.g., Botequim et al/.,
2021) implies building from a smaller-scale approach
such as the stand level.

Thus, forest managers need to include indicators for
biodiversity optimization in forest management plan-
ning (Biber et al, 2020) that may contribute to the
design of resilient and sustainable landscape mosaics
(Marto et al., 2018; Botequim et al., 2021). The defini-
tion and proper applications of biodiversity indicators
are topics under permanent discussion. However, many
scholars agree that biodiversity indicators need to be
practical (e.g., Ferris & Humphrey, 1999; Angelstam &
Donz-Bruss, 2004; Smith et al., 2007). Practical indica-
tors are easy to apply, repeatable, cost-efficient and eco-
logically meaningful (Ferris & Humphrey, 1999; Smith
et al., 2007). Therefore, biodiversity indicators should
be based on variables readily available in forest inven-
tory datasets such as tree species composition (number
of tree species per unit area) or diameter at breast height
(DBH, i.e, diameter over bark measured at a height of
1.3 m above ground level) and tree height, for structural
biodiversity (Cosovié et al., 2020).

Trees are the dominating elements of forest
ecosystems, and thus tree species composition is the
most significant indicator of forest biodiversity which
also contributes to structure definition (Stapanian et
al., 1997) and affects the composition of other forest
communities (Martin-Queller et al., 2011). For example,
studies from North-Western Iberia have shown that
plant and bird species composition are greater in native
oak (Quercus spp.), maritime pine (Pinus pinaster A.),
chestnut (Castanea sativa M.), and birch stands (Betula
alba L.), than in non-native blue gum stands (Eucalyptus
globulus L.) (Proenga et al., 2010; Goded et al., 2019).
Regarding structure variables that may influence
biodiversity, such as tree height, biomass, diameter
heterogeneity, and shrub volume, most are available in
forestinventories and thus well known to forest managers,
and also frequently available for public use (Cosovié et
al., 2020). In plantation forests, the understory layer is
particularly important component of habitat structure
and provides cover and food for wildlife (Smith et al.,
2007). Additionally, the understory is an indicator of
ecological processes such as carbon storage, nutrient
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cycling and fire hazard risks (Botequim ez al., 2015).
However, the structural properties of shrubs are species-
dependent. Namely, the shrub species that regenerate
by seeds typically develop lower bulk density than the
shrubs that regenerate by resprouting, which is relevant
for wildlife and the risk of wildfire predicting (Botequim
et al., 2015). Other variables, such as DBH, may also
indicate stand structure as it relates to tree height,
biomass growth or crown development. A particularly
important aspect of forest biodiversity structure is trees
with large diameters, as these are of great significance for
the survival of numerous insects and birds (Badalamenti
et al., 2017). Additionally, forests that host large trees
from diverse species are more resistant to disturbances
than those with low tree species richness (Musavi et
al., 2017; Lutz et al., 2018). Mature temperate forests,
which are usually high in biodiversity, have higher large
tree densities, mean diameters and total living biomass,
in comparison to young stands (Burrascano et al., 2013;
Badalamenti et al., 2017).

The present study aimed to demonstrate a practical
and simple way to estimate stand-level biodiversity in
plantation forests of Northwest Portugal. More precise-
ly, for biodiversity assessment, the focus is on structural
indicators: mean diameter (DBH) (cm) and shrub bio-
mass (Mg ha''), but also compositional aspects such as
tree species composition and species origin (native or
exotic), and functional aspects such as shrub regenera-
tion type and site index. To my knowledge, this research
is the first to consider site index and shrub regeneration
type in forest biodiversity assessment. Moreover, despi-
te the large body of literature, the estimation of practical
and quantitative indicators for application in the fra-
mework of managed forest management is still scarce.

Material and methods
Case study and collected data

The case study area was Vale do Sousa in Northwest Por-
tugal, an area that extends over 14, 840 ha, out of which 97%
is forest cover (for more information on the study area see
Rodrigues et al., 2020). Vale do Sousa can be considered re-
presentative of the forest landscape and forest management
practices of this part of the country. The topography is very
irregular, with a maximum elevation of 700 m (Marto et al.,
2018). The mean annual temperature is between 10 °C and
15 °C and the mean annual precipitation is quite high (1240
mm), though summer is typically dry, while autumn is very
wet. Forest stands are managed according to four forest ma-
nagement models (FMMs), where each FMM has a different
field management regime (silvicultural management). Two
forest models (FMM1 and FMM2) assemble mixed stands
of blue gum (E. globulus) and maritime pine (P. pinaster)
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where in FMM1, maritime pine is dominant (73%), while
blue gum dominates in FMM2 (67%). FMM3 harbours pure
chestnut (C. sativa) stands and FMM4 harbours pure blue
gum stands. FMM1 and FMM?2 are even-aged only at the
beginning of the rotation period, while after the first eucalypt
harvest, the stands became uneven-aged. Eucalypt is harves-
ted three or more times before the first pine harvest (Table 1).
FMM3 and FMM4 are even-aged stands.

There is a difference in tree species growth on various
sites in Vale de Sousa, therefore, we considered tree site in-
dexes (SI): SI1-low, SI3-medium and SI5-high. Site indexes
were derived using data from the forest inventory such as the
height and age of dominant trees for each stand (Rodrigues et
al., 2020). Blue gum and maritime pine stands are relatively
evenly distributed across areas with all three site indexes,
while chestnut covers mainly the high-quality sites (SI5).

The forest inventory data used here was collected within
the ALTERFOR project (https://alterfor-project.eu/). These
data were simulated along a 90-year forest planning horizon.
The growth of maritime pine was simulated by the model PI-
NASTER (Nunes ez al., 2011), and blue gum stands (FMM]1,
FMM2, and FMM4) were simulated by model GLOBULUS
(Tomé et al., 2006), where both models are implemented
into the StandsSIM-MD module (Barreiro et al, 2016).
Chestnut stands growth (FMM3) was simulated by CAS-
TANEA vyield tables (Patricio, 2006). All growth models are
empirical and such models “seek principally to describe the
statistical relationships among data with limited regard to an
object's internal structure, rules, or behaviour” (Korzukhin
et al., 1996). Shrub biomass accumulation (Mg ha'), was si-
mulated according to Botequim et al. (2015) and considers
the following management-related biometric variables: (i)

stand basal area (m* ha!, with values obtained from growth
and yield models described above); (ii) resprouter cover per-
centage (which considers fully seed and fully resprouting re-
generative type strategies); (iii) shrub age (elapsed time since
the last shrub clearing); and (iv) mean annual temperature (T
=14.5°C).

Biodiversity indicators

The following variables were considered biodiversity
indicators in this study: (1) tree species composition (tree
species richness + species origin), (2) mean diameter
(DBH, cm), and (3) shrub biomass (Mg ha') with two
levels of regeneration (by seed or by resprouting). A tree
species composition indicator was created by combining
tree species richness and the integer reflecting the number
of native/non-native tree species in the stand. Thus, a
value of ‘1’ was assigned to one exotic species present
in the stand and a value of ‘2’ to one native species
present in the stand. Correspondingly, a value of ‘3’ was
assigned to mixed pine/blue gum stands since maritime
pine is a native species and blue gum exotic, ‘2’ to pure
chestnut (native species) stands and ‘1’ to pure blue gum
stands. The next step was to define the reference value of
each indicator. This was based on the literature review,
consulting peers and based on my own experience as
a forest ecologist. In a report by Forest Europe (2020),
tree species biodiversity is estimated across Europe in
four categories: 1, 2-3, 4-5 and 6+ tree species. Forests
with 6+ tree species are the rarest, and cover only 4.6%
of European forests, while the most dominant are forests

Table 1. Four forest management models (FMMs) inventory variables and management practices.

. % of Thinning
FMMs Tl;ee deﬁn s_11ty study operation treeﬂlll:in ts Harvesting

(trees ha™) area frequency
FMMI1. Mixed maritime pine Maritime pine 16.0 For pine—thinning  Every 5 years  Clear cutting systems
and blue gum forest system 2200 every five years for pine (45 years) /
(P, pinaster + E. globulus) Blue gum between 20 and 45 Coppice systems for
dominance of maritime pine 73% 1400 years blue gum (11 years)
FMM2. Mixed maritime pine Maritime pine 17.0 For blue gum
and blue gum forest system 2200 —leaving two
(E. globulus + P. pinaster) Blue gum shoots at every stool
dominance of blue gum 66% 1400 on the 3" year after

the harvest

FMM3. Chestnut (C. sativa) 1250 1.0 Thinning every 5 or Clear cutting systems
forest systems for the 10 years starting at (50 years)
production of chestnut age 15
sawlogs
FMM4. Blue gum 1400 66.0 Leaving two shoots Coppice systems

(E. globulus) forest
system for pulpwood
production

at every stool on the
3 year after
the harvest

(11 years)
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with 2-3 species that cover half of all the European forests
(Forest Europe, 2020). Regarding mainland Portugal, five
native Quercus species comprise 93% of potential zonal
native forests (Capelo et al., 2007; Monteiro-Henriques
& Fernandes, 2018). Therefore, the reference value of
the tree species composition variable was considered to
be 10. This means that it could represent the stand with,
e.g., ten exotic tree species, or five native species, or three
native and four exotic species, and similar.

Regarding shrub biomass, two sources for the
reference value were considered: the data used in the
study and the literature. The highest value of shrub
volume encroachment simulated in Vale Sousa with no
shrub clearings scenario was 26 Mg ha'!. Similarly, a
study from northern Portugal reported 28.88 Mg ha! as
the greatest shrub encroachment during 15 years of the
post-fire period (Enes et al., 2020). Then, in this work, the
reference value utilized was the mean value between the
data used in this study and the example found in Enes et
al. (2020), which is 27 Mg ha''.

Regarding a reference value for mean diameter,
according to national, European and global levels, about
60 cm of diameter is a suitable reference value. Hence, the
average diameter of mature trees in Portugal is about 55
cm for 83 years old maritime pine (Pinto, 2004) and about
54 cm for 73 years old chestnut (Patricio & Nunes 2017).
European forests are dominated by trees whose diameters
are 21-40 cm, but about 8% of trees reaching 60 cm of
DBH are found in uneven-aged forests (Forest Europe,
2020). Also, Lutz et al. (2018) recommended 60 cm as the
fixed diameter threshold for large-diameter trees ‘reached
by at least some trees in almost all plots’ in their study
related to global forests. Therefore, the standard reference
value of 60 cm was considered an appropriate value for a
tree that contributes to biodiversity significantly.

Data analysis

The data of each indicator were normalized as percen-
tages using the indicator’s actual and reference values
and the following formula: x = (a/b)-100, where x is the
indicator’s normalized percentage value, a is the actual
indicator value and b is the reference value.

The normalized value was calculated for all three in-
dicators. The average of these three indicator values was
calculated to estimate the biodiversity value (index), ran-
ging from 0 to 100. Further, five biodiversity categories
were created as quintiles, where values between 0 and 20
corresponded to a very low value of biodiversity, 20-40
to low biodiversity, 40-60 to medium biodiversity, 60-80
to high biodiversity, and 80-100 to very high biodiver-
sity. Normalization calculations were performed and the
results were visualized in Excel (MS Office 2016). Also,
a statistical summary, coefficient of variance, was carried
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out in the R programming language (R Core Team, 2020).
Further, statistics were compared and biodiversity data
was first assayed for normality with Shapiro-Wilks Nor-
mality Test. Since the data did not follow the normal dis-
tribution, the Kruskal-Wallis test was performed to check
if there were differences in biodiversity data between
groups with different site indexes and shrub regeneration
types. After, multiple pairwise-comparison was carried
out with Wilcoxon signed-rank test to see which groups
were different. All comparative statistics were performed
in the R programming language (R Core Team, 2020).

Results

Biodiversity in different forest management
models (FMMs), shrub regeneration types and
site indexes

The variations of biodiversity values of the four stand
types over 90 years of management horizon, on three site
quality conditions and two shrub regeneration types, are
presented in Figs. 1 and 2. The summary of biodiversity
data is presented in box plots (Fig. 3), Table S1 [suppl.] and
Fig. S1 [suppl.] where it is shown that the highest mean
value (29.85, low biodiversity) was recorded in mixed blue
gum and maritime pine stands, with maritime pine domi-
nance (FMMI1) on the site index 5 (SIS) with shrub res-
prouting regeneration. The lowest mean value (10.13, very
low) was recorded in pure blue gum stands (FMM4) on
the SI1 with shrub seed regeneration. However, the highest
maximum value (45.7, medium biodiversity) was recorded
in pure chestnut stands (FMM3) with shrub resprouting re-
generation and SI5, in the 49th year, right before the clear
cut (Fig. 2). Medium category biodiversity score maximum
values (41.72) were also recorded in FMM3 stands on
shrub resprouting regeneration type and SI3 in the last year
before the clear cut (49 years), and in FMM1 (41.24) in the
year 40, which is 5 years before pine’s clear cut. Regarding
FMM2, all maximum values were low category biodiver-
sity, while in FMM4 these were very low and low. Gene-
rally, across all site indexes, the mean biodiversity value
was lower in shrub seed regeneration stands than in the res-
prouting stands (Fig. 3, Fig. S1 [suppl.]). In all stands with
shrubs regenerating by resprouting, shrubs recovered faster
(Figs. 1 and 2) and biomass was larger on average (Fig. 3).
However, only in FMM3, there were clear differences in
variations of biodiversity data between seed and resprou-
ting stands (Fig. 4). Although, the coefficient of variations
of all biodiversity data was high in all FMMs (>17). The hi-
ghest variations were recorded in FMM4 (34-36), followed
by FMM3 with variations between 26 and 33, while FMM1
and FMM2 had the lowest variations (18-21).

Regarding the site index, lower values generally reflec-
ted lower biodiversity within the same regeneration type.
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Figure 1. Biodiversity values for mixed blue gum and maritime pine stands, with a dominance of mari-
time pine (FMM1) with three site indexes (SI1, SI3 and SI5), with shrub seed regeneration (a) and shrub
resprouting regeneration (b); mixed blue gum and maritime pine stands, with a dominance of blue gum
(FMM2) with three site indexes (SI1, SI3 and SI5), with shrub seed regeneration (c) and shrub resprou-
ting regeneration (d). Y axes show biodiversity values and X axes, 90 years of management horizon.

i.e., biodiversity values were always highest in SI5 and
lowest in SI1 (Fig. 3). When biodiversity values between
regeneration types were compared, SI1 with seed rege-
neration shrub type typically had the lowest biodiversity,
and SIS with resprouting regeneration type typically had
the highest biodiversity (Fig. S2 [suppl.]). The majority of
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maximum values of all FMMs were higher in shrub res-
prouting regeneration type than in seed regeneration type,
except in the case of FMM2 and FMM3, where SI1 shrub
resprouting regeneration was lower than SIS seed regenera-
tion. There was a significant difference in biodiversity sco-
re between most of the site indexes within the same shrub

FMM3/shrub regeneration by resprouting

40
30
20
10
0
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86
—Siteindex1 =—Siteindex3 Site index 5
Years
FMM4/shrub regeneration by resprouting
60
50 (d)
40

30

/V/\/\/\/\ /V/\/\M / W\/\

[N}

0
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86

—Siteindex1 =—Site index 3 Site index 5

Years

Figure 2. Biodiversity values for pure chestnut stands (FMM3) with three site indexes (SI1, SI3 and SI5),
with shrub seed regeneration (a) and shrub resprouting regeneration (b); pure blue gum stands (FMM4)
with three site indexes (SI1, SI3 and SI5), with shrub seed regeneration (c) and shrub resprouting regene-
ration (d). Y axes show biodiversity values and X axes, 90 years of management horizon.
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Figure 3. Boxplots of biodiversity values of FMM1, FMM2, FMM3 and
FMM4 with three site indexes (SI1, SI3 and SI5), shrub seed regeneration (s)

and shrub resprouting regeneration (r).

regeneration type, and between regeneration types (Table
S2 [suppl.]). There was no significant difference (p>0.05)
in FMM4 between SI3 and SI5 seed regeneration (p=0.30);
between SI3 and SIS resprouting regeneration (p=0.58);
between SI1 and SI3 resprouting regeneration (p=0.13),
and SI1 and SIS resprouting regeneration (0.07) (95% of
significance). Also, there was no significant difference in
FMM2 between SI3 and SIS resprouting (p=0.07), and be-
tween SIS seed and SI1 resprouting (p=0.22).

Forest Systems

Discussion
Biodiversity in plantation forests

In this study, biodiversity was assessed in four types of
plantation stands (FMMs) in Northwest Portugal over the 90-
year forest management planning horizon, using a method
that combines biodiversity indicators and derives biodiversi-
ty scores varying from 0 to 100 (very low to very high). The
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Figure 4. Coefficient of variation of biodiversity values in FMM1,
FMM2, FMM3 and FMM4 with three site indexes (1, 3 and 5) and
shrub seed regeneration (s) and shrub resprouting regeneration (r)

mean values of biodiversity, considering all FMMs, shrub re-
generation category and site quality, varied between very low
(10.13) and low (29.85), which confirms the statement that
biodiversity in plantation forests, at a stand level, is typically
low (Koh & Gardner, 2010; Newbold et al,, 2015; Yamaura
etal., 2019). However, maximum values were medium in the
case of pure chestnut stands (45.71) and mixed stands with a
dominance of maritime pine (41), and these values were rea-
ched only in mature years. Therefore, the state of biodiversi-
ty in plantations depends on the maturity stage. Pure exotic
blue gum stands had the lowest mean biodiversity over the
entire 90-year horizon and, in general, when compared to the
other stands (mixed maritime pine and blue gum stands, and
pure chestnut stands). This is in concordance with studies
that argue that forests with pure stands of exotic species have
the lowest biodiversity (Hunter, 1990; Hartley, 2002; Carnus
et al., 2006; Mikulova et al., 2019). However, these low va-
lues in our case resulted from management practices such are
frequent clear cuts (every 11 years). Plantation forests have
very intense dynamics imposed by clear cuts (high coeffi-
cient of variation in the present study). Nevertheless, there is
potential to develop higher biodiversity, if the time between
clear cuts is extended. Therefore, in future research, it may
be worth comparing the biodiversity value of exotic species
plantations that have not had any silvicultural interventions,
with unmanaged forests. Indeed, most plantations of exo-
tic species have shorter rotation periods than native species
plantations, and that is one of the main reasons why exotic
species are introduced in the first place. For example, blue
gum rotation in Portugal is typically 10-12 years (Deus et
al., 2019), while maritime pine is around 35 years (Oliveira,
1999; Dias & Arroja, 2012). The shorter the rotation period,
the shorter the time necessary for biodiversity recovery and
establishing of species interconnections and ecosystem sta-
bilisation. These might be the main reasons for low levels of
biodiversity in exotic mono-specific plantations.

Forest Systems

Impact of shrub resprouting type and site index
on biodiversity

There are differences in mean biodiversity values in
the case of the shrub regeneration category in this study.
Maximum values of biodiversity were also affected in the
case of all FMMs except pure blue gum stands (FMM4).
This can be explained by the short rotation of FMM4 (11
years), while other FMMSs have nearly four times longer
rotation periods such as maritime pine (45 years) in
FMMI1 and FMM2, and chestnut (50 years) in FMM3.
There were also differences in the speed of shrub biomass
development among stands between shrub regeneration by
seed and by resprouting, where shrubs that regenerate by
resprouting developed faster than shrubs that regenerated
entirely by seed. Nevertheless, Botequim et al. (2015)
reported opposite results, where shrubs that regenerate
by resprouting developed lower biomass than shrubs that
regenerate by seeds and particularly if the basal area was
larger. Also, they reported shrubs that regenerated by seed
recovered faster particularly if the basal area was lower.
The reason for the difference might be that the study area
was Mainland Portugal, covering managed, unmanaged
forests and plantations, while the study area of this paper,
had only plantations. Similarly, a study from central
Argentina reported that, after a fire, shrub sprouting vigour
was faster if wood density was low and the shrub was
tall before the fire, while for small shrubs, wood density
had no influence (Gurvich et al., 2005). Also, a study
that researched postfire shrub regeneration in heathlands
from Australia (Pate et al., 1990) reported slower growth
of juvenile resprouters (<6 years), than non-resprouters.
However, Pausas et al. (2004) found that resprouter traits
can hardly be predicted on a global scale, but rather local,
due to different responses of species in various areas.
Therefore, there are indications that forest structure might
influence the speed of shrub regeneration; however,
more research is needed to examine locally regenerating
traits of certain shrub species and their interaction with
biodiversity.

Though numerous studies have reported better forest
productivity in mixed stands than in monocultures (e.g.,
Zhang et al., 2012; Bielak et al., 2014), such a case does
not apply to clonal Eucalyptus plantations which are the
world’s fastest-growing plantations (Forrester & Bauhus,
2016). In this study, site index slightly affected mean
and maximum biodiversity values in pure blue gum (E.
globulus) while mixed stands with the dominance of ma-
ritime pine (FMM1), and pure chestnut stands (FMM3)
were significantly affected by site quality. It can be con-
cluded that the site index does not have a major effect on
the biodiversity of short-rotation plantations. However,
more research is needed on this topic.
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Implications and suggestions for future
management

Since the case study of this paper belongs to the Medi-
terranean geographic region, forest fires are widespread.
In the past decade, forest fires became widespread all over
the globe due to climate change. Frequently, maintaining
a high conservation value habitat such as shrub forma-
tion may also imply a higher risk of wildfire (Silva et al.,
2020). Therefore, it is not advisable to increase shrub en-
croachment volume all over the area, but only where it is
associated with high biodiversity importance (Botequim
et al., 2015). This will necessarily create trade-offs that
need to be carefully considered. Additionally, knowledge
about shrubs regenerating type may be used in fire pre-
vention management, since shrubs that regenerate by res-
prouting develop much faster than shrubs that regenerate
by seeds, in this case study area.

Extending the rotation period, increasing tree species
composition with native species and leaving some big trees
after clear-cutting may benefit biodiversity at the stand
level. For example, Lafond et al. (2015) researched French
Alps and found that retention measures of large trees,
non-dominant species, and deadwood can compensate
for the negative effect of intensive management
practices. Initially, it might affect the income from timber
production, but in the long run, it might decrease losses
induced by pest and disease outbreaks. Additionally,
payments for biodiversity conservation management
may compensate for losses due to wood production. In
Portugal and other Mediterranean countries, introducing
species well adapted to forest fire, such as cork oak, may
not only improve habitat quality for wildlife but, if well
managed, even reduce fire risk.

Plantation forests can be useful in efforts for biodiver-
sity conservation (Koh & Gardner, 2010), even plantations
with exotic species can host native species. However, it
would be more ecologically acceptable if native forests
are restored and protected than to manage eucalypt plan-
tations for biodiversity (Calvifio-Cancela et al., 2012).

Even though deadwood or old trees are fundamental
indicators of forest biodiversity, those were not applied
in this research due to the absence of such aspects in the
case study area. However, since the results were main-
ly anticipated and demonstrated very low and low mean
values of biodiversity, these indicators seem explicit and
meaningful. The approach used in the present study is not
intended for detailed scientific biodiversity assessments.
It is rather suitable for initial estimation that will give the
forest managers sense of the biodiversity state in their fo-
rests and help in management decisions. Also, it can serve
as a base for detailed scientific estimations.

The present study demonstrates that forest inventory
variables can be used as practical biodiversity indicators,
and their combination can provide an overview of

Forest Systems

biodiversity at stand level over time. Site index and
regeneration strategy are important aspects as they
influenced the biodiversity of plantations with longer
rotations such are those with maritime pine and chestnut,
while less affected plantations with short rotations such
are those with blue gum. Those findings are important
for forest biodiversity conservation and fire prevention
management.
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Abstract. To prepare forests better adapt to global change, forest management plans need
to include biodiversity targets both at stand and landscape levels. Here we use an “umbrella”
raptor bird species, the red kite (Milvus milvus), as an indicator to compare the landscape
biodiversity performance of different forest plantations in NW Portugal. The plantations
comprise pure blue gum (Eucalyptus globulus Labill), mixed blue gum and maritime pine
(Pinus pinaster Aiton), pure chestnut (Castanea sativa Mill), pure maritime pine, pure
pedunculate oak (Quercus robur L.), and pure cork oak (Quercus suber L.). We selected
four indicators of habitat suitability based on breeding requirements for the red kite from
literature: tree height (m), stem density (trees ha?), diameter at breast height (DBH) (cm),
and frequency of silvicultural activities (number of activities year). We analyse indicator
trends over a forest management planning horizon of 90 years. Results show that the most
favourable for breeding of the red kite are mature cork oak woodlands due to the low stem
density, and sufficient height for nesting and harvesting without tree felling. Blue gum
plantations are the least favourable due to high stem density and low DBH. Common oak
forests seem unfavourable due to slow growth and height that never reaches the optimal
values for the red kite to nest. Mixed forest plantations are better suited namely because of
longer rotation periods of the maritime pine, although not the best because of the higher
frequency of silvicultural practices. Chestnut and pure pine plantations are better suited for
our conservation target, however, only in the last decade before the clear-cut. The indicators
we applied could be useful for the conservation of other raptors with similar habitat
requirements.

Keywords: red kite; biodiversity conservation; biodiversity indicators; habitat suitability;
plantation forests
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1. Introduction

Climate change is a major threat to the forest ecosystem's stability, resilience and provision
of ecosystem services. Correspondingly, forests rich in genetic, structural, functional and
compositional biodiversity are more likely to adjust to changing environments, than forests
with low biodiversity (van Hensbergen 2006; Bauhus et al. 2010; Verheyen et al. 2016).
Therefore, biodiversity conservation is relevant in all types of forests, including plantations,
and thus should be part of forest management plans (Lindenmayer and Hobbs, 2004;
Lindenmayer, 2009). Appropriate management of plantations, specifically at the landscape
level, can generate suitable habitats for a set of native and threatened species (Atauri et al.,
2004; Proenca et al., 2010). To address biodiversity values generated by forest plantations,
it is necessary to integrate appropriate biodiversity indicators into the management plans
(Cosovic, 2022; Cosovi¢ et al., 2020). Among biodiversity indicators, birds are commonly
used for landscape-level biodiversity assessments (Uliczka et al., 2004; Smith et al., 2007,
Naumov et al., 2018). Birds are among the most well-studied taxa in habitat suitability
research (Angelstam et al., 2004; Naumov et al., 2018). Additionally, selecting “umbrella”
species as biodiversity indicators is common, as they inhabit areas that support many other
species and require large areas to sustain viable populations (Dale and Beyeler, 2001).
Therefore, the conservation efforts directed at these species will also benefit other species
with similar overlapping habitat requirements (Lambeck, 1997; Roberge, 2006). Further,
avian umbrella species are associated with greater biodiversity than mammalian umbrella
species (Branton and Richardson, 2011). Also, selecting “flagship” species is suitable, as
they raise awareness for the environment and biodiversity protection in the area often due
to their charismatic character (Sergio et al., 2008; Donazar et al., 2016). Avian raptors are
often considered an “umbrella” and “flagship” species (Sergio et al., 2008; Barrientos and
Arroyo, 2014; Cruz et al. 2021). The red kit (Milvus milvus) is such a species (Donazar et
al., 2016) and occurs across Europe and in Northern Africa (IUCN, 2020). It regularly winters
in Iberia (de Juana and Garcia, 2015) where it often nests in forest plantations and forages
on surrounding agricultural areas or grasslands (Olano et al., 2016).

The red kite is listed in Annex | of the EU Birds Directive, and Annex Il of the Bern
Convention on the Conservation of European Wildlife and Natural Habitats (Sergio et al.,
2019). The species is classified as “the least concern” on the IUCN Red List of Threatened
Species globally, however, there is a decline in Portugal (BirdLife International, 2021). The
red kite used to breed all over continental Portugal in the past (Voous, 1962; Mattsson et al.
2022), and today it can only be seen in the eastern area of the country (IUCN 2020).
Poisoning and persecution are leading reasons behind the declining red kite populations in
Iberia (Vifiuela et al. 1999; Newbery et al. 2009; Mougeot et al. 2011), however, conversion
of natural mature forests that are typically used for nesting is also a threat (Evans and
Pienkowski, 1991; Maciorowski et al., 2021). Although, there is a lack of evidence on what
is the main cause of the decline of breeding populations in Portugal.

Here we explore how different forest management models may contribute to the
conservation of the red kite in a region of north-western Portugal dominated by forestry
plantations. Since the red kite is an ‘umbrella’ species, we use the habitat requirements of
the raptor species to frame biodiversity assessment and conservation at a landscape level.
We selected indicators of the red kite nesting habitat suitability that can be readily used by
forest managers with various backgrounds. These indicators are usually available in forest
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management models and the attributes that best relate to the red kite habitat preferences
(e.g., dominant height, stem density, mean DBH, frequency of silvicultural activities) can be
selected and examined.

The objectives of the present work are (1) to estimate breeding habitat suitability for the red
kite in current and alternative forest management plans, and (2) to suggest changes to forest
management plans that favour the conservation of the red kite. We hypothesise that current
forest management models used in the study area are not suitable because observation of
the red kite was last recorded in our study area in 2002. There is evidence that a very small
number of migrating kites (1-9) flew all around the study area during the period from 2013
to March 2022, however, avoided flying over the area (see Raab et al. 2022). We also
hypothesise that alternative forest models, nhamely those based on longer rotation periods
and lower stem densities, should be more appropriate for red kite conservation.

2. Material and methods

2.1 Study area and Forest Management Models

The study area is known as Vale do Sousa and comprises 14, 840 ha in northwestern
Portugal (Lat: 41.1343, Lon: —8.2951). The climate is the Mediterranean, with an Atlantic
influence. Average temperatures are 9.5° C in winter and 20.8° C in summer. The average
annual precipitation is 1,240 mm, with dry summers and rainy autumns. Soils are mainly
shallow, poor and fast draining. The topography is hilly with elevations ranging from 20 m to
700 m. Forest dominates the area.

There are four forest management models (FMMs) currently applied in the study area. We
define FMMs as models for predicting forest dynamics (e.g., tree growth) for certain tree
species, by considering management practices, tree biometric properties and site
conditions. There are FMM1 and FMM2 based on mixed-species plantations of maritime
pine (Pinus pinaster Aiton) and blue gum (Eucalyptus globulus Labill). In FMM1, blue gum
is the dominant species (73%) and in FMM2 maritime pine is the dominant species (66%)
(Table 1). There are pure chestnut (Castanea sativa Mill) plantations (FMM3) and pure blue
gum plantations (FMM4). Pure blue gum plantations (FMM4) cover 66% of the study area,
mixed maritime pine and blue gum cover 33% (FMM1 and FMM2) and chestnut (FMM3)
cover only 1% of the area.

The main product of blue gum plantations is pulpwood for the pulp and paper industry, while
pine and chestnut forests are used for sawlog production. During a stakeholder workshop
organized within the ALTERFOR project (https://alterfor-project.eu) which involved forest
owners, pulp and paper industry agents, municipality representatives, scientists and forest
authorities, three alternative FMMs were suggested for application in the study area
(Margues et al., 2020). Suggesting alternative FMMs for the study areas was prompted by
recent wildfires and the demand for novel ecosystem services beyond pulp and wood.
Accordingly, an alternative FMM5 was proposed for pure maritime pine plantations with half
the tree density of current models FMM1 and FMM2. Forests with FMM5 would generate
resin and timber (provisioning services) as well as recreation (cultural services), while FMM6
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was proposed for native pedunculate oak (Quercus robur L.) that dominated the landscapes
of northern Portugal in the past. The main product of FMM6 would be saw logs of good
guality, cultural services and open and more fire-resistant landscapes. Finally, FMM7 was
projected for pure cork oak (Quercus suber L.) plantations generating cork for wine bottle
stoppers, cultural services and also more fire-resistant landscapes.

Table 1: Current and alternative Forest Management Models (FMMs) in Vale do Sousa study area identified by main

structural characteristics and silvicultural operations

FMM Scientific Percent  Stem density  Harvesting Thinning operations Fuel
name age of (trees ha'l) treatments

the

study

area (%)
1. Mixed maritime Pinus pinaster  16.0 Maritime pine Maritime pine-Clear For pine—pre-commercial
pine and eucalyptus  Aiton + 2200 cutting systems (45 thinning at 10 years of age;
forest system, the Eucalyptus Blue gum years) thinning every five years
dominance of globulus Labill 1400 between 20 and 45 year
maritime pine 73%

For blue gum
—Ileaving two shoots at
Blue gum-Coppice every stool on the 3year
2. Mixed maritime Eucalyptus 17.0 Maritime pine  systems (11 years) after the harvest
pine and eucalyptus  globulus Labill 2200 Clear cut --33" year
forest system, the + Pinus Blue gum Every 5
dominance of pinaster Aiton 1400 years
eucalypt 66%
3. Chestnut forest Castanea 1.0 1250 Clear-cutting At ages 30 and 40
systems sativa Mill systems (50 years)
4. Pure blue gum Eucalyptus 66.0 1400 Coppice systems Leaving two shoots at every
forest system globulus Labill (11 years) stool in the 3" year after the
Clear cut --33@year  harvest

5. Pure maritime Pinus pinaster - ~1150 Clear-cutting Pre-commercial-- 15 years
pine forest systems Aiton systems (40 years) Commercial—25, 35
6. Pure pedunculate  Quercus robur - 1600 Clear-cutting At ages 25-31, 35-40 and
oak forest systems L. systems (60 years) 43-47
7. Pure cork oak Quercus suber - 1600 1st debarking-- 30 At ages 15, 30, 40, 58, 76

forest systems

L.

years

2nd debarking-- 40
years

3 and following
debarking-- each 9
years

We obtained the necessary variables for analyzing the current and alternative FMMs from
yield tables built with field data collected from 200 inventory plots in Vale de Sousa in a
frame of the European Union FP7-funded project ALTERFOR (https://alterfor-project.eu).
The data relating to the stand growth and estimation of wood product yields were simulated
with standsSIM-MD module (Barreiro et al., 2016) that implemented PINASTER forest
model for maritime pine (Nunes et al., 2011), GLOBULUS forest model for blue gum (Tomé
et al., 2006), and SUBER forest model for cork oak stands (Paulo et al., 2011, 2015),
Gymma model (Barreiro et al., 2004) for uneven-aged eucalyptus stands and PBrirrol
(Alegria, 2007) for uneven-aged maritime pine stands. The chestnut wood production was
estimated using yield tables (Filipe, 2019; Patricio, 2006), and common oak growth was
simulated with an online simulation tool
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(https://manuelar.shinyapps.io/Quercusrobur_SimGaliza/) (Gomez-Garcia et al., 2015,
2016). The data were simulated over a 90-year management planning horizon.

2.2 Thered kite conservation indicators

We selected the red kite as a target species because it can be considered both an “umbrella”
and “flagship” species at a landscape scale due to its large territorial area. We searched the
literature on the red kite habitat suitability in Iberia and selected appropriate indicators
accordingly. First, we searched for all papers related to the red kite, then excluded those
addressing direct human-induced mortality such as poisoning and windmill collision. Then,
we screened papers related to the red kite habitat suitability, conservation, nesting and
breeding.

One of the most important measures for the conservation of endangered species is to
protect their breeding habitat (Olano et al., 2016). In the case of birds, safeguarding their
nests and nest surroundings is of major importance for ensuring efficient breeding and
population productivity (Zuberogoitia et al., 2008; Newton, 2013; Olano et al., 2016).

Red kites typically breed in forest patches surrounded by agricultural landscapes where the
species search for food (Cramp and Simmons, 1980; Olano et al., 2016). Habitat selection
may also vary between resident or wintering populations. For example, in Dofiana National
park in Spain, it was found that wintering kites preferred open areas such are marshes, while
residential kites preferred forests (Heredia et al., 1991).

In Spain, the main tree nesting species for kites were full-grown stone pines (Pinus pinea),
cork oaks (Q. suber) and large eucalypt trees (Eucalyptus spp.) (Heredia et al., 1991).
However other studies reported nests only in Monterey pine (Pinus radiata) plantations and
not in the surrounding native oak forests (Olano et al., 2016). A reason for this may be the
height of pine trees being larger than that of native oaks (Olano et al., 2016). A similar
phenomenon was noticed in a study from Germany (Nikolai et al., 2017), where, poplar trees
(Populus sp.), planted as rows in farmlands, were the main nesting sites for the red kites. In
addition, the height of nests has been constantly increasing in the past three decades,
accompanying the growth of trees, from ~10 m in the eighties to ~18m in the last decade,
with kites avoiding nesting in younger and smaller trees (Nikolai, et al., 2017). The height of
nesting trees varied among the case studies wherein Corsica the average was 11.8+ 4.6 m
(Mougeot et al., 2011), in Germany average was 18-20 m (Ortlieb, 1989), in England
average was 15 m (Carter, 2001) in Spain the average was 20 m (Olano et al., 2016). Tree
height, more than the tree species identity, is, therefore, an indicator of habitat suitability for
the red kite.

We could not find any information on the average tree diameter of a typical nesting tree,
however, given that the red kite's average nest surface is 0.57 m? (Zduniak et al. 2021), the
diameter must be large to sustain that surface. This is confirmed in a study that researched
raptors with a similar mass as the red kite (approximately 1 kg) and their findings indicate
that forest patches containing trees with large diameters (>40 cm), and 30-70% forest cover
are important attributes for raptors’ breeding habitat conservation (Barrientos and Arroyo,
2014).
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Regarding stem density, most of the red kite nests were found in stands with a moderate
density of 100-500 trees™ (8 nests) in a study in Spain, while a lower number of nests were
found in stands of higher density (Olano et al., 2016).

Beyond the structural characteristics of plantations, it is necessary to consider how
silvicultural operations may affect target species. The red kite, for example, is sensitive to
disturbances such as tree planting. A study from Wales (Newton et al., 1996) which
examined the red kite population from 1992 to 1996, and particularly the effect of conifer
plantation afforestation in the area, reported that tree planting initially disturbed egg-laying
of the territorial pairs in the area (Newton et al., 1981; Newton et al., 1996). The egg-laying
season is mainly in March-April, but some studies recorded egg-laying in late February or
early May in Corsica (Mougeot and Bretagnolle, 2006; Mougeot et al., 2011). Incubation
follows the first egg-laying and lasts until hatching takes place in several days while fledging
emerges after 45-55 days (Nikolai, 2012), but sometimes the developmental period extends
to 60-70 days, depending on brood size and food availability (Cramp and Simmons, 1980;
Mougeot et al., 2011).

Following the findings in the literature, we selected four conservation indicators: (1)
dominant tree height (m), (2) stem density (trees hal), (3) mean diameter at breast height
(DBH) (cm), and (4) frequency of silvicultural activities per year. We consider here
silvicultural activities such are harvesting, thinning operations and fuel treatments for current
and alternative models, and sum up all activities per year. For the harvesting year we assign
5, while for all other activities, we assign 1. We classified the suitability scores for each
indicator as follows: 1 (Very low), 2 (Low), 3 (Medium), 4 (Good), and 5 (Very Good) (Table
2).

Table 2: Indicators for the red kite breeding suitability

Score values for breeding suitability for the red kite

Indicator 1 (Verylow) 2 (Low) 3 (Medium) 4 (High) 5 (Very high)
Dominant tree height (m) <5 5-10 10-15 15-20 >20

Stem density (trees ha) >1200 800-1200 500-800 300-500 100-300
Mean DBH (cm) <15 15-20 20-30 30-40 >40
Frequency of clear cuts >4 3 2 1 0

(Number of clear cuts per 90-
year horizon)

2.3 Data analysis

We combined three methods for data analysis: 1) plotting mean values of each variable per
year of each FMM, 2) performing descriptive statistics of each variable per FMM, and 3)
analysing the differences between each indicator variable in all FMMs. In the second step,
we assigned the value of habitat suitability that we created in Table 2 to the means of each
variable within FMMs and obtained the mean habitat suitability value for the red kite
conservation per each FMM. For the third step, we initially used a Shapiro test for distribution
analysis and since data of each FMM followed a normal distribution for all indicators except
frequency of silvicultural activities, we applied ANOVA (Analysis of Variance) to check if
there were significant differences among FMMs. When the results of ANOVA were
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significant, we applied the post hoc Tukey's Test for assessing individual differences among
FMMs. The studentized range distribution g in Tukey’s Test is defined as:

gs=(Ymax-Ymin)/SE

Here Ymax and Ymin are the larger and smaller means of the two groups that are compared,
and SE is defined as the standard error of the entire design. The significance level of all
statistical calculations was a=95% and all the calculations were performed in the R
programming language (R Core Team, 2020). We visualized the results with letters where
the FMMs with no significant differences are followed by a common letter. For such purpose,
we used the glht function in the multcomp package version 1.4-17 in R programming
language (R Core Team, 2020).

3. Results

We employed four forest inventory variables (dominant height, stem density, mean DBH,
and frequency of silvicultural activities) as indicators to analyse seven types of plantation
forests (FMMs) as potential red kite breeding habitats. We created a suitability score for
each plantation type by combining the values of those indicators, and we also analysed
each indicator separately. The results are presented in Table 3, where the highest overall
habitat suitability is recorded in cork oak plantations (FMM7) as high (4), and the lowest
suitability is recorded in blue gum plantations (FMM6) as low (1.75). Pure maritime pine
plantations (FMM5) and chestnut (FMM3) marked medium suitability (2.5), while maritime
pine in mixed stands (FMM1/FMM2) and common oak (FMM6) marked low overall
suitability.

Table 3: Data summary of four indicators (DBH, dominant height, stem density and silvicultural
activities) used to assess habitat suitability for the red kite. Mean values are indicated in bold. Value in

brackets is suitability for red kite breeding. Overall habitat suitability per FMM over 90 years of the
planning horizon is presented in the last row.

Indicators  Data P. E. C. sativa E. P. Q. robur Q. suber
summary pinaster globulus (FMM3) globulus pinaster (FMM6) (FMM7)
(FMM1/FM  (FMM1/FM (FMM4) (FMM5)
M2) M2)
DBH (cm) Mean 13.67 (1) 7.946 (1) 13.50 (1) 9.066 (1) 11.90 (1) 6.997 (1) 30.00 (4)
Max. 26.40 (3) 13.000 (1) 33.26 (4) 14.500 (1) 24.20 (3) 21.120 (3) 56.42 (5)
Dominant  Mean 10.82 (3) 11.48 (3) 10.531 (3) 13.94 (3) 10.41 (3) 2.6811 (1) 10.927 (3)
height (m)
Max. 18.80 (4) 19.00 (4) 21.430 (5) 22.10 (5) 19.50 (4) 7.0003 (2) 16.710 (4)
Stem Mean 1349 (1) 1008 (2) 864.2 (2) 1008 (2) 767 (3) 897.6 (2) 445.4 (4)
density
(no
trees ha?)
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Max. 1400 (1) 2071 (1) 1250 (1) 2071 (1)  767.0(3) 897.6(2) 1600 (1)

Frequenc  Total 2(3) 8 (1) 1(4) 8 (1) 23 1(4) 0(5)
y of clear number

cuts/90

years

Overall 2 1.75 25 1.75 25 2 4
habitat (Low) (Low) (Medium) (Low) (Medium) (Low) (High)
suitability

3.1 Mean DBH

The greatest mean DBH, and at the same time the most suitable for red kite breeding, was
recorded in cork oak forests (FMM7) (30 cm; high), while the lowest mean DBH was in
common oak (7 m; very low) (Table 3). All the rest plantation types had a mean DBH lower
than 15 cm, which is very low suitability. Such a ratio is in concordance with the result of
Tukey’s test where there is a significant difference between cork oak (FMM7) mean DBH
and mean DBH of all the rest plantation types regarding 90 years of management horizon
(Figure 3, Table Al).

Alternative maritime pine plantations (FMM5) have very low suitability (DBH <15 cm) until
the age of 22, and current mixed plantations (FMM1 and FMM2) until the age of 24, and
medium suitability (20-30cm) from the age of 30 and 32, until clearcut of alternative and
current models respectively (Figure 2). The Chestnut range of DBH values (FMM3) is very
similar to maritime pine both current and alternative (Figure 3), until age 40 when it
outperforms pine’s DBH and even reaches high values for the red kite conservation in the
last five years of rotation. Regarding current and alternative blue gum
(FMM1/FMM2/FMM4), even maximum values of DBH are with a very low value for the red
kite conservation (13 cm and 14.5 cm). Common oak (FMM6) reaches medium values for
the red kite conservation in the past two years of rotation.

Diameter at breast height

135 7 9111315171921 23352372931333537394143454749515355575961636567 697173757779 8183858789

e Pinus pinaster/ FMML1/FMM2 Eucalyptus globulus/FMML/FMMZ = === Castanea sativa/FMM3
--------- Eucalyptus globulus/FMM4 Pinus pinaster/FMMS5 Quercus robur/FMME

Quercus suber/FMMT
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Figure 2: Mean diameter at breast height (DBH) variation of each tree species in current and
alternative models (FMM1,2,3,4,5,6 and 7) in the study area over 90 years. Y-axes represent DBH
(cm) and X axes represent 90 management horizon years.

50
1

40

Mean Bl
DBH (cm)

o - S-S R S PR S S-S RS R — S-S

P.p. FMM1/FMM2 E.g. FMML/FMM2 C.s. FMM3 Eg FMM4 P.p. FMM3 Qr. FMME Qs FMM7

Figure 3: Comparison of mean DBH indicator values over 90 years of management horizon for all
tree species in all FMMs. The unit for DBH is centimetres. The common letter shows no significant
difference (Tukey's Test). Abbreviations: P.p.-Pinus pinaster, E.g.-Eucalyptus globulus, C.s.-
Castanea sativa, Q.r.-Quercus robur, Q.s.- Quercus suber

3.2 Dominant height

Fast-growing blue gum plantations in the current models (FMM4) had the highest mean
dominant height (13.9 m) over 90 years, of all other plantation types (Table 3). Only after a
few years of growth, FMM4 reached a medium suitable height for the red kite nesting (10-
15m) (Figure 4). A steep growth continued in the following 6-7 years until clear cut in the
11" year when the height reached high suitability of height (22.1) m. The lowest mean
dominant height was in a common oak plantation (FMM®6) with very low suitability for red
kite nesting (2.7m). The rest of the plantations' mean dominant height was similar (~10 m),
which is medium suitability. This ratio somehow matches with the result of Tukey’s test
where significant differences (p<0.05) in dominant height were only between pure blue gum
plantations (FMM4) and all the rest plantation types, and also between common oak (FMM®6)
and all the rest plantation types (Figure 5; Table A2).

Maritime pine (FMM1, FMM2) takes exactly 31 years to reach high suitability (15-20m) for
red kite nesting (Figure 4). The growth continues in the following 15 years until the clear-
cut, where pine never reaches very high values (>20m). Chestnut plantation reached very
good height (>20m) for red kite nesting, however, 2 years before the clear cut. Cork oak
forest systems (FMM7) grow faster than the common oak, but still, takes 30 years to reach
the medium height for nesting and 65 years to get a good height, while very good height is
never reached before 90 years. The common oak forest systems (FMM®6) grow at a very
low pace and never reach the medium height for nesting because of the clear-cut in the 60"
year when the tree reaches only 7 meters of height (Figure 4).
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Figure 4: Dominant height variation of each tree species in current and alternative models
(FMM1,2,3,4, 5, 6 and 7) in the study area over 90 years Y-axes represent tree height in meters and
X axes represent years
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Figure 5: Comparison of dominant tree height indicator values over 90 years of management horizon
for all tree species in all FMMs. The unit for dominant tree height is the meters. The common letter
shows no significant difference (Tukey's Test). Abbreviations: P.p.-Pinus pinaster, E.g.-Eucalyptus
globulus, C.s.-Castanea sativa, Q.r.-Quercus robur, Q.s.- Quercus suber

3.3 Stem density

The most suitable mean stem density over 90 years for red kite breeding was recorded in
cork oak forests (FMM8) with high suitability (445.4 trees hal), while the lowest suitability
(1349 trees ha'l; very low) was in current pine plantations (FMM1/FMM2) (Table 3). The
rest of the plantations had mainly low suitability of stem density, except alternative pine
plantations (FMM5) that had medium suitability (767 trees ha?). Similarly, the result of
Tukey’s test showed a significant difference (p< 0.005) between cork oak stem density and
stem density of all the rest plantation types and also between current pine plantations and
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all the rest plantation types (Figure 7; Table A3). Also, there is a significant difference
between alternative pine (FMM5) and blue gum plantations (FMM1/2/4).

The stem density of the current maritime pine plantation (FMM1,2) was of medium suitability
in the last 5 years before the clear-cut (500-800 trees ha?) (Figure 6). Alternative maritime
pine (FMM5) density was generally twice as low as that of the current pine models all over
the 90 years horizon, where it ranges between low and medium suitability for red kite
conservation. Chestnut plantation (FMM3) was approaching medium density for 25 years,
and from 25 years until the clear cut (50 years) remain very close or within a high suitability
range (300-500 trees ha?) for the red kite breeding (Figure 5). Cork oak (FMM7) had quite
drastic changes in density as at the 15" year tree density has reached average values, and
after the 30" year — trees density is scored as very good habitat until the end of 90 years
management horizon. In common oak (FMM®6), stem density reaches medium indicator
values at the 26" year and decreases uniformly until the clear cut in the 60" year.

Stem density
2500

1500 |
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----- Quercus robur/ FMME sasasnans Quercus suber/FMMY

Figure 6: Stem density variation of each tree species in current and alternative models
(FMM1,2,3,4,5,6 and 7) in the study area over 90 years Y-axis represents tree density per hectare
and X-axis represents 90 management horizon years
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Figure 7: Comparison of stem density indicator values over 90 years of management horizon for all
tree species in all FMMs. The unit for stem density is the number of trees™. The common letter
shows no significant difference (Tukey's Test). Abbreviations: P.p.-Pinus pinaster, E.g.-Eucalyptus
globulus, C.s.-Castanea sativa, Q.r.-Quercus robur, Q.s.- Quercus suber

3.4 Frequency of clear-cuts

The most suitable rotation regime over 90 years for red kite breeding was recorded in cork
oak forests (FMM8) with very high suitability. The least suitable is blue gum in current mixed
and pure stands, due to very frequent clear-cuts, even eight over the 90-year management
horizon. High suitability is recorded in chestnut and common oak stands, while medium
suitability is in pine stands in current and alternative models.

4. Discussion

4.1 Habitat suitability of Mediterranean plantations for the red kite breeding and
management suggestions

When considering average score values for 90 years, the native cork oak (Q. suber)
plantation (FMM7) demonstrated high suitability for red kite nesting (4) in our study area and
is by far the most suitable system for the red kite conservation of all other current and
alternative plantations. The main reason for that is the absence of clear-cut over 90 years,
and thus there is the possibility to provide tall, mature trees with large diameters. Also,
mature cork oak tree management exercises low stem density. This is an optimal situation
that needs to be equated to the long-term conservation of the red kites. Cork oak forest
systems are known for their conservation value for biodiversity, mainly because of the
diversity of the shrub and grassland understorey that provides food and cover for different
wildlife species such as threatened raptors such as the imperial eagle (Aquila adalberti)
(Bugalho et al., 2011). Although it takes longer for cork oak to reach the suitable tree density,
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and dominant height for red kite conservation (three decades), the trend remains stable and
suitable for raptor nesting. Cork oak forests (FMM7) have one very different silvicultural
activity from all other plantations, and that is bark removal every 9 years during spring and
summer time. It should be examined how this might disturb raptors in Portugal. There is
evidence from Spain that silvicultural activities such as cork-oak harvesting, disturbed raptor
species cinereous vultures (Margalida et al., 2011; Guerrero-Casado et al., 2013). Also,
understory layer clearing, tree thinning, canopy pruning and cork harvesting may affect tree-
foraging birds (Ceia and Ramos, 2016). One of the solutions would be to decrease the noise
as much as possible during the cork extraction (Margalida et al., 2011). However, the
optimal solution is to set aside trees for nesting which would be beneficial for raptor species,
but also for tree-foraging birds that are important for pest regulation (see Ceia and Ramos,
2016; Margalida et al., 2011).

Maritime pine (P. pinaster) had low (2) suitability for red kite conservation in mixed
plantations (FMM1, FMM2) while in alternative pure plantations (FMM5), the suitability was
medium (2.5). The difference is mainly due to stem density which is lower in FMM5 (mean
767 trees™) and more suitable for the red kite than in the case of FMM1 and FMM2 (mean
1349 trees™). However, in the last decade before the clear-cut (30-40 years), values of
indicators of current maritime pine plantations have high suitability for red kite conservation,
as much as alternative models, due to lower tree density, larger diameters and tree height.
Similarly, a study from NW Spain researched the biodiversity of mature pine plantations
(>60 years old) with stem density that ranged between 470-870 trees™, and the results
showed that pine plantations hosted a high abundance of fleshy-fruited species associated
with a high abundance of birds, and other understory species composition and functional
characteristics comparable to native common oak forests (Calvifio-Cancela et al., 2012).
Therefore, keeping a lower stem density (<800 trees™) would contribute to higher plant
species diversity and bird conservation. Alternative pine plantations in our study grow faster
than current pine plantations due to lower stem density, where the height difference is as
much as 2 m in the 40th year, and the mean DBH is greater (~2 cm). Another advantage of
pure maritime pine plantations (FMM5) over mixed plantations (FMM1, FMM2) of maritime
pine and blue gum is in less frequent silvicultural measures applied, as each tree species
has different treatments (except for the fuel treatment that is the same in all stands). More
frequent silvicultural measures impose more disturbance for site fidelity birds and that is the
downside of greater tree species diversity in managed forests. However, alternative
maritime pine plantations have a shorter rotation period than mixed plantations
(approximately five years), with clear cuts occurring twice within the 90-year planning
horizon.

Blue gum (E. globulus) in mixed (FMM1/FMM2) and pure plantations (FMM4) demonstrated
low suitability (1.75) for red kite conservation primarily due to low DBH (<15cm) that never
develops enough for red kite nesting because of frequent clear cut (every 11 years). Also,
the mean stem density is too high (>1000 trees ha!). However, the mean dominant height
in pure blue gum plantations was the highest of all other plantation types (>22 m). Therefore,
blue gum still could serve as a suitable red kite nesting habitat if set aside or extended
rotation to develop a large diameter. The red kite was reported to nest on eucalypt trees in
Morocco (Radi et al., 2020) and Portugal (Ferreira et al., 2015). Extending the rotation period
for >25 years would also contribute to higher biodiversity of common understory species
that grow in native forests of NW Iberia (Calvifio-Cancela et al., 2012).
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Native chestnut (C. sativa) plantations (FMM3) had medium (2.5) suitability for the red kite
conservation in our study, regarding overall 90 years of the planning horizon, due to low
mean DBH (~13 cm), high mean stem density (>800 trees™), while the mean height and
frequency of clear-cut were medium and high, respectively. Although, native chestnut
woodlands in NW Iberia can host high bird richness (39 species) among which is the raptor
common buzzard (Buteo buteo) with a very similar body physique to the red kite (Guitian et
al., 2012). However, regarding the indicators in the last decade before the clearcut (40-50
years), the mean suitability for red kite conservation is high (4), and in the last year before
clearcut suitability is very good (4.5). We conclude that suitability for red kite is very low and
low in the young stages, while high and very high in the mature stage (>40 years). This is in
contrast with a previous study that assessed chestnut woodland biodiversity in NW Spain of
various ages and levels of abandonment and reported that the degree of maturity of the
woodland only affects the richness of plants, not the richness of birds, beetles and ants,
however, birds’ richness was related to woodland size (Guitian et al., 2012).

The alternative common oak plantation (Q. robur) (FMM®6) had low (2) suitability for the red
kite conservation in our study, regarding 90 years of the planning horizon, due to very low
mean DBH, dominant tree height, and high stem density. Only a few years before the clear-
cut (~57" year), the common oak plantation showed medium DBH value, while the optimal
height for nesting in our study area is never reached. Similarly, a study from Spain (Olano
et al., 2016) reported that even though the common oak was present in their study area, the
red kite avoided nesting in oak stands and the nests were only found in Monterey pine
plantations where taller trees were located. This enhances the importance of stand structural
indicators, rather than species identity (native or exotic) when targeting the conservation of
some avian raptors. Common oak forests are frequently reported as the most diverse
ecosystems with higher biodiversity than other native and exotic forests and plantations
(e.g., Proenca et al., 2010; Calvifio-Cancela et al., 2012; Goded et al., 2019). Even though
common oak performed as unsuitable for the red kite habitat over the 90 years horizon, we
would not suggest exempting this tree species from the landscape due to its great
importance for biodiversity. Also, the common oak would surely become suitable habitat for
the red kite if the planning horizon is larger than 90 years since it is a slow-growing species.

Achieving both production and biodiversity conservation aims is increasingly necessary and
is an issue that must be addressed by forest management models. Here we show that FMMs
perform differently according to the selected biodiversity target. We use the red kite as an
example of an umbrella species of relatively large territorial areas. Other species could be
used similarly, to address FMM's suitability for biodiversity conservation. Future research
should quantify synergies and trade-offs. For example, increased thinning may increase
wildlife habitat suitability simultaneously reducing the risk of wildfire. Conversely, setting
aside conservation areas may imply wood or pulp production losses. All these factors need
to be assessed and quantified in future research.

4.2 Trade-offs and synergies between red kite conservation and forestry

Implementing open grassland areas to replace the present FMM would favour red kite
conservation but also contribute to forest fire prevention. Additionally, FMMs implementing
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lower tree density would benefit equally. This may be beneficial economically due to the
great losses that are imposed by forest fires. According to Portugal’s National Forestry
Accounting Plan (2019), the cost of forest fires, phytosanitary measures and control of alien
invasive species sums to 394M € per year. According to the results of our study, maritime
pine plantations were more appropriate for red kite conservation than blue gum plantations.
Portuguese government provides subsidies for maritime pine planting by reimbursing 75%
of establishment costs for maritime pine, and 40% of pruning and weed control costs (RDP
2014-20 Measure 811 and 816) (Pra et al., 2019). However, for conservation measures,
some forest areas should be set-aside. According to Olano et al., (2016), the red kite nests
were found in a pine plantation in Spain in the area of ca 44 ha. If forest owners decide to
conserve the red kite and set aside 44 ha of maritime pine forest, the annual cost for such
a measure would be about 1144€. We estimated this cost by an Annual Equivalent Value
(AEV) for maritime pine production in Northern Portugal with annual growth of pine of 14
m3ha-1 (Pra et al., 2019). Nevertheless, bird conservation is increasing the opportunity to
introduce novel ecosystem services to the area, such as birdwatching. This branch of
ecotourism which only recently became very popular can provide substantial economic and
ecological benefits (Sekercioglu, 2002; Donazar et al., 2016). However, economic revenue
data related to birdwatching is rarely available in Europe, while in the USA, there are 47 M
of birdwatchers and birdwatching is generating $107 billion in total, and creating more than
650,000 jobs (Carver, 2013; Don&zar et al., 2016). Achieving both production and
biodiversity conservation aims is increasingly necessary and is an issue that must be
addressed by forest management models. Here we show that FMMs perform differently
according to the selected biodiversity target. We use the red kite as an example of an
umbrella species of relatively large territorial areas. Other species could be used similarly,
to address FMM's suitability for biodiversity conservation. Future research should quantify
synergies and trade-offs. For example, increased thinning may increase wildlife habitat
suitability simultaneously reducing the risk of wildfire. Conversely, setting aside
conservation areas may imply wood or pulp production losses. All these factors need to be
assessed and quantified in future research.
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Appendices

Table Al: Multiple comparisons of means (Tukey test) of DBH indicator between all tree species in all
FMMs; *indicates p is significant in the range 0.05-0.01; ** p=0.01-0.001; *** p <0.001

Comparison of all species in all FMMs p adjusted
E. globulus FMM1/FMM2—P. pinaster FMM1/FMM2 0.0006392**
C.sativa FMM3--P.pinaster FMM1/FMM?2 0.9999997
E.globulus FMM4--P pinaster FMM1/FMM2 0.0140972*
P.pinaster FMM5--P.pinaster FMM1//FMM2 0.8548009
Q.robur FMM6--P.pinaster FMM1/FMM?2 0.0000275***
Q.suber FMM7--P.pinaster FMM1/FMM2 0.0000000%***
C.sativaFMM3--E.globulus FMM1/FMM2 0.0010635**
E.globulus FMM4--E.globulus FMM1/FMM2 0.9829296
P.pinaster FMM5--E.globulus FMM1/FMM2 0.0599460
Q.robur FMM6--E.globulus FMM1/FMM?2 0.9928971
Q.suber FMM7--E.globulus FMM1/FMM?2 0.0000000%***
E.globulus FMM4--C.sativa FMM3 0.0210614*
P.pinaster FMM5--C.sativa FMM3 0.9049499
Q.robur FMM6--C.sativa FMM3 0.0000497***
Q.suber FMM7--C.sativa FMM3 0.0000000***
P.pinaster FMM5--E.globulus FMM4 0.3697263
Q.robur FMM6--E.globulus FMM4 0.7363375
Q.suber FMM7--E.globulus FMM4 0.0000000%***
Q.robur FMM6--P.pinaster FMM5 0.0065847**
Q.suber FMM7--P.pinaster FMM5 0.0000000***
Q.suber FMM7--Q.robur FMM6 0.0000000%***
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Table A2: Multiple comparisons of means (Tukey test) of dominant height indicator between all tree

species in all FMMs; *indicates p is significant in the range 0.05-0.01; ** p=0.01-0.001; *** p<0.001

Comparison of all species in all FMMs
E.globulus FMM1/FMM2--P.pinaster FMM1/FMM?2
C.sativa FMM3--P.pinaster FMM1/FMM?2
E.globulus FMM4--P.pinaster FMM1/FMM?2
P.pinaster FMM5--P.pinaster FMM1/FMM2
Q.robur FMMG6--P.pinaster FMM1/FMM2
Q.suber FMM7--P.pinaster FMM1/FMM?2
C.sativa FMM3--E.globulus FMM1/FMM2
E.globulus FMM4--E.globulus FMM1/FMM2
P.pinaster FMM5--E.globulus FMM1/FMM2
Q.robur FMM6--E.globulus FMM1/FMM2
Q.suber FMM7--E.globulus FMM1/FMM2
E.globulus FMM4--C.sativa FMM3
P.pinaster FMM5--C.sativa FMM3

Q.robur FMM6--C.sativa FMM3

Q.suber FMM7--C.sativa FMM3

P.pinaster FMM5---E.globulus FMM4
Q.robur FMM6--E.globulus FMM4

Q.suber FMM7--E.globulus FMM4

Q.robur FMM6--P.pinaster FMM5

Q.suber FMM7--P.pinaster FMM5

Q.suber FMM7--Q.robur FMM6

p adjusted
0.9850195
0.9998386
0.0032843**
0.9988351
0.0000000***
0.9999997
0.9103459
0.0472790*
0.8515960
0.0000000***
0.9939132
0.0008016***
0.9999992
0.0000000%***
0.9990878
0.0004342%***
0.0000000***
0.0052126
0.0000000***
0.9959712
0.0000000***
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Table A3: Multiple comparisons of means (Tukey test) of stem density indicator between all tree specie

s in all FMMs; *indicates p is significant in the range 0.05-0.01; ** p=0.01-0.001; *** p <0.001

Comparison of all species in all FMMs p adjusted
E.globulus FMM1/FMM2/FMM4--C.sativa FMM3 0.2041598
P.pinaster FMM1/FMM2--C.sativa FMM3 0.0000000%***
P.pinaster FMM5--C.sativa FMM3 0.6372728
Q.robur FMM6--C.sativa FMM3 0.9950132
Q.suber FMM7--C.sativa FMM3 0.0000000%***
P.pinaster FMM1/FMM2--E.globulus FMM1/FMM2/FMM4 0.0000014%***
P.pinaster FMM5--E.globulus FMM1/FMM2 0.0020461**
Q.robur FMM6--E.globulus FMM1/FMM2/FMM4 0.4985749
Q.suber FMM7--E.globulus FMM1/FMM2/FMM4 0.0000000%***
P.pinaster FMM5--P.pinaster FMM1 0.0000000***
Q.robur FMM6--P.pinaster FMM1/FMM?2 0.0000000***
Q.suber FMM7--P.pinaster FMM1/FMM2 0.0000000%***
Q.robur FMM6--P.pinaster FMM5 0.3044139
Q.suber FMM7--P.pinaster FMM5 0.0000071***
Q.suber FMM7--Q.robur FMM6 0.0000000%***
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Final considerations

In this dissertation, | conducted research to address biodiversity in forest management of
plantation forests of northwestern Portugal. Specific open questions to address: (1) which
biodiversity indicators could be considered in forest management planning, (2) how to assess
biodiversity at a stand level in plantation forests in northwestern Portugal and what is the state
of biodiversity in those stands, (3) how to assess biodiversity at a landscape level in plantation
forests in northwestern Portugal and what is the state of biodiversity in those landscapes.

1. Which biodiversity indicators could be considered in forest management planning?

Biodiversity indicators need to be practical to be used by both professionals and non-
professionals (Ferris and Humphrey 1999; Smith et al. 2008). In this sense, practical means
simple, cost and time-effective, but still ecologically meaningful. According to the results of
our literature review (chapter two), forest biodiversity indicators that can be extracted from
forest inventories are practical; such indicators are tree species composition, diameter
heterogeneity, height, crown openness and similar biometric variables. Compositional
variables such as herbal species, fungi (including mushrooms), insects, amphibia, and other
taxa, are hard to recognize by non-professionals and thus are unpractical. However, some
scholars (Feest 2011; Miiller-Buser 2002; Mosimann 1987) argue that bird abundance and
richness are more correlated with forest structural variables rather than tree species
compositional ones. This is an advantageous feature of structural indicators since birds are one
of the most researched taxa (Angelstam et al. 2004; Naumov et al. 2018) and are often used as
biodiversity indicators (e.g., Mikusinski et al. 2001; Roberge et al. 2008; Vangansbeke et al.
2017). The main finding on functional indicators in our review was that these are not
sufficiently represented in the literature, despite their important role in the assessment of forest
ecosystems' sustainability.

Once decided which biodiversity indicators to use, it is necessary to collect relevant data related
to these indicators. We identified in our review (chapter two) that the most convenientfor forest
managers is to search existing data in national forest inventories as this is timely and cost-
efficient. Also, relevant data can be efficiently found in bird atlases. We also found that
remotely sensed data is considered more cost-efficient and timely than ground-based
measurements (Muller and Brandl 2009; Ozdemir et al. 2018; Thers et al. 2017), particularly
for larger areas of assessment. Also, remote sensing data is accurate when structural variables
such are tree biomass and height are estimated (Bottalico et al. 2017). However, more research
is needed to provide accurate data on other variables relevant to biodiversity estimation.
Smartphone applications are promising tools for biodiversity assessments, however, more
research is needed to provide better accuracy in the future.

It was beyond the scope of this review to identify indicators in forest ecosystems smaller than
stand or those that relate to landscape structural features (e.g., edges, interior space, patch size,
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corridors). Also, the indicators in the review are not addressing genetic biodiversity. However,
we suggest for future research to consider genetic biodiversity addressing in forest
management planning due to great importance for biodiversity conservation.

2. How to assess and what is the state of biodiversity at a stand level in plantation
forestsof northwest Portugal?

Following the findings in the systematic review from the second chapter, the starting point in
assessing biodiversity at the stand level in plantation forests was to select practical indicators.
Thus, we selected the indicators: tree species indicator (hnumber of different species and species
origin—depending on if it is native or exotic), mean diameter (cm) and shrub biomass (Mg ha!
), as these are available in forest inventories, simple and yet ecologically relevant. Tree species
are a major aspect of forests and therefore forest biodiversity (Stapanian et al. 1997), and native
tree species are even more contributing to biodiversity than exotic ones (Goded et al. 2019;
Proenca et al. 2010). Understory layer such as shrubs, provide food and shelter to numerous
forest animals (Smith et al. 2007) and has an important role in nutrient cycling and carbon
storage (Botequim et al. 2015). The mean diameter is an indicator of crown development, tree
height and biomass growth in managed forests, while in natural forests, a large tree diameter
indicates high biodiversity (e.g., Burrascano et al. 2013; Badalamenti et al. 2017). We went
further in the stand-level assessment by comparing biodiversity value in stands with shrubs
reproducing by seeds and shrubs reproducing by resprouting. Shrub reproducing type is a
functional attribute relevant for assessing vegetation responses to fires. Also, we considered
three site quality conditions. We normalized the data of each indicator as percentages using the
indicator’s actual and reference values, combined values of those normalized indicators and
obtained a final biodiversity score.

The highest mean values of biodiversity were estimated in mixed stands dominated with pine
on the superior quality sites and fully regenerating with resprouting (29.85--low), while the
lowest mean biodiversity scores were in pure blue gum stands (10.13—very low) on lowest-
quality sites with shrub regeneration by seed. Site quality and shrub regeneration type
significantly affected all biodiversity scores in mixed stands dominated with pine and pure
chestnut stands,while less affected in pure blue gum stands and mixed stands dominated with
blue gum. We found that shrubs that regenerate by resprouting develop faster than shrubs that
regenerate by seeds. The results are relevant for management planning and biodiversity
conservation as the fast development of shrub biomass might impose a higher risk of wildfire.
However, our results are not in concordance with the study from the Portuguese Mainland
(Botequim et al. 2015), which reported results opposite to ours, however from various types of
forests. Similar resultsare reported in a study from central Argentina (Gurvich et al. 2005) and
Australia (Pate et al. 1990). However, Pausas et al. (2004) argue that shrub functional traits can
be predicted with high probability, only locally and not globally, due to different responses of
species in different sites. Therefore, more research is needed to assess the effect of various
shrub species resprouting categories on biodiversity in forests with various management
intensities. Site quality also had an impact on mean biodiversity value in our study, and the
greatest values are recorded on superior sites, as anticipated. There is a lack of studies that
investigate the effect of site quality on biodiversity and therefore, future research is required to
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focus on such a problem.

This research did not consider deadwood as a biodiversity indicator due to the absence of data
on such aspects in our case study. Therefore, comparing our results with other studies that
considered it when addressing biodiversity might be difficult. Since deadwood is very
important for forest biodiversity, considering leaving some deadwood in set-aside areas along
with sparing some trees from a cut in our study area, could compensate for the negative effect
of intensive silviculture measures on biodiversity (e.g., Lafond et al. 2015). Some incentives
provided by the government or the EU funds could compensate for timber losses as a trade-off
with biodiversity management. Introducing native species well adapted to fire, such as cork
oak, might benefit biodiversity but also fire prevention which would also compensate for timber
lossesdue to fire hazards. Regarding the exotic eucalypt plantations that dominate in our study
area,there is evidence that exotic plantations can host native flora and fauna and thus contribute
to biodiversity conservation (Koh and Gardner 2010). However, restoring native forests would
bemore beneficial for biodiversity conservation than managing eucalypt forests for biodiversity
(Calvifio-Cancela et al. 2012).

3. How to use stand-level indicators to assess landscape biodiversity aspects in
plantation forests in northwest Portugal?

We selected the red kite as a case study species and attempted to assess the potential for
conserving the red kite in NW Portugal. We selected the red kite since it is an “umbrella” and
“flagship” species dependent on large territories such are landscapes. The study area assembles
four forest management models that are typically part of plantation forests in NW Portugal, as
well as three other models that may be considered for that purpose. We focused on suitability
for nesting, since these raptors often use plantation trees during breeding. For this purpose, we
used the indicators that represent the breeding habitat suitability of the raptor: tree height (m),
mean DBH (cm), tree density (number of trees"?) and frequency of clear-cut.

Results showed that pure blue gum plantations are not favourable to red kite conservation,
mainly because of high stem density and low DBH, which negatively affect habitat suitability
for the red kite. The major problem here is the short rotation period of blue gum (11 years) and
therefore, DBH cannot develop enough. However, if rotation would be extended or some trees
set aside, blue gum could be suitable for red kite nesting. Mature blue gum plantations (>25
years of age) with low management (no pruning and thinning), can host many common species
that grow in maritime pine plantations and native oak forests (Calvifio-Cancela et al. 2012).
Mixed forest plantations are better suited for red Kite species because of longer rotation periods
of the maritime pine, although a higher frequency of silvicultural practices also negatively
affects habitat suitability. Chestnut woodlands had the same overall suitability as mixed stands
for red kite suitability, however, in the last decade before clear-cut the suitability was high.
Therefore, suitability for red Kite in this study was very low and low in the young stages, while
it was high and very high in the mature stage (>40 years). This is in contrast with a previous
study that assessed chestnut woodland biodiversity in NW Spain of various ages and levels of
abandonment and reported that the degree of maturity of the woodland only affects the richness
of plants, and not the richness of birds, beetles and ants, however, birds’ richness was related to
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woodland size (Guitian et al. 2012).

Regarding alternative models, pure pine plantations are more suitable and marked medium
overall suitability mainly due to only half of the stem density of the current models, even
though the rotation is shorter. Low density in pine plantations is also linked to high biodiversity
in a study from Spain (Calvifio-Cancela et al. 2012). Common oak plantations showed
unexpected results and seem the least favourable of all models due to slow growth and height
that never reaches the optimal values for the kite to nest. However, native common oak forests
are very diverse ecosystems and are very important for biodiversity conservation (e.g., Proenca
et al. 2010; Calvifio-Cancela et al. 2012; Goded et al. 2019). Thus, keeping these trees in the
landscape would have great importance for the native biodiversity. Also, common oak would
become suitable for red kites in planning horizon longer than 90 years, since it is a slow-growing
species. The most favourable of all current and alternative models are older cork oak (>30 years
of age) woodlands due to low stem density, sufficient height for nesting, and absence ofclear
cuts as cork is harvested without tree felling. This was an expected result since cork oakforest
systems are known for their high conservation value for biodiversity (Bugalho et al. 2011).

Overall, the landscape of plantations of species with a longer rotation period, or set-aside trees
would benefit red kite conservation. The longer rotation should be one of the goals in forest
management planning as it benefits forest specialist species and biodiversity conservation in
general (Oxbrough et al. 2006; Jukes et al. 2001). Apart from clear-cut, other silvicultural
activities such are fuel treatment and thinning, can also disturb birds during egg-laying and
birding. Therefore, silvicultural activities should be performed outside of egg-lying and
fledging season. Diversifying landscapes with different tree species is possible, however by
combining species with similar silvicultural activities to decrease disturbance. Mosaics of open
areas andplantations in the landscape would also benefit red kite conservation and overall
biodiversity. This is in concordance with Borges and Hoganson (2000) who emphasized the
need to acknowledge the relationship between the forested landscape spatial structure and its
ecological characteristics when developing multifunctional forest management planning. It is
in concordance further with Hunter (1990) who emphasized that biodiversity in a forested
landscape would be best preserved in a land mosaic characterized by a diverse array of stands.

The indicators we applied here could be useful for the conservation of other raptors with similar
habitat requirements as the red kite. However, the focus of this study is on suitability for red Kite
nesting and doesn’t include general suitability. Therefore, future studies can investigate the
suitability for red kite hunting and roosting in the landscape. Also, there is a lack of studies that
included a DBH of red kite nesting trees. We used the proxies for DBH from otherstudies that
researched raptors nests with similar size as the red Kkite, however, it should be further
investigated and confirmed what is the optimal DBH for red kite nests.
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4. Original contributions to science

The review (Chapter I1) is the first paper to review the practicality, namely efficiency, ease and
efficacy, of biodiversity indicators. As such, it is a good initial point to deal with biodiversity
assessment. Hence, if biodiversity indicators are not practical, that would affect the assessment
and therefore biodiversity conservation. Hence, such a review was very much needed to clarify
the gaps and point at impractical indicators and indicators that can be readily used by forest
managers with various backgrounds.

The research paper (Chapter I11) is intended for the stand-level biodiversity assessment. Here,
our original contribution (a novelty in research) is firstly by following the results of the second
chapter and thus choosing practical biodiversity indicators that can be extracted from forest
inventories. Secondly, for the tree species indicator, instead of just numbering the tree species,
we created a score that gives value to each tree species according to its richness and its
contribution to biodiversity. Namely, after conducting the literature review, we found out that
native tree species host much larger biodiversity than the exotic ones in Portugal; meaning that
there are numerous insects, birds, mammals and other taxa, that depend on certain tree species,
and there more species dependant on native species than the exotic. Further, we included site
indexes (indexes estimating site productivity) in the evaluation of biodiversity and estimated if
biodiversity is affected by different site indexes. To our knowledge, such an aspect has not
been included in biodiversity assessment in forestry studies so far. Finally, we estimated the
impact of shrub regeneration type on plantation biodiversity, to our knowledge, that is a novelty
in research.

Regarding the third research article (Chapter 1V), we selected the indicators for raptor species
nesting that are also extractable from forest inventories, and even yield tables. These indicators
coincide with the indicators for fire prevention, which is crucial in Portuguese forestry. Also,
the indicators are important for overall biodiversity.
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